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Abstract

For the purposes of proper control of body weight, nutritional intake and physical activity are integrated through a common 

regulatory system in which the leptin-melanocortin system plays a major role. This system is responsible for controlling the 

caloric balance through a feedback mechanism, that signals to the central nervous system the amount of stocks contained in 

the adipose tissue, so as to optimize dietary intake and energy expenditure. In rodents, the decrease in leptin levels that occurs 

following food deprivation or fat mass reduction is associated to an appetite stimulus, to a decrease in overall locomotor activ-

ity and to a simultaneous increase in food anticipatory activity, a specific motor activity that reflects the inclination to search for 

nutritional resources. This activity can be modulated through the administration of leptin and is mediated, at least partially, by 

the neurons of the melanocortin system. In humans, the studies on twins have attributed to genetic factors at least 50% of the 

variability in the propensity for physical activity. In particular, some polymorphisms of the melanocortin and leptin 4 receptor are 

associated with variations in the levels of motor activity. Clarifying the complex mechanisms involved in the regulation of physical 

activity and the connections between the different pathways involved in energy homeostasis could help to understand the na-

ture of the differences existing between individuals in terms of inclination for physical activity and energy expenditure associated 

with it. Given the historic difficulties in the development of anti-obesity drugs that are both safe and effective, the exploitation 

of the multiple beneficial effects produced by physical activity is an essential component in the context of a multidimensional 

behavioural strategy aimed at tackling obesity and its related diseases.
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Riassunto

Ai fini di un adeguato controllo del peso corporeo, l’apporto nutrizionale e l’attività fisica sono integrate attraverso un sistema 

regolatorio comune all’interno del quale il sistema leptina-melanocortina riveste un ruolo di grande rilievo. Questo sistema è 

deputato a controllare l’equilibrio calorico attraverso un meccanismo a feed-back che segnala al sistema nervoso centrale 

l’entità delle scorte contenute nel tessuto adiposo al fine di ottimizzare l’introito alimentare e la spesa energetica. Nei roditori, la 

riduzione dei livelli di leptina che si verifica in seguito alla deprivazione di cibo o alla riduzione della massa grassa è associata a 

uno stimolo sull’appetito, a una diminuzione dell’attività locomotoria complessiva e a un simultaneo aumento dell’attività antici-

patoria del pasto, una specifica attività motoria che riflette l’attitudine alla ricerca di risorse nutrizionali. Questa attività può essere 

modulata dalla somministrazione di leptina ed è almeno in parte mediata dai neuroni del sistema melanocortinico. Nell’uomo, gli 

studi sui gemelli hanno attribuito a fattori genetici almeno il 50% della variabilità nella propensione all’attività fisica. In particolare, 

alcuni polimorfismi del recettore 4 della melanocortina e della leptina sono associati a variazioni dei livelli di attività motoria. 

Chiarire la complessità dei meccanismi che intervengono nella regolazione dell’attività fisica e le connessioni tra le diverse vie 

coinvolte nell’omeostasi dell’energia potrebbe consentire di comprendere la natura delle differenze che esistono tra individuo 

e individuo in termini di propensione all’attività fisica e di dispendio energetico a essa associato. In considerazione delle stori-

che difficoltà incontrate nello sviluppo di farmaci contro l’obesità che siano nel contempo sicuri ed efficaci, lo sfruttamento dei 

molteplici effetti favorevoli prodotti dall’attività fisica rappresenta una componente imprescindibile nel contesto di una strategia 

comportamentale multidimensionale finalizzata al contrasto dell’obesità e delle malattie ad essa associate.

Parole chiave: attività locomotoria - leptina - attività "sica - obesità - sistema melanocortinico - anoressia nervosa
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of this article is to provide an overview on the in�uence 

of the melanocortin-leptin system on the different 

components of locomotor activity.

Rodent studies

Natural selection has led to continuous evolutionary 

adaptations to facilitate the acquisition of the necessary 

nutrients for reproduction and survival. Several studies 

have shown that it is possible to select mouse lines 

characterized by high or low levels of locomotor activity 

(12) (13). Rodent models have also allowed the analysis of 

the major factors involved in the regulation of locomotor 

activity, thanks to methods of objective evaluation of the 

activity and to the absence of confounding factors that 

are inevitably present in studies conducted on humans. 

Mouse models have provided important information 

through the study of knockout mice, knockdown mice or 

through the assessment of gene over-expression, thus 

allowing the successful study of the neurobiological 

mechanisms underlying locomotor behavior. The 

voluntary locomotor activity is usually measured by the 

number of rotations of the wheel in the cage (“running 

wheel activity”, RWA) and expresses a rewarding 

activity and a self-motivated behaviour similar to 

voluntary physical activity in human beings. The “home 

cage activity” (HCA) describes spontaneous locomotor 

activity (7) and can be measured by infrared rays or 

through video-recording. In this respect, it is worth 

noting that the resistance to the exercise (in�uenced by 

the quality of the components of muscle !bers) and the 

total levels of physical activity did not probably develop 

synergistically and are not correlated (14).

The effect of leptin and of the melanocortin system 

on locomotor activity

Leptin is a hormone secreted by adipocytes in amounts 

proportional to their mass and regulates body weight 

homeostasis by inhibiting food intake and increasing 

energy expenditure (15) (16). Leptin-de!cient (ob / ob) 

mice are obese and hypoactive (17); administration of 

leptin normalizes their body weight and physical activity 

levels (18). This !nding would seem in line with the 

prevailing idea that hypoactivity is secondary to obesity.

However, experimental results exist which indicate 

that low doses of leptin can increase both RWA and 

HCA during the !rst day of treatment, i.e. before the 

weight loss occurs, thus demonstrating the fact that the 

action of leptin on motor activity is not a minor effect 

with respect to weight loss (19)(20). It is worth noting 

that in a normal mouse, peripheral administration of 

over-physiological doses of leptin does not increase 

locomotor activity (18) (19). In line with this effect of 

leptin, lean mice that overexpress transgenic leptin do 

not show variations in motor activity; this is however 

reduced when the hormone secretion is interrupted (20). 

In mice exposed to a low-calorie diet in which serum 

concentrations of leptin are kept normal through the 

Introduction

Under natural conditions, energy homeostasis and body 

weight are regulated through the harmonization of caloric 

intake and consumption. The latter is mainly determined 

by resting energy expenditure, motor activity not linked 

to physical exercise and voluntary physical activity (1).

Appetite and metabolism are variables regulated by very 

ef!cient neurobiological mechanisms. The mutations of 

individual genes at the basis of this homeostatic system 

are responsible for about 5% of the causes of early 

obesity (2). These mutations affect proteins which are 

mainly expressed in the central nervous system.

Studies conducted on adopted twins and their families, 

both biological and adoptive, have established that in 

50-70% of cases the body mass index is genetically 

determined (3) (4). But it is still not clear to what extent 

genetics in�uences the caloric intake and the energy 

expended through physical activity. In particular, the 

fact that motor behaviour and the inclination for physical 

activity are modulated by neurohormonal regulators is 

very often underestimated.

Locomotor activity is a complex behavior in�uenced 

by social, demographic and environmental factors (5). 

Experimental data obtained both in animals and in 

humans also show that locomotor activity can also vary 

on a genetic basis. The recognition of these regulatory 

mechanisms is becoming increasingly important in 

the face of a real obesity epidemic. When it comes to 

physical activity, two components are usually referred 

to: voluntary exercise and spontaneous physical activity. 

Voluntary exercise is de!ned as a locomotor activity not 

directly required for survival and not directly motivated 

by external events (6): in other words, voluntary exercise 

consists in sport and similar activities.

Spontaneous physical activity consists of all the 

remaining activities in everyday life (e.g. maintenance of 

posture, gesticulation) (6) (7). It is also true that many 

physical activities fall into a grey area between voluntary 

activities and spontaneous activities. In mammals, 

complex regulatory mechanisms have developed 

that allow for an optimal integration of physical 

activity with the maintenance energy homeostasis. 

A short-term caloric restriction and fasting decrease 

overall locomotor activity, while a modest caloric but 

prolonged restriction increases such activity, both in 

mice and non-human primates (8) (9). The variants 

of certain genes (peroxisome proliferator-activated 

receptor-γ, hypocretin, beta-2 adrenergic receptors, 

uncoupling protein 3, fat mass and obesity (FTO) gene) 

are associated with different levels of physical activity 

(10) (11). In addition, several hormonal gastrointestinal 

peptides, such as ghrelin, PYY, cholecystokinin, incretin 

and insulin appear to contribute signi!cantly to the 

regulation of locomotor behavior. Certain components 

of the ‘reward’ system,such as dopamine receptors, 

endogenous opioids and endocannabinoids may 

signi!cantly affect  voluntary exercise. The main purpose 
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mice, normalizes their locomotor activity before effects 

on weight appear (28). The same action is obtained 

when the signal from the leptin receptor is restored only 

in the arcuate nucleus of POMC neurons. This indicates 

that such neurons are major mediators of the effects of 

leptin on locomotor behaviour (29). The STAT-3 signal 

transducer is one of the major intracellular effectors of the 

action of leptin. Mice that show a constitutive activation 

of STAT-3 in AgRP neurons are lean and hyperactive 

(30). By contrast, mice with inactivation of the STAT-

3 signal in LePR neurons show a reduced locomotor 

activity (31). The administration of NPY during a food 

restriction period increases the food anticipatory activity 

(32) but does not modify the total activity in normal 

mice. These data emphasize the behavioural effects 

of NPY, which are modulated by changes in energy, 

and identify the NPY as a possible mediator of leptin 

activity in food anticipatory activity. It is unclear which 

additional downstream centers regulate locomotor 

responses to leptin, but probably the signal converges 

on neural networks such as those of the mesolimbic-

dopamine system, which is involved in the processes of 

reward and motivation (33) and those of the sympathetic 

nervous system (34). Male MC4R knockout mice have 

lower locomotor activity in the dark phase than normal 

mice (35). The administration of MC4R antagonists 

decreases locomotor activity in rats (36). It is interesting 

to notice that MC4R knockout mice have less total 

activity and increased fat mass compared to normal 

mice (37). The POMC neurons are estrogen targets (38) 

and provide synaptic inputs to neurons that express the 

hormone stimulating gonadotropins (GnRH). This could 

be an explanation of the effect that estrogens have on 

locomotor activity and of the dimorphism between sexes 

which is sometimes observed in mouse models. MC3R 

knockout mice show an attenuated food anticipatory 

activity associated with reduced expression of AgRP 

and NPY in the arcuate nucleus (39). These observations 

reinforce the impression that AgRP and NPY in�uence 

the anticipatory activity. In this regard, it is interesting 

to observe how NHLH-2 transcription factor knockout 

mice (nescient helix loop helix 2) present a late-onset 

obesity due to a reduction in spontaneous physical 

activity.

These animals further reduce their activity after 

caloric restriction, an effect which is not reversible 

even after restoration of normal access to food (40). If 

documented in humans, this phenomenon could be one 

of the mechanisms that contribute to regain weight after 

discontinuation of a diet (41). It is interesting to notice 

that the human homolog of NHLH-2 is implicated in the 

transcriptional control of MC4R. It is also assumed that 

the BDNF factor (brain derived neurotrophic factor), one 

of the major regulators of neuronal plasticity, is one of the 

effectors of the leptin / melanocortin system (42). Mice 

exposed to environmental enrichment through special 

cages that encourage physical activity and increase 

continuous administration of the hormone, the sudden 

interruption of the infusion causes a 50% reduction 

in motor activity. Such decrease in the activity is not 

observed when leptin levels are restored through free 

access to food (21). Taken together, these data indicate 

that a reduction of the physiological concentrations of 

leptin, like the one occurring during fasting, can be one of 

the mechanisms that mediate the reduction of physical 

activity observed in subjects showing a marked weight 

loss. Restoring the physiological levels of leptin means 

encouraging an increase in locomotor activity, while 

over-physiological levels of leptin do not have additional 

effects. The lack of leptin, re�ecting a negative energy 

balance, is therefore responsible for a reduction of total 

motor activity that seems to be aimed at energy saving 

and body weight maintenance. However, this effect of 

reduction in motor activity could be counterproductive 

in case it causes an inhibition in the search for food. 

It is worth noting, in this regard, that when the animal 

is accustomed to receiving a meal at !xed times, the 

levels of RWA increase immediately before this event. 

Such phenomenon is commonly referred to as a food 

anticipatory activity (22). The behaviour of rodents in 

which the availability of food is reduced and limited 

to certain hours of the day is characterized by weight 

loss, hypothermia and increased anticipatory activity 

(23). The way the administration of leptin in�uences 

food anticipatory activity has been the object of speci!c 

studies which have shown an inhibitory effect (24). In 

accordance with this action of leptin, ob / ob mice in 

which the hormone is completely absent show, despite 

a reduced total motor activity, a marked anticipatory 

activity that is abolished by the administration of the 

hormone (19). All the actions of leptin on physical 

activities can be reproduced when this is administered 

at low doses directly into cerebral ventricles, and this 

suggests that the effects of leptin on motor activity are 

mediated at the level of the central nervous system 

(19) (25). The melanocortin system includes various 

effectors: neuropeptide Y (NPY), agouti gene-related 

protein (AgRP), proopiomelanocortin (POMC) and 

α-melanocyte stimulating hormone (αMSH) with its 

speci!c receptors (MC3R and MC4R). Leptin receptors 

(LepR) are widely expressed in the central nervous 

system, particularly in the hypothalamus, where leptin 

regulates feeding and energy expenditure. In the arcuate 

nucleus, leptin stimulates the POMC neurons which 

perform an αMSH-mediated anorectic action. At the 

same time, leptin inhibits the neurons that express the 

powerful anorectic peptides NPY and AgRP. Alpha-MSH 

is an agonist of MC4R and MC3R, while AgRP is a high 

af!nity antagonist for both receptors (26). In the mouse 

model obesity can be caused by a faulty POMC gene, 

by AgRP over-expression or by a reduced function of 

MC4R (27). The restoration of the leptin-receptor signal 

transduction in the arcuate nucleus of db / db mice, 

genetically lacking LePR and therefore obese as ob / ob 
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on total motor activity. A study using the Swedish 

registry of twins showed that within couples, the levels 

of physical activity are much more similar when it comes 

to monozygotic twins compared with heterozygotic 

ones (49), showing an in�uence of genetic factors on 

motor activity. It is estimated that the variability of motor 

activity attributable to genetic factors is between 50% 

and 78% (49-51).

Numerous studies have assessed the genetic bases 

of physical activity (intended as intensity and duration) 

using different approaches: linkage studies, association 

studies and wide genome scan studies (52). In the 

Quebec Family Study (53), a polymorphism (C-2745T) 

located near the MC4R gene was associated to the 

intensity of physical activity. A limit of these studies 

consists in an impossibility to establish a causal link 

between the variables examined, and in the tools used to 

assess the nature and intensity of physical activity; many 

of them are in fact based on questionnaires completed 

independently. Two genetic linkage studies have also 

con!rmed a correlation between physical activity and 

loci that are localized in MC4R 54 55. Another study 

identi!ed a polymorphism at position 1704 in the 3 

‘region of MC4R, which interferes with a connection 

site binding a micro-RNA with marked effect on motor 

activity evaluated through the use of accelerometers 

(56). The Pima Indians, homozygous for the Arg223 

polymorphism of the leptin receptor, show low levels of 

physical activity, calculated as ratio between total energy 

expenditure and baseline metabolism, using a metabolic 

chamber (57) (58). The levels of leptin explain 37% of 

sensory stimulation, cognitive and social activities, 

show increased sensitivity to leptin and an increased 

expression of  hypothalamic BDNF, increased stimulation 

of POMC anorectic neurons and inhibition of NPY 

orexigenic neurons (43) (44). In other words, it seems that 

when the animal is exposed to a more natural lifestyle, 

its hypothalamus is affected by modi!cations which 

produce a lowering of the leptin set point and promote 

a restructuring of synaptic connections, arranged by 

BDNF, with a consequent strengthening of the systems 

inhibiting appetite and of those promoting motor activity. 

In a natural environment, therefore, the system would 

be geared to limit an excessive accumulation of body 

fat, which would hinder the animals in the exercise of 

their natural functions (competition for food, escape, 

territorial expansion). It is conceivable that environmental 

enrichment, translated into human physiology, may 

have an important role in promoting spontaneous motor 

activity and represents an additional means to tackle the 

obesity epidemic. In conclusion, the reduction in leptin 

levels that follows the deprivation of food or a reduction 

in fat mass is associated with a decrease in total motor 

activity and an increase in total food anticipatory activity. 

When food availability is limited, such actions would be 

aimed at minimizing energy waste, while stimulating the 

motor behaviour related to the search for food and to 

the acquisition of the necessary resources to survive 

(Fig. 1). These aspects are mediated, at least in part, by 

the melanocortin system. 

Possible mechanisms of regulation  

of physical activity in humans 

In humans, the assessment of voluntary exercise can be 

carried out through tools such as accelerometers, self-

reports, questionnaires, direct observation, continuous 

assessment of cardiac activity, calorie counters. A 

study in which multisensory devices were used for 

the monitoring of motor activity (45) has shown that, 

compared to normal weight controls, moderately obese 

subjects were spending an average of two hours more 

per day in a sitting position and consequently two 

hours less in the upright position or walking. This motor 

behaviour did not change when obese volunteers lost 

weight or lean subjects gained weight. Based on these 

observations it is therefore conceivable that a reduced 

spontaneous motor activity precedes the onset of obesity 

and represents a predisposing factor. Other studies 

have shown that acute overeating causes a reduction 

in locomotor activity (46). This effect would be more 

pronounced in individuals predisposed to obesity (47). 

In humans, hyperactivity can be associated with caloric 

restriction in some extreme conditions, such as anorexia 

nervosa (48). It is conceivable that this phenomenon 

involves mechanisms implicated in food anticipation. In 

some situations, the stimulatory effect produced by the 

reduction in leptin levels on food anticipation may be 

dominant with respect to the inhibitory effect produced 

Figure 1. In a state of caloric restriction, the circulating levels of 

leptin are reduced in order to signal to the hypothalamus a condition 

of negative energy balance, resulting in the activation of the AgRP / 

NPY neurons and inhibition of POMC neurons. These effects leads to 

reduced locomotor activity and increased food anticipatory activity, 

in order to counter the effects of energy deprivation in famine situa-

tions. From [1], as amended.
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connections between the different pathways involved in 

energy homeostasis could help understand the nature 

of the differences existing between individuals in terms 

of inclination to physical activity and energy expenditure 

associated with it. Given the historic dif!culties 

encountered in the development of anti-obesity drugs 

that are both safe and effective, the exploitation of the 

many favorable effects produced by physical activity 

is an essential component in the context of a multi-

dimensional behavioral strategy aimed at tackling 

obesity and the diseases associated with it.

the variation of motor activity in patients suffering from 

anorexia nervosa (59). It is interesting to observe how 

physical exercise affects in turn the secretion of leptin, 

leading to an acute decrease in circulating levels (60), 

even in the absence of changes in body weight (61). In 

humans,  the candidate genes to explain the marked 

inter-individual variability in the levels of physical activity 

are the ones that control the systems of reward and 

motivation, as the dopamine receptor D2 gene (62). In 

conclusion, to clarify the complexity of the mechanisms 

involved in the regulation of physical activity and the 
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