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Abstract: (250 words)

Puberty in mammals is associated with important physical and 
psychological changes due to the increase in sex steroids and growth hormone 
(GH). Indeed, an increase in growth velocity and the attainment of sexual 
maturity for future reproductive function are the hallmark changes during this 
stage of life. Both growth and reproduction consume high levels of energy, 
requiring suitable energy stores to face these physiological functions. During the 
last two decades our knowledge concerning how peptides produced in the 
digestive tract (in charge of energy intake) and in adipose tissue (in charge of 
energy storage) provide information regarding metabolic status to the central 
nervous system (CNS) has increased dramatically. Moreover, these peptides 
have been shown to play an important role in modulating the gonadotropic axis 
with their absence or an imbalance in their secretion being able to disturb 
pubertal onset or progression. 

In this article we will review the current knowledge concerning the role 
played by leptin, the key adipokine in energy homeostasis, and ghrelin, the only 
orexigenic and growth-promoting peptide produced by the digestive tract, on 
sexual development. The normal evolutionary pattern of these peripherally 
produced metabolic signals throughout human puberty will be summarized. The 
effect of two opposite situations of chronic malnutrition, obesity and anorexia, 
on these signals and how they influence the course of puberty will also be 
discussed. Finally, we will briefly mention other peptides derived from the 
digestive tract (such as PYY) that may be involved in the regulatory link 
between energy homeostasis and sexual development.

Key words: Leptin, ghrelin, puberty, anorexia, obesity, growth
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1) Introduction

Puberty consists of the attainment of sexual maturation and fertility in a 
complex process that includes relevant somatic and behavioural changes. The 
hallmark of puberty is the reactivation of the hypothalamic pulsatile secretion of 
gonadotropin-releasing hormone (GnRH), which activates the hypothalamic-
pituitary-gonadal (HPG) axis, and the production of sex steroids (Figure 1). This 
reactivation of GnRH production, which was previously present in the fetal and 
neonatal stages (Figure 2), takes place under the influence of several stimuli 
that are yet to be fully understood. Furthermore, there is a high variability 
between human individuals and different world populations in the timing of the 
onset and in the pace of progression of puberty, which is also not clearly 
understood (Figure 3).

Among the many factors influencing the neural networks controlling 
GnRH secretion, information about the status of metabolic fuel and energy 
stores is one of the cornerstones in the control of pubertal onset and 
progression. This concept, already postulated as early as the 1960s (Kennedy 
and Mitra, 1963), has later been supported by data arising from animal models 
and from epidemiological studies of the timing of puberty in humans in 
relationship to their nutritional status. These mechanisms of metabolic control 
are dynamic and result in the inhibition of the HPG axis in prolonged or intense 
situations of decreased energy availability, with the opposite occurring when 
energy becomes available. However, despite the experimental and 
epidemiological evidence suggesting common regulatory pathways of 
metabolism and reproduction, the precise neuroendocrine systems and 
peptides in charge of the coordinated control of reproduction and energy 
balance are still only partially known. 

The long-standing hypothesis that energy homeostasis is controlled by a 
feedback system comprised of peptides from peripheral organs signalling to the 
central nervous system (CNS) has been confirmed by the accrual of an 
extensive body of knowledge during the last decades. The two main sources of 
these signals are the digestive tract, in charge of nutrient ingestion and 
absorption, and the adipose tissue, the major site of energy storage in the body 
(Meier and Gressner, 2004; Kershaw and Flier, 2004; Cummings and Overdui, 
2007). 

A major milestone in this field was the cloning, in 1994, of the adipocyte-
derived hormone leptin (Zhang et al., 1994). The demonstration that its 
synthesis is directly related to the amount of body fat, thus energy stores, that it 
is involved in the control of energy homeostasis and that it modulates several 
neuroendocrine systems, including the HPG axis, turned leptin into the 
paradigm of a peptide involved in the integrated control of metabolism and 
sexual development. Subsequently, several additional peripherally produced 
peptides related to energy homeostasis control have also been shown to be 
involved in the modulation of the neural circuits controlling of pubertal 
development.

Much of our knowledge regarding the metabolic control of reproduction, 
especially at the cellular level, has been obtained from animal models. Although 
this information is of great importance for the advancement of our 
understanding, it should be kept in mind that the primate reproductive system 
has substantial differences from the most used experimental models, rodents. 
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Thus, mechanisms proposed in rodent models may not be directly applicable to 
humans. Likewise, the reproductive axis is one of the clearest examples of 
sexual dimorphism. In addition to the most obvious sex differences, i.e.,
genitalia, gonads or cyclic changes in hormones, but there are also structural 
differences between the sexes at the level of the brain (Chen et al., 1990; 
Merchenthaler 1998). One clear example that highlights the differences 
between rodents and humans, as well as sex differences, is levels of circulating 
leptin. In post-pubertal humans females have significantly higher circulating 
leptin levels (Argente et al., 1997a; Martos-Moreno et al., 2006) and others 
(García-Mayor et al., 1997; Blum et al., 1997; Mantzoros et al., 1997; Ahmed et 
al., 1999; Falorni et al., 1999; Demerath et al., 1999), while in post-pubertal rats 
males have higher serum leptin levels (Landt et al., 1998). Hence, in this 
review, we have tried to specify from which sex the data were obtained and in 
which experimental model and the reader must keep these caveats in mind.

2) Metabolic signals from adipose tissue

a) Leptin: linking energy homeostasis and reproduction
a1. Leptin physiology
Leptin, the 16 kDa product of the human LEP gene (7q31.3), which is 

homologous to the murine ob, is one of the most important adipokines in the 
control of energy homeostasis. It is mainly produced by subcutaneous 
differentiated adipocytes in direct relationship with their triglyceride content, 
although several other tissues can also produce this peptide (Meier and 
Gressner, 2004). Circulating leptin levels have been shown to be directly 
correlated with body fat content both in adults (Maffei et al., 1995) and in 
children and adolescents (Argente et al., 1997a) and peripheral leptin 
concentrations have been shown to decrease after food deprivation and to 
normalize after refeeding (Kolaczynski et al., 1996). Thus, leptin is considered 
to be an adiposity signal, as its levels are directly related to the amount of fat 
stored by the body (Woods and D´Alessio, 2008). 
Leptin is secreted into the circulation in a pulsatile manner, with a significant 
diurnal variation that is present throughout pubertal development and in both 
males and females (Ankarberg-Lindgren et al., 2001; Yidiz et a., 2004). 
However, leptin’s actions on target tissues is modulated by its binding to 
circulating truncated forms of its receptor (Smith et al., 2005).Leptin receptors
belong to the class I cytokine receptor family and at least six different 
alternatively spliced isoforms (OB-Ra, Rb, Rc, Rd, Re and Rf) have been 
identified to date in mice and four (LEP-R5, R15, R67 y R274) in humans 
(Korner, et al. 2005). Rb/R274 is the longest isoform and the only one 
containing an intracellular signalling domain. The highest concentrations of this 
isoform are found in the hypothalamus and it is considered to be the mediator of 
leptin’s central effects mainly through activation of the JAK (Janus 
kinase)/STAT (signalling transducer and activator of transcription) pathway. The 
shorter isoforms are thought to act as leptin transporters at different sites. 
Among these Re, which can also be produced by Rb ectodomain shedding, is 
the circulating form and acts as the major leptin binding protein in serum, 
modulating the amount of total and free leptin in the bloodstream (Kratzsch et 
al., 2002). Plasma leptin binding activity is modulated throughout development 
(Smith et al., 2005; Martos-Moreno, 2006); thus, the availability of this cytokine 
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to perform its physiological functions is also modulated and should be taken into 
consideration.

Leptin crosses the blood-brain barrier (BBB) through a specific 
mechanism of transport, most likely mediated by leptin receptors (LRs), and 
reaches the cerebrospinal fluid (CSF) and the brain. At the level of the CNS 
leptin modulates several neuronal populations,, especially in the hypothalamus 
and brainstem, with LRs being abundantly expressed in the hypothalamic 
arcuate and paraventricular nuclei (Sone and Osamura, 2001). In energy 
homeostasis control, leptin mainly acts through the activation of neurons 
producing proopiomelanocortin (POMC) and cocaine amphetamine related 
transcript (CART) and inhibition of those producing neuropeptide Y (NPY) and 
agouti protein related peptide (AgRP) in the hypothalamic arcuate nucleus 
(Ahima, 2005). Through its inhibitory action on NPY, leptin exerts many other 
central actions, affecting the adrenal, thyroid and somatotroph axes.

a2. Leptin and pubertal development
Regarding the role of leptin on the reproductive system, animal knockout 

models have shown that infertility is characteristic of leptin deficient mice 
(ob/ob) and that this can be overcome by leptin treatment (Chehab et al., 1996). 
Similarly, humans that are leptin deficient due to homozygous gene mutations 
present with hypogonadotrophic hypogonadism, with long-term recombinant 
leptin treatment being able to achieve pulsatile nocturnal gonadotropin secretion 
in these patients (Farooqi et al., 1999). Additionally, humans with leptin receptor 
deficiency present different degrees of hypogonadotropic hypogonadism 
(Farooqui et al., 2007), which further stresses the importance of the leptin 
signalling pathway for the correct functioning of the gonadotropic axis.

Much debate has taken place as to whether leptin is a signal for the 
initiation of sexual maturation or if a critical leptin level is a condition for pubertal 
onset, acting as a permissive factor so that other critical processes of sexual 
maturation can occur. In this regard, the fact that the administration of small 
doses of leptin to mice in early puberty advanced sexual maturation, but that 
this effect could not be achieved in prepubertal animals supports the second 
option that leptin is a permissive signal for pubertal development (Gueorguiev et 
al., 2001). However, the observation of a nocturnal rhythm of leptin secretion 
and a nocturnal increase in leptin concentrations before puberty in rats does not 
allow us to completely rule out an eventual role of leptin in the timing of puberty 
onset (Nagatani et al., 2000).

We (Argente et al., 1997a; Martos-Moreno et al., 2006) and others 
(García-Mayor et al., 1997; Blum et al., 1997; Mantzoros et al., 1997; Ahmed et 
al., 1999; Falorni et al., 1999; Demerath et al., 1999) have studied the evolution 
of serum leptin levels throughout male and female physiological pubertal 
development. These studies have shown that serum leptin levels are low in 
prepubertal children of both sexes.  In males leptin levels increase until Tanner 
stages II to III, varying between different studies, which precedes the 
testosterone increase (Mantzoros et al., 1997), and then decrease as puberty 
progresses. In contrast, serum leptin levels show a continuous and progressive 
increase in females throughout puberty. Thus, there is a sexual dimorphism in 
serum leptin levels and, although some authors suggest that it is already 
present in the prepubertal period, it is patent from mid-puberty onwards (Figure 
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4A). Girls also show a higher pulse amplitude in the circadian rhythm of leptin 
secretion compared to boys (Sinha et al., 1996). 

These data are consistent with the correlation found between serum 
leptin levels and body mass index (BMI) (Figure 4B), and even more so with 
body fat mass, in almost every study reported. This correlation between leptin 
levels and body fat mass is more pronounced in females (Ahmed et al., 1999) 
and supports the concept that the higher leptin levels found in girls is due to 
their higher level of fat content throughout development, as shown by 
densitometry (van der Sluys et al., 2002). Indeed, this difference in fat content is 
present from fetal life, but becomes more evident after puberty and in adulthood 
(Wells et al., 2007).

A decline in leptin binding activity has also been observed throughout 
puberty and this is due to a reduction in the serum levels of its soluble receptor 
(Quinton et al., 1999). Females have a much higher free leptin index than males 
at the beginning of the fertile period (Martos-Moreno et al., 2006), with the 
maximal sexual dimorphism occurring after the completion of puberty. In 
addition to the positive correlation observed between estradiol and leptin levels 
(Mantzoros et al., 1997), estradiol levels also correlate positively with the free 
leptin index (Martos-Moreno et al., 2006).

a3. Leptin in models of malnutrition
Two opposite models of malnutrition, one due to the lack and the other to 

the excess of energy availability, have also afforded valuable information about 
the importance of leptin in the activation and functioning of the gonadal axis. 
Hypothalamic amenorrhoea occurs as a result of intense physical exercise in up 
to 50% of female athletes as a consequence of impaired secretion of GnRH, 
which leads to low gonadotropin and estrogen levels (Muñoz et al., 2002, 2004). 
This is coincident with reduced serum leptin levels and the absence of its 
normal diurnal pattern (Chan and Mantzoros, 2005). Similarly, studies in women 
(Chan and Mantzoros, 2005) and adolescents (Argente et al., 1997a) with 
anorexia nervosa have shown how this disease is associated with low leptin 
concentrations as a result of decreased fat mass and with a decrease in diurnal 
variations of leptin concentrations (Figure 5). In addition, in these patients 
circulating leptin is mainly bound to its receptor, resulting in a low free leptin 
index (Argente et al., 1997a) and thus limiting its bioavailability.

The degree of weight recovery after nutritional therapy in anorexic 
patients is correlated with the increase in their serum leptin levels (Argente et 
al., 1997a) (Figure 5). Furthermore, this rise in leptin correlates substantially 
with increasing gonadotropin levels, suggesting that the increase in circulating 
leptin associated to nutritional recovery could be involved in the activation of the 
HPG axis (Ballauff et al., 1999). Interestingly, not all anorexic patients 
recovering a normal body fat mass spontaneously attain menses resumption 
(García de Álvaro et al., 2007). Furthermore, circulating leptin levels can be 
similar in amenorrhoic and eumenorrhoic anorexic patients (Audí et al., 1998). It 
should be remembered that the etiology of anorexia nervosa is diverse and 
includes varying degrees of behavioral or psychiatric comorbidities (Herpertz-
Dahlmann, 2009). Thus, it cannot be considered solely a model of malnutrition 
as these other factors may also influence the reproductive axis. However, the 
increase in free leptin index after nutritional therapy in anorexic patients has 
been associated with the resumption of menses (Misra et al., 2004), thus 
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reinforcing the importance of the increase in leptin bioavailability on the HPG 
reactivation. 

Interventional studies evaluating the effect of recombinant leptin in 
patients with hypothalamic amenorrhea have shown improved LH pulse 
frequency and increased serum LH levels, as well as an overall improvement in 
ovarian parameters (Welt et al., 2004). Likewise, exogenous leptin 
administration reversed anovulation induced by starvation in normal mice 
(Ahima et al., 1996). Based on these data several authors have suggested that 
the integrity of menstrual function depends critically upon a minimum level of 
free leptin, rather than upon a certain percentage of body fat, as postulated by 
Frisch in the 1970´s (Frisch and Mc Arthur, 1974). Furthermore, it is suggested 
that leptin is a necessary signal for the reactivation of the HPG axis in this 
disease, but it is not sufficient by itself for the attainment of normal gonadal 
function, thus reinforcing the idea of leptin as a metabolic permissive factor, 
allowing gonadotropin secretion, but perhaps not triggering it directly. 

Opposite to what is observed in anorexia, obesity in childhood can 
accelerate the onset of puberty. The advancement in the age at menarche in 
girls, coincident with the worldwide obesity epidemic, and much of the evidence 
available in the literature suggests that obesity may be causally related to 
earlier pubertal onset in girls. However, a recent study in Denmark 
demonstrates advancement of pubertal development in girls that is not 
associated with an increase in BMI (Aksglaede et al., 2009), while these same 
authors associated the advance in puberty in boys with an increase in BMI 
(Sorensen et al., 2009). Few studies have found a link between body fat and 
earlier puberty in boys, although it has been suggested that the lack of truly 
reliable markers of sexual development in boys (such as menarche in girls), and 
the lower correlation between BMI and fat mass due to muscle mass 
development in males could influence these findings (Kaplowitz, 2008). 

In agreement with the previously stated positive correlation between 
serum leptin levels and BMI, obese children and adolescents have also been 
shown to have higher serum leptin levels than lean subjects (Argente et al., 
1997a) (Figure 6), which decline significantly with weight loss (Argente et al., 
1997a) (Figure 6). Setting aside the influence of obesity and hyperinsulinemia 
on adrenarche, the high leptin levels accompanying obesity seem to play a role 
in the eventual acceleration of pubertal maturation in obesity (Ahmed et al., 
2009). Interestingly, long term effects of obesity and hyperleptinemia on 
gonadal function appear to be deleterious, as shown by the gonadal dysfunction 
observed in a high percentage of obese adults (Norman and Clark, 1999) and 
by the onset of hypothalamic hypogonadism in later life that occurs in  
transgenic mice that over express leptin (Yura et al., 2000).

a4. Leptin’s effects on the reproductive axis
Leptin receptors have been identified in the gonadotrophs of the anterior 

pituitary (Jin et al., 1999), but evidence suggests that they are sparse (Magni et 
al., 1999) or even absent (Cunningham et al., 1999) in GnRH producing 
neurons of the hypothalamus. This indicates that, although direct stimulation of 
GnRH production by leptin could be possible, the involvement of intermediate 
circuits and signals in the stimulatory effect of leptin on the HPG axis must be 
prevalent. Indeed, leptin’s effect on GnRH secretion may be mediated, at least 
in part, through kisspeptin producing neurons (Smith et al., 2006), as these 
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neurons express leptin receptors and play a fundamental role in the modulation 
of GnRH secretion as discussed in detail in other chapters of this monograph. A 
dose dependent acceleration of GnRH secretion, but not of pulse amplitude, 
has been shown in neurons of the hypothalamic arcuate nucleus in response to 
leptin (Lebrethon et al., 2000 a). Furthermore, leptin and its receptor are 
expressed in the anterior pituitary (Jin et al., 1999) and leptin directly stimulates 
the release of LH and FSH via nitric oxide synthase activation (Yu et al., 1997). 

An indirect mechanism for leptin’s action on this axis has also been 
postulated. Leptin decreases the expression of NPY in the arcuate nucleus, and 
this in turn decreases the inhibitory action of NPY on pulsatile GnRH release 
(Plant et al., 2002). A similar mechanism, involving leptin stimulation of CART 
transcription and LHRH pulse shortening has also been reported (Lebrethon et 
al., 2000 b).

Leptin also has direct effects on the gonads. Indeed, in the testis, leptin is 
suggested to modulate proliferation, germ cell differentiation and 
steroidogenesis by both autocrine and paracrine mechanisms (Tena-Sempere 
et al., 1999; Tena-Sempere et al., 2001a; Fombonne et al., 2007; Herrid et al., 
2008). In the adult rat testis, the leptin receptor is expressed in both Leydig and 
Sertoli cells (Tena-Sempere et al., 2001a), with the specific Ob-Rb isoform 
being expressed at higher levels during puberty compared to adulthood (Tene-
Sempere et al., 2001b). The fact that leptin inhibits testosterone secretion at the 
level of the testis and there is a down-regulation of Ob-Rb in this organ after 
pubertal onset could be permissive to the increase in testosterone secretion.

The nutritional status during early development has also been shown to 
modulate the timing of pubertal onset and leptin may play a role in this process 
(Vickers et al., 2005; Gluckman and Hanson, 2006; Nunez-de la Mora et al., 
2007). It is hypothesized that intrauterine signals affect later metabolic function 
in order to maintain reproductive fitness in the face of changing environments. 
Indeed, both over and undernutrition during early development have been 
linked to advancements in the age of pubertal onset and this is often associated 
with increased obesity and metabolic disturbances (Sloboda et al., 2009; Mericq 
2006).

In summary, leptin is considered to be the main peripheral signal 
providing information about the body’s energy stores to the hypothalamic 
circuits in charge of controlling energy homeostasis, thus communicating this 
information to the HPG axis by means of mechanisms that are far from being 
fully understood. Leptin appears to play a permissive role in the initiation of 
puberty and in the maintenance of the reproductive function. Nevertheless, to 
date there is insufficient evidence to consider leptin as the primary trigger for 
the onset of puberty.

b) Other adipokines

As previously stated, the different populations of cells in adipose tissue 
are the main source of several hormones (Kershaw and Flier 2004). In addition 
to leptin, much interest has been focused on two of these other adipokines in 
the past few years. These include adiponectin, almost exclusively produced by 
mature adipocytes, and resistin, mainly produced by the mononuclear cells in 
the stromal-vascular matrix of the adipose tissue (Korner et al., 2005).
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There is a clear sexual dimorphism in serum adiponectin levels starting 
at mid-puberty, with a significant decrease in males that is inversely correlated 
to androgen levels and positively correlated with the levels of sex hormone 
binding globulin (SHBG) (Bottner et al., 2004; Martos-Moreno et al., 2006). 
However, changes in serum resistin levels throughout puberty are quite 
different, with a peak at the completion of puberty found exclusively in females 
(Martos-Moreno et al., 2006). This peak correlates with the free leptin index 
and, thus, suggests a possible relationship between serum resistin and body fat 
content.

The effects of both of these adipokines are mainly linked to carbohydrate 
metabolism, but their link to energy homeostasis and HPG axis control has also 
been explored (Mitchell et al., 2005). In this regard, in vitro studies using rat 
hypothalamic neurons show that resistin, but not adiponectin, is able to 
modulate the production of several neurotransmitters involved in the central 
control of energy metabolism (Brunetti et al., 2004). Moreover, resistin has been 
shown to colocalize in neurons in charge of feeding behavior in the rodent 
hypothalamus (Wilkinson et al., 2005). Although these findings support a 
possible role for resistin in energy homeostasis control, experiments modifying 
resistin expression in adipose tissue or liver have reported no effects on sexual 
maturation or fertility (Pravenec et al., 2003; Banerjee et al., 2004; Rangwala et 
al., 2004).

The role of adiponectin in the control of energy homeostasis is uncertain, 
as unaltered feeding behavior has been shown in mice lacking (Maeda et al., 
2002) or over-expressing adiponectin (Combs et al., 2004). However, this 
peptide has recently been shown to directly depolarize parvocellular neurons in 
the hypothalamic paraventricular nucleus, thus controlling neuroendocrine and 
autonomic functions (Hoyda et al., 2009). Regarding gonadal function, several 
studies in adiponectin ablated models failed to show any impairment of fertility 
(Kubota et al., 2002; Maeda et al., 2002; Ma et al., 2002). In contrast, female 
mice over-expressing adiponectin are infertile, although the precise etiology and 
extent of this infertility has not been elucidated (Combs et al., 2004). 
Consequently, an eventual role for adiponectin in linking energy homeostasis 
and control of the HPG axis cannot be excluded. Indeed, adiponectin has been 
shown to be produced by the gonads, with both the ovary and testis expressing 
adiponectin receptors (Chabrolle et al., 2007; Camino et al., 2008).

In rat ovary, adiponectin levels and the expression of its receptor 
AdipoR1 increase in response to hCG and pregnant mare serum 
gonadotrophin. Furthermore, adiponectin increases the production of both 
progesterone and estrogen in response to IGF-1 (Chabrolle et al., 2007). 
Circulating adiponectin levels have been associated with polycystic ovary 
syndrome in various studies, although this issue remains controversial (Yilmaz 
et al., 2009; Toulis et al., 2009; Senay et al., 2009)

Caminos and colleagues have demonstrated that adiponectin is also 
produced in the rat testis and detected primarily in the cytoplasm of the 
interstitial Leydig cells (Camino et al, 2008). Adiponectin is produced by the 
testis throughout development with the highest levels being found post-
pubertally. Although testicular expression of adiponectin was only slightly 
affected by gonadotropins, it was significantly increased by thyroxine and 
decreased by dexamethasone. In contrast to plasma levels, testicular 



Page 11 of 38

Acc
ep

te
d 

M
an

us
cr

ip
t

11

adiponectin was not modulated by fasting. These authors also demonstrated 
that there are functional adipokine receptors in the testis and are also 
modulated during development and by gonadotropins. In addition, adiponectin 
was found to inhibit both basal and hCG-stimulated testosterone secretion.

Resistin is also expressed in the testis, with the maximum expression 
being found in the adult animal, being found in both the interstitial Leydig cells 
and Sertoli cells (Nogueiras et al., 2004). Testicular expression of this adipokine 
has been shown to be modulated by gonadotropins and fasting, with resistin 
stimulating testosterone secretion in a dose dependant manner (Nogueiras et 
al., 2004).

3) Metabolic signals from the digestive system:

The gastrointestinal (GI) tract and the pancreas are major sources of 
afferent signals involved in the central control of energy homeostasis, either 
through direct neural mechanisms or by the secretion of hormones to the 
bloodstream that can then cross the BBB (Banks, 2008). Most of these peptides 
are related to satiation, the feeling of fullness that leads to the termination of 
eating, and satiety, the prolongation of the interval between meals. The only 
known exception is ghrelin, which is known to be a powerful orexigenic signal 
(Woods and D´Alessio, 2008). 

a) Ghrelin: much more than a growth hormone secretagogue

a1. Ghrelin physiology

Ghrelin is encoded by the GHRL gene (3p26-p25), which contains the 
sequence of a pre-pro-hormone named pre-pro-ghrelin. Its posttranslational 
modifications can also lead to the expression of obestatin, a peptide postulated 
to be the endogenous ligand of the G protein coupled receptor 39 (GPR39), 
with its reported effects in hypothalamic POMC/CART and NPY/AgRP neurons 
being inverse to those exerted by ghrelin (Zhang et al., 2005). However, its 
ability to bind and activate GPR39 and its subsequent potential activities has 
been challenged (Chartrel et al., 2007).

Ghrelin is mainly produced by the oxyntic cells in the gastric mucosa, 
although it is also produced in the proximal intestine, pituitary, hypothalamus 
and other organs. It undergoes acylation at its serine amino acid at position 3 by 
a molecule of n-octanoyl acid (Kojima, et al., 1999). This acylation confers it the 
ability to cross the BBB and, more importantly, to bind the 1a (full length) 
subtype of the growth hormone secretagogue receptor (GHS-R) (Kojima et al., 
1999, van der Lely et al., 2004, Fernández-Fernández et al., 2006), thus 
mediating most of the activities of ghrelin, although GHS-R1a independent 
actions have also been demonstrated (van der Lely et al., 2004). 

Circulating ghrelin concentrations in normal lean subjects are pulsatile, 
with both diurnal and ultradian rhythms, with levels rising at night (Yidiz et al., 
2004). Meal intake inhibits both ghrelin and des-acyl ghrelin, but long-term 
fasting appears to inhibit acylation but not total ghrelin secretion (Liu et al., 
2008). Serum ghrelin levels are also influenced by growth and by pubertal 
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development, with serum levels increasing during the first two years of 
extrauterine life, followed by a later decrease until the end of puberty (Soriano-
Guillén, et al., 2004b). A notable exception to both of these trends is displayed 
by patients affected with Prader-Willi syndrome, whose age-associated 
decrease in ghrelin levels is blunted. These patients show sustained 
hyperghrelinemia despite the existence of marked obesity (Haqq, et al., 
2008).The sex difference in circulating ghrelin levels is controversial. A recent 
study reports that ghrelin levels are significantly higher in women than in men 
and demonstrates a correlation between testosterone levels and ghrelin in men 
and postmenopaousal women (Greenman et al., 2009).

There is a truncated isoform of the GHS-R (1b) that lacks two 
transmembrane domains and that is widely distributed throughout the body, 
although its precise role is not fully understood yet (van der Lely et al., 2004; 
Murphy, et al., 2006). In addition, the unacylated isoform of ghrelin is the most 
abundant form in plasma, and its specific receptor remains unknown. Despite 
that it was initially considered to be biologically inactive, it is now accepted that 
unacylated ghrelin has a wide range of actions that can overlap or antagonize 
those of the acylated isoform of the protein (Tena-Sempere, 2008).

a2. Ghrelin and appetite control
Ghrelin was first described as the endogenous ligand of the GHS-R, thus 

its function was initially linked to the stimulation of GH secretion (Kojima et al., 
1999). As research on ghrelin´s activities progressed, a wide range of both 
endocrine and non-endocrine functions were discovered for this peptide (van 
der Lely et al., 2004). Among these functions, its role in the regulation of energy 
homeostasis, this is, its ability to promote food intake and weight gain, has 
attracted the most attention (Kornonits et al., 2004, van der Lely et al., 2004). 
Ghrelin modulates energy homeostasis by stimulating the expression of the 
genes encoding NPY and AgRP in the arcuate nucleus of the hypothalamus 
and by binding to presynaptic terminals of arcuate NPY and POMC neurons, 
respectively stimulating and inhibiting their activity and peptide release (Lorenzi 
et al., 2009). This results in a net orexigenic effect, functionally opposite to that 
produced by leptin (Wynne, et al., 2005). In addition, i.c.v. but not peripheral 
administration of unacylated ghrelin has been shown to increase appetite 
through the GHS-R independent activation of hypothalamic orexin producing 
neurons (Toshinai, et al., 2006). 

In agreement with its orexigenic role, serum ghrelin levels are influenced 
by both short and long term changes in energy homeostasis, with glucose, 
insulin and somatostatin levels being the major determinants. Circulating ghrelin 
increases in the fasting state, under the influence of sympathetic innervation, 
and decreases in the postprandial period, apparently regulated by non-vagal 
neurologic control influenced by the increase in insulin levels (Wynne, et al., 
2005; Murphy, et al., 2006). Additionally, a long term decrease or increase in 
the body’s energy stores (i.e., anorexia or obesity), leads to hyper- and 
hypoghrelinemia, respectively, with a negative correlation observed between 
BMI and ghrelin levels and a trend towards normalization of ghrelin levels after 
therapy (Soriano-Guillén et al., 2004a). Thus, ghrelin fulfils the criteria to be 
considered as a signal of starvation or energy insufficiency.
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a3. Ghrelin’s effects on pubertal onset
Taken together, the previous stated observations in humans reinforce the 

role of ghrelin in reporting information regarding the fuel availability in the body 
to the CNS. These observations also suggest an inverse relationship between 
activation of the HPG axis and ghrelin levels and, thus, the possible 
involvement of ghrelin in the regulation of puberty and sexual function. These 
data could be summarized as: 1) the rise in ghrelin levels observed in the first 
two years of life is coincident with the decline in the GnRH activity observed at 
the beginning of extrauterine life; 2) the subsequent decrease in ghrelin levels 
associated with pubertal progression inversely mirrors the activation of the 
gonadal axis; 3) the inverse correlation between the body’s energy stores and 
ghrelin levels, with the previously stated association between fuel availability 
and advanced (obesity) or impaired (anorexia) pubertal maturation; 4) patients 
affected with Prader Willi syndrome exhibit the coexistence of hyperghrelinemia 
and hypogonadotrophic hypogonadism, despite the existence of obesity.

We have previously stated how the onset of puberty is sensitive to the 
state of energy reserves, and how leptin could act as a permissive factor, 
informing as to whether these energy stores are sufficient to support pubertal 
development. The eventual influence of ghrelin, as a signal of energy 
insufficiency, on puberty onset and progression has been explored through the 
repeated administration of exogenous ghrelin to rats of both sexes at different 
stages of their pubertal development (Fernández-Fernández, et al., 2005a; 
Martini et al., 2006; Tena-Sempere 2008). The results of these studies show 
how, during the peripubertal period, repeated ghrelin administration results in 
lower LH and testosterone levels and the delayed onset of signs of pubertal 
maturation in male rats, whereas these markers were not influenced in 
prepubertal female rats (Fernández-Fernández, et al., 2005a). A deleterious 
effect of ghrelin on pubertal development has also been reported in pubertal 
female rats (Tena-Sempere 2008). Thus, a putative role of ghrelin, as a signal 
of energy insufficiency, in determining the onset and progression of puberty is 
suggested. Opposite to that stated for leptin, this effect would be predominant in 
the male sex rather than in the females, and its influence would depend on the 
pubertal stage.

a4. Ghrelin’s effects on the reproductive axis
The effects of ghrelin on gonadotropin secretion have been studied in 

several mammalian species, with its central administration being shown to 
reduce LH pulse frequency in ovariectomized rats and monkeys and baseline 
LH levels in intact rats and sheep (Tena-Sempere 2008; Lorenzi T et al., 2009). 
Again, similar to the putative effect of ghrelin on puberty onset, this inhibitory 
effect of ghrelin on LH secretion appears to be more evident in male rats, either 
intact or gonadectomized and both in the prepubertal and in the adult stages, 
than in females. Its effects on FSH secretion are poorly characterized or only 
observed after the infusion of high doses of ghrelin (Tena-Sempere 2008). This 
predominant inhibitory effect of ghrelin on LH secretion seems to be exerted to 
a major extent through an inhibition of hypothalamic GnRH release, as shown 
by its effects on LH pulsatility and by studies employing hypothalamic explants 
(Fernández-Fernández et al., 2005b). Additionally, studies of the effects of 
ghrelin on pituitary explants show significant decreases in GnRH-stimulated LH 
secretion, but also stimulatory responses after high doses, thus suggesting a 
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possible direct effect of ghrelin on pituitary LH secretion (Fernández-Fernández 
et al., 2005b, Tena Sempere 2008). Ghrelin administration to healthy human 
subjects has also been shown to reduce baseline LH secretion, with reductions 
in both pulse amplitude and frequency, with no affect on FSH levels (Lanfranco 
et al., 2008). 

Several mechanisms have been postulated to explain ghrelin´s effects on 
LH secretion. These are: 1) A stimulatory effect of ghrelin on orexigenic 
neuropeptides such as NPY, AgRP and orexins, that play an inhibitory role in 
the central control of the HPG axis; 2) A possible interaction with the opioid 
system, as ghrelin has been shown to inhibit the stimulation of LH secretion by 
naloxone (Lanfranco et al., 2008); 3) The stimulation of corticotrophin-releasing 
hormone (CRH) by ghrelin (Vulliémoz et al., 2008) and 4) The stimulation of 
prolactin secretion, as shown in adult humans (van der Lely et al., 2004).

Ghrelin influences the HPG axis by acting at different levels and it has 
been postulated that these actions can be driven both by the ghrelin released 
into the systemic circulation by the stomach and by the local production of this 
peptide in the CNS and gonads. However, a detailed description of the effects 
of ghrelin on gonadal function exceeds the aim of this article (for review see 
Lorenzi et al., 2009). However, to briefly mention the effect of ghrelin at different 
levels of the HPG axis, it is of note that the expression of ghrelin and of the 
GHS-R1a receptor has been documented in human testicle and ovary, as well 
as in several other species (Gaytan et al., 2005; Tena-Sempere 2008). In 
Leydig cells, ghrelin has been shown to inhibit stimulated testosterone 
production, to decrease the expression of several steroidogenic factors and to 
modulate proliferation and tubular function (Tena-Sempere et al., 2002; Barreiro 
et al., 2004). In an in vivo model of human granulosa-luteal cells, ghrelin has 
been shown to significantly inhibit estradiol and progesterone secretion in a 
dose dependent fashion (Vianni et al., 2008). The inhibitory effects on the sex 
steroid production by both the male and female gonads suggest an additional 
mechanism by which the normal functioning of the HPG axis can be inhibited 
during a hyperghrelinemic state, which is normally associated with a state of 
energy insufficiency.

The growth hormone secretagogue receptor (GHSR) (Howard et al 1996), 
an orphan 7-transmembrane G protein–coupled receptor (GPCR), was cloned 
as the target of a family of synthetic molecules named growth hormone (GH) 
secretagogues endowed with GH release properties (Smith et al 1997). This 
receptor is highly expressed in the brain and in the pituitary (Howard et al 
1996). Recently, a natural mutation in the ghrelin receptor (GHRS-3q26.31-, 
Ala-204Glu) associated with a selective loss of constitutive activity without 
affecting ghrelin’s affinity, potency or efficacy, that segregates in two families 
with short stature has been described (Pantel et al 2006). This first description 
of a functionally significant GHSR mutation, has resulted in the proposal that the 
selective lack of constitutive ghrelin receptor signaling could lead to a syndrome 
characterized not only by short stature, but also by obesity that apparently 
develops during puberty. Hence, these data raise the question of whether the 
increased body weight, present in several members of one of the families, 
reflects a direct effect of this GHRS mutation on energy homeostasis. Loss of 
function of the ghrelin or GHSR genes does not affect birth weight and early 
postnatal growth. However, ghrl(-/-) or ghsr(-/-) mice fed a high fat diet starting 
soon after weaning are resistant to diet-induced obesity, suggesting that ghrelin 
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affects the maturation of the metabolic axes involved in energy balance. In 
addition, animal and human studies suggest that GHSR plays a physiological 
role in linear growth. In mice, absence of the GHSR gene is associated with 
lower insulin-like growth factor 1 concentrations and lower body mass in adult 
animals, independently of food intake (Chanoine et al 2009)

b) Other signals from the digestive system

As previously mentioned, most of the signals derived from the GI tract 
and involved in energy homeostasis, with the exception of ghrelin, are satiation 
or satiety signals. These include cholecystokinin (CCK), peptide YY (PYY), 
glicentin, glucagon-like peptide (GLP) 1 and 2, the bombesin family [bombesin, 
glucagon related peptide (GRP) and neuromedin B (NMB)], oxyntomodulin, 
enterostatin and apo A-IV. Moreover, the majority of these peptides (CCK, GLP-
1 and 2, PYY, GRP, NMB, oxyntomodulin and apo A-IV) are also synthesized in 
the brain (Woods, D´Alessio; 2008). Little is known about the eventual influence 
of these peptides on puberty onset and progression, although in recent years, 
some studies have postulated a role for PYY in the regulation of the HPG axis.

PYY belongs, in addition to NPY and the pancreatic polypeptide (PP), to 
the PP-fold peptide family. These peptides share the same G-protein coupled 
receptors (Y1, 2, 4, 5 and 6), as well as a common structure that is necessary 
for receptor binding (Gardiner, et al., 2008). PYY is secreted by the L cells in 
the distal ileum and colon as PYY1-36 and then is transformed into PYY3-36

through the cleavage of its Tyr-Pro amino terminal residues by the enzyme 
dipeptyl peptidase IV (DPP-IV), located on the cell surface. Both PYY1-36 and 
PYY3-36 can be found in peripheral blood, but the later is the most abundant. 
PYY secretion is stimulated by food intake, as well as by the presence of 
nutrients (mainly lipids) in the GI lumen, in proportion to caloric intake (Woods 
and D´Alessio, 2008). PYY locally decreases GI motility, can freely cross the 
BBB (Nonaka, et al., 2003) and has high affinity for the Y2 presynaptic receptor. 
It inhibits NPY release in the hypothalamic arcuate nucleus, thus decreasing 
appetite, as shown by the lack of this effect in the Y2 deficient mouse 
(Batterham and Bloom, 2003a). There is also evidence of the involvement of 
PYY in appetite control in humans, with obese subjects showing lower basal 
levels and a partially blunted postprandial PYY response compared to controls 
(le Roux, et al; 2006), although their sensitivity to exogenous PYY does not 
seem to be affected (Batterham, et al.; 2003b).

In a similar fashion to that previously stated for leptin and ghrelin, once it 
was accepted that PYY may contribute to energy homeostasis control through 
the hypothalamic circuits in charge of feeding stimuli (Coll et al.; 2004), several 
studies were conducted aiming to elucidate an eventual integrative role for this 
peptide between metabolic status and the gonadal axis. These studies, based 
upon the administration of PYY to animal models, have produced contrasting 
results regarding the effect of PYY on the gonadal axis, with the results 
depending on several factors including the sex, pubertal stage and nutritional 
status of the animal. For example, PYY3-36 enhances gonadotropin secretion 
from the pituitary of prepubertal rats, but also decreases GnRH secretion in vitro
(Fernández-Fernández et al., 2005c). Furthermore, central administration of 
PYY3-36 in vivo shows opposite effects in prepubertal and adult male rats, 
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inhibiting LH secretion in the former (Fernández-Fernández et al., 2005c) and 
enhancing it in the later (Pinilla et al., 2006). Thus, although the existence of a 
positive association between PYY levels, as a signal of energy availability, and 
the activity of HPG axis could be physiologically feasible, evidence of a precise 
integrating role between metabolic status and reproduction for PYY is lacking 
and its eventual mechanisms of action far from being understood.

Besides the GI tract itself, the pancreas is another major site of peptide 
secretion, including insulin, and the more recently characterized hormones 
pancreatic polypeptide (PP) and amylin, which are known to be involved in 
appetite control and energy homeostasis. Insulin is specifically produced by the 
 cells in the pancreas and is in charge of maintaining blood glucose levels by 
stimulation of cellular glucose uptake. Conversely, insulin secretion is mainly 
regulated by glycemia, thus rising quickly after food intake. However, fasting 
serum insulin levels also increase in parallel with adiposity, as do leptin levels. 
Thus, insulin fulfils the criteria to be considered as both a satiation and an 
adiposity signal, as it chronically increases with adiposity and quickly rises after 
meals (Gerozzisis, 2008).

Insulin and its receptor are widely distributed in the CNS with high 
concentrations in the hypothalamus, especially the arcuate nucleus, and i.c.v. 
insulin administration displays powerful anorectic effects. However, brain insulin 
concentrations are the result of pancreatic insulin transport across the BBB by a 
saturable transport mechanism (Banks, 2004). Thus, eating increases and 
fasting decreases the amount of insulin in the CSF and brain (Orosco, et al., 
1995), with insulin inducing both short and long term effects on feeding behavior 
and body weight. Consequently, insulin constitutes a negative feedback 
mechanism at the level of the CNS, especially the hypothalamus, to report an 
excess of food intake and energy storage. This hormone acts as an anorexic 
signal, decreasing food intake and body weight and its administration into the 
paraventricular mimics these effects, whereas antibodies against insulin 
injected into the ventral-medial hypothalamus enhance the rate of weight gain. 
While patients with anorexia nervosa exhibit very low circulating insulin levels, 
obese patients are hyperinsulinemic (Argente et al, 1997b, 1997c). 

Growing evidence suggests that insulin and leptin interact to down-
regulate ARC production of orexigenic peptides such as NPY and AgRP and, in 
collaboration with serotonin, enhance POMC production and release 
(Gerozissis, 2008). Central administration of either glucose or insulin reduces 
NPY mRNA levels, whereas insulin increases POMC mRNA levels in neurons 
of the arcuate nucleus (Fekete, et al., 2006). In addition, reduction of food 
intake after i.c.v. administration of insulin is prevented by the presence of a 
POMC antagonist (Benoit, et al., 2002), showing that this system is a target for 
the action of insulin in the control of body weight. Increasing data suggest the 
possibility that insulin could be another peripheral metabolic signal involved in 
HPG axis functioning. These data include: 1) the parallel behavior between 
serum leptin and insulin levels that are positively correlated with the amount of 
body fat content; 2) the sharing by leptin and insulin of target molecules in the 
arcuate nucleus of the hypothalamus in charge of energy control and 3) the 
increase in peripheral insulin resistance and, secondarily, of insulin levels 
observed in mid-puberty (Ball et al., 2006). Indeed, glucose availability is 
determinant for gonadotropin secretion as demonstrated by the hypoglycemia 
induced suppression of LH secretion (Cates and O´Byrne, 2000) and of the 
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restoration of LH secretion after central insulin administration in diabetic rats 
(Kovacs et al., 2002). However, and independently from its main role as a 
regulator of glucose levels and utilization, it has also been demonstrated that 
not only the central infusion of glucose plus insulin, but also the infusion of 
isolated insulin results in an increase in LH secretion in undernourished animals 
(Daniel et al., 2000), thus suggesting a possible autonomous role for insulin in 
HPG axis activity regulation.

Finally, attention has also been recently focused on the eventual role that 
the amount of food eaten and gastric fill could play in the functioning of the HPG 
axis. The effects of a less energy dense diet on estrus cycling and the incidence 
of pregnancy in female hamsters has been analyzed (Szymanski et al., 2009). 
These experiments showed how the consumption of a diluted diet, which results 
in a higher bulk intake and a reduction in the net caloric intake and lower insulin 
levels, induced a lengthening of the estrus cycle, but did not influence the 
incidence of pregnancy. Thus, these studies suggest that gastric filling and 
emptying may not influence the functioning of HPG axis, but stress the 
importance of adequate fuel availability for normal gonadal function. 

4) Final remarks

The long-standing hypothesis that there is integration between the 
control of energy homeostasis and pubertal onset, pubertal progression and 
reproductive function was originally proposed due to the observation that 
nutritional status influenced HPG axis functioning. This hypothesis is now 
supported by solid scientific evidence as several peptides able to link these 
functions have been identified. Leptin, the main energy storage signal from 
adipose tissue, was the pioneer among these peptides and its roles in puberty 
and reproduction have been thoroughly studied. In addition, ghrelin, the only 
known orexigenic signal from the digestive tract, has also been discovered to 
exert a multifaceted influence on the HPG axis, both in its acylated and in its 
unacylated isoform. 

The precise characterization of the mechanisms of action used by these 
hormones to exert this integrative effect is still far from being achieved. 
However, their opposite actions on NPY/AgRP and POMC/CART producing 
neurons in the arcuate nucleus of the hypothalamus as signals either of energy 
sufficiency (leptin) or insufficiency (ghrelin), and their subsequent role in the 
stimulation (leptin) and inhibition (ghrelin) of the HPG axis, emphasize these 
neuropeptides as potential mediators of this integrative function. In 
addition,recently described signaling circuits, such as the kisspeptin system, 
which will be extensively reviewed in other articles of this issue, have also been 
proposed as possible mediators of this coordinated control of energy 
homeostasis and reproduction.

As the number of identified adipokines and digestive system-derived 
peptides involved in energy homeostasis control increase, the number of new 
potential links between energy availability and HPG axis activity also increases. 
Thus, much research is still required to elucidate the precise role of the different 
peripheral metabolic signals on the activation and maintenance of the 
gonadotropic axis and the exact mechanisms mediating these actions.
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6) Figure legends

Figure 1. Schematic representation of potential factors implicated in human 
pubertal onset.

Figure 2. Ontogeny of the hypothalamic-pituitary-gonadal axis in humans.

Figure 3. Schematic representation of the onset of pubertal development in 
human males and females.

Figure 4. A) Mean circulating leptin concentrations throughout pubertal 
development in both male and female children and adolescents divided 
according to Tanner stages. B) There is a significant correlation between body 
mass index (BMI) and circulating leptin levels (modified from Argente et al., 
1997a),

Figure 5. Mean circulating leptin concentrations in patients with anorexia 
nervosa at the moment of diagnosis and after a 10% ponderal recuperation 
(PR) compared to normal adolescent females (Tanner V) (modified from 
Argente et al., 1997a).

Figure 6. Mean circulating leptin concentrations in prepubertal patients with 
exogenous obesity at the moment of diagnosis and after a reduction in body 
mass index (BMI)-standard deviation (SDS) of approximately 50% (modified 
from Argente et al., 1997a):
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Possible factors implicated in human pubertal onset

Figure 1
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Figure 2
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