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Abstract

Recently, a lot of factors and mechanisms regulating body mass have been discovered, although there are still many un-
knowns. Their effect on the development of many diseases related to nutritional disorders (obesity, anorexia, celiac disease,
inflammatory bowel disease) means that the understanding of these mechanisms will make it possible to determine new
therapeutic goals and create new medicinal products. This is even more important because nowadays there is no effective
medication to cure nutritional disorders. It is necessary to conduct further research to evaluate dependencies and relationships
between particular hormones and to study newly discovered substances so that we could progress towards achieving the overall

objectives while keeping the ultimate goals in mind.

Introduction

The regulation of body mass is a complex process
affected by metabolic and hormonal determinants, ge-
netic predispositions, as well as behavioural, cultural,
and environmental factors. A simplified definition of
body mass sets forth a linear relationship between food
intake and energy expenditure having an impact on the
amount of stored fatty tissue [1] although it fails to re-
flect in full the multi-factor complexity of this process.

At present, nutrition disorders occur in approximate-
ly 40-50% of the worldwide population and they pose
a significant health and social problem. In the light of
these data the understanding of physiological process-
es regulating body mass takes on a new meaning. Only
a comprehensive explanation of this complex process,
the dependencies, and disorders leading to the devel-
opment of diseases will make it possible to determine
new therapeutic options. The aim of this article is to
resume the present status of knowledge about the reg-
ulation of body mass.

An elementary centre coordinating and integrating
central and peripheral signals regarding the current
nutritional status and the levels of energy resources is
the arcuate nucleus [2, 3]. This nucleus is located in the
mediobasal hypothalamus, adjacent to the third cere-

bral ventricle where the blood-brain barrier is semiper-

meable [4], thus making it possible to sense peripheral

signals. It contains two types of cells:

— Orexigenic cells demonstrating the co-expression
of neuropeptide Y (NPY) and Agouti-related protein
(AgRP); the activation of these cells stimulates food
intake [5, 6];

— Anorexigenic cells demonstrating the co-expression
of proopiomelanocortin (POMC) and cocaine-and am-
phetamine-regulated transcript (CART); the activation
of these cells results in the occurrence of a sensation
of satiety and inhibits food intake [7, 8].

The arcuate nucleus is the place where the hunger
or satiety signal is communicated through transmitters
characteristic of this site to other parts of the hypothal-
amus, such as the paraventricular nucleus and lateral
hypothalamic area, as well as further to the peripheral
nervous system and the endocrine system [9].

Orexigenic factors that are where the
sensation of hunger originates

The main factors stimulating orexigenic neurons
of the arcuate nucleus include [10]: hypoglycaemia,
ghrelin, cortisol.
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According to contemporary studies, ghrelin appears
to be the most important determinant in this group
as the direct peripheral factor initiating food intake
[1]. Ghrelin is a protein hormone produced by mucosal
cells in the gastric fundus and secreted upon hunger.
In the hour after consumingg a meal its level in blood
becomes normalised, and this quality makes ghrelin
a good marker of the actual nutritional status [10].
Permeating through the blood-brain barrier, orexigenic
neurons of the arcuate nucleus induce the release of
neuropeptide Y and Agouti-related protein.

Neuropeptide Y is the factor with the greatest orex-
igenic potential in the human body; it stimulates intake
of a meal rich in carbohydrates, even under satiety,
boosts motivation to eat, delays the occurrence of sati-
ety, and, accordingly, increases the volume of a meal [9].
Mice with damaged NPY/AgRP neurons were incapable
of developing the condition of hyperphagia in response
to a negative energy balance and thereby of maintain-
ing the correct body mass [11]. The activity of neuro-
peptide Y is fast but short-term whereas Agouti protein,
which also increases the amount of calories intake, has
a long-term effect. The latter one works by inhibiting
the activity of the melanocortin system [12] (this sys-
tem is described further in this article).

Other factors demonstrating a potential orexigenic
effect are as follows:

— Enkephalin (ENK) and galanin (GAL) — neurotransmit-
ters expressed in the paraventricular nucleus (PVN)
[13, 14];

— Orexin-A and orexin-B synthesised in the lateral hypo-
thalamus, especially orexin-A [15], which is stimulated
under starvation and hypoglycaemia;

— RF-amide peptide synthesised in the paraventricular
and lateral hypothalamic nuclei.

In addition to the hypothalamus, the brainstem also
has an effect on food intake. Acting through the nu-
cleus of the solitary tract it controls the autonomous
regulation of eating behaviours, which determine the
volume of a meal; however, they are insufficient to
induce a response to starvation or a negative energy
balance, which is actually the function triggered by the
hypothalamus.

Eating is not only a reflex reaction, but also a reac-
tion aimed at maintaining energy homeostasis. It is also
and sometimes only a sheer pleasure. However, biolog-
ical processes control the sensation of pleasure. Ghrelin
engages the mesolimbic pathway (the reward system
[16]); its secretion to the ventral tegmental area (VTA)
and the nucleus accumbens septi (NAc) causes a dopa-
mine release and food intake [17]. Orexin has a similar
effect. The VTA stimulation increases appetite irrespec-
tive of energy demand — this action prevails over other
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hormonal signals. Leptin and insulin have an inhibito-
ry effect on that system. Insulin increases the number
of dopamine D2 receptors, accelerating the removal of
dopamine, and thereby it shortens the response of the
reward system and reduces eating-related pleasure. The
hedonic aspect of having a meal (eating sweets and
tasty food) is also mediated by the endocannabinoid
system — its action is independent of neuropeptide Y.
Although endocannabinoid receptors are present on the
arcuate and paraventricular nuclei, it seems that the
main point of interception of the cannabinoid system is
the mesolimbic pathway. Endocannabinoids increase do-
pamine energy transmission in that pathway. Elevation
of the concentration of endocannabinoids is also affect-
ed by ghrelin, which increases their concentration in the
hypothalamus [18], and by leptin, which has the oppo-
site effect [19]. The contribution of endocannabinoids in
the regulation of energy homeostasis is not only limited
to their effect on the central nervous system —they also
stimulate lipogenesis and the build-up of adipose tissue,
and they also have an impact on the utilisation of ener-
gy by inhibiting the thermogenesis process [20].

Anorexigenic factors that are where
the sensation of satiety originates

The best-known anorexigenic factor is leptin. This is
a hormone produced by adipocytes in proportion to the
amount of adipose tissue. Leptin activates anorexigenic
POMC/CART neurons while causing a release of a-MSH
and cocaine- and amphetamine-regulated transcript
derived from proopiomelanocortin. The released neuro-
peptides interact with melanocortin receptors, types 3,
and 4 (MC3R and MC4R) in the ventromedial nucleus.
The stimulation of these receptors releases the sensa-
tion of satiety and inhibits food intake.

In addition, leptin inhibits the activity of orexigenic neu-
rons in the arcuate nucleus, both through decreasing gene
expression for neuropeptide Y and Agouti-related protein
[21], and through hyperpolarisation of these neurons.

The other peripheral signal, in addition to leptin, on
the so-called long-term axis of food intake regulation
is insulin. It also inhibits release of neuropeptide Y and
activates anorexigenic neurons of the arcuate nucleus.
Furthermore, insulin stimulates release of leptin from
adipocytes, and it has an effect on a reduction of ghrelin
levels regardless of blood glucose concentration [22].

A determinant of the volume of a meal is primari-
ly the time when the meal is finished. Satiety signals
emitted directly by the alimentary tract play a decisive
part in this process. Some proteins that are known to
have potentially such properties are as follows:

— Cholecystokinin (CCK), a protein, which is secreted as
a result of having a meal, especially with high protein
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content, in duodenal and jejunal mucosal cells, stim-
ulates CCK-1 receptors located on afferent fibres of
the vagus nerve. This protein has a very short half-life
(only 2 min), and therefore it also has a short-term ef-
fect as an appetite modulator. It causes a reduction in
the volume of a given meal; however, it has no effect
on the daily caloric supply because the frequency of
meals is increased to compensate for that reduction.
Furthermore, it delays gastric emptying, stimulates
small intestine motility, and inhibits large intestine
motility [23].

— Peptide YY — it is synthesised in the small intestine,
colon, and rectum in response to food intake, but an
increase in its concentration occurs within just 15 min
after a meal, and therefore it is not probable that it is
synthesised as a result of the stimulation of receptors
in the alimentary tract by a meal; its action is mediat-
ed in another way that is still unknown. Peptide YY re-
duces NPY and AgRP expression in the hypothalamus,
concurrently activating POMC/CART neurons, and it
suppresses postprandial ghrelin levels and inhibits
intestinal motility [17].

— Pancreatic polypeptide (PP) is a polypeptide secreted

by pancreatic cells in response to food intake. Its se-

cretion is increased in proportion to the caloric value
of a consumed meal. While being released peripher-
ally, it suppresses appetite and causes a decrease in

the amount of consumed calories [23].

Glucagon-like peptide-1 (GLP-1) and oxyntomodulin

are the products derived from the posttranslational

processing of the proglucagon gene in the brain, in-
testines, and pancreas. The proteins are released in re-
sponse to fatty acids and carbohydrates in the lumen
of the small intestine in proportion to the amount of
consumed calories. They have a short half-life. Oxyn-
tomodulin increases energy expenditure and reduces
ghrelin concentration levels. Glucagon-like peptide-1
inhibits gastric emptying, stimulates insulin release,
suppresses the secretion of glucagon, and restrains

appetite [23].

— Amylin is co-secreted with insulin from the pancreatic
islet B-cells as the result of food intake. It inhibits the
secretion of glucagon, delays gastric emptying, and
thus reduces the volume of a consumed meal [24].

— Exendin 4 is glucagon-like peptide-1 receptor agonist;
it promotes insulin release, decreases the volume
of a meal, and improves the sensitivity tissues on in-
sulin [25].

— Xenin is produced by endocrine cells of the gastric
cardia, duodenum and small intestine in response to
a meal; it reduces daily food intake and shortens the
duration of a meal [26].

Moreover, the substances having an anorexigenic
effect also include proteins secreted from adipose tis-

sue, with leptin, already mentioned in this article, as the

most important hormone.

— Adiponectin increases sensitivity to insulin and en-
hances glucose expenditure and lipid oxidation, there-
by leading to a decrease in the concentration of free
fatty acids and triglyceride content in the liver and
skeletal muscles [27].

— Vaspin belongs to the group of serine protease inhib-
itors. The peripheral and central vaspin administra-
tion reduces food intake in animals. Vaspin expression
has been proven in tissues that are involved in the
regulation of food intake (gastric mucosal cells, liver,
pancreas, hypothalamus) [28, 29].

— Nesfatin-1 is a peptide expressed in the central ner-
vous system and peripheral tissues such as adipose
tissue and alimentary tract. It has an inhibitory effect
on hunger; its function in maintaining energy homeo-
stasis has not been determined yet [30].

Some of the aforementioned factors affecting the
hypothalamus have also an impact on the autonomous
nervous system. For instance, ghrelin receptors are
present on the vagus neurons; their stimulation results
in reduced parasympathetic activity, while a decrease
in leptin concentration results in an increase of vagal
nerve tone.

Table I. The effect of the most important factors
described herein on metabolism and adipogenesis

Ghrelin:

— Stimulates adipogenesis, increases expression of enzymes
responsible for storage of adipose tissue

— Decreases the utilisation of adipose tissue as an energy
source

— Reduces oxygen consumption

— Reduces expression of thermogenesis-related proteins
in brown adipose tissue

— Stimulates gastric emptying and intestinal motility

— Stimulates gastric secretion of hydrochloric acid

— Inhibits insulin secretion while causing an increase in blood
glucose concentration; it also increases insulin sensitivity
of tissues, and therefore it is considered to be a diabetogenic
factor

Neuropeptide V:

— Stimulates lipogenesis

Inhibits the action of the sympathetic system

— Inhibits thermogenesis in brown adipose tissue

— Inhibits the secretion of gonadoliberin and LH; reduces
the sex drive

— Lowers body temperature

— Inhibits the secretion of the growth hormone

Leptin:

— Activates lipolysis; inhibits lipogenesis

— Stimulates the secretion of growth hormone, catecholamines,
and thyroid hormones, leading to the stimulation of
metabolism

— Activates the sympathetic system
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Furthermore, the regulation of body mass is affected
by the factors having an impact on metabolism and ad-
ipogenesis as well as adipolysis, thus making this very
intricate system of dependencies even more complex.
The description of all these factors is beyond the scope
of this paper. The effect of the most important factors
described herein on metabolism and adipogenesis has
been shown in the Table I.

Recently, a lot of factors and mechanisms regulat-
ing body mass have been discovered, although there
are still many unknowns. Their effect on the develop-
ment of many diseases related to nutritional disorders
(obesity, anorexia, celiac disease, inflammatory bow-
el disease) means that the understanding of these
mechanisms will make it possible to determine new
therapeutic goals and create new medicinal products.
This is even more important because nowadays there
is no effective medication to cure nutritional disor-
ders. It is necessary to conduct further research to
evaluate dependencies and relationships between
particular hormones and to study newly discovered
substances so that we can progress towards achiev-
ing the overall objectives while keeping the ultimate
goals in mind.
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