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Kisspeptins: a multifunctional peptide system with a
role in reproduction, cancer and the cardiovascular
system

EJ Mead, JJ Maguire, RE Kuc and AP Davenport

Clinical Pharmacology Unit, University of Cambridge, Centre for Clinical Investigation, Addenbrooke’s Hospital, Cambridge, UK

Orphan G-protein-coupled receptors that have recently been paired with their cognate ligand are an often untapped resource
for novel drug development. The KISS1 receptor (previously designated GPR54) has been paired with biologically active
cleavage peptides of the KiSS-1 gene product, the kisspeptins (KP). The focus of this review is the emerging pharmacology and
physiology of the KP. Genetic linkage analysis in humans revealed that mutations in KISS1 (GPR54, AXOR12 or hOT7T175)
result in idiopathic hypogonadotrophic hypogonadism and knockout mouse studies confirmed this finding. Identification of
KISS1 (GPR54) as a molecular switch for puberty subsequently led to the discovery that KP activate the GnRH cascade. Prior to
the role of KISS1 (GPR54) in puberty being described, KP had been shown to be inhibitors of tumour metastasis across a range
of cancers. Subsequently the mechanism of this inhibition has been suggested to be via altered cell motility and adhesiveness.
PCR detected highest expression of KP and KISS1 (GPR54) in placenta, and changes in KP levels throughout pregnancy and
expression in trophoblasts suggests a role in placentation. Placentation and metastasis are invasive processes that require
angiogenesis. Investigation of KISS1 (GPR54) and KP in vasculature revealed discrete localisation of KISS1 (GPR54) to blood
vessels prone to atherosclerosis and a potent vasoconstrictor action. A role for KP has also been shown in whole body
homeostasis. KP are multifunctional peptides and further investigation is required to fully elucidate the complex pathways
regulated by these peptides and how these pathways integrate in the whole body system.
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Introduction

Sequencing of the human genome is now 99% complete

(International Human Genome Sequencing Consortium,

2004). A major challenge that has arisen from this new

information is to translate genomic sequences, as efficiently

as possible, into novel therapeutic targets. A significant

proportion of genes within the human genome, although

disease related, do not represent targets for drug develop-

ment, as they lack the ability to bind and respond to small

molecule agonists/antagonists. Ligand binding at the Class 1

G-protein-coupled receptors (GPCRs) often involves only a

small number of residues within the binding pocket,

facilitating the binding of small molecules. As a result

GPCRs are the molecular target of up to 50% of marketed

drugs in clinical use (Wise et al., 2002).

Bioinformatics has been used to identify the coding

sequence of all GPCRs in the human genome, and the

International Union of Pharmacology (IUPHAR) has com-

piled a comprehensive list of all non-sensory GPCRs.

Currently this includes 367 gene sequences, with 238 being

known receptors with characterized endogenous ligands and
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129 genes encoding novel sequences for which the cognate

ligand is not yet known, of these 86 share sequence

homology with the Class 1 receptors (Foord et al., 2005;

Maguire and Davenport, 2005). In the last 10 years more

than 50 ‘orphan’ GPCRs have been paired with their cognate

ligands using the reverse pharmacology approach. In 2001,

one of the orphans KISS1 (previously designated GPR54,

AXOR12, hOT7T175) was paired with three biologically

active cleavage peptides of the kisspeptin gene (KiSS-1) gene

product isolated from human placenta, the kisspeptins

(KP)-54, KP-13 and KP-10 (Kotani et al., 2001; Muir et al.,

2001; Ohtaki et al., 2001). In addition to previously described

roles in cancer metastasis and placentation, the KISS1

(GPR54) receptor system has received growing attention

following the discovery that it acts as an unexpected

molecular switch for puberty. Therefore, understanding the

complex interactions of the KP and the KISS1 (GPR54)

receptor in these physiological and pathophysiological

processes may be critical in development of novel therapeu-

tic agents targeting this receptor. The present review

summarizes published data on the physiology and pharma-

cology of this emerging receptor system.

Kisspeptin nomenclature

Throughout this review the receptor gene name will be given

as KISS1 receptor gene (KISS1R) and peptide gene name as

KiSS-1 according to the Human Genome Organisation

nomenclature. Receptor protein name will be given as KISS1,

according to standard IUPHAR nomenclature (Davenport

and Mead, 2005). For clarity, the orphan receptor nomen-

clature GPR54 will additionally be given in brackets wher-

ever referring to the KISS1 receptor. The kisspeptins, as a

collective group, will be abbreviated as KP (Table 1). Where

individual kisspeptins are referred to, their amino acid

sequence length will also be given, KP-54 (previously

designated metastin), KP-13 and KP-10.

Discovery of the kisspeptins

The kisspeptins (KP) were originally identified in 1996 from a

metastasis suppressor gene, KiSS-1, in malignant melanomas

(Lee et al., 1996). Initially, the largest cleavage product,

KP-54, was identified for its ability to suppress metastatic

potential in human melanoma cells. Its expression also

resulted in suppression of melanoma metastasis in athymic

nude mice and it was therefore termed metastin. Three

biologically active cleavage peptides of the KiSS-1 gene

product have been isolated from human placenta, KP-54,

KP-13 and KP-10 (Figure 1a) (Kotani et al., 2001; Ohtaki et al.,

2001) and are called kisspeptins. This term originated from

the cDNA designation KiSS-1, which was derived from a

combination of interim laboratory nomenclature for puta-

tive suppressor sequences and acknowledgement of the

laboratories location in Hershy, USA (Smith et al., 2005b;

Lee et al., 1996). The full-length KP protein (KP-145)

(Figure 1) has a PEST sequence (proline, glutamic acid,

serine, threonine and aspartic acid residue-rich sequence),

which although upstream of the KP-13 and KP-10 sequence,

is still present in the KP-54 sequence. This motif predisposes

proteins for ubiquitination and proteosome degradation and

suggests that cytosolic KP-145 would have a short half-life

(Harms et al., 2003). Presence of a putative signal peptide

sequence predicts that the KP may be secreted peptides (Yan

et al., 2001). In rat and mouse, the longest KP cleavage

fragment is composed of 52 amino acids. Although overall

homology of human KiSS-1 gene products to rat and mouse

is relatively low (B52%), KP-10 is highly conserved between

human, mouse and rat, with only one amino acid difference

in the sequence between species. Initial molecular localiza-

tion has revealed limited expression in both the periphery

and the brain, with particularly high expression in the

placenta, although variation in reported expression exists

(Lee et al., 1996; Muir et al., 2001; Ohtaki et al., 2001).

Pairing of the KP with KISS1 (GPR54)

The novel receptor KISS1 (previously designated GPR54,

AXOR12 or hOT7T175) was isolated in 1999 by a degenerate

PCR search of rat brain (Lee et al., 1999). It shares significant

homology with galanin receptors (B44–45%) and basic local

alignment search tool searching revealed the human ortho-

logue (Table 1). However, no specific binding of 125I-human

galanin was observed in cells transfected with the KISS1

(GPR54) receptor. The human receptor gene contains four

introns and shares a translated amino acid identity of B81%

with the rat and B85% with mouse, increasing to 100%

identity in the TM regions. In 2001, KISS1 (GPR54) was

paired with the KP by three different groups (Kotani et al.,

2001; Muir et al., 2001; Ohtaki et al., 2001). Additionally, a

fourth group identified less potent activation of KISS1

(GPR54) by FMRFamides, including derivatives of antho-

RWamide I (Clements et al., 2001). In cell lines, artificially

Table 1 KISS1 (GPR54) receptor and KP nomenclature, Swiss-Prot accession number and chromosomal location in human, rat and mouse

Nomenclature Species Accession number Chromosome location Gene name

KISS1 (GPR54) (receptor) Human Q969F8 19p13.3 KISS1R
KISS1 (GPR54) (receptor) Rat Q924U1 7q11 KISS1R
KISS1 (GPR54) (receptor) Mouse Q91V45 10 C1 KISS1R
KP (peptide) Human Q15726 1q32.1 KiSS-1
KP (peptide) Rat Q7TSB7 13q13 KiSS-1
KP (peptide) Mouse Q6Y4S4 1 E4 KiSS-1

Abbreviation: KP, kisspeptin.
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expressing KISS1 (GPR54) radioligand binding using [125I]

KP-10 revealed a single high affinity binding site (Kotani

et al., 2001). For the native receptor, novel radioligand

[125I]KP-13 has been used to define the pharmacological

criteria of saturable, specific and reversible binding in

human cardiovascular tissues with density of binding (Bmax)

of 7.6570.95 fmol mg�1 protein in aorta smooth muscle

(Mead et al., 2006) (Figure 1b). In agreement with KP

expression, KISS1 (GPR54) mRNA has been found most

abundantly in placenta (Clements et al., 2001; Kotani et al.,

2001; Muir et al., 2001; Ohtaki et al., 2001).

Downstream signalling of KISS1 (GPR54) activation

Activation of KISS1 (GPR54) results in intracellular calcium

mobilization that is not affected by pertussis toxin and does

not result in changes in cAMP accumulation, suggesting that

it is a Gq-coupled receptor (Kotani et al., 2001; Muir et al.,

2001). Numerous studies have sought to further elucidate

the downstream signalling pathways activated via stimula-

tion of KISS1 (GPR54) by KP. However, precise mechanisms

remain controversial. This potentially reflects a complex

network of signalling, resulting in diverse physiological

responses (Harms et al., 2003). At the top of this cascade,

KP activation of KISS1 (GPR54) has been shown to simulta-

neously result in release of arachidonic acid (Kotani et al.,

2001) and stimulation of the mitogen-activated protein

kinase (MAPKs) extracellular signal-regulated kinase (ERK)1

and ERK2 (Kotani et al., 2001; Yan et al., 2001; Ringel et al.,

2002; Masui et al., 2004; Mullins and Mullins, 2004; Becker

et al., 2005). This has been attributed to increased phosphor-

ylation of MAPK. However, while some studies found no

activation of p38 or pAkt (Ringel et al., 2002; Goldberg et al.,

2003), others found activation of both signalling pathways

(Masui et al., 2004; Mullins and Mullins, 2004). Additionally,

other kinases are reported to be activated by KISS1 (GPR54),

including p42/44, PKC, PLC, myeloid cell leukaemia 1,

calcium/calmodulin-dependent kinases and tyrosine kinases

(Mullins and Mullins, 2004; Becker et al., 2005). Microarray

platforms enable screening of thousands of genes in one

experiment by attaching DNA molecules to a microchip and

using this to probe a sample of interest to look for changes in

gene expression. Microarray analysis of KISS1 (GPR54)

regulated genes detected upregulation of myocyte-enriched

calcineurin interacting protein, a known inhibitor of the

vascular endothelial growth factor-regulated protein, calci-

neurin. No activation of the stress-activated protein kinase/

c-jun N-terminal kinase has yet been identified (Kotani et al.,

2001; Masui et al., 2004).

KP and matrix metalloproteinases

Downregulation of one or both of the gelatinase matrix

metalloproteinases (MMPs), MMP-2 and MMP-9, by KP (Yan

et al., 2001; Bilban et al., 2004; Hesling et al., 2004; Qiao

et al., 2005) has been shown. KP have been described as

regulators of MMPs at both the transcriptional and protein

level. Transcriptional changes have been shown not to

function through the MAPK signalling pathways. Instead,

nuclear factor-kB binding to the MMP-9 promoter region,

necessary for expression of MMP-9, was reduced (Yan et al.,

2001). At the protein level, interaction between the

N-terminal 48 amino acids of KP-145 and pro-MMP-2 or

pro-MMP-9 has been shown to form a stable complex,

although the physiological consequences of this interaction
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Figure 1 (a) The structure of the KP pre-pro-protein KP-145 in human, rat and mouse. Amino acid sequence of human KP-54 and rat and
mouse KP-52 is given. Amino acids in bold are conserved cross-species. (b) [125I]KP-13 has been used to pharmacologically characterize KISS1
(GPR54) in native human tissue (Mead et al., 2006) and [125I]KP-10 in cell lines artificially expressing the receptor (Kotani et al., 2001). SP,
signal peptide.
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have not been investigated. Significantly, active MMPs can

cleave the Glycine118-Leucine119 bond of KP, resulting in the

removal of the C terminal three amino acids, leading to

inactivation of KP. This may represent a regulatory feedback

mechanism between KP and MMPs (Takino et al., 2003).

KP and cancer metastasis

One strategy for identifying genes involved in metastasis is

to inject genes of interest into highly metastatic cells lines

and observe changes in their ability to metastasize when

injected into athymic nude mice. Transfer of normal human

chromosome 6 into metastatic malignant melanoma cell

lines C8161 and MelJuSo suppressed metastasis by 95% in

this model, without affecting tumourigenicity or local

invasiveness (Miele et al., 1996; Lee and Welch, 1997).

Identification of the genes responsible for this phenotype on

chromosome 6 was attempted using a modified subtractive

hybridization method. This resulted in a number of

candidate genes being identified. However only one gene,

KiSS-1, was expressed in non-metastatic cells and was absent

from the metastatic parental line (Miele et al., 1996). This

finding was functionally confirmed by construction of a

KiSS-1 vector, transfected into C8161 and injected into

athymic nude mice. Metastatic ability, when compared to

injection of C8161 alone, was reduced from an average of 50

metastases to only 1 (Miele et al., 1996). KiSS-1 maps to

chromosome 1, suggesting that the element causing inhibi-

tion of metastasis on chromosome 6 may be an important

regulator of the KP.

Upstream regulators of KP mediated inhibition of metastasis

Following the identification of a regulatory role for chromo-

some 6 on KiSS-1, research has sought to determine the exact

gene responsible. Within region 6q16.3–q23, a number of

candidate genes including kinases, vitamin D receptor

interacting proteins and arginase-1 were identified (Harms

et al., 2003). Microarray comparing genes in this region of

metastatic and non-metastatic tumours identified the candi-

date gene CRSP3 that inhibited metastasis, but cells

remained tumourigenic, as with the KP. CRSP3 is a part of

the vitamin D receptor-related co-activator complexes and

could therefore regulate KiSS-1 via a multitude of mediating

factors (Goldberg et al., 2003). Additionally, direct interac-

tion of KiSS-1 has been identified with two transcription

factors, activator protein-2a and specificity protein-1, both of

which have been shown to be important regulators of genes

involved in tumourigenesis, metastasis and development

(Mitchell et al., 2006).

Mechanistic insights into KP and cancer

In cell motility assays, which assessed the ability of cells to

move towards foetal calf serum (FCS), KP-54 inhibited

chemotaxis (Ohtaki et al., 2001; Masui et al., 2004).

Furthermore, in an invasion assay testing migration through

a Matrigel-coated filter, KP-54 additionally inhibited FCS-

induced cell invasion (Ohtaki et al., 2001), an effect possibly

mediated by downregulation of MMPs by KP (Hesling et al.,

2004). Changes in the cell cytoskeleton can induce an

adhesive cell type. In an assay to monitor actin microfila-

ment reorganization, KP-10 stimulated the formation of

stress fibres, a process abolished by pre-treatment with C3

exo-enzyme suggesting the activation of Rho G-proteins in

the downstream pathway (Kotani et al., 2001). Focal

adhesion formation was also induced by KP-54, with

increased phosphorylation of focal adhesion kinase and

paxillin, which are essential for formation of focal adhesions

(Ohtaki et al., 2001). However, a separate study showed that

in a cellular adhesion assay, KP-54 did not inhibit cellular

adhesion, although it did inhibit motility and stimulated

changes in cell morphology by transformation of actin

filaments (Hori et al., 2001). Therefore, it remains to be

determined if KP inhibit cell invasion by altered cell motility,

altered adhesiveness, or a combination of both.

Induction of apoptosis, as a mechanism for metastasis

inhibition by KP, was not identified (Kotani et al., 2001),

although recently (Becker et al., 2005) have used Microarray

analysis in the human mammary carcinoma cell line MDA-

MB-435S to identify upregulation of a number of genes

involved in cell cycle control and apoptosis by KP.

Clinical evidence for a role in cancer

In order to confirm importance of the KP, not solely as

inhibitors of metastasis in malignant melanoma but as

regulators of metastatic potential in a variety of cancers,

changes were detected in KP and KISS1 (GPR54) in native

cancer cells from metastatic and non-metastatic tumours

(Table 2). The majority of these report decreased expression

of KP in primary and metastatic tumours, with some

reporting a complete absence of KP in metastases (Shirasaki

et al., 2001; Sanchez-Carbayo et al., 2003b). KISS1 (GPR54)

expression levels have not been reported to change in

endometrial and pancreatic cancer; however, this is not a

consistent finding with other reports of increases or

decreases in expression.

Correlation of the histopathological stage of tumours with

KP expression has shown that peptide levels decrease with

progression of the cancer. High expression has been detected

in benign and radial growth phase tumours, with lower

expression detected in more advanced clinical stages

(Ikeguchi et al., 2003; Sanchez-Carbayo et al., 2003b; Jiang

et al., 2005) although, in contrast to Microarray data from

metastatic cell lines (Becker et al., 2005), no association with

cell cycle stage was identified (Sanchez-Carbayo et al., 2003b).

KP and placentation

Quantitative PCR and Microarray analysis detected expres-

sion of KP and KISS1 (GPR54) in human trophoblasts

(Janneau et al., 2002; Bilban et al., 2004). Laser capture

microdissection specifically detected KP and KISS1 (GPR54)

in villous cytotrophoblasts. Transcriptional expression of KP

did not change between early and term placentas, but KISS1

Kisspeptins are multifunctional peptides
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(GPR54) expression was higher in early placentas compared to

term placentas coinciding with changes from highly invasive

cells early in pregnancy to less invasive cells at term (Janneau

et al., 2002). A subsequent Microarray analysis confirmed the

higher KISS1 (GPR54) expression in first trimester invasive

trophoblasts, when compared to non/low-invasive term cells.

This study further localized KISS1 (GPR54) expression to

villous and extravillous trophoblasts, with KP only expressed

in villous trophoblasts, suggesting both autocrine and para-

crine actions (Bilban et al., 2004). In parallel to cancer

phenotypes, trophoblast migration was inhibited by KP and

was also associated with suppression of MMP-2 and MMP-9

activity (Bilban et al., 2004; Qiao et al., 2005).

Two site-enzyme immunoassay detected normal plasma

KP-54 concentrations of approximately 1 fmol ml�1 in

males and females, respectively. Measurement of KP-54

throughout pregnancy revealed a 1000-fold increase of

KP-54 in the first trimester, with up to a 10 000-fold

increase by the third trimester. Levels returned to near

baseline by day 5 after partum, suggesting the placenta as

the source of KP in pregnancy (Horikoshi et al., 2003). In

contrast to expression in invasive extravillious tropho-

blasts, detected at the mRNA level, immunohistochemical

staining of KP-54 in human placenta detected KP-54-like

immunoreactivity in the transport trophoblast subtype, the

syncytiotrophoblasts, which are responsible for secretion

of peptides into the maternal bloodstream. Whether the

KP/KISS1 (GPR54) have a direct effect on invasive tropho-

blasts, or an indirect effect via secretory trophoblasts, or act

through both mechanisms to regulate placentation remains

to be determined.

The role of KP in placentation and the regulatory

association with MMPs led to the hypothesis that they may

have an additional role in the pathogenesis of pre-eclampsia.

Co-analysis of KP and MMP-9 mRNA expression in tropho-

blasts of women with pre-eclampsia, compared to normal

pregnancy, detected significantly higher KP levels in pre-

eclampsia, corresponding with significantly lower MMP-9

expression levels (Qiao et al., 2005). In contrast, a second

study identified significantly lower KP mRNA levels in pre-

eclampsia (Farina et al., 2006). Further studies are required

into the association of KP/KISS1 (GPR54) and pre-eclampsia,

but these data suggest that KP/KISS1 (GPR54) contribute to

the pathogenesis of this disease.

KISS1 (GPR54) – an unexpected molecular switch
for puberty

In 2003, three different groups identified KISS1 (GPR54) as

an unexpected molecular switch for puberty (de Roux et al.,

2003; Funes et al., 2003; Seminara et al., 2003). Genetic

linkage analysis on a consanguineous family, with members

who had idiopathic hypogonadotrophic hypogonadism

(IHH), identified a homozygous leucine148 to serine148

(L148S by convention) mutation in the receptor gene

(Seminara et al., 2003) and subsequently the heterozygous

mutations R331X (X: undetermined amino acid) and X399R

in a separate family with IHH. Subjects with these mutations

have low gonadotrophin levels and a complete or partial

absence of luteinizing hormone (LH) pulsations and do not

undergo puberty, although they do respond to treatment

with replacement gonadotropin-releasing hormone (GnRH)

(Seminara et al., 2003; Aparicio, 2005). At the same time, a

homozygous deletion of 155 nucleotides spanning intron 4

and part of exon 5 and a mis-sense homozygous point

mutation L102P was identified in different probands (de

Roux et al., 2003). Since the initial mutations were described,

additional mis-sense mutations in the KISS1 (GPR54)

receptor resulting in IHH have been detected including

C223R and R297L (Semple et al., 2005).

The KISS1 (GPR54) knockout mice provided an elegant

example of a phenocopy syndrome between humans and

mice (MacDonald, 2004). In parallel to human studies,

Seminara et al. generated KISS1 (GPR54)�/� mice. Male mice

had greatly reduced testes size, hypoplastic Leydig cells,

spermatogenic arrest and lacked development of secondary

sex glands. Female mice had small vaginal openings, were

sterile and the oestrous cycle was absent. Ovary size and

uterine horns were greatly reduced and ovaries contained

only early follicles, no Graafian follicles or corpora lutea. A

third group studying KISS1 (GPR54) and puberty simulta-

neously developed knockout mice, which exhibited the same

phenotype as those used by Seminara et al. (Funes et al.,

2003). Hormone profiling of KISS1 (GPR54)�/� mice detected

striking similarities to the human syndrome, with low

gonadotrophin levels, but retaining the ability to respond

to exogenous GnRH. The results in human and mouse led to

the hypothesis that KP have an effect on secretion or

processing of GnRH.

Table 2 Studies comparing expression of KP/KISS1 (GPR54) in metastatic and non-metastatic tumours across a variety of cancer types

Cancer type Changes in KP/KISS1 (GPR54) in metastatic tumours Reference

Bladder cancer Decreased KP Sanchez-Carbayo et al. (2003b)
Breast carcinoma Decreased KP Lee and Welch (1997); Mitchell et al. (2006)
Choriocarcinoma Decreased KP and KISS1 (GPR54) Janneau et al. (2002)
Colon cancer Not measured Wisotzkey et al. (1997)
Endometrial carcinoma Decreased KP, no change in KISS1 (GPR54) Jiang et al. (2005)
Oesophageal carcinoma Decreased KP and KISS1 (GPR54) Ikeguchi et al. (2004)
Gastric carcinoma Decreased KP Dhar et al. (2004)
Hepatocellular carcinoma Increased KP and KISS1 (GPR54) Ikeguchi et al. (2003)
Malignant melanoma Decreased KP Lee et al. (1996); Shirasaki et al. (2001); Hesling et al. (2004)
Osteosarcoma Decreased KP Sanchez-Carbayo et al. (2003a)
Ovarian cancer Decreased KP Ohtaki et al. (2001)
Pancreatic cancer Decreased KP, no change in KISS1 (GPR54) Masui et al. (2004)
Papillary thyroid cancer Decreased KP, increased KISS1 (GPR54) Ringel et al. (2002)
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KP and GnRH release

The identification of KP as a molecular switch for puberty

attracted several groups to try to determine the mechanisms

for this novel pathway. The first group to begin unravelling

the signalling pathway showed that injection of KP-10 and

KP-54 directly into the lateral cerebral ventricle of the mouse

brain potently stimulated LH and follicle-stimulating hor-

mone (FSH) secretion, an effect that could be blocked by pre-

treatment with the GnRH antagonist acyline (Gottsch et al.,

2004). This finding has since been confirmed in adult and

prepubertal rats (Matsui et al., 2004; Navarro et al., 2004;

Thompson et al., 2004; Irwig et al., 2005), sheep (Messager

et al., 2005), monkeys (Shahab et al., 2005) and normal

human males (Dhillo et al., 2005). In addition to LH/FSH

surges induced by KP, sex steroid surges have also been

identified in human and rat (Dhillo et al., 2005). Limited

evidence suggests direct effects of the KP on the gonado-

trophs (Thompson et al., 2004), however it is more likely that

the KP stimulate the gonadotrophs via the GnRH neurones.

In contrast, continuous administration of KP-10 to the

juvenile male monkey resulted in an initial acute stimulation

of LH secretion followed by a selective and KISS1 (GPR54)

receptor-specific desensitization (Seminara et al., 2006). The

reduction in responsiveness to KP associated with receptor

desensitization was accompanied by downregulation of

GnRH/LH secretion, a finding that may have clinical

implications for the treatment of hypogonadotrophic states

by GnRH (Seminara et al., 2006). Receptor desensitization was

also observed following chronic infusion of KP-54 in adult

male rats, again leading to downregulation of LH secretion

and resulting in testicular degeneration, possibly owing to

changes in testicular blood flow (Thompson et al., 2006).

KP neurones in the brain

Approximately 75% of GnRH neurones co-express KISS1

(GPR54) (Irwig et al., 2005), a finding that has been

confirmed in sheep, where intracerebral injection of KP

resulted in direct release of GnRH into the cerebrospinal

fluid (Messager et al., 2005). Prominent regions of KP

expression in the brain are the arcuate nucleus (Arc),

periventricular nucleus (PeN), anteroventral periventricular

nucleus (AVPV), with lower levels in the anterodorsal

preoptic area, and bed nucleus of the stria terminalis

(Navarro et al., 2004; Smith et al., 2005a, b).

Navarro et al. (2004) showed that the total KP and KISS1

(GPR54) mRNA levels in female and male rat hypothalamus

are inhibited by oestrogen and testosterone, respectively.

Two parallel studies in female and male mouse brain

confirmed and extended this finding. Comparison of mRNA

expression in male mice, which were intact, castrated or

castrated with testosterone replacement, detected differen-

tial regulation of KP mRNA expression in different brain

regions (Smith et al., 2005b). In the Arc, castration resulted

in increased KP mRNA and reversal by oestrogen, dihydro-

testosterone (DHT) or testosterone. The majority of KP

expressing cells also expressed the oestrogen receptor-a
(ERa) or androgen receptor (AR), and in cells expressing

either mutated ERa or AR testosterone continued to regulate

KP expression. The ERb was not shown to have any role in

the KP cascade. These data suggest that in the Arc, KP

neurones are key mediators of the negative feedback loop

from testosterone to gonadotrophin secretion (Smith et al.,

2005b). In the AVPV and PeN the opposite effect was

observed, with a lowering of KP mRNA, which was also

rescued by testosterone. In further contrast to the Arc, KP

effects in AVPV and PeN are mediated only by ER as

oestrogen restores KP expression, while DHT does not. In

these regions ERb may have a role, as testosterone was still

able to mediate its effects (Smith et al., 2005b).

In ovary intact, ovariectomized and ovariectomized plus

oestrogen-treated female mice, the same pattern as in male

mice was observed in the Arc – raised KP in ovariectomized

mice that was rescued by oestrogen treatment (Smith et al.,

2005a). AVPV and PeN also had reduced KP expression in

ovariectomized animals, that could be rescued by oestrogen

and which appeared to be regulated by ERa. The AVPV is

sexually dimorphic, with significantly more KP neurones in

females and a suggested role in the preovulatory surge

(Smith et al., 2005a). The functional significance of these

differing regulatory pathways of KP in the Arc and AVPV

remains to be determined (Dungan et al., 2006). In mice,

ovulation is driven by a GnRH/LH surge at proestrous, which

is regulated by oestrogen-positive feedback. As GnRH

neurons do not express ERa this must occur by oestrogen

actions upon ERa-expressing neuronal afferents to GnRH

neurons (Wintermantel et al., 2006). These neuronal affer-

ents have been proposed to exist within the AVPV. Levels of

KP mRNA peak in the AVPV of adult female rats at

proestrous, while they are at their lowest point in the Arc.

This expression pattern of KP mRNA at proestrous, combined

with the expression of ERa mRNA in most KP neurons, has

lead to the suggestion that KP neurons in the AVPV play a

role in mediating the effects of oestrogen on the generation

of the preovulatory GnRH/LH surge (Smith et al., 2006b).

The influence of KP neurons in the AVPV on the regulation

of ovulation by oestrogen may explain the sexual differ-

entiation of KiSS-1 gene expression in the AVPV but not the

Arc (Clarkson and Herbison, 2006; Kauffman et al., 2007).

During lactation the cyclic pattern of oestrous is inhibited,

primarily due to the suppression of pulsatile GnRH/LH surges.

KP mRNA was significantly lower in the Arc of lactating

compared to non-lactating rats, while levels in the AVPV of

both sets of animals were continuously low. However, KISS1

(GPR54) mRNA levels were significantly lower in the AVPV of

lactating than non-lactating rats but were unchanged in the

Arc (Yamada et al., 2007). Changes in mRNA expression of KP/

KISS1 (GPR54) did not alter the LH secretory response to

KP-54 at sub-nanomolar levels, although an earlier study did

find reduced sensitivity to KP-10 during lactation when

administered at nanomolar but not sub-nanomolar levels

(Roa et al., 2006). Therefore it is probable that the suckling

stimulus-induced inhibition of KP/KISS1 (GPR54) expression

in the Arc is involved in the suppression of LH secretion in

lactating rats (Yamada et al., 2007).

The signalling pathway from KP administration to GnRH

secretion via KISS1 (GPR54) has been shown to involve

upregulation of the transcription factor associated with
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neuronal stimulation, Fos (Matsui et al., 2004; Irwig et al.,

2005; Smith et al., 2005a, b).

Direct evidence for KP as a molecular switch
for puberty

Evidence of the activation of the GnRH cascade by the KP

and feedback on the expression of KP in the forebrain by

gonadal steroids strongly indicate a role in puberty. To

expand on these findings, the role of KP as gatekeepers of

puberty has been directly investigated (Dungan et al., 2006).

Upregulation of KP in puberty has been shown in the

hypothalamus and AVPV of rats and mice (Navarro et al.,

2004; Han et al., 2005) and in the hypothalamus of monkeys

(Shahab et al., 2005). Central administration of KP to

prepubertal female rats advanced vaginal opening, suggest-

ing KP could directly initiate the onset of puberty. Some

discrepancy exists, as KISS1 (GPR54) receptors were not

upregulated in males during puberty (Han et al., 2005),

although there was a potential increase in efficacy of the KP

in these animals at puberty. In several species, reproduction

is controlled photoperiodically (Revel et al., 2006). The role

of KP in timing of puberty made them likely modulators of

the photoperiodic control. In Syrian hamsters, where

reproduction is promoted by long days and inhibited by

short days, KP were significantly lower in short-day animals,

an effect reliant on melatonin signalling, as pineal gland

ablation prevented the downregulation. In the Arc of ewe,

brain KP mRNA expression was lower during anoestrus, due

to a non-steroid-dependent seasonal effect, further suggest-

ing a role for KP in control of seasonal changes in

reproductive function (Smith et al., 2007). Although the KP

pathway is a prerequisite for puberty, it is unlikely to be the

sole gatekeeper, requiring interaction with numerous other

factors for puberty to commence (Dungan et al., 2006).

KP and the oestrous cycle

The stimulation of the gonadotrophin axis by the KP

suggested possible involvement in the positive feedback

loop between oestrogen, GnRH and LH and regulation of the

menstrual cycle. Subcutaneous administration of KP-54

induced ovulation in prepubertal female rats, which had

been treated with gonadotrophin to induce follicle matura-

tion (Matsui et al., 2004). In extracts of the whole

hypothalamus, KP and KISS1 (GPR54) mRNA expression

changed as a function of the oestrous cycle with KP

expression being at its nadir at proestrus and it is highest

at dioestrus (Navarro et al., 2004). However, it was later

shown that expression of KP/ KISS1 (GPR54) is at its highest

in the AVPV at proestrus, when it is also at its lowest in the

Arc (Smith et al., 2005a). Additionally, in the ovary

maximum levels of KP were identified at proestrus, with

levels remaining low throughout the rest of the cycle with

the exception of a transient increase at dioestrus (Castellano

et al., 2006a). No changes in KISS1 (GPR54) were detected.

Functionally, injection of KP throughout the oestrous

cycle induced LH secretion and maximal responses were

achieved at oestrus (Castellano et al., 2006a; Roa et al., 2006).

In the seminal work of Kinoshita et al. (2005), immunoneu-

tralization of local metastin action in the preoptic area

completely abolished the proestrus LH surge and inhibited

oestrus cyclicity. Therefore, increased KP/KISS1 (GPR54)

expression is critical for positive feedback in the GnRH

cascade and for ovulation. Subsequently, it has been

suggested that expression of KP/KISS1 (GPR54) in the AVPV

mediates the process of the GnRH surge at proestrus and

ovulation, whereas KISS1 (GPR54) neurons in the Arc are

likely to play a role in the negative feedback regulation of

GnRH/gonadotrophin secretion (Smith et al., 2005a, b). This

suggestion is reinforced by the findings of Wintermantel

et al. (2006) identifying a population of oestrogen-sensitive

neurons in the AVPV communicating directly with GnRH

neurons. The observation that KISS1 (GPR54) expression is

increased in the AVPV at the time of the GnRH/LH surge,

coupled with the abolition of the proestrus LH surge by the

immunoneutralization of local metastin action in the

preoptic area, leads to the conclusion that KISS1 (GPR54)

neurons in the AVPV drive the event of ovulation.

Immunocytochemistry (ICC) data identified KP immunor-

eactivity in specific ovarian compartments including theca

of growing and pre-ovulatory follicles, theca and granulosa-

lutein cells of corpus luteum and interstitial gland, the

ovarian surface epithelium and the oocyte. Interestingly, the

staining pattern also changed along the oestrous cycle, with

absence of expression in oestrous to early proestrous

granulosa cells, but detection in late proestrous granulosa

cells (Castellano et al., 2006a). The MMPs also have

differential expression along the oestrous cycle, facilitating

follicular breakdown during the periovulatory period.

A possible mechanism of the direct action of KP on ovaries

is inhibition of MMPs, to prevent unregulated proteolysis

of remaining ovarian tissue after follicular breakdown

(Castellano et al., 2006a).

Direct effects of KP on the testes

In addition to the indirect effects the KP have on the testes

via GnRH expression, direct effects in the testes have been

shown (Kotani et al., 2001; Ohtaki et al., 2001; Funes et al.,

2003; Thompson et al., 2004). Continuous chronic admin-

istration of KP in male rats resulted in decreased testicular

weight and degeneration of the seminiferous tubules,

leading to the hypothesis that KP may alter testicular blood

flow (Thompson et al., 2004).

KP – a role in diabetes, obesity and cardiovascular
disease?

In women of reproductive age, polycystic ovarian syndrome

(PCOS) is a common syndrome, which is associated with

infertility, increased LH levels and increased resistance to

insulin. Therefore, Panidis et al. (2006) sought to investigate

potential correlation between PCOS and the KP by compar-

ing KP levels of normal weight women with PCOS, obese

women with PCOS and obese controls. In this study, normal
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weight women with PCOS had significantly higher KP-54

levels and were less insulin resistant than obese women with

PCOS (Panidis et al., 2006). Plasma KP levels were also

negatively correlated with body mass index and indices of

insulin resistance.

KP and KISS1 (GPR54) have been detected in pancreas

(Kotani et al., 2001; Muir et al., 2001; Ohtaki et al., 2001),

which is a key regulator of whole-body homeostasis. In

mouse islets of Langerhans both KISS1 (GPR54) and KP were

detected in a- and b-cells, but not in the exocrine pancreatic

cells (Hauge-Evans et al., 2006). In functional experiments,

exposure of human and mouse islets to KP did not affect

basal rate of insulin secretion, but caused a stimulation of

glucose-induced insulin secretion. KISS1 (GPR54) was also

detected in insulin-secreting mouse b-islet cell lines

although, in contrast to primary tissue, KP exposure

inhibited insulin secretion at basal and stimulated glucose

levels (Hauge-Evans et al., 2006) in these cells. As hypogo-

nadism is common in uncontrolled diabetes, a further study

sought to elucidate the potential role of KP in this

phenomenon. In streptozotocin-induced diabetic rats, where

the gonadotrophic axis is attenuated, KP administration

evoked LH and testosterone bursts (Castellano et al., 2006b).

KiSS-1 gene expression was severely decreased in these rats

and could be rescued by infusion of leptin, but not insulin.

Leptin is a satiety factor, which is produced by adipocytes

and acts on the forebrain, including in the Arc where

expression of KISS1 (GPR54) has been described (Castellano

et al., 2005; Smith et al., 2006a). KP reduced the decline in

gonadotrophin secretion that is observed in rats treated with

leptin antibodies (Castellano et al., 2005). Comparison of

castrated wild-type mice to leptin-deficient ob/ob mice

identified a significant reduction in KP mRNA in the Arc of

ob/ob mice. When treated with leptin KP mRNA levels in ob/

ob mice were increased, although not fully restored (Smith

et al., 2006a). Additionally, 40% of KP mRNA-expressing cells

in the Arc also expressed the leptin receptor mRNA Ob-Rb,

suggesting that leptin is a direct regulator of KP neurones.

The endogenous ligand of the growth hormone secreta-

gogue receptor, ghrelin (Kojima et al., 1999), is a regulator of

energy homeostasis and reproduction. Ghrelin has been

shown to suppress LH secretion in both rats and monkeys.

Therefore, to further elucidate effects of ghrelin on LH

secretion, KP and ghrelin were co-administered. Although

ghrelin did not significantly modify the magnitude of the

acute stimulatory effects of KP on LH secretion, it did

significantly shorten the duration and net magnitude of the

response (Martini et al., 2006). It was therefore speculated

that in conditions of hyperghrelinemia, such as observed in

low body mass index, the LH releasing ability of the KP may

be negatively impacted (Martini et al., 2006).

Diabetes and obesity are associated with cardiovascular

disease and, furthermore, tumour metastasis and placenta-

tion are processes involving angiogenesis, leading to the

hypothesis that the KP may function as novel cardiovascular

transmitters. In human, vasculature KISS1 (GPR54) has a

restricted localization to smooth muscle of vessels with the

same developmental origins, umbilical vein, coronary artery

and aorta (Mead et al., 2006). Interestingly, KISS1 (GPR54)

and the KP also localized to cells within the atherosclerotic

plaque of coronary artery. In isolated rings of coronary artery

and umbilical vein KP-10, KP-13 and KP-54 acted as

vasoconstrictors with comparable potencies and maximum

responses. The local detection and vasoconstrictor action of

the KP in human vasculature suggests that they may act as

novel paracrine vascular transmitters at the KISS1 (GPR54)

receptor. Discrete localization of receptor to vessels prone to

atherosclerosis also implicates this receptor system in the

pathophysiology of cardiovascular disease (Mead et al.,

2006).

In addition to roles in puberty, metastasis and placenta-

tion, a role for KP is emerging in whole-body homeostasis, by

novel interactions with peptides that have well characterized

roles in this process, such as insulin, leptin and ghrelin.

Synthetic agonists

Alanine and D-amino acid replacement scanning of KP-10

revealed that the final five amino acids are essential for

agonist activity at KISS1 (GPR54). Synthetic derivatives based

on the structure of KP-10, of approximately five amino acids

length, showed high affinity and comparable potency to

KP-10. Further structure–activity relationship studies on

these compounds identified H-Amb-Nal(2)-Glycine-

Leucine-Arginine-Tryptophan-NH2 (Amb: 4-(aminomethyl)-

benzoic acid; Nal(2): 3-(2-naphthyl)alanine) as the most

potent KISS1 (GPR54) agonist reported to date. Further

modification of synthetic pentapeptide analogues revealed

that in a synthetic agonist (H-Amb-Phenylalanine-Glycine-

Leucine-Arginine-Tryptophan-NH2) which shares four amino

acids with the C terminus of the KP, the phenylalanine-glycine

bond is required in the trans-amide conformer for biological

activity (Tomita et al., 2007). A pharmacophore model

derived from KP-13 structure–activity relationship studies

showed that phenylalanine9, arginine12 and phenylalanine13

are the key amino acids for KP function. Using this model,

small molecule compounds with agonist activity at KISS1

(GPR54) were discovered from a corporate library; however,

they had significantly lower potency and affinity than the

native peptide (Orsini et al., 2007). No antagonists at this

receptor have currently been described.

Conclusions and future directions

The pairing of the KP with the KISS1 (GPR54) receptor has

received growing attention since the description of the

receptor as a molecular switch for puberty. Mechanisms

underlying the role of KISS1 (GPR54) in puberty are the

focus of the majority of emerging reports into this receptor

system. A significant body of evidence across several species

now suggests that KISS1 (GPR54) activation is a critical point

in the commencement of puberty, although further investi-

gation is required to fully characterize the interaction

between KP and the GnRH cascade. Caution must be

exercised when drawing specific inferences from the animal

data summarized in this review on the role of the KP in

human reproduction, as differences in the physiological

mechanisms regulating reproduction exist between species.
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Synthetic agonists targeting KISS1 (GPR54) may represent

novel therapeutic agents for the treatment of hypogonado-

trophic hypogonadism in some affected individuals,

although, prior to consideration as a drug target the other

significant functions of the KP including their role in

placentation, anti-metastatic effect and vasoconstrictor

action must be further investigated. The diverse multi-

functional nature of the KP is beginning to unravel. The

unexpected role of these peptides in puberty has given rise to

a number of important questions that remain to be answered

to elucidate the extent to which KP regulate the timing of

puberty. However, in answering these questions other

important areas of emerging pharmacology and physiology

of this receptor and peptide should not be overlooked.
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