The Kisspeptin System as Putative Target
for Endocrine Disruption of Puberty
and Reproductive Health
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Abstract The activation of the reproductive axis at puberty and its proper function
later on life are founded on a complex series of maturational events that include the
sexual differentiation of the brain during early critical periods of development. Brain
sex differentiation is driven (mostly) by endogenous sex steroids, which are also
important regulators of the neuroendocrine networks governing puberty onset.
Accordingly, both phenomena might be sensitive to the disrupting actions of exoge-
nous compounds with sex steroid-like activity that may pose long lasting
consequences in terms of reproductive health. Kisspeptins, the products of the Kiss/
gene that act via the receptor, GPR54, are neuropeptides produced at discrete neuronal
populations within the hypothalamus with key roles in brain sex differentiation,
puberty onset and fertility. A subset of Kissl neurons has been recently shown to
co-express neurokinin B (NKB), another neuropeptide with important reproductive
roles. Compelling evidence has mounted recently that Kiss1 neurons are subjected to
sexual dimorphism and physiologically sensitive to the organizing and activational
effects of sex steroids, as documented in rodents, sheep and primates (including
humans). These features provide the basis for the potential endocrine disruption of
reproductive maturation and function by xeno-steroids targeting the Kissl system.
Indeed, solid, as yet fragmentary, evidence obtained in rodents and sheep suggests that
hypothalamic expression of Kiss/ and/or kisspeptin fiber distribution are altered
following inappropriate exposures to synthetic estrogenic and/or androgenic
compounds during critical periods of development. Of note, administration of andro-
genic and estrogenic compounds during such critical periods has been shown to alter
also the hypothalamic expression of NKB in rodents and sheep. As a whole, the data
summarized in this chapter document the sensitivity of Kiss1 system to changes in sex
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steroid milieu during critical periods of sexual maturation, and strongly suggest that
alterations of endogenous kisspeptin tone induced by inappropriate early exposures to
environmental compounds with sex steroid activity might be mechanistically relevant
for disruption of puberty onset and gonadotropin secretion later in life. The potential
additional interactions of xeno-hormones with related neuropeptide systems (includ-
ing NKB) and other environmental modulators (such as the nutritional state) of the
Kiss1 system merits future investigation.

Introduction

During the last two decades, considerable attention has focused on the potential
adverse effects for humans and wild-life species of a variety of natural and synthetic
compounds, with ability to mimic or interfere the biological activities of endoge-
nous hormones, thereby disrupting the development and/or function of different
endocrine axes (Toppari et al. 1996). These are globally named endocrine
disrupting compounds (EDCs), and include different man-made chemicals and
by-products, as well as plant compounds, with either estrogenic, androgenic or
anti-androgenic activity (Kelce and Gray 1999; Sikka and Naz 1999; Tena-Sempere
et al. 2000). By far, the greatest concerns for the potential adverse effects of EDCs
have concentrated on their deleterious impact on reproductive health. Indeed,
different epidemiological studies have documented the recent worsening of several
reproductive parameters, ranging from decreased sperm counts to increased inci-
dence of testicular cancer and genital malformations, in different species, including
(prominently) humans (Guillette 2006; Norgil Damgaard et al. 2002; Skakkebaek
et al. 2006). Although multifaceted, this phenomenon is likely to involve environ-
mental factors, including increasing exposures to different EDCs.

Among the potential reproductive end-points of endocrine disruption, the direct
adverse effects of EDCs on the developing gonads and genitalia have been predomi-
nantly scrutinized, mostly because of the clinical manifestations (decreased sperm
production; increased frequency of gonadal cancer and genital malformations)
indicated above. More recently, however, experimental evidence has begun to
accumulate suggesting that some suspected forms of endocrine disruption in
humans and other species, such as changes in the tempo of puberty and some
forms of infertility, may originate from primary defects not in the gonads and/or
genitalia but rather in the development and/or function of the central (hypotha-
lamic) systems controlling the reproductive axis (Bourguignon et al. 2010;
Diamanti-Kandarakis et al. 2009; Gore 2008a). In this chapter, we will critically
review the compelling, although as yet scarce, experimental data suggesting that the
Kiss1 system might be a prominent target for disruption of reproductive health by
inappropriate exposures to EDCs with sex-steroid like activity. As a means to
provide a mechanistic basis for such a possibility, we will first summarize briefly
our current knowledge on the essential roles of this hypothalamic system in the
control of key aspects of reproductive maturation and function, and will
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recapitulate the available experimental evidence supporting its physiological mod-
ulation by sex steroids along the lifespan.

Endocrine Disruption of Central Elements of the Reproductive
Axis: Lessons from Physiology

Attainment of reproductive capacity at puberty, and its maintenance during adulthood,
is the final consequence of a complex series of maturation events that involve proper
functional organization at early stages of development of the central (hypothalamic)
circuitries responsible for the control of the pulsatile secretion of gonadotropin-
releasing hormone (GnRH), the major driving signal of pituitary gonadotropin syn-
thesis and release (Fink 2000; Gore 2008a; Tena-Sempere and Huhtaniemi 2003).
A first key component of this developmental phenomenon is the process of sexual
differentiation of the reproductive brain; an event which is closely related with,
but genuinely different from, other sex-determination phenomena, such a gonadal
and genital differentiation (Gore 2008a). An important feature of brain sex differenti-
ation is that it is sexually dimorphic and mainly driven by sex steroids. Thus, in
rodents, where the molecular basis of this phenomenon have been deeply scrutinized,
it is known that the process of brain sex differentiation takes place during a critical
developmental period from late embryonic to early postnatal age (Tena-Sempere et al.
2000), when key neuronal networks at the hypothalamus become organized in a
permanent manner differentially in males and females (Gore 2008a; Morris
et al. 2004).

Rodent data have firmly demonstrated that the major molecular signal responsi-
ble for brain masculinization is estradiol, locally produced at high levels by
aromatization of testis-derived testosterone (Gore 2008a; MacLusky and Naftolin
1981; Morris et al. 2004). In the female, low estrogen input due to quiescent ovaries
and high levels of circulating o-fetoprotein is the major determinant of brain
feminization (Gore 2008a). Importantly, such early differentiation phenomena
translate into relevant sexually-dimorphic features, such as the timing of puberty
(Ojeda et al. 2006, 2010), as well as different behaviors and neuroendocrine
secretory patterns later on life (Gore 2008a; Morris et al. 2004). A hallmark of
such neurohormonal sexual dimorphism is the cyclic secretory activity of the
GnRH/gonadotropin system, which is based on the capacity of estrogens, selec-
tively in the female, to induce the pre-ovulatory surge of gonadotropins from
puberty onwards (Christian and Moenter 2010; Gore 2008a).

Recent experimental evidence suggests that, in addition to earlier (perinatal)
periods, puberty itself may represent a second critical window for neuroendocrine
development, during which changes in sex steroid input might induce permanent
functional alterations of different neuro-hormonal axes later in life (Evuarherhe
et al. 2009). Indeed, important developmental effects of estrogen on key hypotha-
lamic networks governing puberty onset have been recently documented during
(pre)pubertal maturation in mice (see Sect. “The Kiss1 System: Essential Regulator
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of Brain Sex Differentiation and Puberty”). In addition to such potential organizing
effects, it is well known that the pubertal transition is characterized by substantial
acute changes in the sensitivity and responsiveness of reproductive hypothalamic
networks to the regulatory effects of sex steroids (Ebling 2005). These changes
importantly contribute, together with gonadal-independent variations of the central
excitatory and inhibitory inputs to GnRH neurons (Ojeda et al. 2006, 2010), to
define the timing of puberty.

Considering the above physiological features, it is plausible that xeno-hormones
with sex steroid-like activities may impact at central levels to interfere with proper
sexual differentiation and/or later maturation of the reproductive axis (Bourguignon
et al. 2010; Diamanti-Kandarakis et al. 2009; Gore 2008a, b; Navarro and Tena-
Sempere 2008). Yet, despite recent progress in this area, the mechanisms and targets
for such a potential disruption of the reproductive neuroendocrine systems remain
incompletely characterized. In this context, the use of experimental animal models,
mimicking inappropriate early exposures to compounds with sex steroid activity, has
provided valuable information (Tena-Sempere et al. 2000), and may prove helpful for
further dissection of the central effects and mechanisms of action of specific EDCs.
Indeed, these models may represent a good complement to robust in vitro and ex vivo
approaches, commonly used for the evaluation of single EDC effects on key
components of the reproductive brain, such as GnRH neurons themselves (Bourgui-
gnon et al. 2010; Gore 2008a). Indeed, neuroendocrine analyses in rodents subjected
to protocols of neonatal exposure to estrogenic compounds, such as estradiol benzoate
(EB) and diethylstilbestrol (DES), have revealed that disruption of sexual differentia-
tion of the hypothalamus is linked to altered puberty onset and disturbed gonadotropin
secretion, both at basal conditions and after gonadectomy (Pinilla et al. 1995; Tena-
Sempere et al. 2000). Likewise, protocols of early postnatal exposure of female rats to
estradiol and the estrogenic EDC, dichlorodiphenyltrichloroethane (DDT), have
documented alterations in hypothalamic GnRH secretion by hypothalamic explants
exvivo and LH responses to GnRH in vivo in infantile/juvenile rats (Rasier et al. 2007).
These studies, among others [for an extensive review see (Bourguignon et al. 2010;
Diamanti-Kandarakis et al. 2009; Gore 2008a), and references therein], set the scene
for specific mechanistic analyses on the impact and mode of action of ‘actual’ EDCs
on the hypothalamic systems controlling reproduction, some of which have been
recently initiated (Bourguignon et al. 2010; Gore 2008a). The potential involvement
of the hypothalamic Kiss1 system in this phenomenon is proposed, on the basis of the
available literature, in the following sections.

The Kiss1 System: Essential Regulator of Brain Sex
Differentiation and Puberty

The so-called Kiss1 system has been recently recognized as an essential regulator of
the reproductive axis, which is indispensable for its timely activation at puberty and
its proper function (and hence, fertility) during adult life (Oakley et al. 2009;
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Roa et al. 2008). Remarkably, the elements of this ligand-receptor system were
sequentially identified between late 1990s and early 2000s in a field totally unrelated
with reproduction. Thus, the Kiss/ gene was originally catalogued as metastasis
suppressor, as it was found to encode a number of structurally-related peptides,
globally termed kisspeptins, with ability to suppress tumor spread (Oakley et al.
2009; Roa et al. 2008). Already in 2001, kisspeptins were shown to conduct their
biological actions via the G protein-coupled receptor, GPR54 (Kotani et al. 2001;
Muir et al. 2001; Ohtaki et al. 2001). However, recognition of the reproductive
dimension of this system only came in late 2003, when inactivating mutations of
GPR54 were found in patients suffering idiopathic forms of hypogonadotropic
hypogonadism (de Roux et al. 2003; Seminara et al. 2003); findings that were
replicated and extended in mice bearing null mutations of GPR54 or Kissl genes
(d’Anglemont de Tassigny et al. 2007; Seminara et al. 2003). These seminal
observations boosted an enormous interest in the area and initiated an ever growing
number of studies aiming to characterize the physiological roles and mechanisms of
action of kisspeptins and GPR54 in the control of different facets of reproductive
function. As a whole, these studies have firmly substantiated the pivotal functions of
kisspeptins in the control of the reproductive brain in different mammalian and non-
mammalian species (d’Anglemont de Tassigny and Colledge 2010; Oakley et al.
2009; Popa et al. 2008; Roa et al. 2008). While the rapid expansion of this area
makes it impossible to comprehensively condensate the state-of-the-art in this
particular field within the limits of this chapter, we provide in this section some
brief description on the brain distribution and major mechanisms of action of
kisspeptins, together with a summary of their putative roles in sex differentiation
and puberty onset, as a means to introduce and to ease the comprehension of later
sections of this review.

Recent neuroanatomical studies, carried out mostly in laboratory rodents, but
also in sheep and primates (including humans), have identified discernible
populations of Kissl neurons, and some of their projections, at the hypothalamus
(Herbison 2008; Popa et al. 2008; Roa et al. 2008). In the rat and mouse, where
extensive mapping of these neuronal populations has been published, hypothalamic
Kiss1 neurons appear to concentrate mostly at two areas: the arcuate nucleus (ARC)
and the anteroventral periventricular nucleus (AVPV) (Popa et al. 2008); the latter
population appears to extend as a continuum along the rostral peri-ventricular area
of the third ventricle (RP3V) (Herbison 2008). Prominent groups of Kiss1 neurons
have been also detected in the ARC (or the equivalent infundibular area) in sheep
and primates (Oakley et al. 2009; Roa et al. 2008); species where the presence and
eventual physiological roles of a rostral population of Kiss1 neurons is still under
some debate. Similarly, while direct synaptic contacts have been described between
Kissl and GnRH neurons (Clarkson and Herbison 2006), the neuroanatomical
features of the projections of Kissl neurons originating from the ARC and the
AVPYV need further clarification.

A wealth of experimental evidence, accumulated during the last 5 years, has
demonstrated that the primary mechanism whereby kisspeptins participate in the
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control of the reproductive axis involves its ability to operate upon, and stimulate,
GnRH neurons, which have been shown to express GPR54 (d’Anglemont de
Tassigny and Colledge 2010; Oakley et al. 2009; Popa et al. 2008; Roa et al.
2008). In fact, the potent stimulatory effects of kisspeptins on luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) secretion are blocked by pre-treatment
with a potent GnRH antagonist, while kisspeptin administration is able to activate
(as reflected by c-fos induction) GnRH neurons. Moreover, kisspeptins have been
reported to induce very potent depolarization responses in GnRH neurons, as well
as the release of GnRH by hypothalamic preparations ex vivo and to the Cerebro-
spinal Fluid (CSF) in vivo (d’ Anglemont de Tassigny and Colledge 2010; Oakley
et al. 2009; Popa et al. 2008; Roa et al. 2008). Admittedly, whether these stimula-
tory effects take place preferentially at GnRH neuronal perikarya (in the preoptic
area) and/or nerve terminals (in the median eminence) is yet to be defined. Regard-
less of the actual site(s) of action on GnRH neurons, the potent stimulatory effects
of kisspeptins on GnRH secretion result in robust LH and FSH responses, as
documented in different mammalian species, even at very low doses (Oakley
et al. 2009; Roa et al. 2008).

Indirect evidence for the potential involvement of the populations of Kissl
neurons in the process of brain sex differentiation came from comparative neuro-
anatomical studies in male and female rodents and primates. Thus, Kiss/ mRNA
expression has been shown sexually dimorphic at the AVPV in rats, with females
having higher expression than males (Kauffman et al. 2007). A similar dimorphism
appears to exist also in humans, where the populations of Kissl neurons at the
infundibular and periventricular regions are more abundant in the female
(Hrabovszky et al. 2010). Whether Kissl neurons at the ARC are also sexually
dimorphic in number in rodents is presently under investigation; although initial
reports documented that Kiss/ mRNA levels were similar between sexes, recent
immunohistochemical studies suggested that kisspeptin content at this hypotha-
lamic site is probably higher in female rats also. As a whole, the above data
evidence that the populations of Kissl neurons undergo a program of sexual
differentiation, likely during early stages of development, which enables sex-
specific configurations of Kissl networks later in life. Such a neuronal set-up
appears to be functionally relevant for the expression of sexually-dimorphic neuro-
endocrine traits later in life, such as the positive feedback of estrogen and the pre-
ovulatory surge of gonadotropins. The importance of kisspeptin signaling in this
phenomenon is reinforced by the fact that pharmacological blockade of kisspeptin
actions results in elimination of the pre-ovulatory peak of gonadotropins in cyclic
female rats (Pineda et al. 2010).

Likewise, kisspeptins play an essential role in the regulation of timing of
puberty, as evidenced by a combination of genetic, physiologic and pharmacologi-
cal analyses in rodents and primates (Tena-Sempere 2010b). These analyses have
documented that the hypothalamic Kiss1 system undergoes a complex and sophisti-
cated activation program during puberty, which seems to involve four major
components: (a) the elevation in the endogenous kisspeptin tone at the hypothalamus
(Navarro et al. 2004; Shahab et al. 2005), (b) the increase in the sensitivity to the
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stimulatory effects of kisspeptins in terms of GnRH/LH responses (Castellano et al.
2006; Han et al. 2005), (c) the enhancement of GPR54 expression and signaling
efficiency (Han et al. 2005; Herbison et al. 2010), and (d) the elevation of the
number of kisspeptin neurons and of their projections to GnRH neurons (Clarkson
et al. 2009; Clarkson and Herbison 2006). The physiological relevance of the above
maturational changes for the proper timing of puberty is stressed by the observation
that selective blockade of kisspeptin actions during the pubertal transition signifi-
cantly delays puberty onset in female rats (Pineda et al. 2010).

The Kissl System: Sensitivity to the Activational and Organizing
Effects of Sex Steroids

Shortly after the disclosure of its reproductive dimension, sex steroids (mainly,
estradiol and testosterone) were recognized as important regulators of hypotha-
lamic Kiss/ gene expression during adulthood. This important regulatory role was
first evidenced by experiments of gonadectomy, with or without sex steroid replace-
ment, in rodents, and has been later confirmed in different mammalian species,
including primates (Oakley et al. 2009; Roa et al. 2008). A similar regulatory action
is operative also in humans, as demonstrated by studies on the changes in hypotha-
lamic Kiss/ mRNA levels in postmenopausal women (Rance 2009). While detailed
description of this phenomenon exceeds the limits of this review, it is important to
stress two major features related with the activational regulation of hypothalamic
Kissl expression by sex steroids: (a) their effects are, at least in rodents, clearly
nucleus-specific, since sex steroids suppress Kiss/ mRNA levels at the ARC, but
estrogen enhances Kiss/ expression at the AVPV; and (b) given the above differ-
ential regulation, the ARC Kissl pathway has been involved in the negative
feedback control of gonadotropin secretion, whereas Kissl neurons at the AVPV
may mediate the positive feedback effects of estrogen, which are responsible for the
pre-ovulatory surge of gonadotropins (Oakley et al. 2009; Roa et al. 2008).

In addition to the above activational effects, compelling evidence has mounted
recently that the developmental changes of the Kissl system, summarized in the
previous section, are shaped to a large extent by the organizing and regulatory
actions of sex steroids acting during critical periods of perinatal or postnatal
development. This contention has been documented for the process of brain sex
differentiation in rodents. Indeed, studies in rats and mice have substantiated that
changes in sex steroid inputs to the developing brain during early critical periods of
maturation alter the normal process of sexual differentiation of Kissl neuronal
populations. Thus, neonatal exposure to high doses of androgen in female rats
suppressed the expression of Kiss/ mRNA at the AVPV in adulthood, when
neonatally androgenized females displayed Kiss/ mRNA levels similar to those
of adult males, but much lower than in cyclic females (Kauffman et al. 2007).
Conversely, neonatal orchidectomy in rats, which eliminated androgen secretion
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(and hence, actions) during the critical period of brain sex differentiation, resulted
in the feminization of Kiss//kisspeptin expression at the AVPV, which was much
higher than in control adult males (Homma et al. 2009). The functional relevance of
the above changes is stressed by the observation that neonatally androgenized
females were devoid of positive feedback actions of estrogen in adulthood
(Kauffman et al. 2007), while neonatal orchidectomy resulted in the acquisition
of positive feedback and surge-like LH responses to ovulatory doses of estradiol
(Homma et al. 2009).

In addition to androgens, estrogen has been also documented as an important
organizing signal for the hypothalamic Kissl system, acting during critical
windows of development. Thus, neonatal estrogenization of female rats decreased
the number of Kissl neurons at the AVPV and disrupted the positive feedback
effects of estradiol (in terms of LH secretion) in adulthood (Homma et al. 2009).
Similarly, neonatal exposures to synthetic estrogens, known to disturb proper
activation and function of the gonadotropic axis (Tena-Sempere et al. 2000),
persistently suppressed the hypothalamic expression of Kiss/ gene at the expected
time of puberty and adulthood in male and female rats (Navarro et al. 2004, 2009).
In good agreement, studies in o-fetoprotein (AFP) knock-out mice, which are
developmentally exposed to excessive estrogenic input due to the lack of this
scavenger protein of circulating estrogens, have demonstrated that in the female
such an excessive exposure to estrogen results in lower numbers of Kiss1 neurons
and perturbs the ability of estradiol to induce pre-ovulatory-like LH surges and to
activate Kissl neurons at the AVPV in adulthood (Gonzalez-Martinez et al.
2008). Admittedly, however, mechanistic interpretation of the above results is
potentially confounded by the fact that this KO model does not allow proper
discrimination between early organizing versus later activational actions of sex
steroids.

Besides its organizing effects during early (perinatal) development, estrogen
appears to be important also for shaping the expansion of the AVPV population of
Kiss1 neurons in the female mouse during the pubertal transition, as documented by
the effects of ovariectomy during the late infantile period (Clarkson et al. 2009).
Likewise, in aromatase null (ArKO) mice, where transformation of androgen into
estrogen is blocked, the pubertal increase of Kissl neurons at the AVPV was
prevented (Clarkson et al. 2009), and kisspeptin-IR at this site was substantially
reduced at adulthood (Bakker et al. 2010). As a whole, these data would imply that
some sort of positive feedback of estrogen on the hypothalamic Kiss1 system may
exist before puberty. It remains to be defined which level of estrogenic input is
required for the (proper) pubertal activation of the Kiss1 system. Similarly, whether
inappropriate exposures to sex steroid-acting compounds during the pubertal tran-
sition have long-lasting consequences in terms of configuration, and eventual
function, of the populations of Kissl neurons at the hypothalamus awaits further
investigation.
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The Kiss1l System as Target of Endocrine Disruption:
Experimental Evidence

As reviewed in previous sections, a large body of experimental data has
accumulated in recent years to demonstrate that Kiss1 neurons at specific hypotha-
lamic nuclei are putative components of the mechanisms of brain sex differentia-
tion, and highly sensitive to the organizing actions of endogenous, and eventually
exogenous, sex steroids. This phenomenon, which is of substantial physiological
relevance, may pose also potential pathophysiological implications, as it provides
the neurohormonal substrate for the perturbation of the development and function
of the gonadotropic axis by the impact of EDCs on the developing Kissl system,
acting at early, critical periods of maturation (Tena-Sempere 2010a). Admittedly,
however, the available evidence is still fragmentary and mostly derived from
analyses of standard models of perinatal estrogenization or androgenization in
rodents, rather than ‘real-life’ protocols of exposure to EDCs. Notwithstanding,
considering the recommendation to enhance basic, mechanistic studies and to apply
the precautionary principle in the field of endocrine disruption research (Diamanti-
Kandarakis et al. 2009), a succinct critical review of the available evidence is
provided below, as a means to pave the way for further analyses in this area.

In the rat, protocols of neonatal exposure to the synthetic estrogen, estradiol
benzoate (EB), have been shown to induce a persistent decrease in hypothalamic
expression of Kiss/ gene at the time preceding puberty in male and female rats
(Navarro et al. 2009). This phenomenon, which was also observed in adult animals
submitted to neonatal exposure to EB (Navarro et al. 2004), was dose-dependent,
with detectable effects in terms of suppressed Kiss/ mRNA levels at a range of
doses (1-10 pg; on d-1 postpartum) that is considered moderate as compared to
standard protocols of neonatal estrogenization in rodents. Of note, hypothalamic
Kissl responses to gonadectomy (i.e., increase in its mRNA levels) were also
blunted in neonatally estrogenized rats, suggesting that disturbed responses to
negative gonadal feedback following early exposures to estrogenic compounds
might involve also altered expression and/or function of the Kiss1 system (Navarro
et al. 2009). In good agreement, neonatal exposures to EB resulted in significantly
decreased kisspeptin fiber density in the ARC and AVPV in female rats at adult-
hood; effects that were partially mimicked by neonatal treatments of females with
the selective ligand of estrogen receptor (ER)a, PPT, that decreased kisspeptin
fibers at the ARC, and the phytoestrogen, genistein, which suppressed kisspeptin
fiber density at AVPV in adulthood (Bateman and Patisaul 2008). Indeed, a recent
study has demonstrated that neonatal exposure to a high dose of genistein, as it is
the case also for EB, disturbs the normal pattern of postnatal expansion of
kisspeptin fiber density at the AVPV (and the ARC) in female rats; neonatally
treated rats having persistently lower numbers of kisspeptin fibers than controls
along the pubertal transition (Losa et al. 2011).

In the same vein, neonatal exposure to the xeno-estrogen, bisphenol A (BPA), in
rats significantly reduced hypothalamic Kiss/ mRNA levels at puberty (Navarro
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et al. 2009), as well as kisspeptin immunoreactivity at the ARC (as estimated in
terms of fiber density) in adult female rats (Patisaul et al. 2009). Admittedly,
however, the effects of BPA were detected at rather high doses and were not
observed in males, which appeared less sensitive to the potential disrupting effects
of this EDC (Patisaul et al. 2009). Also of note, recent, as yet preliminary, evidence
obtained in mouse off-spring from mothers exposed orally to BPA suggest that, in
some conditions, this xeno-estrogen might induce also up-regulatory actions on
kisspeptin content at the hypothalamus. Indeed, such protocol of exposure to BPA
has been reported to enhance kisspeptin expression of kisspeptin at the ARC and
AVPV, especially in male mice; a response that partially obliterated the sexual
dimorphism (females >> males) that is usually observed, in terms kisspeptin
content, at the hypothalamus of adult rodents (Panzica et al. 2009).

In any event, it is important to stress that the impact of potential EDCs on the
hypothalamic Kissl system has not been only documented in rodents but also in
sheep. Thus, recent data demonstrated that in utero exposure of sheep to a complex
cocktail of EDCs contained in sewage sludge, used as agricultural fertilizer in
pastures and thus an optimal model for investigation of ‘real-life’ mixtures of
ED, induced a significant decrease in Kiss/ mRNA levels at the rostral, mid and
caudal regions of the hypothalamus of exposed fetuses (Bellingham et al. 2009).
Remarkably, no effect was observed when exposures were conducted during
adulthood, thus emphasizing the notion that the Kissl system may be especially
vulnerable to the disrupting actions of compounds with sex steroid activities when
exposures take place during critical periods of maturation (Bellingham et al. 2009).
As additional note, it is to be stressed that the above protocols of fetal sewage
sludge exposures resulted also in reduced numbers of kisspeptin immunopositive
cells at the pituitary (Bellingham et al. 2009). In this sense, expression and
(activational) sex steroid regulation of Kissl and GPR54 mRNAs/proteins have
been previously demonstrated in the rat pituitary (Richard et al. 2008). This
observation raises the appealing possibility of additional sites, other than the
hypothalamus, for the disrupting neuroendocrine effects of EDCs on the Kissl
system. Admittedly, however, the physiological relevance of kisspeptin actions and
regulation directly at the pituitary level is yet to be fully unfolded (Roa et al. 2008).

All in all, the data summarize above provide strong, as yet circumstantial,
evidence for the possibility that inappropriate exposures to sex-steroid acting
compounds during early critical windows of brain sex differentiation might have
a disorganizing impact on the maturation of the hypothalamic Kissl system, with
durable consequences that may manifest later in life (i.e., during puberty and
adulthood). In keeping with such possibility, functional studies conducted in
some of the above models have conclusively shown that the decreased pubertal
expression of Kiss/ gene following neonatal exposures to estrogenic compounds is
associated to defective gonadotropin secretion (both in basal and post-gonadectomy
conditions), which can be rescued by administration of exogenous kisspeptin
(Navarro et al. 2009). Similarly, some of the above protocols of neonatal exposure
to chemicals with estrogenic actions linked to decreased kisspeptin fiber density at
certain hypothalamic nuclei in adult female rats caused also reduced GnRH
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neuronal activation (Bateman and Patisaul 2008). Admittedly, however, defective
activation of GnRH neurons has not been detected following neonatal exposures to
other estrogenic compounds, such as BPA (Adewale et al. 2009). In any event, these
functional data strongly suggest that by targeting the developing hypothalamic
Kissl system, and thereby by presumably causing a decrease in the endogenous
kisspeptin tone, compounds with sex steroid-like activities might interfere with
normal maturation and later function of the reproductive axis. While the evidence
supporting this possibility is compelling, it must be emphasized, as general call of
caution, that most of the work conducted so far in this area has addressed putative
mechanisms of disruption rather than the consequences of ‘real-life’ exposures to
complex mixtures of ED, presumably at low doses (Tena-Sempere 2010a).

Other Central (Related) Targets for Endocrine Disruption:
A Case for NKB?

Although abundant physiologic evidence and growing pharmacological data sup-
port the contention that the hypothalamic Kiss1 system might be a potential target
for endocrine disruption, there are strong experimental indications that EDCs may
have an impact also upon other key elements of the reproductive brain, whereby
they may contribute to alter basic neuroendocrine networks responsible for the
proper maturation and function of the reproductive axis (Bourguignon et al. 2010;
Diamanti-Kandarakis et al. 2009; Gore 2008a). While thorough recapitulation of
such evidence is beyond the scope and aims of this review, it is important to stress
that a wealth of data has documented the potential impact of different EDCs, such
as dichlorodiphenyltrichloroethane (DDT), vinclozolin and certain polychlorinated
biphenils (PCBs), as well as complex mixtures of EDCs (present in sewage sludge)
on the development, neurosecretory function and even viability/apoptosis of the
GnRH system in different species (Bellingham et al. 2010; Bourguignon et al. 2010;
Dickerson et al. 2009; Rasier et al. 2007; Wadas et al. 2010), as assessed by a
combination of in vitro, in vivo and ex vivo approaches. Of note, the effects of
EDCs, such as DDT, on GnRH secretory function appears to be multifaceted, and
involve the modulation of glutamate stimulation of GnRH neurons via multiple
pathways (Bourguignon et al. 2010). In addition to GnRH neurons themselves,
fragmentary evidence has suggested the impact of early exposures to putative EDCs
on other hypothalamic pathways and signals, such as galanin, in sheep fetuses
exposed to sewage sludge (Bellingham et al. 2010), and ocytocin, in female rats
exposed neonatally to BPA (Adewale et al. 2011). As a whole, the above data
illustrate the potential complexity of the neuroendocrine effects of EDCs, which
may impact at different levels/elements of the reproductive brain. Elucidation of the
complete set of targets for such compounds appears critical to provide an integral
mechanistic insight into their mode of action and potential adverse effects upon the
reproductive axis.
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Very recently, NKB has emerged as co-transmitter and putative auto-regulator
of the population of Kissl neurons located at the ARC/infundibular region in
different species, including rodents, sheep and humans (Lehman et al. 2010). The
functional relevance of NKB in reproductive control has gained momentum with
the observation that humans with inactivating mutations in the genes encoding
NKB (TAC3) or its receptor (TACR3) suffer hypogonadotropic hypogonadism
(Topaloglu et al. 2009); hence, a phenotype similar to that of GPR54 null patients.
In keeping with such a positive role in the control of the reproductive axis, very
recent experimental data have documented the stimulatory effects of agonists of
NKB on LH secretion in female rats, sheep and monkeys (Billings et al. 2010;
Navarro et al. 2011; Ramaswamy et al. 2010); yet, lack of stimulatory effects or
even inhibitory actions of NKB on gonadotropin secretion have been also reported
in some species and physiological conditions. The demonstration that Kissl
neurons at the ARC co-express and are targets of NKB (Lehman et al. 2010),
together with its putative effects on the GnRH pulse generator (Wakabayashi et al.
2010), has led to the contention that NKB participates in the fine tuning of
kisspeptin output at the hypothalamus, thereby playing a role in the regulation of
pulsatile GnRH secretion. Given the close relationship with the Kissl system, the
question arises as whether NKB might be an additional target for endocrine
disruption of the reproductive brain.

Admittedly, the above issue has not been directly addressed since, to our
knowledge, the impact of early exposures to EDCs on the developmental expres-
sion of NKB has not been reported to date. Yet, the physiological knowledge
available strongly supports such a possibility. First, hypothalamic expression of
NKB (mRNA/protein) at the ARC is under the regulation of sex steroids in
adulthood, as documented in models of gonadectomy, with a clear parallelism
between Kissl and NKB expression. Thus, in female rats, estrogen suppressed
NKB (as well as Kiss/) mRNA expression, therefore suggesting a role in negative
feedback control (Navarro et al. 2010). Even more interestingly from the perspec-
tive of endocrine disruption, NKB expression in the ARC appears to be sensitive to
the organizing effects of sex steroids, as documented in the sheep and rodents.
Thus, in the sheep, the expression of NKB is sexually dimorphic (with females
having double the number of NKB neurons than males) and was markedly
suppressed in the female by prenatal exposure to testosterone (Cheng et al. 2010).
Similarly, in the rat, NKB neurons at the ARC are responsive to sex steroids at
different developmental stages (including puberty), with an androgen-dependent
sexual dimorphism in the postnatal ontogeny of NKB peptide expression, that
increased earlier in females along pre-pubertal maturation (Ciofi et al. 2007). Simi-
larly, our preliminary evidence suggests the neonatal estrogenization suppresses
both kisspeptin and NKB immunoreactivity at the ARC in adulthood more promi-
nently in females, and that LH responses to the NKB agonist, senktide, are sexually
dimorphic in the rat, with stimulatory responses being detected only in adult
females, but not in adult male rats (our unpublished data). In this context, the
possibility that developmental exposures to sex steroid-acting compounds may
have a durable impact on the organization of the hypothalamic NKB system is
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plausible and merits specific investigation. Noteworthy, protocols of prenatal
androgenization in the female sheep have been reported to suppress NKB expres-
sion, but not kisspeptin immunoreactivity, at the ARC (Cheng et al. 2010). There-
fore, it is possible that, depending on the species, type of compound and
developmental window of exposure, sex steroids compounds might variably affect
the maturation and/or expression of Kissl and NKB systems, as putative mecha-
nism for alteration of the reproductive brain.

Open Questions and Future Directions

As reviewed in previous sections, accumulating (although still limited) experimen-
tal evidence points out that the hypothalamic Kissl system may be a target for
endocrine disrupting compounds with activity as estrogens or anti-androgens,
acting at critical windows of development. While the physiological features of
this system, as exquisitely responsive to sex steroids at different developmental
stages and fundamental for proper puberty onset and fertility, make this possibility
highly plausible, it must be stressed that most of the work conducted so far in this
area has addressed putative mechanisms of disruption (i.e., if this phenomenon is
biologically possible) rather than the consequences of ‘real-life’ exposures (i.e.,
whether this phenomenon is actually taking place). In other words, while it is
tenable that EDCs may target the developing Kiss1 system, the pathophysiological
relevance of such phenomenon in terms of reproductive health warrants additional
experimental work, involving exposures to complex cocktails of EDC with similar
or dissimilar modes of action, ideally at low doses, in line with very recent studies
initiated in the sheep (Bellingham et al. 2009). Admittedly, most of the studies on
the neuro-endocrine effects of EDCs have focused on their impact on different
aspects of GnRH neuronal development and secretory function (Bourguignon et al.
2010; Diamanti-Kandarakis et al. 2009; Gore 2008a). In any event, identification of
the potential impact of such compounds upon Kissl neurons may allow to revisit
and to provide a mechanistic insight for previously documented neuroendocrine
effects of some EDCs, which were reported prior to the recognition of the promi-
nent reproductive roles of the Kissl system. For instance, it was described that
neonatal exposures to genistein and BPA alter sexual differentiation of AVPV in
rats (Patisaul et al. 2006); considering the prominent population of Kiss1 neurons at
this site and its striking sexual dimorphism, it is worthy to explore whether
alterations in the maturation of Kissl system are involved in this phenomenon.
Similarly, specific mechanistic studies targeting the Kissl system need to be
implemented as to provide the basis for some of the suspected clinical phenotypes
of reproductive endocrine disruption. For instance, recent preliminary evidence
suggests that early (gestational) exposures to BPA can up-regulate kisspeptin
content at the hypothalamus in adult mice (Panzica et al. 2009); specific studies
monitoring earlier changes (i.e., during the pubertal transition) might help to define
whether and how a similar phenomenon might contribute to the trend of
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advancement of the age of puberty in girls, especially if internationally adopted, as
detected in different studies in Europe and USA (Bourguignon et al. 2010).

Another interesting question, from a mechanistic perspective, arising from the
data summarized in previous sections is the molecular basis for the observed
organizing changes detected in Kissl neurons following inappropriate exposures
to sex steroid-acting compounds. In principle, different mechanisms, including
differential epigenetic regulation as well as regulation of cell viability/apoptosis,
might contribute to the sexual dimorphism of Kiss1 neuronal populations detected
in physiological conditions, and its alteration following estrogenic or androgenic
exposures during early development. While this issue had been only superficially
addressed, a recent report has evaluated the contribution of BAX-mediated cell
death in the development of Kiss1 neurons at the ARC and AVPV, and its potential
implication in the sexual dimorphism of these populations, which is especially
prominent at the AVPV. Studies in BAX KO mice revealed that females had a
larger Kissl population at the AVPYV, irrespective of the presence of BAX. How-
ever, BAX-mediated apoptosis appears critical to shape Kiss1 neuronal population
at the ARC (Semaan et al. 2010). In this context, it would be interesting to evaluate
whether such BAX-dependent mechanism might be sensitive to the effects of sex
steroids, especially at early windows of development.

Other potential source of mechanistic variability may come from the recently-
recognized phenomenon that both estrogen-responsive-element (ERE)-dependent
and — independent mechanisms are involved in the activational regulation of Kiss/
gene expression by estrogen. Thus, while all Kissl neurons have been shown to
abundantly express ERa, recent studies have demonstrated that the stimulatory
actions of estradiol on Kiss/ mRNA levels at the AVPV are conducted through a
classical ERE pathway whereas its inhibitory effects on Kiss/ expression at the
ARC do not appear to require such a classical pathway, suggesting alternative
regulatory mechanisms (either ERE-independent genomic actions or non-nuclear
receptor mediated events) (Gottsch et al. 2009). Admittedly, the potential contribu-
tion of such differential signaling to the developmental actions of endogenous (and
eventual exogenous) sex steroids has not been evaluated yet. However, such
divergent regulatory pathways may help to explain the different sensitivity of
Kiss1 neurons to the organizing effects of sex steroids in different hypothalamic
nuclei (Kauffman et al. 2007).

Finally, besides xeno-hormones, different environmental cues have been proven
to impact the expression and/or function of hypothalamic Kissl. Among those, the
nutritional state of the organism is known to influence pubertal timing and fertility
at least partially through the modulation of Kiss1 (Castellano et al. 2009). Intrigu-
ingly, EDC have been recently proposed as potential modifiers of body weight as
well, and endocrine disruption has been hypothesized as potential contributor to the
increased prevalence of obesity and metabolic syndrome in human populations
(Diamanti-Kandarakis et al. 2009). Whether early exposures to EDC might have a
combined impact on body weight and reproductive maturation and function
remains to be solved. Of note, our preliminary studies suggest that postnatal
overfeeding in rats causes a persistent increase in body weight and acceleration
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of puberty that is linked to enhanced expression of Kissl/kisspeptin at the hypo-
thalamus, whereas the opposite trends (delayed puberty; decreased Kiss1/kisspeptin
levels at the hypothalamus) are detected in female rats subjected to postnatal
underfeeding (Castellano et al. 2010). In this context, it will be interesting to
determine whether neonatally over- or under-weighed animals are more prone to
disruption (either in terms of precocious activation or inhibition) of normal devel-
opment of hypothalamic Kiss1 system by exposures to compounds with sex steroid-
like activity. Similarly, the influence of early exposures to EDC in the generation of
reproductive diseases, such as polycystic ovarian syndrome (PCOS), linked to
severe metabolic complications warrants specific investigation (Diamanti-
Kandarakis et al. 2009).
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