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A B S T R A C T   

In late 2003, a major breakthrough in our understanding of the mechanisms that govern reproduction occurred 
with the identification of the reproductive roles of kisspeptins, encoded by the Kiss1 gene, and their receptor, 
Gpr54 (aka, Kiss1R). The discovery of this unsuspected reproductive facet attracted an extraordinary interest and 
boosted an intense research activity, in human and model species, that, in a relatively short period, established a 
series of basic concepts on the physiological roles of kisspeptins. Such fundamental knowledge, gathered in these 
early years of kisspeptin research, set the scene for the more recent in-depth dissection of the intimacies of the 
neuronal networks involving Kiss1 neurons, their precise mechanisms of regulation and the molecular un
derpinnings of the function of kisspeptins as pivotal regulators of all key aspects of reproductive function, from 
puberty onset to pulsatile gonadotropin secretion and the metabolic control of fertility. While no clear temporal 
boundaries between these two periods can be defined, in this review we will summarize the most prominent 
advances in kisspeptin research occurred in the last ten years, as a means to provide an up-dated view of the state 
of the art and potential paths of future progress in this dynamic, and ever growing domain of 
Neuroendocrinology.   

1. Introduction: Key concepts in the early years of the kisspeptin 
era (2003–2012) 

As essential for perpetuation of the species, reproductive function 
has been the subject of active research, with seminal developments 
occurring in the last decades of the 20th century. These are exemplified 
by the identification of the hypothalamic driver of the reproductive axis, 
the gonadotropin releasing hormone (GnRH), and neurons producing it, 
in 1970’s (Knobil, 1992; Conn and Crowley, 1994), as well as the initial 
characterization, mainly during 1980’s and 90’s, of a complex network 
of central transmitters and peripheral hormones, ranging from gluta
mate and GABA to nitric oxide and leptin, as major modulators of pu
berty and fertility (Grumbach, 2002; Dhandapani and Brann, 2000; 
Terasawa and Fernandez, 2001). In fact, by the turn of the Millennium, 

there was the perception that the fundamentals of the neuroendocrine 
systems governing the reproductive axis had been already exposed, thus 
leaving little room for major conceptual developments in this apparently 
exhausted field of contemporary Endocrinology. Reality, however, 
proved to be much more exiting, and the last twenty years have wit
nessed ground-breaking findings in this area that have changed our 
understanding of the mechanisms of reproductive control, and boosted 
an extraordinary interest in reproductive research, both basic and 
translational. 

Undoubtedly, one of the major recent breakthroughs in reproductive 
neuroendocrinology was the identification of kisspeptins, as major 
gatekeepers of virtually all aspects of reproductive maturation and 
function. Kisspeptins, initially catalogued as metastasis-suppressing 
factors (Ohtaki et al., 2001; Kotani et al., 2001), are encoded by the 
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Kiss1 gene and operate via the G-protein coupled receptor, Gpr54 (aka 
Kiss1R) (Kotani et al., 2001). Disclosure of their reproductive dimension 
came in late 2003, when two seminal publications reported in a lapse of 
few weeks that inactivating mutations in humans and rodents affecting 
Gpr54 caused hypogonadism of central origin (de Roux et al., 2003; 
Seminara et al., 2003). The fact that this genetic form of hypogonado
tropic hypogonadism (HH) differed from other developmental types of 
HH, such as Kallmann syndrome, in which early maturation and 
migration of GnRH neurons is perturbed (Boehm et al., 2015), pointed 
out that kisspeptin signaling is rather involved in fundamental aspects of 
the regulation of GnRH neurosecretion, a totally unsuspected facet of 
kisspeptin biology that immediately drew much attention and research 
efforts. 

Indeed, the years following the disclosure of the reproductive 
dimension of kisspeptins were of intense research activity, aiming not 
only to uncover the biological effects of kisspeptins on the reproductive 
axis in different species, including humans, but also to disclose their 
major physiological roles and mechanisms of action on key aspects of 
reproduction, from brain sex differentiation and puberty to the regula
tion of gonadotropin secretion and the hormonal control of ovulation. In 
fact, in the period of (grossly) ten years between 2003 and 2012, the 
major principles of the reproductive roles of kisspeptins were set, in one 
of the most fertile decades of reproductive research ever. Extensive 
recapitulation of such features exceeds the focus of this review, and can 
be found in authoritative reviews published during these years (Popa 
et al., 2008; Oakley et al., 2009; d’Anglemont de Tassigny and Colledge, 
2010; Hameed et al., 2011; Colledge, 2009; Roa et al., 2008; Navarro 
and Tena-Sempere, 2011; Pinilla et al., 2012). Anyhow, a bulleted 
summary of some salient findings of these early years are provided 
below, as a means to set the basis for the contents of later sections of this 
review. For specific references, see the review articles quoted above.  

• Albeit rare, inactivating mutations of the genes encoding kisspeptins 
(KISS1) and their receptor (GPR54) cause HH in humans; mice with 
genetic inactivation of Kiss1 or Gpr54 are a phenocopy of affected 
patients.  

• Neurons expressing Kiss1 are found in the hypothalamus, with two 
prominent populations: one in the arcuate nucleus (ARC) and 
another in the preoptic/rostral hypothalamic area, mainly the 
anteroventral periventricular area (AVPV) in rodents, the latter 
being much larger in females.  

• ARC and AVPV Kiss1 neuronal populations are oppositely regulated 
by sex steroids, which repress Kiss1 expression in the ARC but 
stimulate it in the AVPV, as basis for their negative and positive 
feedback regulation of gonadotropins, respectively.  

• During puberty, Kiss1 neurons undergo a complex maturational 
program, with increased number of appositions and excitatory ac
tions onto GnRH neurons; blockade of kisspeptin signaling during the 
pubertal transition prevents normal pubertal timing.  

• Kisspeptins potently activate GnRH neurons and elicit robust 
gonadotropin responses in different species, including humans. A 
large subset of ARC Kiss1 neurons, named KNDy neurons, are shown 
to co-express neurokinin B (NKB) and dynorphin, as reciprocal 
stimulatory and inhibitory signals, respectively, for the fine control 
of kisspeptin output to GnRH neurons.  

• In rodents, AVPV Kiss1 neurons play a key role in the generation of 
the pre-ovulatory surge of gonadotropins, as major hormonal driver 
of ovulation; blockade of kisspeptin actions prevents this surge.  

• Kiss1 neurons are modulated by nutritional and metabolic cues and 
are proposed to participate in the metabolic control of puberty and 
reproduction 

• While initial reports documented a direct role of key metabolic sig
nals, as leptin, in the control of Kiss1 neurons, additional evidence 
was presented supporting an indirect mode of action of leptin on 
Kiss1 neurons. 

Collectively, these seminal findings set the scene for more in-depth 
analyses, covering different aspects of kisspeptin physiology, which 
were implemented in the following years. This review aims to provide a 
summary of the most crucial developments in this area during the last 
decade (2012–2021), which for sake of simplicity will be referred to as 
“recent progress” in the following sections, as a means to offer an 
updated guide to navigate the ever growing field of kisspeptin research. 

2. Recent progress on the roles of kisspeptins -and their 
partners- in the control of puberty 

The paramount importance of puberty within the cascade of events 
leading to the attainment of reproductive capacity drew immediate 
attention to the putative pubertal roles of kisspeptins (Avendano et al., 
2017; Vazquez et al., 20192019), once the reproductive phenotype of 
patients with alterations of kisspeptin signaling was disclosed. In fact, 
these patients (and their mouse counterparts) suffered impuberism, 
supporting a role for kisspeptins in pubertal maturation. Indeed, active 
research between 2004 and 2011 set the contention that, even if 
developmental compensation may permit pubertal progression in 
extreme conditions of congenital ablation of Kiss1 neurons (Mayer and 
Boehm, 2011), kisspeptin signaling in the hypothalamus plays an 
indispensable role in the physiological timing of puberty (Pinilla et al., 
2012). Notwithstanding, while initial studies suggested that kisspeptins 
might be the long-sought trigger of puberty, later analyses suggested 
that kisspeptins act in concert with other central transmitters and rather 
operate as amplifier of the cascade of events leading to full activation of 
GnRH neurosecretion at puberty (Clarkson et al., 2009). This section 
summarizes major findings in the last decade regarding the pubertal 
roles of kisspeptins, their partners and mode of action. 

2.1. Kisspeptin partners and the control of puberty: Roles of tachykinins 

Some of the major developments in the last ten years in this area are 
related with the characterization of the pubertal roles of different co- 
transmitters and neuropeptide partners of kisspeptins, which coop
erate in the fine tuning of pubertal timing. On this point, however, it is 
important to stress that, as is also the case for kisspeptins, most of these 
regulatory partners are not specific of puberty, but rather participate 
both in the activation of the reproductive axis at puberty and its mod
ulation in adulthood. This is clearly the case of the member of the 
tachykinin family, NKB, and the endogenous opioid, Dyn, expressed also 
in ARC KNDy neurons, which have been actively studied not only in the 
context of puberty, but also in terms of control of adult GnRH/gonad
otropin secretion, as described in detail in Section 3. Regarding puberty, 
in 2012, two independent studies, in rats and mice, respectively, docu
mented a putative role of NKB signaling in the control of female puberty 
(Navarro et al., 2012; Gill et al., 2012). Interestingly, elevation of hy
pothalamic expression of Tac2, encoding NKB in rodents, preceded the 
pubertal rise of Kiss1 expression (Navarro et al., 2012; Gill et al., 2012), 
whereas chronic administration of a NKB receptor (NK3R) antagonist 
moderately delayed puberty onset in female rats (Navarro et al., 2012). 
These findings were later confirmed by independent studies using 
pharmacological tools (i.e., NK3R antagonist in rats) (Li et al., 2014) or 
functional genomics (i.e., Tac2 KO mice) (True et al., 2015). On the 
latter, while male Tac2 KO mice failed to show any sign of altered pu
berty, null female mice displayed clear phenotypic signs of delayed 
puberty, suggesting sex differences on the pubertal roles of NKB 
signaling (True et al., 2015). In the same vein, our pharmacological 
studies demonstrated a salient sex dimorphism in the responses to NKB 
stimulation, with male rats becoming unresponsive to the NKB agonist, 
senktide, from puberty onwards, while females displayed persistent LH 
responses to senktide all though postnatal maturation until adulthood 
(Ruiz-Pino et al., 2012). Overall, given the stimulatory role proposed for 
NKB on kisspeptin neurosecretion (Navarro et al., 2009), and the fact 
that the gonadotropin-releasing effects of NKB require preserved 
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kisspeptin signaling (Garcia-Galiano et al., 2012), these observations are 
compatible with a role of NKB as activator of kisspeptin secretion to 
stimulate puberty onset. Conversely, and in keeping with the proposed 
inhibitory role of Dyn on kisspeptin output by KNDy neurons, chronic 
blockade of the canonical Dyn receptor, kappa-opioid receptor (KOR), 
has been reported to cause an advancement of puberty onset, together 
with enhancement of pulsatile LH secretion, in female rats (Nakahara 
et al., 2013). Therefore, the reciprocal interplay between NKB (stimu
lator) and Dyn (inhibitor) on kisspeptin output by KNDy cells, and 
thereby, GnRH secretion seems to be operative also during the pubertal 
transition. Further details on the function of KNDy neurons as master 
regulators of GnRH can be found in Section 3. 

More recently, the putative pubertal roles of other members of the 
tachykinin (TAC) family, and their interplay with kisspeptin, have been 
actively explored using pharmacological probes and genetic models. 
Again, this function is not specific of puberty and encompasses also the 
modulation of adult reproductive axis. Initial studies by the Navarro’s 
lab demonstrated a role of Substance P (SP), encoded by Tac1, which 
operates via the receptor, NK1R, in the control of puberty. Hypothalamic 
Tac1 expression peaked before puberty and central injection of a NK1R 
agonist stimulated gonadotropin secretion and advanced puberty onset 
in immature female mice (Simavli et al., 2015), whereas Tac1 KO mice 
of both sexes displayed delayed puberty (Simavli et al., 2015; Maguire 
et al., 2017). The interplay of SP with kisspeptin signaling is likely to 
occur at two sites: (i) half of Kiss1 neurons show electrophysiological 
responses to SP, suggesting that SP can enhance kisspeptin output to 
GnRH neurons, and (ii) NK1R and Gpr54 can heterodimerize and, 
actually, Tac1 KO mice show decreased responses to kisspeptin, there
fore suggesting an additional layer of TAC/kisspeptin interaction, at the 
level of GnRH neurons (Maguire et al., 2017). 

In the same vein, another member of the TAC family, neurokinin A 
(NKA), has been suggested to play a role in the modulation of puberty, 
since repeated activation of its putative receptor, NK2R, in pre-pubertal 
female mice accelerated the onset of puberty, with a stimulatory effect 
on LH release that was dependent on preserved kisspeptin signaling in 
the presence of sex steroids (Leon et al., 2019). Since both SP and NKA 
are encoded by Tac1, it is tenable that at least part of the pubertal 
phenotype of Tac1 null mice is due to the lack of NKA actions. Inter
estingly, despite pharmacological evidence for a pubertal role of NKA, 
congenital ablation of its receptor, NK2R, failed to totally suppress LH 
responses and to alter pubertal timing in mice (Torres et al., 2021), 
suggesting some degree of physiological redundancy across TAC re
ceptors, that has been also suggested for SP and NKB. Anyhow, the above 
experimental evidence collectively supports a role of different tachyki
nins in the modulation of puberty, via interplay with kisspeptin 
signaling. 

2.2. Other kisspeptin partners and the control of puberty 

Other central transmitters, besides kisspeptins and tachykinins, do 
play a role in pubertal control, as illustrated by multiple studies, pro
duced before and after kisspeptin discovery. In recent years, evidence of 
the potential interplay between kisspeptins and some of these trans
mitters in the precise control of puberty has been presented, even though 
these are not restricted to the pubertal transition and are operative also 
in adulthood. As illustrative example, the pubertal roles of RFRP-3, the 
mammalian orthologue of the gonadotropin-inhibiting hormone (GnIH) 
(Ubuka et al., 2016), as putative inhibitory counterpart of kisspeptins, 
have been explored. Of note, RFRP-3 has been suggested to negatively 
modulate a subset of Kiss1 neurons (Poling et al., 2013), supporting a 
putative interaction between these two systems in the control of pu
berty. However, while RFRP-3 expression and neuronal activation is 
suppressed in the dorsomedial hypothalamus of female mice during the 
period preceding puberty (Semaan and Kauffman, 2015; Xiang et al., 
2015), mice lacking the RFRP-3 receptor, NPFF1R, did not show altered 
pubertal timing (Leon et al., 2014), suggesting a dispensable role in the 

modulation of puberty. On the other hand, congenital ablation of 
NPFF1R failed to reverse the hypogonadal and impubertal state of Gpr54 
KO mice (Leon et al., 2014). Yet, prepubertal NPFF1R KO mice displayed 
elevated LH levels, whereas ARC Kiss1 expression was increased in adult 
NPFF1R null mice, pointing out a repressive action of RFRP-3 on kiss
peptin, with a potential role in the control of the gonadotropic axis also 
at puberty. As another example, neurons expressing proopiomelano
cortin (POMC), producing α-MSH (for melanocyte-stimulating hor
mone), have been suggested to stimulate puberty onset and 
gonadotropin secretion via modulation of ARC Kiss1 neurons (Manfredi- 
Lozano et al., 2016). The physiological relevance of α-MSH signaling, via 
melanocortin receptor 3 (MC3R), in the control of puberty has been 
further documented by human and rodent studies (Lam et al., 2021), for 
further details see Section 5.1. Likewise, a recent study has demon
strated that neurons in the ventral premammillary nucleus (PMV) 
expressing PACAP (for pituitary adenylate cyclase activating poly
peptide) project to, and activate a subset of ARC and AVPV Kiss1 neu
rons, whereas targeted deletion of this PMV neuronal population 
delayed puberty (Ross et al., 2018), suggesting a novel PACAP/ kiss
peptin pathway for the modulation of puberty. 

2.3. Novel genetic determinants of puberty and interaction with Kiss1 

Other key genetic determinants of puberty have been disclosed in 
recent years, which may operate, at least partially, via modulation of 
Kiss1 neurons. This is the paradigmatic case of the makorin ring-finger 
protein 3, which is encoded by maternally-imprinted gene, MKRN3. In 
2013, four different heterozygous mutations of MKRN3 were reported to 
cause precocious puberty in humans (Abreu et al., 2013); a finding that 
has been confirmed and expanded by numerous genetic studies in recent 
years (Maione et al., 2020; Seraphim et al., 2021), therefore suggesting a 
physiological role of MKRN3 as repressor of puberty. In line with this 
contention, hypothalamic expression of Mkrn3 has been shown to 
decline during postnatal maturation in mice and rats (Abreu et al., 2013; 
Heras et al., 2019). However; the intimate mechanisms whereby this 
factor suppresses puberty have remain unfolded until recently, when 
Mkrn3 was found to be expressed in Kiss1 neurons (Heras et al., 2019; 
Abreu et al., 2020); and MKRN3 was proven to have repressor activity at 
the human KISS1 promoter (Abreu et al., 2020). Interestingly; the 
developmental decline of Mkrn3 expression in the hypothalamus, as 
permissive for puberty to proceed, is driven, at least partially, by 
enhanced expression of the microRNA, miR-30b, which is also expressed 
in Kiss1 neurons (Heras et al., 2019). Thus, the miR-30/Mkrn3 tandem 
appears as novel regulatory element of Kiss1, and thereby of the tempo 
of puberty. Admittedly, however, MKRN3 is endowed also with ubiqu
tinase activity, which may contribute , in a kisspeptin-dependent or 
-independent manner, to the modulation of puberty (Abreu et al., 2020; 
Liu et al., 2017). Whether MKRN3 contributes to the control of repro
ductive function beyond puberty remains unexplored. 

2.4. Kiss1 neuronal populations and impact of endocrine disruptors: 
Implications for puberty 

Additional progress has taken place recently in the characterization 
of the molecular phenotype and specific contribution of the various 
Kiss1 neuronal populations in the control of puberty. While initial evi
dence documented a complex developmental program of ARC and AVPV 
Kiss1 neurons during the pubertal transition, the relative contribution 
each population in pubertal control began to be disclosed more recently, 
when interference studies showed that 37% knockdown of kisspeptin 
expression in the AVPV resulted in delayed puberty onset in female rats, 
whereas a 32% suppression in the ARC failed to alter pubertal timing 
(Hu et al., 2015). In addition, the pubertal roles of a third population of 
Kiss1 neurons, located in the amygdala (Pineda et al., 2017), has been 
explored recently. Thus, blockade of kisspeptin signaling in the postero- 
dorsal medial amygdala (MePD), by chronic infusion of a specific 
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antagonist during the juvenile period, delayed puberty onset in female 
rats (Adekunbi et al., 2017), while chemo-genetic activation of this 
MePD population of Kiss1 neurons has been reported to elicit LH 
secretion in mice (Fergani et al., 2018). Collectively, these data suggest 
that kisspeptin signaling at or originating from the amygdala might 
contribute to the modulation of puberty, although its physiological 
relevance is yet to be fully disclosed. On the other hand, an intriguing 
pubertal shift has been recently shown in the molecular phenotype of a 
subset of ARC Kiss1 neurons, which changes from negligible co- 
expression with the gene encoding the growth hormone-releasing hor
mone (GHRH) in prepubertal female mice to >45% co-expression in 
adult females. This novel GHRH/Kiss1 dual-phenotype neurons might 
contribute to the interplay between the growth and gonadotropic axes 
during puberty, and its modulation by sex steroids (Garcia-Galiano et al., 
2020). 

As final note to this section, recent studies have documented that 
Kiss1 neurons are targets of the actions of endocrine disrupting chem
icals (EDC) and likely contribute to mediate at least part of their impact 
on puberty onset. This is the case of bisphenol A (BPA), for which 
gestational exposures to low, environmentally relevant doses cause a 
divergent impact on the postnatal development of ARC vs. AVPV Kiss1 
neurons in mice, with lower Kiss1 expression in the ARC, but enhanced 
numbers of kisspeptin cells in the AVPV, which were associated to 
earlier puberty onset (Ruiz-Pino et al., 2019). Likewise, developmental 

exposure to a mixture of EDC has been shown to transgenerationally 
delay puberty in female rats and to disturb the hypothalamic expression 
of key genes for pubertal control, including Kiss1 (Lopez-Rodriguez 
et al., 2021). For further details on some of the most salient de
velopments occurred in the last decade in our knowledge about the roles 
of kisspeptins, their partners and regulatory mechanisms in the context 
of the control of puberty, see Fig. 1. 

3. Recent progress on KNDy neurons and their role in the 
control of pulsatile GnRH secretion 

As mentioned in a previous section, by 2012, the basis of the so- 
called KNDy hypothesis had been set, based mostly on expression and 
pharmacological studies in rodent and ovine species (Navarro et al., 
2009; Lehman et al., 2010). These studies documented not only the co- 
expression of kisspeptin, NKB and Dyn in a majority of ARC Kiss1 neu
rons, but also the predominant stimulatory and inhibitory effects of NKB 
and Dyn, respectively, on gonadotropin secretion, as proxy marker of 
their actions on kisspeptin and, thereby, GnRH neurosecretion. Even if 
some sex- and species-differences were noted, e.g., the proportion of 
KNDy neurons is greater in rodents than in humans (for further details of 
KNDy neuronal network in humans, see Section 3.2), and possibly larger 
in females than in males (Hrabovszky et al., 2012), the KNDy model was 
enormously appealing and attracted considerable interest, as it provided 

Fig. 1. Neuroendocrine pathways controlling Kiss1 neurons and puberty. A schematic is presented depicting some of the neuronal networks and molecular mechanisms, 
identified in recent years, involved in the control of pubertal activation of Kiss1 neuronal populations. A major focus is placed in Kiss1 neurons of the ARC, co- 
expressing NKB and Dynorphin. The roles of other tachykinins, such as Substance P (SP), and the product of POMC neurons, α-MSH, acting via its receptor, 
MC3R, are indicated. Likewise, the putative role of Mkrn3 and its regulator, miR-30b, in the control of Kiss1 and puberty is also depicted. For sake of clarity, other 
neuroendocrine and molecular mechanisms, as well as other Kiss1 neuronal populations (e.g., amygdala) are not depicted, but are described in detail in Section 2. 
Figure created with BioRender. 
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the conceptual basis for better understanding of the neuro-endocrine 
mechanisms that dictate the pulsatile release of GnRH. However, these 
early studies did not provide a complete functional interrogation of the 
organization and functionality of the KNDy circuits, and the co- 
transmitters involved, aspects that have been further exposed by more 
recent research, which is summarized in this section. 

3.1. Assessing the KNDy hypothesis: Pharmacological studies 

Pharmacological studies, conducted in the last decade in wild-type 
and genetically modified murine models, have reinforced the conten
tion that NKB operates mainly via stimulation of kisspeptin output to 
GnRH neurons (Leon and Navarro, 2019), analyses that allowed also to 
ponder the relative contribution of NKB (co-expressed in Kiss1 neurons) 
and other tachykinins, such as SP and NKA, in the control of GnRH and 
gonadotropin secretion. These studies have been partially reviewed in 
Section 2.1, as they pertain also to pubertal control, and collectively 
point out some degree of redundancy and overlapping across TAC 
signaling, that ensures an appropriate regulation of KNDy neurons in 
different conditions (Leon and Navarro, 2019; Moore et al., 2018). It 
must be noted, though, that the degree of redundancy in TAC signaling 
may vary across species, it being higher in rodents than in the sheep and 
primates (Moore et al., 2018). Pharmacological work in rodents has also 
provided evidence for a differential effect of NKB, and other tachykinins, 
depending on the gonadal status, the developmental stage, the sex and 
even the gonadotropin (LH vs. FSH) considered (Ruiz-Pino et al., 2012; 
Ruiz-Pino et al., 2015; Navarro et al., 2015), therefore surfacing the 
polyhedral nature of NKB actions in the control of kisspeptin neurose
cretion, which goes beyond a mere and uniform stimulation across the 
lifespan and functional states of the reproductive axis. The physiological 
meaning of such dynamic and even opposite regulation is yet to be fully 
exposed. 

3.2. Assessing the KNDy hypothesis: Neuroanatomical studies 

The advent of more incisive methods has also allowed progress in the 
characterization of the neuro-anatomical and molecular properties of 
the population of KNDy neurons in different species, and their connec
tions. These have included the use of three-dimensional imaging using 
optical brain tissue clearing followed by multiple-label immunocyto
chemistry, which has permitted comparative analyses of KNDy pop
ulations between the rat and sheep brain (Moore et al., 2018), with 
better characterization of the anatomical distribution of KNDy cells 
within the rat hypothalamus, which was more abundant in the caudal vs. 
rostral ARC, and the identification of novel populations of KNDy neu
rons (e.g., in the lateral area of the mediobasal hypothalamus) in the 
sheep (Moore et al., 2018). Likewise, the recent use of viral-based 
monosynaptic tract tracing in mice has allowed the disclosure of the 
proximal connectome of KNDy cells, with >90% mono-synaptic inputs 
coming from the hypothalamus, of which a great majority originates 
from non-KNDy ARC neurons, as those expressing POMC (Moore et al., 
2019). This technique has permitted also to identify sex differences, with 
a higher number of connections in the female mouse coming from 
estrogen-responsive neurons in the peri-ventricular nucleus and medial 
preoptic area (Moore et al., 2019). Finally, in a very recent report, 
Moore and co-workers have applied multi-fluorescent in situ hybridi
zation, using the RNAscope technology, to simultaneously detect up to 
12 different transcripts in KNDy cells, an approach that has permitted 
identification of divergent changes in gene expression of the androgen 
and progesterone receptor, as well as dynorphin, in KNDy neurons in a 
mouse model of polycystic ovary syndrome (Moore et al., 2021). The 
combined use of the above techniques in other physiological (e.g., pu
berty, senescence) and pathological (e.g., obesity, stress) conditions will 
be instrumental to further disclose the features of KNDy neurons. 

In the same context, advances have taken place in the characteriza
tion of the human counterpart of KNDy neurons, which, despite 

operational limitations, is endowed with substantial translational in
terest. Departing from the pioneering work of his group in 2010 (Hra
bovszky et al., 2010); Hrabovszky and colleagues have further disclosed 
the features of this neuronal population in the human hypothalamus, by 
assessing both sexes and different ages (Hrabovszky et al., 2019; Borsay 
et al., 2014). These analyses have not only documented that the degree 
of co-expression of Dyn in human ARC Kiss1/NKB neurons is much 
lower than in rodents (Hrabovszky et al., 2012), but have also sub
stantiated interesting species differences in the set of co-transmitters of 
Kiss1 neurons, so that while in contrast to mice, human Kiss1 neurons do 
not co-express galanin, they express SP, proenkephalin-derived opioids 
and CART (for cocaine- and amphetamine-regulated transcript), which 
are not found in the ARC Kiss1 neurons of rodents (Skrapits et al., 2015). 
These features suggest potential functional differences across species, e. 
g., in the signals for modulation of ARC Kiss1 neurons and GnRH pulse 
termination (see below), which warrant further investigation. 

3.3. Assessing the KNDy hypothesis: Molecular studies 

Regarding the characterization of their whole set of co-transmitters, 
KNDy neurons have been recently shown to be glutamatergic also, at 
least in mice (Nestor et al., 2016). Thus, single-cell qPCR studies 
revealed that up to 88% of ARC Kiss1 neurons express the gene encoding 
the vesicular glutamate transporter 2 (VGLUT-2), and low-frequency 
optogenetic stimulation of ARC Kiss1 neurons resulted in fast gluta
matergic inward current in neighboring POMC and AgRP neurons 
(Nestor et al., 2016). This transmission, however, does not likely 
participate in the control of GnRH neurosecretion but rather is relevant 
for conveying estrogenic modulation to these neuronal populations, 
with key roles in metabolic homeostasis, via KNDy projections, in a 
kisspeptin-independent manner. In fact, KNDy cells express high levels 
of estrogen receptor alpha (ERα) and enhanced Kiss1 neuron excitability 
and glutamate transmission, driven by estrogen, appears to play a 
relevant role in feeding control in mice (Qiu et al., 2018). Interestingly, 
KNDy neurons have been shown also to receive glutamatergic inputs in 
rodents and sheep, which are more abundant during the LH surge in the 
ewe and are modulated by estrogens (Porter et al., 2021). 

In addition, several studies have been produced in recent years 
applying transcriptomics and single-cell RNA sequencing for the mo
lecular characterization of hypothalamic neuron populations in mice, 
either in the whole hypothalamus (Romanov et al., 2017), or in specific 
hypothalamic areas, such as the lateral hypothalamus (Mickelsen et al., 
2019), the preoptic area (POA) (Moffitt et al., 2018), or the ARC 
(Campbell et al., 2017). While these studies were not focused on Kiss1 or 
KNDy neurons, in as much they targeted sensitive hypothalamic areas, 
they have helped to disclose some molecular features of ARC Kiss1 
neurons. It must be noted, though, that since in these unsupervised 
analyses the cell types are defined on the basis of their expression pat
terns, and considering that Kiss1 neurons are relatively scarce and co- 
express other transmitters, they are classified either as Kiss1/Tac2 
neurons, in studies targeting the ARC (Campbell et al., 2017), or as 
glutamatergic cells in single-cell RNA sequencing studies in the whole 
mouse hypothalamus (Chen et al., 2017). In any event, these analyses 
have surfaced interesting differences in the molecular phenotype of ARC 
vs. AVPV Kiss1 neurons, as the latter were classified as dopaminergic 
cells (Moffitt et al., 2018). Very recently, the whole set of actively- 
translated mRNAs of Kiss1 neurons in the AVPV region of female mice 
has been reported, allowing identification of factors co-expressed in this 
neuronal population (Stephens and Kauffman, 2021). Future single-cell 
RNA sequencing analyses in isolated populations of Kiss1 neurons will 
permit disclosure of the molecular phenotype and heterogeneity of 
KNDy neurons. 

3.4. Assessing the KNDy hypothesis: Functional studies 

The advent of modern techniques for functional cellular 
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manipulation in vivo, coupled with progress in the mapping of the 
physical interplay between ARC Kiss1 fibers and GnRH neurons, have 
allowed also to provide direct evidence for the mode of action and 
physiological relevance of KNDy neurons in the control of pulsatile 
GnRH secretion. The pioneering work of the Herbison’s lab documented 
the peculiar morphology of GnRH neurons in mice, endowed with bi
polar dendron structures, as they integrate both axonal (transmission of 
action potentials) and dendritic (synaptic contacts) features (Herbison, 
2018). These dendrons project down to the median eminence, where 
they were reported to receive apparent synaptic contacts from fibers of 
ARC Kiss1 neurons, at the edge of the median eminence (Herbison, 
2018; Moore et al., 2018). This dense innervation at the distal dendron 
appears crucial for the pulsatile control of GnRH neurosecretion at the 
median eminence, and thus for the pulsatile control of gonadotropin 
secretion. Of note, however, a very recent report has documented that 
while KNDy neurons make multiple appositions with GnRH dendrons in 
mice, these are non-synaptic in nature, therefore suggesting that kiss
peptins signal preferentially via volume transmission, rather than clas
sical synapses, to activate terminal GnRH fibers (Liu et al., 2021). 

In this scenario, functional interrogation of the role of ARC KNDy 
neurons in the generation of GnRH pulses has advanced substantially in 
recent years, by combination of optogenetic techniques, genetic mouse 
models and the development of super-sensitive analytical tools for 
measurement of LH levels in minute blood volumes (Steyn et al., 2013), 
allowing repeated sampling of conscious animals in vivo, and accurate 

detection of LH pulses. Using these approaches, Clarkson and co-workers 
provided conclusive evidence in mice that a subset of ARC Kiss1 neu
rons, tenably KNDy cells, are the core of the so-called GnRH pulse 
generator, as major extrinsic driver of GnRH pulses (Clarkson et al., 
2017). These studies not only documented a perfect synchronization 
between optogenetic activation or inactivation of ARC Kiss1 neurons 
and the induction or suppression of LH pulses, respectively, but also that 
spontaneous LH peaks are correlated with synchronized episodes of 
calcium activity in the mouse ARC Kiss1 neuronal population (Clarkson 
et al., 2017). As a whole, these studies not only supported the contention 
that ARC Kiss1 neurons are the GnRH pulse generator, but disclosed also 
a non-linear relationship between pulse generator frequency and LH 
frequency, with inhibition of pulsatile LH secretion after ultra-high 
frequency stimulation (Han et al., 2020). 

The use of additional genetic mouse models has recently provided 
further details about the role of KNDy neurons in GnRH pulse generation 
and synchronization. Thus, rescue experiments in female Kiss1 KO rats, 
in which Kiss1 expression was reinstated in NKB-expressing cells in the 
ARC, have very recently suggested that retaining >20% of KNDy neu
rons is sufficient to maintain LH pulsatility, whereas ablation of >90% 
Kiss1 expression in the ARC totally suppressed LH pulses (Nagae et al., 
2021). Interestingly, a very recent study in mice has documented that, 
while synchronization of KNDy neurons in the ARC occurs in a 
kisspeptin-independent manner, and is possibly driven by the auto- 
synaptic feedback of NKB and Dyn, full LH pulses evoked by KNDy 

Fig. 2. KNDy neurons and GnRH pulse generation. A schematic is shown on the basic mechanisms for KNDy-mediated GnRH pulse synchronization, generation and 
termination. Due to large number of collaterals, KNDy neurons form a dense network in which communication across this cell population allows synchronization of 
kisspeptin discharges on GnRH neurons, which drive GnRH pulse generation. Regarding pulse generation, NKB plays a major role in initiation of kisspeptin pulses, 
while Dyn conducts an opposite effect, being responsible for pulse termination. Of note, while KNDy neuronal synchronization occurs in a kisspeptin-independent 
manner, generation of full GnRH pulses absolutely requires kisspeptin input to GnRH cells. Recent evidence suggests that contacts between KNDy neurons and GnRH 
dendrons at the boundary of median eminence are not classical synapses, and hence transmitter communication is likely to occur as volume transmission. For further 
details, see text of Section 3. Figure created with BioRender. 

V. Sobrino et al.                                                                                                                                                                                                                                 



Frontiers in Neuroendocrinology 65 (2022) 100977

7

activation fully depend on appropriate kisspeptin output onto GnRH 
dendrons (Liu et al., 2021), therefore confirming the validity of the 
KNDy hypothesis. For further details, see Fig. 2. 

As final note to this section, functional manipulation of ARC KNDy 
neurons have been recently used also to document functions of this 
neuronal population, other than GnRH pulse generation. Chemo- 
(DREADDs) and optogenetic activation of ARC Kiss1 neurons in mice has 
recently confirmed that KNDy neurons are a key component for the 
generation of hot flushes, acting in an NKB-dependent manner (Padilla 
et al., 2018). Likewise, as mentioned earlier, optogenetic tools disclosed 
that, via glutamatergic inputs to POMC and AGRP neurons, KNDy 
neurons participate in mediating the effects of estrogen on feeding 
behavior (Qiu et al., 2018). 

4. Recent progress on the regulatory mechanisms of kisspeptin 
expression and actions 

Shortly after the disclosure of the reproductive dimension of kiss
peptins in late 2003, the patterns of hypothalamic expression of Kiss1 
(and to a lesser extent Gpr54) began to be explored. These initial ana
lyses led to the recognition of a major role of sex steroids as key regu
lators of Kiss1 transcription (Garcia-Galiano et al., 2012), and drew 
much attention to elucidation of the mechanisms for the transcriptional 
regulation of Kiss1 expression. Indeed, efforts in these early years were 
devoted to unveil the mechanisms for the differential transcriptional 
control of Kiss1 by estrogens in the ARC (i.e., repression of Kiss1 via non- 
classical ERα pathways) vs. the AVPV (i.e., induction of Kiss1 via clas
sical ERα pathways) using appropriate mouse models (Gottsch et al., 
2009). In parallel, emphasis was made on the characterization of the 
Kiss1 promoter, and different activators (e.g., TTF1) and repressors (e.g., 
EAP1) of the human KISS1 gene were reported already in 2011 (Mueller 
et al., 2011). More recently, other transcriptional factors controlling 
Kiss1 have been identified, including Runx3, which is expressed in the 
hypothalamus and whose congenital ablation results in decreased Kiss1 
expression in mice (Ojima et al., 2016), VAX1, which represses Kiss1 
expression in the ARC of male mice (Lavalle et al., 2021), and Nhlh2, 
which has binding sites in the Kiss1 promoter, enhances human KISS1 
promoter activity, and whose ablation causes a male-specific suppres
sion of ARC Kiss1 expression in mice in vivo (Leon et al., 2021). 

4.1. Regulatory mechanisms of Kiss1: Emerging roles of epigenetics 

Despite these and other advances on the characterization of the 
mechanisms for the transcriptional control of Kiss1, possibly the most 
relevant conceptual progress in our recent understanding of the mech
anisms controlling Kiss1 expression came with the recognition of the 
roles of different epigenetic mechanisms in this phenomenon. Admit
tedly, although a substantial fraction of these mechanisms have been 
described in the context of puberty, these are summarized in this section 
in order to provide a global view of the epigenetic pathways controlling 
Kiss1, assuming that some of these pubertal mechanisms are likely to 
operate also at later functional stages of the reproductive axis. 

Experimental data gathered in the last two decades have solidly 
documented that a wide range of reproductive phenomena are modu
lated by epigenetic mechanisms (Piferrer, 2013; Lomniczi et al., 2015), 
which provide an additional layer of sophistication to classical tran
scriptional regulatory events. In this context, a number of studies pro
duced in the last ten years have shown not only that changes in DNA 
methylation, histone modifications and/or miRNA regulatory pathways 
are putatively involved in the regulation of key aspects of reproductive 
maturation and function, but also that part of this epigenetic regulation 
occurs at the level of Kiss1 neurons. Admittedly, however, epigenetic 
regulation of reproduction goes beyond kisspeptins, and influences not 
only other neuronal populations (e.g., GnRH neurons) (Kurian et al., 
2016), but also other reproductive tissues, such as the pituitary and the 
gonads (Yosefzon et al., 2017; Eguizabal et al., 2016). 

4.2. Epigenetic control of Kiss1: Roles in early maturational events 

While most epigenetic studies in this area have focused on puberty, 
the putative involvement of epigenetic regulatory mechanisms in the 
control of earlier events, such as Kiss1 neuronal maturation that takes 
places well before puberty, has been also analyzed, with particular 
attention to the generation of sex differences in the AVPV population of 
Kiss1 neurons. Thus, it has been reported that neonatal inhibition of 
histone deacetylase (HDAC), a major epigenetic modulator of chro
matin, enhanced the number of AVPV Kiss1 neurons in mice, but failed 
to eliminate sex differences in the magnitude of this neuronal popula
tion, which remained larger in females (Semaan et al., 2012). This 
suggests that histone deacetylation may modulate the development of 
the population of Kiss1 neurons in the rostral hypothalamus, but is not a 
major driver for its sex differences. In addition, the methylation status of 
the Kiss1 promoter in the AVPV of male and female mice was markedly 
different, with an overall trend for higher methylation levels in females 
(Semaan et al., 2012). Admittedly, however, whether such changes 
actually contribute to the emergence of sex differences in the population 
of Kiss1 neurons in the AVPV is yet to be clarified. 

4.3. Epigenetic control of Kiss1: Roles in pubertal regulation 

The epigenetic control of Kiss1 has been mostly analyzed in the 
context of puberty, specially by the work of Ojeda, Lomniczi and col
leagues, who disclosed a dynamic interplay between repressive and 
activator epigenetic marks that operate mainly in the ARC population of 
Kiss1 neurons to finely control Kiss1 expression during the pubertal 
transition. The first (repressive) member of this system that was dis
closed was the Polycomb Group (PcG) of gene silencers (Grossniklaus 
and Paro, 2014). In 2013, two members of the PcG, EED and CBX7, were 
found to silence Kiss1 expression during the early juvenile period, by 
inducing a repressive histone configuration linked to increased Histone 
3 (H3) methylated levels (H3k27me3). In turn, at the time of puberty, 
methylation of Eed and Cbx7 promoters augments in female rats, causing 
a decrease in their expression. This leads to a switch in chromatin 
configuration, from repressive to permissive, due to the histone modi
fications, H3K9/14ac and H3K4me3, that ultimately elevates Kiss1 
expression (Lomniczi et al., 2013). 

The repressive actions of PcG are counterbalanced by the effects of 
members of the Trithorax group (TrxG) of epigenetic regulators, which 
globally operate as activators of gene expression. Two members of the 
TrxG, mixed-lineage leukemia 1 (MLL1) and MLL3, have been found to 
interact with the Kiss1 promoter at puberty, helping to cause a change in 
chromatin configuration, from repressive to active, which permits the 
increase of Kiss1 expression at puberty (Toro et al., 2018). Conversely, 
suppression of MLL1 in the ARC caused a reduction of Kiss1 expression, 
and delayed puberty in female rats (Toro et al., 2018). Of note, MML1 
seems to operate also as activator of Tac2 (encoding NKB), a phenom
enon that may contribute to its effects on pubertal control. Other ele
ments putatively involved in this reciprocal interaction between 
repressive and activator epigenetic marks are KDM6B, a histone deme
thylating enzyme that removes methylation of H3 at k27, which is a 
repressive mark, and CHD7, another member of the TrxG. KDM6B is 
repressed by the PcG member, EED, during the infantile period in female 
rats, a phenomenon that contributes to keep high H3 methylation, which 
in turn maintains a repressive configuration on various genes, including 
Kiss1 (Wright et al., 2021). Regarding CHD7, genetic inactivation in 
humans has been shown to cause central hypogonadism (Kim et al., 
2008). Yet, its direct role in the control of Kiss1 is yet to be defined. 
Finally, GATAD1, which belongs to the ZNF family of transcriptional 
repressors, has been shown to represses human KISS1 transcription by 
recruitment of a histone demethylase (KDM1a), which, in turn, reduces 
the activating histone mark (H3K4me2) at the promoter level (Lomniczi 
et al., 2015). 
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4.4. Epigenetic control of Kiss1: Roles in the regulation of adult 
reproductive axis 

Albeit less well studied, epigenetic regulatory mechanisms seem to 
operate also in Kiss1 neurons in adulthood for the regulation of key 
features of reproductive function. As illustrative examples, it has been 
reported that the rise of estradiol levels that drives the pre-ovulatory 
surge of gonadotropins, responsible for ovulation, evokes opposite 
changes in the levels of histone acetylation at the Kiss1 promoter of 
AVPV vs. ARC Kiss1 neurons. In detail, estradiol increased acetyl-H3 
levels in the AVPV, which appeared to be determinant for the rise of 
Kiss1 expression in the rostral hypothalamus at the pre-ovulatory period 
(Tomikawa et al., 2012). Conversely, estrogen caused H3 deacetylation 
in the ARC, which was associated to decreased Kiss1 expression. Rather 
than stable, these epigenetic changes occur in a dynamic manner in 
these two hypothalamic regions to precisely control Kiss1 expression in 
conditions of positive and negative feedback. Other putative regulator of 
the epigenetic machinery in Kiss1 neurons is Rbbp7, encoding the reti
noblastoma binding protein 7 (RBBP7), which is a member of histone 
modification and chromatin remodeling complexes that is abundantly 
expressed in ARC and AVPV Kiss1 neurons. Recent studies have docu
mented that Rbbp7 may contribute to enhance Kiss1 expression in ro
dents, in an estrogen-independent manner (Horihata et al., 2020). In 
addition, changes in DNA methylation have been also linked to the 
regulation of Kiss1 expression in adulthood. As example, the level of 
methylation of Kiss1 promoter in the preoptic hypothalamic region, 
where AVPV Kiss1 neurons are located, is up-regulated in a sex-steroid 
dependent manner in female vs. male mice. However, since AVPV 
expression of Kiss1 in higher in females, this phenomenon would be 
opposite to the expected repressive role of hyper-methylation on gene 
transcription, and suggest the participation of complex regulatory 
mechanisms, e.g., involving inhibition of transcriptional repressors of 
Kiss1 (Semaan et al., 2012). 

As final note to this section, other epigenetic mechanisms, involving 
non-coding RNAs, have been shown also to participate in the regulation 
of various aspects of reproductive function. This is particularly the case 
of microRNAs (miRNAs), which are reported to operate at different 
levels to modulate various facets of reproductive function. However, 
despite the recognition of miRNA-based mechanisms for the control of 
puberty, and their regulatory role in the activation program of GnRH 
neurons during prepubertal stages (Messina et al., 2016), the putative 
function of miRNA-regulatory mechanisms in Kiss1 neurons remains 
largely unfolded. However, fragmentary evidence suggests that specific 
miRNAs may operate in the control of Kiss1 expression in other tissue or 
cellular contexts. For instance, our recent data suggest a repressive 
functional interaction between the 3′UTR region of human KISS1 and 
miR-324-3p, which might be relevant for the observed suppression of 
kisspeptin expression in ectopic pregnancy (Romero-Ruiz et al., 2019). 
On the other hand, in the context of cancer, miR-345 has been shown to 
down-regulate KISS1 expression in human-derived, brain metastatic 
subclones of breast cancer cell lines (Ulasov et al., 2020). However, the 
putative functional role of miR-324 or miR-345 in the control of hypo
thalamic Kiss1 expression has not been explored. Anyhow, our data (see 
Section 2.3) suggest a role of miR-30b as repressor of Mkrn3, potentially 
in Kiss1 neurons in female rats, and we have evidence for a late-onset, 
profound hypogonadal state caused by congenital ablation of Dicer, 
the enzyme responsible for generation of mature miRNAs, selectively in 
Kiss1 neurons in mice (Roa & Tena-Sempere, in preparation). Alto
gether, this fragmentary evidence supports a putative role of miRNA- 
regulatory mechanisms in the control of hypothalamic Kiss1 expres
sion and Kiss1 neurons, whose physiological relevance is yet to be 
disclosed. 

5. Recent progress on the roles of kisspeptins in the metabolic 
control of reproduction 

Disclosure of the reproductive dimension of kisspeptins drew im
mediate attention to their putative function in the modulation of the 
reproductive axis by metabolic cues, which profoundly influence pu
berty and fertility (Manfredi-Lozano et al., 2018). Thus, from 2006 to 
2011, a number of studies documented that conditions of metabolic 
stress, such as subnutrition, suppress hypothalamic Kiss1 mRNA levels 
and that key metabolic hormones, such as leptin, modulate the hypo
thalamic expression of Kiss1 (Navarro and Tena-Sempere, 2011). This 
evidence, together with data from expression and functional studies in 
various models (e.g., ob/ob mouse) and species (rats, mice, guinea pig, 
sheep) led to the initial hypothesis that leptin directly regulate Kiss1 
neurons to influence GnRH secretion. However, contemporary studies 
provided also evidence that functional leptin receptors are low or null in 
Kiss1 neurons, and dispensable for mediating leptin actions on puberty 
and fertility (at least in congenital models), therefore suggesting indirect 
or independent actions of leptin, findings that rose considerable debate 
on the actual mode of action of metabolic hormones on Kiss1 neurons 
(Navarro and Tena-Sempere, 2011; Pinilla et al., 2012). 

On the above basis, in the last decade, considerable research efforts 
have been devoted to unveil the network of central transmitters that 
may connect metabolic and nutritional status with Kiss1 neurons, aim
ing to elucidate at least part of the molecular mediators and energy 
sensors that are likely to contribute to the metabolic control of these 
neurons (Navarro, 2020). Much progress in this domain has taken place 
in the context of puberty, as key maturational period of the reproductive 
axis that is highly sensitive to metabolic cues; yet, these pubertal regu
latory mechanisms might operate also in adulthood. Accordingly, ad
vancements in this area, covering different age-periods, are integrally 
reviewed in this section, as a mean to provide a comprehensive view of 
our current, as yet incomplete knowledge on the signals and mecha
nisms for the metabolic control of Kiss1 neurons. 

5.1. Central neuropeptides/transmitters and the metabolic control of 
Kiss1 neurons 

In line with an indirect mode of action of key hormonal signals, such 
as leptin, in the modulation of Kiss1 neurons, a number of studies pro
duced over the last ten years have documented the potential interactions 
between Kiss1 neurons and other neuronal populations with key roles in 
energy and metabolic homeostasis, including prominently POMC/CART 
and neuropeptide Y (NPY)/Agouti related peptide (AGRP) neurons. Both 
neuronal populations are located in the ARC, are sensitive to leptin and 
other hormonal signals, and play a reciprocal role in the control of en
ergy balance: POMC/CART neurons are anorexigenic and activated in 
conditions of energy excess, while NPY/AgRP neurons are orexigenic 
and activated in conditions of energy deficit (Navarro, 2020). Of note, 
there is not only evidence for physical contacts between these neuronal 
populations and Kiss1 neurons, but also that at least some subsets of 
Kiss1, POMC and AgRP neurons may share cellular lineage, since POMC- 
expressing progenitors in the ARC were found to differentiate not only 
into POMC and AgRP neurons, but also into Kiss1 cells in mice (Sanz 
et al., 2015). To what extent this phenomenon may link early nutritional 
conditions and the maturation of metabolic- and reproductive- 
controlling pathways in the hypothalamus is yet to be defined. 

POMC neurons in the ARC are a central element for metabolic ho
meostasis. In addition, this neuronal population has been shown to 
modulate reproductive function, and its major product, α-MSH, acting 
via melanocortin receptors 3 (MC3R) and MC4R, can directly modulate 
GnRH neurosecretory activity (Manfredi-Lozano et al., 2018). By a 
combination of expression and functional analyses in rats and mice, we 
have provided evidence for a putative melanocortin/kisspeptin cross- 
talk, which contributes to mediate the permissive effects of leptin on 
puberty onset (Manfredi-Lozano et al., 2016). Thus, blockade of MC3/ 
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4R signaling not only delayed puberty and prevented the permissive 
effects of leptin on pubertal timing, but suppressed also ARC Kiss1 
expression in pubertal female rats (Manfredi-Lozano et al., 2016). 
Moreover, congenital elimination of Gpr54 or DREADD-induced sup
pression of ARC Kiss1 neurons blunted gonadotropic responses to α-MSH 
agonist in mice (Manfredi-Lozano et al., 2016). These observations, 
together with the demonstration of close contacts between POMC fibers 
and Kiss1 neurons in the ARC (Manfredi-Lozano et al., 2016), strongly 
suggest that POMC neurons transmit at least part of the modulatory 
effects of leptin on Kiss1 neurons. This contention has been very recently 
confirmed by a series of studies documenting that melanocortin 
signaling, particularly via MC3R, plays a key role in the control of pu
berty and the modulation of reproductive function by nutritional cues, 
as denoted by delayed pubertal timing and lack of impact of nutritional 
deprivation on reproductive cycle length in Mcr3 null mice (Lam et al., 
2021). The fact that Mcr3 expression is enriched in ARC KNDy neurons 
in mice further supports a putative melanocortin-kisspeptin pathway for 
the nutritional control of the reproductive axis. This pathway seem to 
operate also in humans, since patients with loss-of-function mutations of 
MC3R suffer later pubertal onset (Lam et al., 2021). Interestingly, the 
other main product of POMC neurons, CART, has been proposed to 
modulate also Kiss1 neurons. CART-positive fibers are found in close 
contact with ARC and AVPV Kiss1 neurons, as well as GnRH neurons, 
and CART has been shown to excite Kiss1 and GnRH neurons in mice 
(True et al., 2013). Notably, caloric restriction can suppress CART- 
immunoreactivity in the ARC, and CART mRNA levels in the AVPV, 

suggesting that defective CART signaling may contribute to suppressed 
Kiss1 expression and reproductive function in conditions of energy 
deficit (True et al., 2013). 

NPY/AgRP neurons not only antagonize the function of POMC neu
rons in terms of food intake and metabolic control, but likely conduct 
also opposite effects in terms of control of reproductive function. Padilla 
et al. recently demonstrated a direct connection between AgRP/NPY and 
Kiss1 cells, and showed that stimulation of AgRP fibers causes a direct 
inhibition of Kiss1 neurons in the ARC and AVPV in mice (Padilla et al., 
2017). In addition, indirect evidence for an AgRP pathway controlling 
ARC Kiss1 neurons has been very recently presented in the sheep 
(Merkley et al., 2021). In the same vein, NPY has been recently shown to 
conduct direct inhibitory effects on ARC Kiss1 neurons in male and fe
male mice, acting via NPY 1 receptors (Hessler et al., 2020). Since NPY/ 
AgRP neurons seem to drive a net inhibitory signal on Kiss1 neurons and 
are potently suppressed by leptin, it is tenable to hypothesize that in
hibition of this neuronal population may contribute to mediate at least 
part of the positive effects of leptin on Kiss1 neurons. For further details, 
see Fig. 3. 

GABA has been proposed as another putative mediator of leptin ac
tions on Kiss1, based on studies in a mouse model of congenital ablation 
of leptin receptors in GABAergic neurons, which displayed delayed or 
absent puberty onset and anovulatory hypogonadism (Martin et al., 
2014). In this model, Kiss1 expression in the ARC was reduced, but 
gonadotropin responses to kisspeptin were preserved, suggesting a pri
mary defect at the level of Kiss1 neurons due to blunted leptin signaling 

Fig. 3. Control of Kiss1 neurons via metabolically-relevant transmitters. A schematic is presented of the hypothalamic circuits putatively involved in transmitting 
metabolic information to Kiss1 neurons. Both NPY/AgRP and POMC/CART neurons, located in the ARC, have been reported to project to and modulate Kiss1 
neurons, in an opposite manner, congruent with their major roles as metabolic regulators. NPY/AgRP neurons are activated in conditions of energy deficit and low 
leptin levels; AgRP and NPY have been shown to inhibit Kiss1 neurons. In contrast, POMC neurons are activated in conditions of excess of energy stores and high 
leptin levels; α-MSH and CART have been reported to stimulate Kiss1 neurons. Both populations may contribute to transmit the effects of leptin to KNDy neurons, and 
thereby, modulate GnRH neurons. For further details, see text of Section 5.1. Figure created with BioRender. 
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in GABAergic cells. It must be noted, though, that NPY/AgRP neurons 
produce also GABA. Thus, it is tenable that part of reproductive 
phenotype of this mouse line derives from elimination of the suppressive 
effect of leptin on ARC NPY/AgRP neurons. In addition, PACAP neurons 
from the PMV may also contribute to convey leptin effects onto Kiss1 
neurons, as deletion of leptin receptors in PACAP cells caused infertility 
in mice (Ross et al., 2018). 

5.2. Metabolic hormones other than leptin and the control of Kiss1 
neurons 

In addition to leptin, studies conducted over the last decade have 
addressed the potential regulatory actions of other key metabolic hor
mones in the control of Kiss1 neurons. This is the case of insulin and 
ghrelin. Despite initial evidence supporting a lack of effect of insulin on 
hypothalamic expression of Kiss1 mRNA in rats (Castellano et al., 2006), 
and the fact that congenital ablation of insulin receptors from Kiss1 
neurons has virtually null impact on the reproductive axis in mice 
(Evans et al., 2014), insulin receptor expression has been detected in 
mouse Kiss1 neurons (Campbell et al., 2017), and insulin has been 
shown to activate TRPC5 channels in Kiss1, as well as POMC, neurons in 
guinea pigs, to excite these cell types (Qiu et al., 2014). On the other 
hand, initial studies evidenced that the orexigenic hormone, ghrelin, 
inhibits hypothalamic Kiss1 expression, as putative mechanism for 
ghrelin-induced suppression of LH pulsatility in rats (Forbes et al., 
2009). More recent studies in mice have demonstrated co-expression of 
the ghrelin receptor, as well as ERα, in a subset of Kiss1 neurons, and 
documented that Kiss1 neuronal responsiveness to ghrelin is modulated 
by estradiol (Frazao et al., 2014). 

5.3. Central energy sensors and the metabolic control of Kiss1 neurons 

In the last decade, progress has also taken place regarding charac
terization of the role of cell energy sensors in the metabolic control of the 
Kiss1 system. Initial work of our group, published back in 2009, docu
mented that the serine, threonine kinase, mammalian target of rapa
mycin (mTOR), is a modulator of Kiss1 expression, and contributes to 
transmit the permissive effects of leptin on puberty onset in female rats 
(Roa et al., 2009). Whether mTOR operates within Kiss1 neurons and/or 
their afferents for this function has not been fully clarified. In any event, 
genetic models have been used recently to explore the roles of putative 
up-stream factors in the mTOR pathway in the control of Kiss1 neurons. 
Thus, genetic inactivation in Kiss1 neurons of the catalytic subunit of 
PI3K, a common node for transmission of the metabolic effects of key 
hormones, such as leptin, has been reported to reduce kisspeptin 
immunoreactivity in the ARC and to suppress markers of reproductive 
function in mice, preferentially in females (Beymer et al., 2014). Very 
recently, using a similar genetic approach, the role of phosphatase and 
tensin homolog (PTEN) in Kiss1 neurons has been explored. PTEN is 
known to block PI3K. Congenital ablation of PTEN in Kiss1 cells in mice 
resulted in Kiss1 neuronal hypertrophy and increased kisspeptin fiber 
density, together with hyper-activation of mTOR, preferentially in fe
males (Negron et al., 2020). This resulted in a state of resistance to the 
inhibitory impact of fasting on the gonadotropic axis, suggesting that 
PTEN can restrain the PI3K/mTOR pathway in Kiss1 neurons to suppress 
the gonadotropic axis in conditions of energy deficit. 

The putative role of AMPK in the metabolic control of the repro
ductive axis, and particularly of Kiss1 neurons, has been also explored in 
recent years. Of note, AMPK is regulated and operates in an opposite 
manner to mTOR, hence, AMPK becomes activated in conditions of 
energy deficit and is inhibited by leptin (Vazquez et al., 20192019). 
Initial fragmentary evidence documented that activation of central 
AMPK resulted not only in increased food intake, but also in perturbed 
ovarian cyclicity in rats (Coyral-Castel et al., 2008), while adiponectin 
was reported to inhibit Kiss1 expression in the GnRH cell line, GT1-7, via 
activation of AMPK (Wen et al., 2012); yet, the relevance of the latter 

was shadowed by the fact that GnRH neurons do not normally express 
Kiss1. Anyhow, evidence for a physiological role of AMPK in the meta
bolic control of Kiss1 neurons has been provided recently. Thus, Torsoni 
and colleges showed that congenital elimination of the AMPKα2 subunit 
from Kiss1 cells partially impaired the capacity of adult female mice to 
cope with the metabolic stress associated to fasting, so that the alteration 
in estrous cyclicity caused by food deprivation was not detected in these 
conditional KO mice (Torsoni et al., 2016). More recently, our group has 
documented a role of AMPK signaling in Kiss1 neurons in the metabolic 
control of puberty, since not only central activation of AMPK resulted in 
reduced Kiss1 expression in the ARC and delayed puberty, but also 
conditional ablation of AMPKα1 subunit in Kiss1 neurons protected 
immature female mice from the delay in puberty onset caused by sub
nutrition (Roa et al., 2018). Overall, these data point out that conditions 
of energy insufficiency can inhibit the reproductive axis, at least 
partially, by activating AMPK signaling in Kiss1 neurons. Notwith
standing, recent evidence from our group has documented that AMPK 
drives also an inhibitory signal at the level of GnRH neurons in condi
tions of subnutrition, as supported by findings in a mouse model with 
conditional ablation AMPKα1 subunit in GnRH cells (Franssen et al., 
2021). This is in line with previous data suggesting that AMPK partici
pates in conveying the inhibitory actions of low glucose in GnRH neu
rons (Roland and Moenter, 2011). 

SIRT1 is another metabolic sensor that has been recently pointed out 
as putative modulator of Kiss1 neurons. This is a member of the Sirtuin 
family that operate as NAD+-dependent class III deacetylase, acting on a 
wide range of targets, such as histones and p53, to modulate numerous 
biological processes (Nogueiras et al., 2012; Giblin et al., 2014). As is the 
case for AMPK, SIRT1 can function as a cell energy sensor, that is acti
vated by conditions of energy restriction, signaled in this case by an 
increased NAD+/NADH ratio (Nogueiras et al., 2012). SIRT1 expression 
is found in ARC and fasting causes a moderate increase of its levels 
(Ramadori et al., 2008), whereas over-expression of SIRT1 in the brain 
prolongs lifespan in mice (Satoh et al., 2013). In collaboration with the 
group of Ojeda and Lomniczi, we have provided evidence for a major 
repressive role of SIRT1 in ARC Kiss1 neurons as transducer of the in
fluence of body weight and nutritional status on puberty onset. Thus, not 
only were hypothalamic SIRT1 protein levels changed in an opposite 
manner vs. Kiss1 expression during the infantile-to-pubertal transition in 
female rats, but also hypothalamic SIRT1 levels were reduced in models 
of advanced puberty caused by early-onset obesity (Vazquez et al., 
2018). In contrast, prepubertal subnutrition evoked an increase of SIRT1 
content (Vazquez et al., 2018). Furthermore, SIRT1 levels specifically in 
Kiss1 neurons displayed similar changes in conditions of obesity 
(decrease) or undernutrition (increase), while SIRT1 activation by 
pharmacological or genetic means decreased in Kiss1 expression and 
delayed puberty in female rats, suggesting that SIRT1 is a repressor of 
Kiss1. Chromatin-immunoprecipitation (ChIP) assays confirmed this 
possibility, providing a link between nutritional-driven variations in 
SIRT1 activity and changes in the epigenetic machinery controlling the 
Kiss1 promoter (Vazquez et al., 2018), which moves from a repressive to 
a permissive configuration during the pubertal progression. Sub
nutrition protracts this SIRT1-dependent repressive configuration, 
whereas early-onset obesity accelerates the eviction of SIRT1 from the 
Kiss1 promoter, thereby favoring advancement of puberty. Interestingly, 
a recent study has reported that over-expression of a deacetylase- 
deficient SIRT1 mutant in astrocytes resulted in reduced Kiss1 expres
sion and markers of impaired reproductive function in mice, suggesting 
that SIRT1 activity in glial cells may also indirectly modulate Kiss1 
expression (Choi et al., 2019). For a synoptic view of the roles and 
mechanisms of action of different cell energy sensors in the control of 
Kiss1 neurons, see Fig. 4. 

As final note to this section, we have very recently provided evidence 
for a novel pathway that putatively contributes to mediate the effects of 
obesity on puberty onset, involving de novo ceramide synthesis in the 
paraventricular nucleus (PVN) and the modulation of the sympathetic 
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output to the ovary in rats. While this pathway does not seem to directly 
modulate Kiss1 neurons, the promoting effects of kisspeptin on puberty 
onset do require preserved central ceramide synthesis to occur, and 
kisspeptin fibers project to the PVN, where ceramide-producing neurons 
are abundant, with increased expression of the ceramide-synthesizing 
enzyme, serine palmitoyl transferase, in conditions of obesity (Heras 
et al., 2020). These data suggest that Kiss1 neurons, possibly from the 
ARC, are upstream afferents and putative modulators of this novel cer
amide pathway, mediating at least part of the effects of obesity on fe
male pubertal timing. 

6. Recent progress on the roles of peripheral kisspeptins 

As reviewed in previous sections, there is total consensus that the 
primary site of expression and actions of kisspeptins for the control of 
the reproductive axis is the hypothalamus. However, there is ample 
evidence for the expression of Kiss1, kisspeptins and/or Gpr54 in mul
tiple peripheral, reproductive and non-reproductive tissues, where 
kisspeptins were claimed to participate in a wide array of biological 
functions (Bhattacharya and Babwah, 2015). These included not only a 
putative role as metastasis suppressors in different cancers, but also local 
modulation of pituitary and gonadal function, regulation of human 
placenta, and the control of pancreatic insulin secretion, vascular tone 
and kidney development, just to mention some examples. While most of 
this evidence was accumulated more than ten years ago and was 
extensively reviewed elsewhere (Pinilla et al., 2012), in this section, we 
will briefly summarize more recent progress in our understanding on the 

physiological roles of kisspeptin actions in peripheral tissues, with major 
focus on reproductive actions. 

6.1. Gonadal expression and actions of kisspeptins 

While direct pituitary actions of kisspeptins, including direct control 
of gonadotrope cells, were documented in a variety of species already 
more than a decade ago (Gahete et al., 2016), moderate progress has 
taken place in recent years in our understanding on the physiological 
relevance of such pituitary effects, which are still under considerable 
debate. In contrast, even if initial data had already demonstrated the 
expression of the elements of the Kiss1 system in the gonads (Pinilla 
et al., 2012), a number of studies have been produced over the last 
decade addressing the roles of local kisspeptins in the modulation of 
gonadal function. This is clearly the case of the ovary. While before 
2010, it was already set that Kiss1, kisspeptin and Gpr54 are expressed in 
the mammalian ovary, including the rat, monkey and human, evidence 
for a potential role of such local kisspeptin system has been presented 
only in the last ten years (Ruohonen et al., 2020). Collectively, these 
studies, conducted in rodents and humans, have suggested a variety of 
functions for ovarian kisspeptins, ranging from the control of puberty in 
rats (Ricu et al., 2012), to the modulation of human granulosa lutein 
cells (Owens et al., 2018) and rat ovarian ageing (Hu et al., 2017; Fer
nandois et al., 2016). In this context, pharmacological studies, using 
kisspeptin antagonists, have demonstrated that blockade of kisspeptin 
actions locally in the rat ovary can not only perturb ovarian maturation 
at puberty (Ricu et al., 2012), but also reduce the number of corpora 

Fig. 4. Control of Kiss1 neurons by relevant cell energy sensors. A schematic is presented of the potential contribution of various cell energy sensors, including SIRT1, 
AMPK and mTOR, and related up-stream elements (PI3K, PTEN), to directly or indirectly modulate Kiss1 expression in conditions of energy deficiency or energy 
excess. For further details, see text of Section 5.2. Figure created with BioRender. 
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lutea, as marker of ovulation, while direct ovarian injection of kisspeptin 
evoked opposite effects (Fernandois et al., 2016). In the same vein, using 
various genetic mouse models, we presented indirect evidence for a role 
of kisspeptin signaling in the oocyte, as modulator of ovulation and 
determinant of proper ovarian ageing (Dorfman et al., 2014; Gaytan 
et al., 2014). We have recently refined these observations, showing that 
selective ablation of Gpr54 from oocytes causes an state of premature 
ovulatory failure in mice (Ruohonen et al., 2022), therefore suggesting a 
major physiological role of oocyte kisspeptin signaling in the modula
tion of ovulatory and follicular dynamics. It must be stressed, though, 
that such local actions of kisspeptins are subordinated to their central 
gonadotropin functions, and that the ovulatory failure caused by global 
absence of kisspeptin signaling can be rescued, at least qualitatively, by 
proper gonadotropin priming in humans and rodents. 

Regarding testicular expression and actions, evidence has been pre
sented for the presence of kisspeptin in Leydig cells, i.e., the androgen 
producing cells of the testis, but not in Sertoli cells in mice (Salehi et al., 
2015). In keeping with the fundamental role of LH in stimulating Leydig 
function and hormone secretion, Leydig kisspeptin levels are modulated 
by LH (Salehi et al., 2015). In turn, kisspeptin has been shown to 
augment the magnitude of testosterone responses to the agonist of LH, 
human choriogonadotropin (hCG) in monkeys in vivo (Irfan et al., 
2014), while kisspeptin antagonism significantly attenuated basal and 
hCG-stimulated testosterone secretion by purified Leydig cells from 
goats in vitro (Samir et al., 2018). Moreover, kisspeptin signaling have 
been recently shown to modulate gonadotropin responsiveness and 
steroidogenic function in the murine Leydig tumor cell line, MA-10 (Hsu 
et al., 2020). Yet, lack of effects of kisspeptin on basal testosterone 
secretion has been also reported in monkeys (Tariq and Shabab, 2017). 
In addition, fragmentary evidence has suggested the expression of Gpr54 
in mouse seminiferous tubules, possibly in spermatids (Chiang et al., 
2020), as well as in primate Sertoli cells (Irfan et al., 2016), and a pu
tative role of kisspeptins in modulating spermatogenesis has been pro
posed, albeit data are not conclusive. In any event, the physiological 
role, if any, of local kisspeptins in the control of testicular function re
mains controversial and yet to be fully defined (Sharma et al., 2020). 

6.2. Placental and endometrial expression of kisspeptins 

While evidence gathered before 2010 had solidly documented the 
expression of kisspeptins in the human placenta and the dramatic 
elevation of circulating kisspeptin levels during pregnancy (Horikoshi 
et al., 2003), different studies conducted over the last ten years have 
addressed the putative function of kisspeptin signaling in the control of 
uterine physiology and key gestational phenomena, such as deciduali
zation and embryo implantation. While extensive recapitulation of this 
facet of kisspeptin biology goes beyond the scope of this review, it is 
worth to stress that functional studies, using genetic mouse models, have 
documented a specific role of kisspeptin signaling in embryo implanta
tion (Calder et al., 2014), likely via induction of uterine LIF (leukemia 
inhibitory factor) expression and endometrial adenogenesis (Leon et al., 
2016); endometrial glandular development being a pre-requisite for 
reproductive competence. Very recent data using a mouse model of 
conditional ablation of Gpr54 in the uterus have further supported a 
functional role of uterine kisspeptin signaling, causing down-regulation 
of ERα-mediated transcriptional activity at the pre-implantation win
dow, which seems to be crucial for acquisition of endometrial receptivity 
(Schaefer et al., 2021). Despite this evidence, Kiss1 and Gpr54 KO mice 
can become pregnant if properly primed to rescue ovulation, and the 
ultra-structural features of such mutant placentas, deficient in either 
Kiss1 or Gpr54, appear to be preserved (Herreboudt et al., 2015). This 
suggest that, even if conducting discernible roles in uterine function and 
implantation, kisspeptin signaling might be partially dispensable (or 
compensable) in terms of placental development and function. 

6.3. Other functions of peripheral kisspeptins: Putative roles in 
metabolism 

As final note to this section, it is worth mentioning that considerable 
attention has been drawn recently by the possibility that kisspeptin 
signaling in peripheral tissues may participate in the control of different 
aspects of metabolism, from body weight and glucose homeostasis to 
brown adipose tissue thermogenesis (Hudson and Kauffman, 2021; 
Velasco et al., 2019). Indeed, cumulative evidence supports putative 
roles of kisspeptins or kisspeptin signaling in key metabolic tissues, such 
as the liver, pancreas and adipose tissue. Admittedly, the actual physi
ological (and eventual pathophysiological) relevance of such kisspeptin 
signaling in these metabolic tissues is yet to be fully defined. On the 
other hand, part of the metabolic effects of kisspeptins are likely to stem 
from their actions upon central pathways, which, for instance, are 
known to contribute to mediate at least part of the effects of estrogen on 
body weight (Mittelman-Smith et al., 2012). Anyhow, given that this 
review is mainly focused on reproductive aspects of kisspeptins, we will 
not extend on this interesting facet of kisspeptin physiology, and refer 
the reader to the excellent review article by Hudson and Kauffman, for 
an updated summary of the actions of kisspeptins in the control of 
metabolism (Hudson and Kauffman, 2021). 

7. Conclusions: New frontiers in kisspeptin research 

Discovery of the reproductive dimension of kisspeptins, and the 
collective research efforts devoted thereafter to the characterization of 
their physiological functions and mechanisms of action in the control of 
the reproductive axis, can be considered as one of the most relevant 
breakthroughs in contemporary Neuroendocrinology. Thus, kisspeptin 
research has attracted great attention, as reflected by the ever growing 
number of articles produced on this topic. As a consequence, in a rela
tively short period of time (since late 2003), there has been an aston
ishing progress of our knowledge of key facets of kisspeptin physiology. 
This review article aimed to provide a synoptic view of some of the most 
salient developments in this area occurred during the last ten years. In 
doing so, we do not only intend to offer a succinct summary of current 
knowledge, but also help to set the basis for identification of future paths 
of development of this field, some of which are forecasted below, ac
cording to the educated predictions of the authors. 

While the anatomical distribution and some functional features of 
the main populations of Kiss1 neurons have been well set in the last two 
decades, key aspects regarding not only the precise lineage of the 
different neuronal populations (ARC, AVPV, amygdala, eventually 
others), but also their detailed molecular phenotype, are yet to be fully 
disclosed. Admittedly, initial efforts in this front have materialized into 
the characterization of the origin of some Kiss1 populations (Sanz et al., 
2015), and the transcriptomic signatures of Kiss1 neurons have begun to 
be disclosed in the context of larger studies for molecular mapping of all 
hypothalamic cell types (see Section 3.3). Yet, the molecular heteroge
neity of ARC and AVPV Kiss1 neurons, their differential origin, and their 
dynamic transcriptional patterns, depending on sex, developmental 
state and functional status of the reproductive axis, remain largely un
known. Similarly, defining the correlates between the transcriptomic 
landscape, and the profiles of miRNAs and other epigenomic marks, in 
Kiss1 neurons would provide a very valuable tool for better under
standing (and interrogating) the actual roles of kisspeptins in the central 
control of the reproductive axis, and related functions, along the 
lifespan. 

In a related context, there has been an extraordinary progress in the 
characterization of the functional roles of KNDy neurons in the syn
chronization and generation of GnRH pulses, as cornerstone for repro
ductive function. These studies have benefited from the combined use of 
genetic models and contemporary techniques of neuronal monitoring 
and functional manipulation, including fiber photometry, optogenetics 
and pharmacogenetics. Additional efforts are anticipated in this front, 
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which may involve the use of more sophisticated genetic models, based 
on either classical gene recombination approaches or more recent tools 
for gene editing in vivo, for individual dissection of the triad of KNDy 
peptides in the modulation of GnRH secretion and reproductive matu
ration and function. A very recent example is the generation of a novel 
mouse line with conditional ablation of Kiss1 in dynorphin-expressing 
cells, which due to massive elimination of Kiss1 from the ARC, recapit
ulated the hypogonadal phenotype of global Kiss1 KO, albeit with a later 
onset (Nandankar et al., 2021). In the same vein, we have produced 
recently the first Tac2-specific Kiss1 KO mouse line, in which kisspeptin 
output is selectively ablated from NKB-expressing cells (Velasco, 
Franssen & Tena-Sempere, in preparation). Phenotypic and hormonal 
characterization of this line, which is to be completed very soon, is 
allowing us to disclose important differences in KNDy-born kisspeptins 
between sexes, and their roles not only in terms of control of gonado
tropin secretion and fertility, but also in terms of metabolic modulation. 

In the same vein, better characterization of the contribution of 
kisspeptins to the neuroendocrine mechanisms for GnRH pulse genera
tion will permit to further disclose their differential roles in the control 
of LH vs. FSH secretion, which may be relevant for physiological or 
pathological conditions in which the secretion of the two gonadotropins 
dissociates. Admittedly, FSH secretion has been found to be more 
constitutive than LH, and hence, LH has been widely used as surrogate 
marker for the effects of kisspeptins on GnRH neurosecretion. It must be 
noted, though, that preferential LH vs. FSH secretion is dictated, to a 
large extent, by the pattern of pulsatile GnRH release: high frequency 
favors LH secretion while FSH secretion is mainly driven by low- 
frequency GnRH pulses (Stamatiades and Kaiser, 2018). Thus, in- 
depth analyses of changes in FSH secretory profiles in response to 
functional manipulation of KNDy neurons may allow better definition of 
the mechanisms whereby kisspeptin signaling contributes to adapt 
gonadotropin secretion to different normal or pathological conditions. 
Of note, precise monitoring of dynamic changes in FSH secretory pro
files in laboratory rodents had been hampered by the lack of sensitive- 
enough assays for accurate determination of FSH concentrations in 
minute blood aliquots, as those required for repeated sampling. The 
recent development of a super-sensitive immunometric assay for FSH is 
likely to circumvent this major limitation in the near future (Ongaro 
et al., 2021). 

In recent years, the epigenetic mechanisms responsible for the con
trol of Kiss1 expression, and thereby key phenomena, such as puberty, 
have been actively investigated, thus providing a complement to pre
vious knowledge on the transcriptional control of Kiss1. While much 
progress has taken place in this domain, further developments are ex
pected, e.g., regarding the characterization of the whole set of epigenetic 
regulatory mechanisms operating in Kiss1 neurons involved in the 
control of adult reproductive function (as most advancements have 
occurred in the context of puberty), and how these may transmit the 
influence of multiple modulators onto brain reproductive centers. 
Incorporation of novel tools from single-cell epigenomic analyses may 
prove very helpful in this context, especially if applied to the study of the 
epigenetic landscape of Kiss1 neurons in different developmental pe
riods and functional states of the reproductive axis. On the latter, 
evaluation of the epigenetic mechanisms acting on Kiss1 neurons after 
different forms of nutritional challenge, from subnutrition to obesity 
(Vazquez et al., 2018), and exposures to endocrine disrupting com
pounds (Lopez-Rodriguez et al., 2021), are expected to attract interest in 
the near future. Similarly, epigenetic mechanisms other than chromatin 
modifications or changes in DNA methylation are likely to operate also 
in Kiss1 neurons, e.g., involving miRNAs, but these remain largely 
unfolded and are predicted to be the subject of active investigation in the 
coming years. 

In a related front, although our knowledge on the molecular mech
anisms for the control of Kiss1 neurons by metabolic and nutritional cues 
has substantially enlarged in recent years, additional progress is ex
pected in this area ,e.g., on the characterization of the precise interplay 

between various metabolic sensors for the regulation of Kiss1 neurons at 
puberty and adulthood, and the definition of the whole set of up-stream 
modulators and co-transmitters of kisspeptins that cooperate in the 
metabolic control of the reproductive axis. This is illustrated by recent 
developments in the field, as the identification of new afferent pathways 
transmitting metabolic cues to Kiss1 neurons, e.g., PACAP neurons in the 
PMV (Ross et al., 2018). In this context, it will be relevant not only to 
identify individual players, but also to define the hierarchy of these 
metabolic regulatory pathways, as a means to define which signals are 
necessary, sufficient or eventually redundant for the metabolic gating of 
puberty and fertility. Likewise, further efforts are needed to characterize 
novel down-stream targets of kisspeptins that may contribute to alter
ations in pubertal timing in conditions of metabolic distress, such as 
obesity (Heras et al., 2020). Similarly, the putative contribution of 
deregulated Kiss1 expression in conditions linked to perturbed gonadal 
and metabolic function, as obesity-induced hypogonadism or polycystic 
ovary syndrome (PCOS), has been fragmentarily studied also, but it is 
likely to be the focus of additional research in the coming years. 

Studies on preclinical models and clinical samples may also help to 
define the potential use of kisspeptins either as biomarkers of disease or 
novel targets of pharmacological intervention. On the former, much 
attention has concentrated on the eventual value of changes in circu
lating kisspeptins as markers of gestational pathologies, antenatal 
complications, risk of miscarriage and ectopic pregnancy; as very recent 
examples, see (Romero-Ruiz et al., 2019a; Abbara et al., 2022; Abbara 
et al., 2021), and additional studies in this broad area are expected. On 
the other, the neuroendocrine properties of kisspeptins make them 
tenable candidates for pharmacological intervention, as illustrated by 
studies in a number of conditions, ranging from oocyte stimulation in in 
vitro fertilization to gonadotropin stimulation and ovulatory induction 
in PCOS or hypothalamic amenorrhea (Romero-Ruiz et al., 2019b; 
Abbara et al., 2020). While recent progress in this area has focused more 
on co-transmitters of kisspeptins, such as NKB analogs, the progressive 
recognition of the whole array of biological functions of kisspeptins, 
which now include not only the control of various aspects of meta
bolism, but also the central modulation of emotional and sex behavioral 
responses (Comninos et al., 2017; Comninos et al., 2018), as well as 
estrogen-dependent modulation of bone formation (Herber et al., 2019), 
just to mention some prominent examples, certainly expands the ther
apeutic options of kisspeptins, whose medical application, though, re
quires further experimental and clinical testing. 

In summary, departing from consensus knowledge set during the first 
ten years of active investigation following the disclosure of the repro
ductive dimension of kisspeptins, we have provided here an update on 
the major progress occurred in the last ten years in various domains of 
kisspeptin research. In addition, we have included some educated pre
dictions for the expected developments of this active field of Neuroen
docrinology. Based on the experience of the last two decades, and the 
interest and activities taking place currently in this area, the future 
promises to bring even more exciting and groundbreaking findings, that 
may help to reshape our current understanding of the neurohormonal 
mechanisms for the control of reproduction and related functions. 
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