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Abstract Because reproduction is an energy-demanding function, acquisition of

reproductive capacity at puberty, especially in the female, is metabolically gated, as

a means of preventing fertility in conditions of energy insufficiency. On the other

hand, obesity has been shown to also impact the timing of puberty and may be

among the causes for the earlier trends of pubertal age reported in various countries,

especially in girls but probably also in boys. The metabolic control of puberty is the

result of the concerted action of different peripheral hormones and central trans-

mitters that sense the metabolic state of the organism and transmit this information

to the various elements of the reproductive brain, ultimately affecting GnRH

neurons. Much has been learned in recent decades about the important roles of

different neuropeptide pathways that are essential for the control of pulsatile GnRH

secretion at puberty and its modulation by numerous physiological (and eventually

pathological) signals, including metabolic cues. Remarkably, the essential roles of

kisspeptins, the products of the Kiss1 gene that operate through the receptor, Gpr54

(also named Kiss1R), have been recognized in the last few years. In addition, the

involvement of other central transmitters and molecular mediators, which may

interplay with kisspeptins or operate in a kisspeptin-independent manner, has

been unveiled recently by a combination of genetic, neuroanatomical, physiological

and clinical studies. In this chapter, we will discuss some recent advances in our

understanding of the neuroendocrine and molecular bases of the metabolic control

of the onset of puberty. Special emphasis will be paid to summarizing the putative

roles of the hypothalamic Kiss1 system in mediating the metabolic modulation of

puberty, either via direct or (preferentially) indirect pathways, and to present some

of our studies addressing the potential interplay of kisspeptins with other presum-

able metabolic regulators of puberty. In addition, recent progress in the identifica-

tion of central molecular mediators, such as mTOR and AMPK, that are putatively

involved in the metabolic gating of puberty will be reviewed here. We expect that
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such information will help to better understand the physiological basis of normal

puberty and its eventual perturbations in conditions of metabolic stress, ranging

from anorexia to morbid obesity.

Introduction: Metabolic Regulation of Puberty:

Physiological and Pathophysiological Implications

Reproduction is an energy-demanding function that, despite being essential for the

perpetuation of the species, is dispensable at the individual level. Hence, in extreme

conditions that challenge energy homeostasis, other body functions are prioritized

while the reproductive axis is suppressed, therefore causing alterations in puberty

and/or fertility problems. In this context, it is well known that the onset of puberty is

influenced by the magnitude of body energy reserves and different nutritional and

metabolic factors (Fernandez-Fernandez et al. 2006; Navarro et al. 2007). Indeed,

critical thresholds of fat reserves are required to attain complete pubertal develop-

ment (Frisch and Revelle 1970), a phenomenon that is especially important in the

female because of the substantial energy demands of pregnancy and lactation

(Casanueva and Dieguez 1999). However, such a tight association likely occurs

in both sexes, and different reports suggest that conditions of metabolic stress can

also perturb puberty onset in males (Tena-Sempere 2008). Furthermore, conditions

of sustained energy excess, such as morbid obesity, are frequently associated with

reproductive alterations, through as yet poorly characterized patho-physiological

mechanisms. All in all, a better understanding of the signals and pathways respon-

sible for the metabolic regulation of puberty will help to define the basis for

perturbations of puberty in humans, whose incidence seems to be increasing and

may have a deleterious impact in health later in life (Lakshman et al. 2009).

Compelling evidence suggests that a substantial component of the mechanisms

for the metabolic regulation of puberty takes place at central levels, ultimately by

the modulation of the secretory activity of GnRH neurons in the hypothalamus

(Elias and Purohit 2012; Navarro and Tena-Sempere 2012; Xu et al. 2012). The

central mode of action of various metabolic regulators of puberty has been illus-

trated by functional genomics analyses, which showed that neuronal elimination of

the receptors for insulin or leptin impaired puberty onset (Bruning et al. 2000;

Quennell et al. 2009). Likewise, different studies have documented the capacity of

leptin, insulin and ghrelin to modulate GnRH secretion in different ex vivo and

in vitro settings (Cunningham et al. 1999; Tena-Sempere 2007; Pralong 2010).

However, the emerging consensus is that the actions of most of the metabolic

hormones influencing puberty are not conducted directly on GnRH neurons but

rather take place through intermediary neuronal pathways.

Thus, GnRH neuron-specific knockout of the leptin receptor did not alter the

timing of puberty in female mice, which displayed preserved fertility as adults
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(Quennell et al. 2009). Similarly, it was recently documented that selective elim-

ination of insulin receptors from GnRH neurons did not cause detectable alterations

in the timing of puberty or adult reproductive function in male and female mice

(Divall et al. 2010). Admittedly, results from congenital knockout mice should be

interpreted with caution because of the possibility of developmental compensatory

mechanisms. Yet, the above findings, together with data from expression and

functional analyses, strongly suggest that leptin or insulin signaling directly in

GnRH neurons is dispensable for pubertal onset, at least in rodents, therefore

pointing out the existence of indirect pathways that would operate as conduits for

the transmission of key metabolic information to GnRH neurons.

Endocrine Control of Puberty and Its Modulation

by Metabolic Cues: Role of Leptin

Since the critical fat mass hypothesis was initially postulated in the 1970s by Frisch

and co-workers (Frisch and Revelle 1970), the mechanisms whereby metabolic

signals and body energy status influence puberty onset and later fertility have been

analyzed thoroughly. Research in this area underwent a complete revolution with the

identification, in 1994, and the subsequent characterization of the major biological

actions, of the adipose hormone, leptin. Indeed, in the last two decades, leptin has

been unanimously recognized not only as a key element in the hormonal control of

body weight and energy homeostasis but also as an essential neuroendocrine inte-

grator, linking the magnitude of body fat stores to different neuroendocrine axes,

including the reproductive system. While detailed recapitulation of the biological

features of leptin is clearly beyond the scope of this chapter, it is important to stress

that, given that leptin is secreted in proportion to the amount of white adipose tissue

and hence fuel reserves, it operates as a signal for the size of body fat stores to

different body systems; thus it is indispensable for proper adjustment of the func-

tioning of numerous physiological systems to changes in metabolic conditions.

Particularly in the context of the reproductive axis, leptin plays a key role in the

metabolic control of puberty and fertility (Casanueva and Dieguez 1999; Ahima

and Flier 2000; Tena-Sempere 2007). Thus, conditions of leptin insufficiency, as

observed in humans with low or null leptin levels as well as in different rodent

models (Fernandez-Fernandez et al. 2006; Tena-Sempere 2007), are often linked to

a delay in or absence of puberty and perturbed fertility (Roa et al. 2010).

Concerning the effects of leptin on puberty onset, there was an initial debate on

whether leptin was a trigger or, instead, a permissive signal for puberty to proceed.

The consensus derived from different observations in humans and model species

indicated that, while threshold leptin levels are required to achieve normal pubertal

development (and to retain reproductive function in adulthood), leptin alone is not

sufficient per se to trigger complete puberty onset. This finding is compatible with a

predominantly permissive function of leptin on puberty, which has been better
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characterized in females. Of note, however, leptin deficiency, such as in ob/ob

mice, has been linked to reproductive defects in males also (Elias and Purohit

2012), whereas leptin replacement can rescue low testosterone and gonadotropin

secretion during short-term fasting in men (Chan et al. 2003). Therefore, it is

tenable that leptin plays a key role in the control of puberty in both sexes, albeit

with some differences in terms of relative importance vs. other metabolic signals. In

any event, recent studies have raised some doubts about the actual roles of leptin in

some aspects of the metabolic control of the gonadotropic axis, e.g., the rescue of

the hypogonadotropic state following the termination of short-term food depriva-

tion can apparently take place in the absence of detectable changes of circulating

leptin levels in rodents and sheep (Szymanski et al. 2007; True et al. 2011).

Nevertheless, to our knowledge, no study has challenged the consensus view that

proper leptin levels are mandatory for puberty to proceed.

Neuroendocrine Control of Puberty and Its Metabolic

Modulation: Role of Kisspeptins

Because of the predominant, if not exclusive, indirect mode of action of metabolic

signals in the regulation of GnRH neurons, much attention have been devoted to

elucidating the mechanisms whereby different hormones, including leptin, regulate

GnRH neurosecretion. Admittedly, different factors are likely to operate via dif-

ferent routes and mechanisms. For the sake of concision, much of the discussion

below will focus on the putative pathways whereby leptin, as the key factor for the

integral control of energy balance and puberty, transmits its regulatory effects to the

elements of the reproductive brain, and how neuronal pathways using kisspeptins as

transmitters may participate in this function.

The identification of kisspeptins as gatekeepers of puberty and fertility, back in

2003, was a major breakthrough that has revolutionized our understanding of the

neuroendocrine mechanisms that control the reproductive axis. A recapitulation of

the major features of kisspeptins, the product of the Kiss1 gene that operate via the

surface receptor, Gpr54 (also termed Kiss1R), is clearly beyond the aims of this

chapter; recent extensive reviews of this topic can be found elsewhere (Pinilla

et al. 2012). In any event, as a means of introduction to the later contents of this

review, some brief account of the major features of kisspeptins as major regulators

of puberty and its modulation by metabolic signals is provided below.

The initial observation that patients or mice with null mutations in Gpr54 or

Kiss1 genes do not undergo puberty already suggested a prominent, indispensable

role of kisspeptin signaling in the control of puberty. This function has now been

substantiated by a wealth of experimental data indicating that, during puberty, the

hypothalamic Kiss1 system undergoes an extensive and complex activational

program that seems to be essential for proper pubertal timing (Roa and Tena-

Sempere 2010; Tena-Sempere 2010). Key aspects of such developmental activation
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during pubertal maturation are (1) a rise in the hypothalamic expression of the Kiss1
gene and kisspeptin content in key hypothalamic areas; (2) an increase in the

sensitivity to the stimulatory effects of kisspeptin in terms of GnRH/LH responses;

(3) an increase in the number of GnRH neurons expressing Gpr54, as well as in

Gpr54 signaling efficiency; and (4) a rise in the number of kisspeptin neurons and of

their projections/appositions to GnRH neurons (Sanchez-Garrido and Tena-

Sempere 2013).

In good agreement with the above evidence, pharmacological analyses demon-

strated that repeated administration of kisspeptins was sufficient to advance the

occurrence of phenotypic or hormonal indices of puberty in rodents and monkeys,

whereas blockade of Gpr54 by means of a specific kisspeptin antagonist caused an

overt delay in puberty onset in female rats (Pineda et al. 2010). Admittedly,

however, recent data have suggested that, under some circumstances, kisspeptin

signaling might be dispensable for puberty onset in rodents. It must be stressed,

however, that the latter experimental data involved the extensive (albeit probably

not complete) congenital ablation of Kiss1 neurons, a condition that is likely to

bring about important developmental compensation (Mayer and Boehm 2011). In

fact, when similar ablation approaches were applied to early juvenile mice, puberty

was overtly altered following selective elimination of Kiss1 cells, confirming that

puberty does indeed require the activational contribution of preserved kisspeptin

signaling to proceed normally.

Because of their paramount importance in the control of the reproductive axis in

general, and of puberty in particular, the possibility that Kiss1 neurons may

participate in the metabolic control of puberty has received quite some attention

in recent years. Expression and functional data do suggest that Kiss1 neurons are

influenced by metabolic cues, a contention that has been mainly documented in

conditions of severe negative energy balance, such as acute fasting, chronic

subnutrition, uncontrolled diabetes and inflammatory challenge (Castellano

et al. 2005, 2006, 2010; Roa et al. 2009). Furthermore, in those conditions,

replacement with pharmacological doses of kisspeptins was sufficient to rescue

many of the reproductive deficits associated with energy insufficiency. Altogether,

these data indirectly support the view that Kiss1 neurons are key sensors of the

metabolic state of the organisms and play a key role in transmitting this informa-

tion, ultimately, to GnRH neurons (Navarro and Tena-Sempere 2012). These

observations also raised the obvious question of which metabolic signals are

responsible for such control of Kiss 1 neurons; due to its essential roles in the

metabolic control of reproduction, leptin was considered to be a tenable candidate

(Sanchez-Garrido and Tena-Sempere 2013).

The possibility that leptin might operate as a regulator of Kiss1 neurons was

initially supported by reports showing the expression of the mRNA encoding the

functional leptin receptor in Kiss1 neurons of the arcuate nucleus (ARC) in the

mouse and sheep (Smith et al. 2006; Backholer et al. 2010); however, only a subset

of Kiss1 neurons, whose abundance varied from <10 % to ~40 depending on the

studies, apparently expressed leptin receptors (LepR) in the mouse (Cravo

et al. 2011). In addition, conditions of defective leptin levels are linked to blunted
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Kiss1 mRNA expression, especially in the ARC (Smith et al. 2006; Quennell

et al. 2011); reduced numbers of kisspeptin neurons in the rostral hypothalamic

area have been also reported in situations of hypoleptinemia (Quennell et al. 2011).

In turn, leptin administration caused an increase in hypothalamic Kiss1 gene

expression in rodent models of leptin deficiency (Castellano et al. 2006; Smith

et al. 2006; Luque et al. 2007; Backholer et al. 2010). In line with these observa-

tions, leptin enhanced Kiss1 mRNA expression in mouse and human neuronal cell

lines (Luque et al. 2007; Morelli et al. 2008), and leptin injections in a sheep model

of low leptin levels and central hypogonadism due to leanness significantly

increased hypothalamic Kiss1 mRNA expression (Backholer et al. 2010). Further-

more, it has recently been shown that leptin can directly activate ARC Kiss1

neurons in the guinea pig (Qiu et al. 2011). Altogether, these data are fully

compatible with (and highly suggestive of) a direct mode of action of leptin in

the control of Kiss1 neurons.

Notwithstanding the above evidence, recent data have questioned the hypothesis

that direct actions of leptin on Kiss1 neurons are indispensable for its role as a

metabolic regulator of puberty and fertility. Thus, congenital elimination of leptin

receptors selectively from Kiss1 cells apparently did not cause alterations in the

timing of puberty or adult fertility (Donato et al. 2011). Caution should be exercised

when interpreting these data, however, as congenital elimination of leptin receptors

from Kiss1 cells might have caused compensatory changes that could mitigate the

phenotypic impact of selective elimination of leptin signalling. Yet, additional

studies in sheep and rodents did support the possibility of a predominantly indirect

mode of action of leptin on Kiss1 neurons. These studies did not find evidence of

the presence of functional leptin receptors in Kiss1 (or GnRH) neurons, except for a

small population of Kiss1 cells in the ARC (Louis et al. 2011). Intriguingly,

however, that work identified a previously unknown neuronal population

expressing leptin receptor, located in the ARC and periventricular areas of the

rostral hypothalamus (globally termed RP3V); they were found in close proximity

to Kiss1 neurons and might contribute to conveying the biological effects of leptin

to Kiss1 (and GnRH) neurons (Louis et al. 2011).

All in all, the latter results suggest that a significant fraction of the effects of

leptin on the hypothalamic Kiss1 system is conducted indirectly and transmitted via

as yet uncharacterized pathways (Louis et al. 2011). These may involve circuits

originating from (or projecting to) the ventral pre-mammillary nucleus (PMV), as

recent evidence has conclusively documented the indispensable role of PMV

pathways in conveying the permissive effects of leptin on puberty onset (Donato

et al. 2009, 2011). In fact, recent data have demonstrated alterations of the Kiss1

system following PMV lesions (Donato et al. 2013), suggesting that leptin-sensitive

pathways originating from the PMV may impinge on Kiss1 circuits for conveying

at least part of the effects of leptin in terms of metabolic gating of puberty. To add

further complexity to this phenomenon, it has been recently suggested that leptin

can carry out direct effects on Kiss1 neurons but only after pubertal maturation

(Cravo et al. 2013); the physiological relevance of this phenomenon in the control

of puberty and later fertility awaits further investigation.
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Neuropeptide Partners of Kisspeptins and Metabolic

Regulation of Puberty: The Role of Neurokinin B

In the last few years, it has been recognized that a group of Kiss1 neurons in the

ARC co-express at least two other relevant transmitters involved in the control of

the gonadotropic axis, namely, neurokinin B (NKB) and dynorphin (Dyn; Lehman

et al. 2010; Pinilla et al. 2012). This subpopulation of ARC Kiss1 neurons has been

termed KNDy to recognize such neuropeptide diversity (Lehman et al. 2010). It

must be stressed, however, that the percentage of ARC Kiss1 neurons that

co-express NKB and/or Dyn seems to vary depending on the species and sex

(Hrabovszky et al. 2012); hence, Kiss1-only (and NKB-only) neurons, which are

not KNDy neurons, likely exist in the ARC. Nonetheless, the importance of NKB

and Dyn as central regulators of the reproductive axis is illustrated not only by their

conserved co-expression with kisspeptins in discrete neuronal populations of the

ARC in several species, including rodents and primates, but also by the fact that

inactivating mutations of the genes encoding NKB (TAC3) or its receptor, NK3R
(TAC3R), in humans are associated with a state of hypogonadotropic hypogonadism

(Topaloglu et al. 2009; Gianetti et al. 2010; Young et al. 2010), similar to that

caused by defects in kisspeptin signaling.

In addition, compelling pharmacological data support the roles of NKB and Dyn

in the central regulation of gonadotropin secretion. Thus, stimulatory actions of the

NKB agonist, senktide, on luteinizing hormone (LH) secretion have been reported

in different species (Billings et al. 2010; Ramaswamy et al. 2010; Navarro

et al. 2011; Garcia-Galiano et al. 2012). In turn, different studies have documented

the effects of Dyn as an inhibitor of GnRH/gonadotropin secretion. These func-

tional data, together with the neuroanatomical features of KNDy neurons, which are

profusely interconnected by numerous collaterals, provided the grounds for the

hypothesis that this neuronal population in the ARC is essential for the generation

of GnRH pulses, due to its capacity to produce a very potent stimulatory output

signal (kisspeptin) to GnRH neurons. The release of kisspeptins, in turn, would be

subjected to the reciprocal control of NKB and Dyn, acting as predominantly

stimulatory and inhibitory modulators, respectively (Navarro et al. 2009; Navarro

and Tena-Sempere 2012). While this model has been widely accepted and explains

the integration of kisspeptins, NKB and Dyn in the dynamic regulation of GnRH/

gonadotropin secretion, important functional aspects of the KNDy neuronal net-

work are yet to be fully elucidated, and species differences in the physiological

relevance of these neurons in the control of GnRH neurons may exist.

Regarding the metabolic modulation of the reproductive axis, recent studies in

models of metabolic challenge, conducted mostly in pubertal rodents, have

documented that, just as previously demonstrated for Kiss1, the NKB system is

also influenced by conditions of negative energy balance. Thus, complete food

deprivation, as a means to induce a profound state of energy deficit, caused a

concomitant suppression of Kiss1 mRNA levels, in the ARC and RP3V, and of

the hypothalamic expression of the genes encoding NKB and its receptor in
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pubertal female rats (Navarro et al. 2012). Of note, in another model of metabolic

stress, such as chronic under-nutrition during the pubertal transition, the delay of

puberty caused by this state of negative energy balance was partially reversed by

chronic injections of the NKB agonist, senktide. Altogether, these findings support

the concept that NKB likely cooperates with kisspeptins in the metabolic control of

puberty (Navarro et al. 2012). This possibility is fully compatible with the proposed

KNDy paradigm, in which NKB would participate in the central regulation of

GnRH secretion by increasing the release of kisspeptins (Navarro and Tena-

Sempere 2012). Also in keeping with a putative role for NKB signaling in the

metabolic regulation of puberty, it was recently shown that high fat diet adminis-

tered to immature female rats from weaning onwards caused a significant advance-

ment of puberty onset and enhanced the expression not only of Kiss1 but also of the
gene encoding NKB in the ARC (Feng Li et al. 2012). To our knowledge, the

physiological roles of the inhibitory signal, Dyn, in the metabolic control of puberty

and fertility remain largely unexplored.

Other Neuropeptide Pathways for the Metabolic Control

of Puberty: The Case of Nesfatin-1

In addition to kisspeptins and NKB, (many) other central transmitters are involved

in the joint control of energy homeostasis, metabolism and the reproductive axis.

One prototypical example is nesfatin-1, one of the peptide products encoded by the

gene Nucleobinding-2 (Nucb2). Nesfatin-1 has been shown to act as an anorectic

signal in the hypothalamus (Oh et al. 2006; Garcia-Galiano et al. 2010a). In fact,

due to its function as a satiety signal in various species and its expression in

hypothalamic areas with key roles in the control of food intake, such as the ARC,

the paraventricular nucleus (PVN) and the LHA, nesfatin-1 has been proposed to

play a role in the regulation of energy homeostasis (Garcia-Galiano et al. 2010a). In

addition, nesfatin-1 has been recently shown to participate in the control of female

puberty in the rat and, therefore, might participate in the central networks respon-

sible for the metabolic control of pubertal maturation.

The experimental evidence supporting such a role in puberty derives from

expression and functional studies. Thus, hypothalamic NUCB2/nesfatin-1 expres-

sion has been shown to increase during pubertal maturation. In contrast, conditions

of negative energy balance that suppress or delay puberty onset, e.g., chronic

sub-nutrition or short-term fasting, are associated with decreased hypothalamic

NUCB2 mRNA and protein levels in pubertal females (Garcia-Galiano

et al. 2010b). In addition, central injections of low (pmol) doses of nesfatin-1

have been reported to induce significant LH secretory responses in peripubertal

female rats (Garcia-Galiano et al. 2010b), whereas suppression of the endogenous

tone of nesfatin-1 in the hypothalamus during the pubertal transition, by means of

128 M. Tena-Sempere



the central infusion of an antisense morfolino oligonucleotide (as-MON) against

NUCB2, delayed the timing of puberty and lowered LH levels and ovarian weights.

Interestingly, studies in adult female rats did not detect gonadotropin responses

to central injection of nesfatin-1 at doses that were effective in peripubertal rats;

neither did infusion of as-MON against NUCB2 affect spontaneous pre-ovulatory

surges of LH and FSH (Garcia-Galiano et al. 2010b). However, recent preliminary

data indicate that, at higher doses, nesfatin-1 can stimulate LH secretion in adult

male rats (Tadross et al. 2010), as well as in adult mice (Navarro et al., unpublished

observations). Altogether, these features strongly suggest that nesfatin-1 might

operate as a putative effector for the metabolic regulation of puberty and gonado-

tropic function (Garcia-Galiano et al. 2010a). In keeping with this view, prelimi-

nary data from my laboratory suggest that blockade of endogenous nesfatin-1 tone,

by the use of as-MON against NUCB2, induces a suppression of Kiss1 gene

expression in the ARC and RP3V in pubertal female rats, whereas absence of

kisspeptin signaling (i.e., in Kiss1r null mice) blocks LH responses to nesfatin-1

(Navarro et al., unpublished observations). The latter finding suggests a putative

interplay between nesfatin-1 and kisspeptin pathways in the central control of the

HPG axis, which may be relevant for its modulation by metabolic cues.

Molecular Mediators for the Metabolic Control of Puberty

Efforts have also been devoted recently to identifying putative molecular mediators

that, acting at central levels, may participate in the metabolic control of puberty.

Admittedly, progress in the field is still limited and is mostly restricted to the

characterization of potential mediators of leptin actions. Just as illustrative exam-

ples, the cases of the energy sensors, mTOR and AMPK, will be briefly summarized

below.

The mammalian target of rapamycin (mTOR) and the downstream elements of

its signaling cascade are known to play a key role as a metabolic gauge of the cell,

linking external (nutrient and hormonal) signals and basic cellular processes

(Schmelzle and Hall 2000; Martin and Hall 2005; Wullschleger et al. 2006; Chiang

and Abraham 2007; Tsang et al. 2007). In addition, mTOR signaling in the

hypothalamus, and specifically the rapamycin-sensitive mTORC1 pathway, has

been shown to participate in the control of energy homeostasis at the whole body

level (Cota et al. 2006; Woods et al. 2008). Thus, leptin has been reported to

modulate the mTOR pathway in the ARC, as an effector mechanism for its

anorectic actions (Cota et al. 2006). Admittedly, the roles of hypothalamic mTOR

signaling in the control of energy balance are more complex and involve nuclei

other than the ARC (Villanueva et al. 2009), where mTOR mediates the metabolic

effects of other key hormones, such as ghrelin (Martins et al. 2012). In fact,

nutritional and metabolic signals seem to modulate the mTORC1 pathway within

the medial basal hypothalamus in a nucleus- and cell-specific manner, with
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different (if not opposite) responses depending on the prevailing metabolic status

(Villanueva et al. 2009).

Besides its role in energy homeostasis and the transduction of metabolic effects

of key factors, such as leptin, hypothalamic mTORC1 signaling seems to play an

important role in the control of puberty onset and in transmitting the positive/

permissive effects of leptin on the reproductive axis (Roa et al. 2009). Thus,

sustained blockade of central mTOR signaling, by means of repeated intracerebral

administration of rapamycin, delayed the timing of puberty in female rats, as

monitored by vaginal opening, reduced ovarian and uterus weights, perturbed

ovarian follicular development and suppressed ovulation. Moreover, central inhi-

bition of mTOR was sufficient to totally block the permissive effects of leptin on

puberty onset in female rats subjected to chronic subnutrition, as a model of low

endogenous leptin levels. In fact, while leptin was able to rescue the ovulatory

failure induced by subnutrition in pubertal females, this effect was completely

prevented by simultaneous administration of the mTOR inhibitor, rapamycin, into

the brain. These observations strongly suggest a positive role for mTOR in the

central control of puberty, which seems to be indispensable for leptin effects on

brain centers driving the onset of puberty. Indeed, activation of central mTOR

signaling, by means of central administration of L-leucine, stimulated LH secretory

responses and partially rescued the state of low gonadotropin levels caused by

chronic subnutrition in pubertal female rats (Roa et al. 2009). The available

evidence strongly suggests that the positive action of mTOR on the HPG axis

stems, at least partially, from its capacity to activate Kiss1 neurons, since persistent

inhibition of central mTOR signaling significantly reduced Kiss1 mRNA expres-

sion levels in the ARC and, to a lesser extent, the RP3V. The molecular and

neuroanatomical basis for this putative leptin-mTOR-Kiss1 pathway is yet to be

fully clarified, and it remains possible that as yet unknown mediators might be

involved in linking mTOR signaling and Kiss1 expression.

Another brain fuel-sensing mechanism that might participate in the central

control of the HPG axis is the one involving the AMP-activated protein kinase

(AMPK), a member of the metabolite-sensing protein kinase family (Naimi

et al. 2009; Canto and Auwerx 2009). AMPK detects changes in the AMP/ATP

ratio and hence in the cellular metabolic state. In conditions of energy deficit, when

ATP is consumed and excess AMP accumulates in the cell, AMPK becomes

activated, thus causing the phosphorylation and inactivation of diverse

ATP-consuming metabolic cascades. As described for the mTOR pathway, brain

AMPK signaling may be a pivotal regulator of energy balance and food intake.

Activation of AMPK stimulates appetite (Kahn et al. 2005; Cota et al. 2007), and

leptin has been shown to suppress hypothalamic AMPK activity, whereas ghrelin

stimulates it (Andersson et al. 2004). Interestingly, AMPK and mTOR are mutually

regulated, e.g., AMPK inactivates mTOR in different cell systems (Inoki

et al. 2003; Tsang et al. 2007), and hence these two metabolic cell sensors have

been proposed to reciprocally cooperate in the central control of energy homeosta-

sis (Cota et al. 2006).
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Whether the above interaction applies also to the metabolic regulation of the

HPG axis is an appealing possibility but yet to be experimentally proven. None-

theless, indirect evidence would support this possibility, as AMPK activation has

been reported to suppress GnRH secretion in murine GT1-7 cells in vitro and to

perturb the estrous cyclicity, as a proxy marker of ovarian cyclic function, in female

rats (Coyral-Castel et al. 2008; Wen et al. 2008). In good agreement, preliminary

data from studies conducted in our group, targeting specifically the roles of central

AMPK in puberty, strongly suggest that activation of central AMPK signaling

delays puberty onset and partially inhibits hypothalamic Kiss1 expression in the

ARC (Roa et al., unpublished observations). Altogether, these observations are

compatible with a predominant inhibitory role for AMPK pathways in the central

control of reproduction, which is in line with its function as a sensor of energy

insufficiency and functional antagonist of mTOR.

Concluding Remarks

Puberty, a major life-changing developmental event with a major impact on growth,

reproduction and metabolic health later in life, has been the subject of active

clinical and experimental investigation over the last decades. Numerous studies

have helped to unveil some of the neuro-hormonal and molecular bases of the close

connection between metabolism and body energy stores on the one hand and

pubertal maturation on the other. Indeed, in recent years, we have learned much

about the reciprocal metabolic and pubertal actions of several peripheral hormones

and central transmitters, and we have begun to elucidate the pathways whereby

these reciprocal connections take place. In this chapter, we aimed to provide a brief

recapitulation of recent developments in the field, with special attention to the

identification and functional characterization of novel neuropeptides and molecular

effectors for the metabolic regulation of puberty. While this review does not include

all of the major recent findings in this area, we believe that the information

summarized here will provide a flavor of some of the most active research lines

in this area and will endow the reader with a deeper understanding of the central

mechanisms that link puberty to the metabolic state of the organism, not only in

health but also in disease conditions ranging from anorexia to early-onset morbid

obesity, whose prevalence is steadily increasing worldwide.
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