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HUNGER-SATIETY SYSTEM

Th e metabolic energies introduced during the day are related to 

the amount and frequency of ingested meals [1]. Hunger occurs aft er 

a fasting period, or when nutrients have been absorbed. In order to 

avoid the excess consumption of food and control it over the long 

run, body activates peripheral satiety signals (metabolic, nervous and 

endocrine), which reach the cerebral centers (mainly the 

hypothalamus, cerebral trunk and “reward centers”) through the 

circulatory system. Th ey also help the gastroenteric tract and central 

nervous system to communicate [2]. In addition to the amount, the 

composition and the caloric density of meals also play an important 

role in determining satiety [3]. Th e beginning and the end of meal are 

regulated by short-term neural (vagal eff erences) and hormonal 

signals, whose reception and integration occur in the hypothalamic 

area, where the arcuate nucleus modulates its refi ned regulation [2,4]. 

For the fi rst time, 1950s studies on the lesions and electrical 

stimulation of diff erent hypothalamic nuclei attributed the “satiety 

centre” role to the Ventromedial Nucleus (VMN) and the “hunger 

centre” role to the Lateral Hypothalamic Area (LH) [5]. To support 

this thesis in laboratory animals, VMN destruction causes hyperphagia 

and obesity, while lateral hypothalamus lesions completely suppress 

the instinct of hunger and lead to a gradual reduction in the body 

weight, up to a cachetic state [6]. Currently, however, instead of 

imputing the energy homeostasis control to individual and specifi c 

hypothalamic nuclei, it has been found that neuronal circuits 

contribute to this regulation. Th ese include not only multiple 

specialized hypothalamic areas, such as the Dorsomedial Nucleus 

(DMN), the Paraventricular Nucleus (PVN) and the Arcuate Nucleus 

(ARC), but also other brain regions [7,8]. Among these, we have the 

lower part of the encephalic trunk and, in particular, the vagal dorsal 

complex, which receives and integrates the incoming information 

from peripheral endocrine organs and from diff erent areas of the 

CNS. Neuronal circuits of the Mesencephalon Bridge and thalamus 

then interpret this information in relation to the signals generated by 

the mechanical properties of food, detected at diff erent levels of the 

G.I. tract. Amygdala and frontal cortex are instead responsible for 

higher functions involving the integration of cognitive information 

on the pleasantness or adversity to food [9]. Th e central control of 

food intake, however, is not enough to maintain a stable body weight 

over time. Indeed, body weight remains constant when the energy 

provided by diet is perfectly balanced by the one spent for metabolic 

activity and exercise. Specifi c peripheral inputs reach the hypothalamic 

control centre to regulate the energy homeostasis. Th ere are a “short 

term” peripheral system, also referred to as “peripheral satiety 

system”, sending signals to the hypothalamus about the presence of 

food in the G.I. tract and nutrients in the systemic circulation, and a 

“long-term” peripheral system, providing the hypothalamus with 

information on the amount and consistency of the adipose tissue and, 

above all, on the overall body energy balance [10]. Hypothalamic 

neurons involved in the appetite control synthesize a large number of 

neuropeptides and / or neurotransmitters capable of stimulating or 

inhibiting food intake, depending on the case. Th ey can do this by 

interacting with the signals coming from periphery through the 

aff erent nerve endings and the systemic circle. In the arcuate nucleus, 

two populations of neurons, named 1st order nuclei and responsible 

for the appetite regulation, are traced: the neurons co-expressing the 

neuropeptide Y (NPY) and the “Agouti-related” peptide (AgRP), 

stimulating appetite (these neuropeptides are inhibited by leptin and 

insulin and stimulated by ghrelin), as well as neurons expressing 

Proopiomelanocortin (POMC) and the Cocaine and Amphetamine 

Transcript (CART) with inhibiting hunger function [2]. Th e latter are 

inversely regulated by the leptin, insulin and ghrelin hormones [11]. 

Th e peripheral stimuli of any origin arriving to the arcuate nucleus 

are transmitted to another group of neurons (2nd order neurons). 

From here eff erent pathways, mediated by the autonomic nervous 

system (ANS) and hormones, transmit the eff erences to periphery 

[12]. 2nd order neurons are also contained in hypothalamic nuclei and 

intervene in controlling appetite, forming an extremely refi ned 

network. 1st order neurons produce two classes of neuropeptides 

targeting secondary neurons: anorexigenic and orexigenic 

neuropeptides. Th e former are produced by POMC / CART neurons 

and, aft er satiety signals, inhibit food intake. Th e most studied 

anorectic neurons in the ARC are nearly exclusively localized in the 

ARC, the Paraventricular Nucleus (PVN), the lateral hypothalamus 

(LH): all cerebral system areas associated with energy balance control. 

Leptin and insulin can infl uence these neurons’ signalling pathways. 

Th e most widespread anorexigenic neuropeptide in the ARC is 

α-MSH (melanocyte stimulating hormone), derived from the POMC 

precursor aft er its post-translational cleavage. It acts as an agonist of 
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melanocortin 3 (MC3R) and melanocortin 4 (MC4R) receptors in the 

hypothalamus. Th ese receptors are highly expressed in the 2nd order 

neurons in the PVN and their activation leads to a reduction in food 

intake and in an increased use of energy. Th e other important 

anorexigenic neuropeptide in the ARC is CART [13]. CART is 

released by the ARC neurons, which release POMC and has a similar 

eff ect in reducing food intake and in increasing energy expenditure 

[14]. Orexigenic neuropeptides are instead produced by the AgRP / 

NPY neurons aft er signals of hunger. Th ey stimulate food intake. 

Th ey are represented by AgRP, α-MSH inverse agonist, and NPY. 

Satiety center nuclei express two types of receptors, the MC4R 

receptor and the receptor for NPY, Y1R. Th e fi rst binds the α-MSH 

neuropeptide with inhibitory function and AgRP, inverse agonist that 

binds the receptor by occupying the α-MSH binding site, thus 

preventing the inhibition of these neurons. Th ese two neuropeptides 

are part of the melanocortin pathway. Th e binding of NPY to the Y1R 

receptor disinhibits these neurons. Instead, the center which controls 

appetite is made up of two groups of neurons: those producing orexin 

and those producing MCH (melanin concentrating hormone), 

hormones with orexigenic action. Both neurons are uniformly 

expressed within the LHA and synapsed with diff erent brain areas. 

Here the receptors for respective hormones are located. Th e action on 

these targets results in salivation, gastric motility and secretion of 

insulin and glucagon, which push for food. Th e neurons producing 

orexin and MCH receive diff erent inputs. Th e former are activated by 

the nucleus of the solitary tract, with which they are synapsed, and by 

the NPY neurons of the arcuate nucleus. Th e latter also activate MCH 

neurons. Th ere is a crosstalk between the two groups of neurons. In 

particular, the neurons producing orexin would be able to infl uence, 

by direct and indirect mechanisms, the expression of MCH [15]. Th e 

information recorded in the two hypothalamic centers of hunger and 

satiety translates into the activation of the hormonal scale ruling our 

appetite: if the satiety signals are strong, the scale will fall on the side 

of the alpha-MSH, if the hunger signals prevail it will fall on the side 

of NPY. Th e α-MSH signal reaches the pancreas and the liver through 

the autonomic nervous system. On the pancreas it regulates the 

insulin production, on the liver it blocks the release of glucose. Th e 

overall eff ect is to regulate glycaemia and insulinemia. Signals from 

periphery regulate the activity of these neuronal subpopulations [2]. 

Ingested food evokes satiety through gastric distension and the release 

of peptides by enteroendocrine cells [2]. Unlike leptin and insulin 

(hormones informing about the long-term energy state), intestinal 

hormones play an important role in determining the beginning and 

end of meals [16]. As the stomach fi lls, the brain is reached through 

the autonomic nervous system by a mechanical signal due to the 

relaxation of the bowels. Chemical signals cross the hemato-

encephalic barrier and reach the neurons located in the ARC, 

mechanical ones reach the NTS [17] through the vague nerve. From 

these brain areas, links to the satiety (paraventricular hypothalamic 

nucleus) and hunger centers (lateral hypothalamus area) spread out. 

Mechanical signals are transmitted to the solitary tract nucleus (an 

area of the brain stem) by the autonomic nervous system fi bres, which 

record the dilation or contraction of the stomach walls depending on 

its state, whether full or empty. From the solitary tract nucleus, these 

signals will then reach the hypothalamus.

SCHEMATIC ILLUSTRATION OF LEPTIN AC-
TIONS AT CENTRAL AND PERIPHERAL LEV-
ELS

Adipokine

Leptin: Figure 1 shows the main leptin actions. It plays a key 

role in regulating the energy balance as it calibrates food intake and 

energy expenditure. It also aff ects the brain regions involved in food 

reward, modulating the preference for food, related to the activation 

of the nucleus accumbens by dopamine. As showed in Figure 2, leptin 

expresses its action by interacting with the long form of the Ob-Rb 

receptor at the ARC level, where it activates the POMC neurons and 

inhibits the AgRP / NPY ones with an overall reduction of food intake 

[18]. By acting on the melanocortin receptors (especially MC4R), 

these peptides regulate in turn other neuromediators (MCH, orexin, 

CRH and TRH) at the level of diff erent hypothalamic nuclei, which 

condition in various way caloric intake and energy deposits. Leptin 

and insulin are released together, aft er an increase in the blood glucose 

Figure 1: Leptin, a product of the obese (ob) gene, is a cytokine that was fi rst 
discovered in mouse by Zhang, et al. (1994). In mammals, leptin is involved 
in a diverse range of physiological functions, including appetite and body 
weight regulation, bone remodeling, fat metabolism, immune responses, and 
reproduction (Houseknecht, et al., 1998; Moschos, et al., 2002; Macajova, et 
al., 2004; Roubos, et al., 2012).

Figure 2: Ghrelin and leptin act on the brain via the hypothalamus (from 
Kojima & Kangawa, 2006). From review: Hosoda H, Kojima M, Kangawa 
K. Biological, physiological, and pharmacological aspects of ghrelin. J 
Pharmacol Sci. 2006; 100(5): 398-410.
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levels, one from the adipose tissue, the other from the endocrine 

pancreas [19]. At peripheral level, leptin, if in physiological amounts, 

increases glucose, fat metabolism and energy consumption. Insulin 

mainly regulates the carbohydrate homeostasis. Peripheral insulin 

resistance can determine the well-known phenomena resulting from 

glucotoxicity [20]. Leptin regulates the lipid homeostasis and the 

states of relative leptin-resistance may determine an accumulation of 

intracellular lipids. Th ese generate lipotoxicity at pancreas beta cells, 

myocardium and other tissues level, damaging organs and apparatus 

as described in the obese [21]. Th e circulating levels of leptin are 

directly related to the mass of the adipose tissue and are reduced 

during fasting periods, while increasing aft er food intake [22]. Leptin 

or its receptor defi ciency, in both man and animal models, translates 

into an obese phenotype characterized by hyperphagia, diabetes, 

and infertility. Th e presence of a “gastric” leptin secreted by the 

stomach mucosa has recently been confi rmed. Its function is twofold: 

once released into the stomach aft er the arrival of food, it reaches 

the duodenum, where it promotes digestion. Th en it leaves the 

digestive tract and reaches the hypothalamic satiety center through 

the bloodstream, like the one derived from the adipose tissue. Th e 

eff ect of gastric leptin is “quicker”. It triggers the sense of satiety in 

the short term, while the action of adipose leptin is calibrated over the 

long run in regulating energy expenditure [23]. Th e circulating levels 

of leptin are therefore a relatively accurate marker of the nutritional 

and metabolic state of the body. People who lose weight aft er a low-

calorie diet usually reduce the circulating levels of leptin. Th is leptin 

reduction seems to mediate the reversible decrease in the thyroid 

activity, sympathetic tone, and basal energy expenditure [24].

Adiponectin: In addition to leptin, the adipose tissue releases 

many other mediators called adipokines, involved in the energy 

homeostasis. Th ey regulate energy intake and basal metabolic rate. 

Th erefore, the adipose tissue is involved in the metabolic control 

of energy substrates such as glucose and lipids, and interacts with 

several hormonal systems. Such molecules act remotely, by an 

endocrine action, or locally through a paracrine and autocrine action 

on stroma, other components of the adipose tissue (blood vessels, 

infl ammatory cells, etc.) and other tissues, such as the muscle [25]. 

ADP is a 244-amino acid protein, especially produced in mature 

adipocytes, and the concentration of coding RNA is higher in the 

peripheral than in the visceral adipose tissue [26]. If lean, healthy 

mice are injected with ADP in combination with a high-fat and high-

sugar meal, the postprandial increases in plasma glucose levels, FFA 

and triacylglycerol are reduced. On the contrary, if insulin-resistant 

mice are treated with physiological concentrations of ADP, glucose 

tolerance is improved and insulin resistance is reduced [27]. Two 

diff erent types of receptors ADP interacts with have been identifi ed: 

AdipoR1 and 2. AdipoR1 is mainly expressed in the muscle and 

AdipoR2 is primarily expressed in the liver. Th e ADP binding with 

AdipoR1 and AdipoR2 results in an increased glucose uptake, in the 

oxidation of fatty acids in the skeletal muscle (AdipoR1) and in a 

decreased production of glucose in the liver (AdipoR2) [28,29]. Table 

1 shows the eff ects of an increase or a decrease in the production of 

Adiponectin.

Main Actions of Adiponectin

Th e biological ADP eff ects depend on plasma concentrations, on 

the properties of various ADP isoforms and on the specifi c expression 

of the ADP receptor subtypes in the tissue. ADP has anti-atherogenic, 

anti-diabetic and anti-infl ammatory properties [30].
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Figure 3: As the study by Timonen published on BMJ (Jan. 1, 2005; 330: 17-18) shows, although an increase in insulin can lead to a transient mood improvement 
(raising serotonin levels), a continuous and excessive stimulation of its production through a high intake of “palatable” food can also cause insulin resistance and, 
subsequently, the Metabolic Syndrome.
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Neuroendocrine factors secreted by the gastrointestinal 
tract

Ghrelin: Ghrelin is the only known orexigenic circulating 

hormone. It is a 28 aa peptide (endogenous agonist of the GHS-R 

receptor), involved in the control of food intake and energy 

balance. It is localized in distinct cells of the gastric mucosa, mainly 

distributed in the mid portion of the oxyntic gland characterized by P/

D1  granules in man and X/A-like granules in rodents. For several 

years, the intestinal enteroendocrine cells have been considered as 

main source of peptides regulating food intake. However, recent 

evidence shows that the P / D1 of humans and X / A of rats at the 

stomach level also have an endocrine function and play a very 

important role in controlling appetite. Acylated ghrelin is produced 

in this kind of cells. Th e enzyme responsible for the ghrelin acylation 

has recently been identifi ed in mice and humans and seems to belong 

to the superfamily of O-acyltransferases bound to the membranes 

(MBOATs). It has been called ghrelin-O-acyltransferase (GOAT) 

[31]. Due its marked pre-prandial increase, which seems to be part 

of the cephalic phase under the sympathetic nervous system stimulus 

[4], it is responsible for the start of meal. Th e circulating levels of 

ghrelin are instead suppressed by ingested macronutrients: to a 

greater extent than carbohydrates, followed by proteins and lipids [3]. 

Furthermore, ghrelin increases gastrointestinal motility and reduces 

insulin secretion [4]. If administered parenterally or centrally to 

rodents, it rapidly increases food intake and body weight. 

In the research over the last few years, additional peptides 

produced in the X / A gastric cells of mouse have been identifi ed to be 

able to regulate food intake: nesfatin, obestatin and des-acyl-ghrelin. 

However, while the functions of nesfatin-1 [31] and des-acyl-ghrelin 

[33] have recently been clarifi ed, the obestatin functions remain 

controversial [34].

Des-acyl-ghrelin: Th e function of des-acyl-ghrelin on food 

intake is less clear than that of ghrelin. It is currently being discussed 

as a possible anorexigenic hormone, although some results are 

controversial. Furthermore, the receptor on which des-acyl ghrelin 

acts is still unidentifi ed.

Nesfatin: Nesfatin was initially identifi ed by Oh-I, et al. [35] in the 

rat hypothalamus. It derives the Nucleobindin-2 protein (NUCB2) 

from a precursor. Studies have shown that the intraperitoneal 

injection of nesfatin into mice reduces food intake and that its 

expression at the level of the oxyntic mucosa is 10 times higher than 

its expression at the hypothalamic level [36].

Obestatin: Obestatin is a peptide of 23-amino acids generated by 

the proteolytic cut of the primary transcript of the gene encoding for 

ghrelin. It is present not only in the G.I. tract, but also in the spleen, 

breast gland, breast milk and plasma. Th e action of this protein / 

hormone is both autocrine and paracrine. Recent studies have shown 

that the plasma levels of obestatin are signifi cantly lower in obese, 

when compared to controls, indicating a role for obestatin in the 

long-term regulation of body weight [37].

CCK: Cholecystokinin (CCK) is an intestinal peptide produced 

by cells I of the duodenojejunal mucosa, with a plasma half-life of 

few minutes [2]. It is secreted in response to intraluminal nutrients, 

particularly lipids and proteins. It is capable of inducing meal 

termination, reducing its size and duration. In addition, the CCK 

satiating eff ect is attributed to the ability of inhibiting gastric emptying, 

increasing the stomach mechanoreceptors stimulation [2]. In 

addition to its distribution in the G.I. tract, CCK is widely distributed 

in the hypothalamus, mainly at the level of the ventromedial nucleus. 

Two types of receptors it interacts with have been identifi ed: CCKA 

and CCKB. CCKA (alimentary) is primarily expressed at the level of 

the G.I. tract, liver, pancreas and vagal aff erences [38], while CCKB 

(brain) is the predominant form in the CNS [39]. Th e satiating eff ect 

of CCK, in part mediated by the CCK-A receptors in the digestive 

tract, proves the role of the hormone of peripheral production in 

regulating eating habits.

GLP-1: “Incretins” are intestinal peptide hormones released for 

the presence of nutrients in the digestive tract (fat and carbohydrates 

induce its secretion, directly by intraluminal contact, indirectly 

for neurohumoral mechanisms in the duodenum) and capable of 

enhancing the post-prandial insulin secretion through the activation 

of the entero-insular axis. In humans and animals, glucagon-like 

peptide-1 is the most powerful incretin secreted at the end of a 

meal (GLP-1) [40]. Within a few minutes aft er its delivery into the 

bloodstream, plasma GLP-1 levels are drastically reduced due to the 

degradation of the dipeptidyl-peptidase IV (DPP-IV) enzyme. GLP-1 

results to be the most powerful peptidergic stimulus for the synthesis 

and release of insulin by the pancreatic beta cells. Its eff ect is glucose-

dependent: the higher the plasma glucose levels, the greater the insulin 

production [41]. In the G.I. tract, GLP-1 inhibits the acid secretion of 

the stomach and slows gastric emptying. Th e destruction of GLP-1R 

does not seem to alter the eating habits of either transgenic rodents 

or genetically obese subjects [42]. Th erefore, GLP-1 is not essential 

either for the appetite regulation or for the long-term control of body 

weight. 

OXM: Oxyntomodulin (OXM) is a 37-amino acid peptide 

originating from the post-translational transformation of proglucagon 

in the intestinal cells. It was called this way aft er its inhibitory action 

on the stomach oxyntic glands [43]. OXM is released into the blood 

in response to food ingestion and is proportional to the meal calorie 

content. Its eff ect is to reduce food intake [44].

PYY: Peptide Tyrosine Tyrosine (PYY) is a member of the 

Pancreatic Polypeptide family (PP), which includes neuropeptide 

Y (NPY) and PP, and is synthesized by the same L-cells of the 

gastrointestinal tract co-expressing GLP-1. It is secreted in response 

to the nutrients ingested with two other intestinal hormones, GLP-

1 and OXM, and is proportional to the calorie load, especially the 

one related to lipids [45]. It is reduced in obese, thus decreasing 

stimulation of satiety [46]. 

Amylin: Amylin or Islet Amyloid Polypeptide (IAPP) is a 

37-amino acid peptide, synthesized by the islets of Langerhans beta 

cells as pre-pro-amylin undergoing proteolysis to fi nally locate in 

the secretory granules [47]. It is released in response to the stimuli 

leading to insulin secretion. IAPP plays an adaptive role in glucose 

metabolism and homeostasis. It helps control gastric emptying, 

suppress the release of glucagon and regulate satiety [48]. 

Table 1:

Adiponectin increase Adiponectin decrease,
typical of obese and type II diabetics

↑ Glucose tolerance ↓ Glucose tolerance

↑ HDL cholesterol ↓ HDL cholesterol

↓ Insulin resistance ↑ Insulin resistance

↓ Triglyceride synthesis ↑ Triglyceride synthesis

Reduced risk 
of atherosclerosis and type II diabetesa

Increased risk of atherosclerosis and 
type II diabetes
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EXTRAHYPOTHALAMIC CONTROL

Recent observations have proved a complex network (used to 

modulate hunger/ satiety system, metabolic-energetic homeostasis 

and eating habits), which links the arcuate nucleus and hypothalamic 

nuclei to the prefrontal cortex, amygdala, hippocampus and thalamus. 

In addition to the action of brain neuromediators (e.g., serotonin, 

dopamine), each of these areas responds to sensory stimuli [49] and 

peripheral circulating signals of energy availability (leptin, insulin, 

G.I. hormones) [50]. Th ese multiple paths and signals ensure that 

food is consumed when needed to maintain the energy homeostasis. 

However, the compulsive consumption of so-called “palatable” 

foods (rich in fat and simple sugars) results in a compensatory 

desensitization of satiety signals both in humans and animals, thus 

causing a nutritional overweight and obesity conditions. Hence the 

description of obesity as “Food Addiction”. By the striatal dopamine 

increase mediated by the action of endogenous opioids, palatable 

food can in fact activate the mechanism of food reward, triggering 

addictive behaviours in laboratory animals. Food reward involves 

the interaction among the limbic system, cortex, and basal ganglia, 

responsible for learning, memory, motivation functions and for the 

hedonic response [51]. Th e cascade of neural reward begins with the 

hypothalamus in the midbrain (mesolimbic system), where serotonin 

activates enkephalins for the opioid mu receptors stimulation in 

the substantia nigra (GABA). Substantia nigra is projected into the 

ventral tegmental area (VTA), where dopaminergic neurons produce 

“eff ective” amounts of dopamine released by the nucleo accumbens 

(NAc): the site of reward. DA D2R receptors “turn on” the cortical 

circuit [52]. Recent evidence suggests that the dysregulation of 

this system plays an important role in the excessive consumption 

of food and in the development of obesity [53]. In obese patients, 

neuroimaging studies showed a reduced expression of dopamine 

D2 receptors at the striatal level. For some authors, the increased 

food intake would be a compensatory attempt to the reduced 

dopaminergic signalling. Others interpret the reduced density of D2 

receptors as the result of a repeated hyperstimulation of the system 

[51]. An alternative hypothesis considers the repeated consumption 

of palatable food as cause of the increased dopamine release, 

overexpression of the transporter, and modifi cation of the expression 

of D1 and D2 receptors in the nucleus accumbens [54]. According 

to this interpretation, this causes a behavioural addiction especially 

to palatable food, called “craving”, and to withdrawal symptoms. 

Lastly, non-palatable food may also interfere with food reward: 

environmental stimuli, such as the sight and smell of food, can lead 

to the craving of unpalatable food [55]. Paradigmatic examples of this 

complex mechanism of control have been indirectly demonstrated 

by experimental evidence of some phytotherapeutic extracts, such 

as Griff onia simplicifolia, Rhodiola rosea and Th eobroma Cacao. 

Griff onia simplicifolia, with its similar serotoninergic actions, is useful 

in reducing the craving due to the sense of satiety induced by increased 

leptin levels. Similarly, Rhodiola rosea acts by inhibiting the serotonin 

degradation (catechol-O-methyltransferase inhibition, COMT), 

stimulating the transport of 5-HTP and increasing dopamine levels. 

Th is latter action is attributable to the glycosides of the root [56,57]. 

Both phototherapeutic extracts also have a lipase activity. Instead, 

Th eobroma Cacao seeds, rich in methylxanthine (theobromine and 

caff eine) and tetrahydroisoquinoline (salsolinol, salsoline), give sense 

of satiety through the inhibition of MAOs, tyrosine hydroxylase and 

catecholamine uptake [58,59].

Recently it was found that ghrelin causes a powerful dopaminergic 

modulation of reward and plays an important role in motivating and 

reinforcing the eff ects of sucrose at the level of neural circuits of 

reward. Indeed, it is released from the stomach during fasting and 

activates the meso-cortico-limbic dopaminergic system in the NAc, 

stimulating the hyperpalatable over standard food intake. Th is eff ect 

is perceived as reward or pleasure, thus increasing not only food but 

also alcohol and cocaine consumption. Consequently, food limiting 

can promote the introduction of additional food to compensate for 

the reward reduction determined by calorie restriction. In recent 

years, research has also focused on the Endocannabinoid System (ES), 

as endocannabinoids have eff ects on food intake and weight gain very 

similar to ghrelin. It is assumed that they share common pathways, 

such as the activation of hypothalamic adenosine 5’-monophosphate-

activated protein kinase [60]. Th rough the interaction with specifi c 

Cb-1 receptors (cannabinoid receptor 1), ECs modulate in the 

mesolimbic system the gratifi cation and pleasure related to food, 

alcohol, nicotine and some drugs intake. In the hypothalamus, they 

modulate the secretion of anorexigenic and orexigenic neuropeptides 

[61]. Th erefore, ECs are pivotal in eating habits as they play a key 

role in controlling appetite, that is in motivation, gratifi cation and 

stimulation to food intake as well as in the regulation of energy 

balance [62,63]. Th e system is activated during fasting (even short, 

for example skipping a meal) by increasing the sense of hunger (leptin 

tends to decrease) and unconsciously addressing towards highly 

“palatable” food [64]. Short periods of fasting reduce leptin levels 

and excite hypothalamic neurons controlling hunger. Among these, 

orexinergic neurons containing the neuropeptide orexin-A (OX) 

generate signals that push towards food intake and to searching for 

food-related exploratory behaviours. Once food is reintroduced, the 

system is turned off  and hunger calms down. Th is does not happen 

in many obese. As well as smoking and alcohol intake, obesity is 

linked to the system hyperstimulation as in the obese it receives 

continuous stimuli and remains therefore very active [65]. On one 

hand, stressing the system with repeated intake of fatty and caloric 

food leads to an increase in endogenous cannabinoids and a higher 

desire for hypercaloric foods. On the other, it is also infl uenced by 

plasma concentrations of hormones associated with metabolism and 

nutrition (insulin, leptin and adiponectin). For instance, an increase of 

leptin levels reduces the ECs concentrations in the hypothalamus and 

consequently inhibits food intake [66]. Th e interaction site between 

leptin and EC is located at the lateral area of the hypothalamus, 

which represents a junction of information linking periphery to the 

superior centers responsible for food control. In this area, by the Cb-1 

receptors, ECs raise the excitability of neurons producing MCH by 

further promoting food intake, whereas leptin inhibits the release of 

ECs and the excitability of MCH neurons is reduced with a fi nal eff ect 

that is anorexigenic [67].

CONCLUSIONS

Hypothalamic nuclei receive peripheral metabolic (glucose) 

and hormonal (leptin and gastrointestinal hormones) signals acting 

directly and indirectly, via vagal aff erences, through the solitary tract 

nucleus in the brainstem. Th e plasma concentrations of nutrients 

and hormones activate orexigenic (NPY/ AgRP) and anorexigenic 

(POMC/ CART) pathways in the brain, modulating the hunger/ 

satiety system and the growth of metabolically active hormones at 

the hypothalamic-pituitary level. Th rough the interconnection with 

other phylogenetically older CNS areas - such as the amygdala and 

the hippocampus (memory and emotions), the thalamus (sensory 

processes), and more “recent” cortical areas orbitofrontal cortex), 
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responsible for decision and behavioural processes - these nuclei play 

a key role in regulating metabolism and structuring food behaviour. 

However, in environments with high availability of food, individual 

eating habits respond to the energy homeostasis mechanisms as well 

as to other interrelated factors. Th ey are sensory (food palatability), 

hedonic (reward components, partly modulated by neurosensory 

aspects), neurobiological (stress and circadian rhythms), cognitive 

(information, expectations, motivations). Th ey are modulated by 

specifi c brain environments. In this regard, important progress has 

been made to delineate the mechanisms of “exceeding” intake as 

an immediate response to the display of rewarding food. Despite 

clear improvements in physiological and adaptive neurobiological 

knowledge, the understanding of the short-term neuronal adaptations 

to food reward is, however, still incomplete.
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