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Abstract

The reproductive neuropeptide kisspeptin has emerged as the master regulator of

mammalian reproduction due to its key roles in the initiation of puberty and the con-

trol of fertility. Alongside the tachykinin neurokinin B and the endogenous opioid

dynorphin, these peptides are central to the hormonal control of reproduction. Build-

ing on the expanding body of experimental animal models, interest has flourished

with human studies revealing that kisspeptin administration stimulates physiological

reproductive hormone secretion in both healthy men and women, as well as patients

with common reproductive disorders. In addition, emerging therapeutic roles based

on neurokinin B for the management of menopausal flushing, endometriosis and

uterine fibroids are increasingly recognised. In this review, we focus on kisspeptin

and neurokinin B and their potential application as novel clinical strategies for the

management of reproductive disorders.
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1 | INTRODUCTION

Reproductive disorders are a broad range of highly prevalent condi-

tions, frequently caused by aberrations in the hypothalamic-pituitary-

gonadal (HPG) reproductive axis. Indeed, recent epidemiological data

reveals that infertility is experienced by 12.5% of women and 10.1%

of men in the United Kingdom.1 Despite the major health burden

associated with reproductive disorders, many standard therapies are

limited by poor efficacy, contraindicated in many and carry significant

side-effects. Novel safe and effective clinical strategies are therefore

much needed.

The reproductive neuropeptide kisspeptin has emerged as critical

for mammalian reproduction due to its key role as an upstream regula-

tor of gonadotropin-releasing hormone (GnRH) secretion, thereby

coordinating the hypothalamic-pituitary-gonadal (HPG) axis.2 Along-

side the tachykinin neurokinin B (NKB) and the endogenous opioid

dynorphin (Dyn), these peptides are central to the hormonal control

of reproduction. Given their importance, research has flourished in

the field of kisspeptin, neurokinin B and dynorphin biology, paving the

way to the development of therapeutics based on these peptides. In

this review, we focus on the experimental animal data and human

studies examining kisspeptin in health and disease. In addition, we

summarise emerging therapeutic roles for neurokinin B in the man-

agement of menopausal flushing, endometriosis and uterine fibroids.

A comprehensive and up-to-date understanding of this important area

in reproductive biology is key to the development of novel clinical

strategies for the management of reproductive disorders.

2 | THE REPRODUCTIVE AXIS: A
HISTORICAL PERSPECTIVE

Reproduction and fertility are controlled by the HPG axis, which acts

as a tightly regulated neuroendocrine network to control gonadal
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development and function. Despite the fundamental role of

kisspeptin-signalling in reproductive function, early study focused on

its involvement in cancer biology when in 1996 the kisspeptin gene

(KISS1 in humans and Kiss1 in nonhumans) was first discovered as a

metastasis suppressor gene in human melanoma cell lines.3 In 1999

the gene encoding a G protein-coupled receptor was identified and

initially termed G protein-coupled receptor 54 (GPR54).4 In 2001 it

was redesignated the “kisspeptin receptor” (KISS1R in humans and

Kiss1r in nonhumans) following demonstration by independent groups

that the KISS1/Kiss1 gene product “metastin” (now known as

kisspeptin-54) acted as its natural ligand.5–7 Along with the shorter

peptides (kisspeptin-14, -13, and -10) derived from the same precur-

sor protein, they became known as kisspeptin.

Shortly after discovery, evidence emerged of unambiguous physi-

ological functions extending beyond cancer biology. In 2003 two sep-

arate groups published reports in rapid succession describing

individuals from two consanguineous families with hypogonadotropic

hypogonadism (HH) due to an inactivating mutation of KISS1R.8,9

Concurrently, an equivalent reproductive phenotype was recapitu-

lated in mice by targeted deletion of Kiss1r.9 Subsequent key support-

ing findings included demonstration that mice and humans with

inactivating mutations in the KISS1/Kiss1 gene failed to undergo nor-

mal sexual maturation.10,11 Conversely, activating mutations of KISS1R

in humans caused central precocious puberty.12 Following the discov-

ery of kisspeptin and its receptor, a subpopulation of neurons was

identified within the hypothalamic arcuate nucleus of several mamma-

lian species in which kisspeptin is colocalised with NKB and Dyn.13–16

Taken together, these historic discoveries in reproductive biology

have been critical in identifying kisspeptin as essential for reproduc-

tive health.

3 | KISSPEPTIN ISOFORMS

The kisspeptin isoforms are structurally related peptides encoded by

the KISS1/Kiss1 gene. Differing in amino acid length, they are the pro-

teolytic products of a common 145-amino acid precursor, resulting in

four fragments: kisspeptin-54, �14, �13 and � 10 (suffix conveying

the amino acid length).5,6 The major circulating isoform in humans is

believed to be kisspeptin-54 as suggested by data in pregnancy.17

However, the degree to which each isoform is present in the circula-

tion remains unknown.18 Each isoform shares a common C-terminal

decapeptide sequence (corresponding to kisspeptin-10), which con-

fers biological activity at the kisspeptin receptor.5,6 Furthermore, com-

petition binding experiments reveal that the kisspeptin isoforms are

equipotent on both the rat and human kisspeptin receptors, suggest-

ing that each isoform has a similar affinity and efficacy for the kis-

speptin receptor in vitro.6 Hence, this indicates that the C-terminal

decapeptide sequence is responsible for the high binding affinity and

activation of the kisspeptin receptor.6

Regarding in vivo properties, administration of kisspeptin-54

demonstrates more potent effects than kisspeptin-10, which probably

reflects the ability of kisspeptin-54 (but probably not kisspeptin-10) to

cross the blood–brain barrier.19 Additionally, intraperitoneal adminis-

tration of kisspeptin to male mice has been observed to rapidly access

the bloodstream with kisspeptin-10 reaching maximum levels after

2 min and kisspeptin-54 after 5 min.19 In this experimental model,

despite administration of equimolar amounts, peak levels of

kisspeptin-54 in the bloodstream were almost 50 times higher than

after administration of kisspeptin-10.19 In addition, peak plasma kis-

speptin levels lasted until 30 min post-administration of kisspeptin-54

followed by progressive diminishment until 120 min, whereas plasma

kisspeptin levels were undetectable by 10-min following kisspeptin-

10 administration,19 demonstrating a longer profile for kisspeptin-54.

Indeed, in healthy men the circulating half-life of kisspeptin-54 is 27.6

(±1.1) min.20 In contrast, the circulating half-life of kisspeptin-10 is

significantly shorter at 3.8 (±0.3) and 4.1 (±0.4) min in healthy men

and women, respectively, reflecting increased proteolytic degradation

in circulation.21 These pharmacological differences have important

implications for the clinical utility of kisspeptin-based therapeutics.

4 | PATTERNS OF EXPRESSION

The distribution of peripheral and central kisspeptin and its receptor

provides important evidence for the pleiotropic functions of kisspep-

tin beyond the classical reproductive axis.

4.1 | Peripheral kisspeptin expression

In humans, abundant KISS1R mRNA expression has been detected in

the placenta and pancreas, as well as lower levels in various other

organs, including adipose tissue, heart, kidney, liver, lung, small intes-

tine, spleen, stomach, testis, thymus and fetal lung, as determined by

reverse transcription polymerase chain reaction (RT-PCR).5–7 In con-

trast, KISS1 mRNA has been detected predominantly in the placenta,

with the next highest level in the testis, and moderate levels in the

liver, pancreas and small intestine.5,7

4.2 | Central kisspeptin expression

4.2.1 | Hypothalamic expression

The distribution of kisspeptin-expressing neurons in the hypothalamus

varies in a species-dependent manner. In rodents, kisspeptin is

expressed in two distinct hypothalamic nuclei: the arcuate nucleus

(ARC) and the preoptic area (POA) which includes the anteroventral

periventricular nucleus (AVPV). Both populations reside near GnRH

dendrites and/or cell bodies.22–24 The ARC kisspeptin neurons coex-

press NKB and Dyn to form the so-called kisspeptin/neurokinin

B/dynorphin (KNDy) neurons.13 Furthermore, KNDy neurons form

abundant close appositions with GnRH neuron distal dendrons with

only kisspeptin sufficient to activate the GnRH neuron dendron

(despite all three neuropeptides being released from KNDy
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terminals).25 In the human hypothalamus, the two corresponding

regions of kisspeptin expression are the infundibular nucleus (equiva-

lent to the rodent ARC) and the rostral POA, with both neuronal

populations projecting to GnRH neurons in the mediobasal hypothala-

mus.26,27 The evidence for KNDy neurons in humans is currently less

robust than in other species. Whereas putative KNDy neurons have

been identified in the infundibular nucleus of women,28 ARC kisspep-

tin neurons in men may not coexpress dynorphin.29

4.2.2 | Extra-hypothalamic expression

In rodents, kisspeptin-immunoreactive fibres have been detected in

the amygdala, bed nucleus of the stria terminalis and thalamus,24 as

well as Kiss1r mRNA in the frontal cortex, hippocampus, midbrain, stri-

atum and thalamus.4,30 In humans, KISS1 and/or KISS1R mRNA have

been identified in the amygdala, caudate nucleus, cerebellum, cingu-

late gyrus, globus pallidus, hippocampus, medial frontal gyrus, nucleus

accumbens, parahippocampal gyrus, putamen, spinal cord, striatum,

substantia nigra, superior frontal gyrus and thalamus, as localised by

RT-PCR.6,7 Crucially, many of these brain regions form the limbic sys-

tem, which has important roles in regulating the expression of sexual

and emotional behaviours31 and provides an anatomical basis that kis-

speptin could be involved in these functions.

5 | THE ROLE OF KNDy NEURONS IN
REPRODUCTION

5.1 | Kisspeptin as the master regulator of the
reproductive axis

Preclinical animal models establish that kisspeptin is a potent stimula-

tor of GnRH and gonadotropin secretion in mammals. In the hypotha-

lamic rostral POA of the adult female mouse, dual immunofluorescence

experiments reveal that kisspeptin fibres form close appositions with

>40% of GnRH cell bodies.32 Furthermore, in juvenile male mice,

approximately 90% of GnRH neurons express Kiss1r mRNA with similar

relative expression of Kiss1r mRNA observed in GnRH neurons from

adult male mice.33 Kisspeptin administration stimulates GnRH secretion

from in vitro rat hypothalamic explants (but not pituitary fragments),34

confirming that kisspeptin stimulates the HPG axis predominantly via

the hypothalamus. Central administration of kisspeptin to rats induces

expression of c-Fos (a marker of neuronal activation) in GnRH

neurons,35 and evokes a potent, long-lasting depolarisation of >90% of

GnRH neurons in situ in adult mice.33 Furthermore, kisspeptin's stimula-

tory effect has been shown to be abolished by pretreatment with a

GnRH antagonist.22 Collectively, these observations reveal that kisspep-

tin sits above GnRH and that GnRH neurons are direct targets for regu-

lation by kisspeptin.

In keeping with in vitro and in situ experimental models, central

kisspeptin administration can elicit maximal LH secretion across a

broad range of species, including rats,34 sheep36 and monkeys.37

Regardless of the administration route, kisspeptin stimulates LH

secretion (and to a lesser extent FSH), including following peripheral

administration in rodents34 and monkeys.37 Indeed, these findings are

remarkably congruent with Kiss1�/� and Kiss1r�/� knockout mice,

whereby Kiss1�/� mutants respond to kisspeptin administration with

increased gonadotropin levels, but not Kiss1r�/� mutants.38 This

reveals that kisspeptin acts as the principle endogenous ligand for the

kisspeptin receptor. Taken together, these key experimental data

underpin the now well-established control of the HPG axis: kisspeptin

stimulates GnRH neurons (residing largely in the POA) in the hypo-

thalamus by activating kisspeptin receptors, which controls the pulsa-

tile and surge release of GnRH into the local hypophyseal-portal

circulation, thereby stimulating the release of downstream pituitary-

gonadal reproductive hormones.39 It is interesting to note that species

differences in the distribution of GnRH neurons in mammals exists

with a significant proportion of GnRH neurons in the lateral anterior

tuberal hypothalamus in primates, sheep, ferrets and guinea pigs, com-

pared with a dominance of GnRH neurons in the medial POA and sep-

tum in rodents, cats, hamsters, pigs and voles.40

5.2 | Positive and negative sex-steroid feedback

Ovarian sex-steroids induce feedback effects on the hypothalamus, in

order to modulate the cyclical release of GnRH and gonadotropins.41

The feedback actions of oestrogen are mediated through hypotha-

lamic kisspeptin neurons, via oestrogen receptor alpha (ERα),41 with

a marked proportion of kisspeptin AVPV and ARC neurons coex-

pressing ERα.42,43 Of note, AVPV and ARC kisspeptin neurons dis-

play opposing roles in positive and negative sex-steroid feedback as

summarised below:

5.2.1 | Positive feedback

Kisspeptin neurons in the rodent AVPV are more abundant in females

in whom positive feedback is more significant.44 Whereas kisspeptin

expression in the mouse AVPV is reduced following ovariectomy,

expression increases in response to oestrogen treatment.42 In ovariec-

tomised female mice lacking ERα, AVPV kisspeptin expression is unaf-

fected by oestrogen replacement, whereas mice lacking ERβ respond

to oestrogen in the same manner as wild-types,42 indicating that ERα

(not ERβ) is important for mediating the stimulatory effect of oestro-

gen on AVPV kisspeptin expression.

5.2.2 | Negative feedback

ARC kisspeptin colocalises with NKB (acting at the neurokinin 3

receptor [NK3R]) and Dyn (acting at the kappa-opioid receptor

[KOR]). In this region, kisspeptin neurons of female mice express the

NKB and Dyn genes, as well as the NK3 and Dyn receptor genes.14

From a functional perspective, NKB and Dyn demonstrate
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autoregulation of kisspeptin release, with alternate stimulation of

NKB and inhibition by Dyn leading to pulsatile kisspeptin secretion.45

Moreover, in addition to negative feedback actions from oestrogen,

data in ewes suggests that ARC dynorphin neurons also mediate the

negative feedback actions of progesterone by increasing dynorphin

release from ARC KNDy neurons to inhibit GnRH and LH pulse

frequency.46

Together, data from rodent models reveals that oestrogen has

positive feedback effects by stimulating kisspeptin expression in the

AVPV to induce the GnRH surge, whereas oestrogen has negative

feedback effects on the ARC by inhibiting kisspeptin release to sup-

press GnRH secretion.47 In humans and nonhuman primates, the

infundibular neurons relays both positive and negative feedback

effects with the role of the POA kisspeptin neurons in sex-steroid

feedback undetermined.26,48

6 | THERAPEUTIC APPLICATION IN
HUMANS

In view of the data from animal studies revealing kisspeptin's role as a

potent inducer of GnRH and gonadotropin secretion, further research

attention has been directed towards whether it can stimulate repro-

ductive hormone release in healthy men and women, as well as

patients with reproductive disorders due to impaired gonadotropin

secretion as detailed below. Furthermore, whether NKB-signalling

can be manipulated to treat menopausal flushing, endometriosis and

uterine fibroids has also been investigated.

6.1 | Kisspeptin administration stimulates
reproductive hormone secretion in healthy men and
women

6.1.1 | Healthy men

The first study examining kisspeptin administration in humans was

undertaken in 2005 using kisspeptin-54.20 In healthy male volunteers,

dose-dependent increases in circulating LH were observed with a

90-min infusion (0.25–12 pmol/kg/min).20 Although FSH and testoster-

one levels were also increased, the effects were not dose-dependent.20

This is consistent with preclinical animal evidence revealing that kis-

speptin's stimulatory effect on LH release is more marked than on FSH

in terms of the increase over basal levels.34 Additional studies have

been conducted to delineate whether shorter kisspeptin isoforms can

induce a similar degree of gonadotropin secretion. Administration of

kisspeptin-10 as an intravenous bolus (0.01–3.0 mcg/kg) has been

shown to increase circulating LH rapidly and dose-dependently with

peak stimulation at 30 min following 1 mcg/kg.49 Moreover, as an infu-

sion, kisspeptin-10 (4 mcg/kg/h) increased LH secretion four-fold.49 Of

note, whereas LH pulses were obscured by this high infusion rate, a

lower rate of 1.5 mcg/kg/h not only stimulated LH secretion, but also

increased the LH pulse frequency and pulse size.49

Given these findings, it is interesting to consider whether admin-

istration of different kisspeptin isoforms have equipotent stimulatory

responses. Indeed, kisspeptin-10 and kisspeptin-54 have been shown

in healthy men to have similar effects on gonadotropin secretion

when administered intravenously.50 In this study, both isoforms were

also compared with direct pituitary stimulation using a GnRH infusion.

Specifically, GnRH had more potent effects on LH and FSH release:

three- and two-fold greater than compared with kisspeptin-10 and

kisspeptin-54, respectively.50 From a therapeutic perspective,

although GnRH is more potent, kisspeptin induces a more physiologi-

cal release of GnRH from the endogenous pool which may be prefera-

ble clinically in restoring physiology.51

6.1.2 | Healthy women

Administration of subcutaneous kisspeptin-54 (0.2–6.4 nmol/kg) to

women in the follicular phase dose-dependently stimulates LH

release, with a response which is seven-fold greater than that

observed on FSH.52 Furthermore, a single subcutaneous dose of

kisspeptin-54 (0.15–0.60 nmol/kg) has been shown to temporarily

increase LH pulsatility in the follicular phase.53 However, it is interest-

ing to consider whether these pulses represent endogenous LH pulses

or a pharmacological burst of LH pulses (similar in appearance to

endogenous pulses).

Circulating LH increases in all cycle phases following subcutane-

ous kisspeptin-54 (0.4 nmol/kg) but the greatest effect occurs in the

preovulatory phase (5-fold greater than in the follicular and luteal

phase) and least in the follicular phase.52 Similarly, only half of the

women in the early follicular phase show clear LH responses following

an intravenous bolus of kisspeptin-10 (0.24 nmol/kg), whereas robust

LH responses occur in all women in the luteal and preovulatory

phases.54 Taken together, these data demonstrate that the response

to exogenous kisspeptin depends on the menstrual cycle phase and

therefore the prevailing sex-steroid milieu.

Regarding safety, studies in healthy men and women indicate that

acute administration of kisspeptin is well tolerated with no safety con-

cerns.20,55 In addition, administration of kisspeptin is not associated

with significant changes in heart rate or blood pressure in healthy vol-

unteers, which has important safety implications for the escalating

development of kisspeptin-based therapies.56 Moreover, at doses of

kisspeptin-54 known to stimulate gonadotropin secretion, administra-

tion has no significant acute or chronic effects on circulating growth

hormone, prolactin or thyroid stimulating hormone levels in healthy

women.57

6.2 | Kisspeptin administration restores
reproductive hormone secretion in hypothalamic
amenorrhoea

HA is associated with reduced GnRH pulsatility causing HPG axis sup-

pression and chronic anovulation,58 because of excessive exercise,
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reduced energy intake with weight loss or psychological stress.59 Data

from rodent models provided the initial evidence that kisspeptin could

restore reproductive hormone secretion in women with HA. In prepu-

bertal rats, 72 h of food deprivation was observed to decrease hypo-

thalamic kisspeptin and kisspeptin receptor expression.60 Whereas

strikingly daily kisspeptin administration from postnatal day 30 to

37 increased the previously suppressed gonadotropin levels.60

Turning to women with HA, acute administration of subcutane-

ous kisspeptin-54 (6.4 nmol/kg) has been shown to induce an LH

response within 4-h, an effect which is four-fold more potent than

that seen in healthy women in the follicular phase.61 However,

chronic administration risks tachyphylaxis. In a study examining differ-

ent administration protocols, twice-daily subcutaneous kisspeptin-54

(6.4 nmol/kg) resulted in a progressive diminishment of the acute LH

response to the extent that the mean LH fell from 23.3 (±12.1) IU/L

(day one) to 1.1 (±0.5) IU/L (day 14).62 In contrast, twice-weekly

administration for eight-weeks produced only partial desensitisation

with gonadotropins remaining raised at eight-weeks,62 revealing that

tachyphylaxis can be overcome by reducing the administration

frequency.

A defining feature of HA is reduced LH pulsatility. It is therefore

pertinent that kisspeptin administration not only increases LH secre-

tion, but also restores LH pulsatility in women with HA. During an 8-h

infusion of kisspeptin-54 (0.01–1.00 nmol/kg/h), both basal and pulsa-

tile LH secretion were temporarily increased.63 In fact, in this study the

peak number of LH pulses increased three-fold and the peak LH pulse

secretory mass six-fold compared to placebo.63 The observation that

continuous infusion of kisspeptin-54 can restore LH pulsatility may be

attributed to several putative mechanisms. Peripheral kisspeptin-54

may act at GnRH nerve terminals at the median eminence to augment

pre-existing and undetectable GnRH/LH pulses into detectable GnRH/

LH pulses. Alternatively, direct or indirect mechanisms may be at play

allowing peripheral kisspeptin-54 to stimulate de novo GnRH/LH pulses.

Collectively, these studies reveal that kisspeptin administration in

women with HA can be used to potently stimulate reproductive hor-

mone secretion and increase LH pulsatility, suggesting similar beneficial

effects in other common reproductive disorders.

6.3 | Kisspeptin administration restores
reproductive hormone secretion in
hyperprolactinaemia

Hyperprolactinaemia causes HH and infertility due to suppressed LH

pulsatility.64 Dopamine agonists are highly effective in most cases by

normalising prolactin levels and restoring eugonadism.65 However,

resistance occurs with bromocriptine and cabergoline in approxi-

mately 20%–30% and 10% of patients, respectively,66 underscoring

the need for alternative therapies for resistant and intolerant patients.

Most GnRH neurons do not express prolactin-receptors,67

whereas kisspeptin neurons unequivocally do with hyperprolactinae-

mia reducing hypothalamic kisspeptin expression.68 This reveals that

prolactin exerts its suppressive effects on the HPG axis by supressing

kisspeptin inputs to GnRH neurons, implying that kisspeptin adminis-

tration could be used to restore the downstream axis. In a preclinical

mouse model of hyperprolactinaemia-induced anovulation, female

mice were observed to have reduced gonadotropin secretion and

diminished kisspeptin expression as expected.69 Daily administration

of kisspeptin-10 not only restored the biochemical effects of prolactin

excess on gonadotropin secretion, but also restored ovarian cyclic-

ity.69 Translating these findings into humans, in two women with

cabergoline resistant hyperprolactinaemia and chronic amenorrhoea, a

12-h infusion of kisspeptin-10 (1.5 mcg/kg/h) induced robust

increases in circulating LH and FSH levels, as well as LH pulsatility.70

These data highlight kisspeptin as a putative therapeutic target for the

management of hyperprolactinaemia, with further clinical studies

needed to expand on these exciting preliminary findings.

6.4 | Kisspeptin administration stimulates
reproductive hormone secretion in diabetes-related
hypogonadism

HH occurs in 25%–40% of men with type 2 diabetes mellites.71

Although the underlying causative mechanism is almost certainly

multifactorial,72 it has been posited that suppressed endogenous kis-

speptin secretion may link the metabolic and reproductive abnormali-

ties.73 In fact, factors decreasing GnRH secretion (such as

hyperglycaemia and inflammation) have also been observed to sup-

press kisspeptin expression in animal models.73

In a study investigating acute gonadotropin responses in men

with type 2 diabetes (BMI >40 kg/m2) and mild biochemical hypogo-

nadism, both an intravenous bolus (0.3 mcg/kg) and continuous 11-h

infusion of kisspeptin-10 (4 mcg/kg/h) induced two- and five-fold

increases in LH secretion, respectively.74 In response to intravenous

infusion, kisspeptin also increased the LH pulse frequency by 50% and

circulating testosterone levels by 35%,74 suggesting that kisspeptin

administration may serve to enhance endogenous testosterone secre-

tion in men with diabetes. This is relevant given that kisspeptin admin-

istration has been observed to enhance glucose-stimulated insulin

secretion in healthy men,75 indicating that kisspeptin may modulate

both reproductive hormone secretion and insulin release in patients

with diabetes with further clinical studies warranted.

6.5 | Kisspeptin triggers egg maturation in women
undergoing in vitro fertilisation

During in vitro fertilisation (IVF), human chorionic gonadotropin (hCG)

is used as a surrogate for the mid-cycle LH surge owing to its struc-

tural and biological resemblance to LH.76 However, hCG's longer

half-life and more potent effect at the LH receptor77,78 can result in

prolonged ovarian LH receptor stimulation, causing the potentially

life-threatening complication of Ovarian Hyperstimulation Syndrome

(OHSS).79 This underscores the need for more physiological stimuli to

trigger oocyte maturation.
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Following standard superovulation with recombinant FSH and

a GnRH antagonist, a single subcutaneous bolus of kisspeptin-54

(1.6–12.8 nmol/kg) induces an LH surge and dose-dependently

increases egg maturation.80 As a result, subsequent studies have

investigated whether kisspeptin might provide an alternative trigger

for egg maturation in women at high-risk of developing OHSS. In a

randomised trial of high-risk women, following standard superovula-

tion, women were randomly assigned to receive a single injection of

kisspeptin-54.81 At all doses tested (3.2–12.8 nmol/kg), the biochemi-

cal pregnancy rate was 63%, clinical pregnancy rate 53% and live birth

rate 45%, with no women developing moderate to critical OHSS.81

From a therapeutic perspective, the endogenous LH surge lasts

48 h,82 compared with 10–12 hours with a single dose of kisspeptin-

54. Given this, the addition of a second dose of kisspeptin-54 to

improve oocyte maturation has been studied. In a randomised,

placebo-controlled trial in women at high risk of OHSS, a second dose

of kisspeptin-54 (9.6 nmol/kg) 10 h following the first dose induced

further LH secretion.83 This resulted in 71% of women achieving an

oocyte yield of ≥60% compared with 45% of women receiving a single

dose of kisspeptin-54.83 Together, these studies support the use of

kisspeptin administration for oocyte maturation in an IVF setting,

including in women at high risk of OHSS. Further clinical studies

directly comparing kisspeptin to standard triggers of egg maturation

are required.

6.6 | Generation of kisspeptin analogues

Native kisspeptin has significant potential to treat common reproduc-

tive disorders. However, its susceptibility to rapid enzymatic cleav-

age84 and short half-lives20,21 poses specific therapeutic challenges.

Moreover, repeated high-dose administration risks tachyphylaxis,61,62

causing diminished stimulation of the HPG axis. To overcome these

challenges, synthetic analogues of kisspeptin have been generated,

which aims to reduce proteolytic degradation, slow down renal clear-

ance and maintain agonistic activity at the kisspeptin receptor.

Since kisspeptin-10 is the shortest endogenous isoform capable

of activating the kisspeptin receptor, chemical modifications of the

kisspeptin-10 template have produced novel compounds to have

increased potency and stability.85,86 Once such example is MVT-602

(previously called TAK-448). MVT-602 possesses four replacements

[N-terminal D-Tyr, Hyp,47 azaGly51 and Arg(Me)53] and one deletion

[Asn46] at the key protease cleavage sites of kisspeptin-10,87 produc-

ing enhanced metabolic stability, potency and water solubility.85 Test-

ing of MVT-602 in healthy men has revealed that when administered

as a single subcutaneous bolus (0.001–6 mg) sustained LH stimulation

occurs with maximal responses between 6 and 12 h and LH levels

remaining raised for 48–72 h.88 In contrast, as an initial 0.1 mg subcu-

taneous bolus followed by a 13-day infusion (0.01–1 mg per day),

MVT-602 caused an initial surge in circulating LH and testosterone,

followed by abrupt reductions by day two. Although these suppres-

sive effects persisted throughout the infusion period, they were

reversible after treatment cessation with testosterone levels returning

to normal by 14-days.88 Moreover, in a recent study comparing

healthy women in the follicular phase with polycystic ovarian syn-

drome and HA women, subcutaneous administration of MVT-602

(doses 0.01 and 0.03 nmol/kg) resulted in similar LH increases in the

PCOS and healthy groups.89 In contrast, MVT-602 induced an exag-

gerated and early rise in circulating LH in HA women, with an initial

peak at 6.2 h compared with 15.1 h in healthy women.89 This can

putatively be explained by a greater abundance of kisspeptin recep-

tors in HA leading to an exaggerated gonadotropin rise.

Taken together, generation of kisspeptin analogues offer pharma-

cological advantages over native kisspeptin with potentially higher

and longer-lasting biological activity, which represents a key advance

in the treatment of reproductive disorders. From a clinical perspective,

additional studies are needed to optimise the dosing regimens and fre-

quency of administration to stimulate reproductive hormone secretion

while preventing tachyphylaxis.

6.7 | Manipulating neurokinin B-signalling to treat
menopausal flushing

Menopause is the permanent cessation of menstrual cycles following

the loss of ovarian follicular activity.90 The clinical manifestations

related to this decline in ovarian oestrogen production can be distres-

sing and debilitating, including vasomotor symptoms with hot flushes.

Given their marked effects on quality of life, more efficacious and safe

therapies are warranted, particularly for women with contraindica-

tions to standard hormonal pharmacotherapy.90

Experimental data implicates the KNDy neurons in the generation

of menopausal hot flushes. Menopause results in oestrogen deficiency

with loss of negative feedback on KNDy neurons in the

ARC/infundibular nucleus. Consistent with this, the infundibular

nucleus of ovariectomised monkeys and postmenopausal women are

markedly hypertrophied with increased kisspeptin and NKB gene

expression.26,91 In addition to GnRH neurons, KNDy neurons also

project to the medial preoptic area, which is recognised as the central

control hub for thermoregulation in mammals, highlighting their role

as a key integrative link between the endocrine changes of meno-

pause and vasomotor symptoms. Indeed, ablating ARC KNDy neurons

in rats reduces tail-skin temperature,92 whereas subcutaneous injec-

tions of an NK3R agonist (senktide) acutely increases tail-skin temper-

ature in ovariectomised mice.93 Furthermore, selective activation of

ARC kisspeptin neurons has been observed to induce a hot-flush-like

vasodilation response in both female and male mice.94 Additionally, in

this study, brief activation (for 2-min) of ARC kisspeptin axon termi-

nals in the preoptic area recapitulated this heat-dissipation response

in female mice.94 Conversely, pre-treatment with a cocktail of neuro-

kinin receptor antagonists (given that NKB has a degree of affinity for

all three neurokinin receptors) delivered to the preoptic area pre-

vented the increase in tail-skin temperature following activation of

ARC kisspeptin neurons.94 Moreover, a very recent study examined

the effects of administration of a peripherally restricted kappa recep-

tor agonist (which can access brain areas including the ARC via the

6 of 11 MILLS AND DHILLO



fenestrated capillaries of the median eminence) on vasomotor symp-

toms.95 In this study, inhibition of kisspeptin neuronal activity by

chronic administration of kappa opioid receptor agonists to bilaterally

ovariectomised mice with experimentally induced hyperactivity of

KNDy neurons significantly reduced the elevated body temperature.95

Taken together, this series of preclinical experiments emphasises the

importance of KNDy neurons in the generation of hot flushes, as well

as the promise of targeting these neurons to treat vasomotor

symptoms.

Translating these rodent models into clinical studies, an intrave-

nous infusion of NKB to healthy premenopausal women has been

observed to induce hot flushes that are typical in location and dura-

tion to those experienced by postmenopausal women, as well as

cause significant elevations in skin temperature and heart rate.96 This

supports the rationale for pharmacological blockade of NKB as a novel

therapeutic target in menopausal hot flushes, which has triggered sev-

eral studies. In a phase 2, randomised, double-blind, placebo-

controlled study of 28 healthy women aged 40–62 years with severe

hot flushes, oral administration of an NK3R antagonist (MLE4901,

40 mg twice daily for 4-weeks) reduced the number of hot flushes by

45% compared to placebo.97 In this study, no serious adverse events

occurred.97 Three participants developed a mild and transient rise in

liver transaminases following MLE4901 which returned to baseline.97

Additional analysis reveals that the symptomatic improvement follow-

ing MLE4901 occurred within 3 days of treatment and persisted

throughout the duration of the study.98 In keeping with these find-

ings, administration of a further NK3R antagonist (fezolinetant) to

352 women with moderate/severe vasomotor symptoms has been

observed to produce a rapid reduction in symptom frequency.99 The

most common treatment emergent adverse events in this study were

nausea, diarrhoea, fatigue, urinary tract infections, sinusitis, headache

and cough.99 Nine participants developed a mild and transient rise in

liver transaminases following fezolinetant treatment typically between

4 and 8 weeks of treatment.99 In a further study, administration of a

dual NK1 and NK3 receptor antagonist (elinzanetant: NT-814), block-

ing the endogenous effects of Substance P and NKB, respectively, has

been observed in postmenopausal women with moderate/severe hot

flushes to result in a rapid and marked improvement in hot flushes

and waking due to night sweats.100 The most frequent treatment-

related adverse events were mild somnolence and headache, which

occurred most regularly in the highest treatment group (300 mg

daily).100 Taken together, these promising results indicate the benefit

of novel agents targeting the KNDy system, with a range of com-

pounds now in late-phase development.

6.8 | Manipulating neurokinin B-signalling to treat
uterine fibroids and endometriosis?

Uterine fibroids and endometriosis are highly prevalent conditions

which affect up to 25% and 10% of women, respectively.101,102 Physi-

ological oestrogen levels provide a hormonal drive to the endome-

trium and myometrium; therefore, standard medical management

relies on downregulation of the HPG axis using GnRH agonists and

antagonists.103,104 However, they are associated with undesirable

short-term hypoestrogenic and vasomotor symptoms, as well as long-

term detrimental effects on bone health and cardiovascular risk.105,106

It is accepted that maintaining oestradiol levels within a therapeutic

target of 30–50 pg/ml (i.e., 110–184 pmol/l) reduces the hormonal

drive to the endometrium and myometrium while avoiding the

adverse effects associated with current therapies.107

A recent study investigated the effects of NK1 and NK3 receptor

antagonism (elinzanetant: NT-814) on reproductive hormone secre-

tion across two consecutive menstrual cycles in 33-healthy premeno-

pausal women.108 Following a baseline assessment cycle, women in the

second cycle were randomised to once daily oral elinzanetant

(40–120 mg) or placebo. This revealed that elinzanetant reduced oes-

tradiol and progesterone levels in a dose-dependent manner without

causing vasomotor symptoms. From a therapeutic perspective, the high-

est dosing arm was observed to lower circulating oestradiol to poten-

tially ideal levels for uterine fibroids and endometriosis.108 Regarding

safety, elinzanetant was well tolerated with no safety concerns identi-

fied during the study, nor any clinically relevant changes in blood pres-

sure, heart rate or electrocardiogram parameters.108 Therefore, further

studies are now required in women with hormone driven disorders to

examine the effects of NK1 and NK3 receptor antagonism.

7 | CONCLUSION

The neuropeptide kisspeptin has fundamental importance in mamma-

lian reproduction, with a plethora of experimental animal models dem-

onstrating its significance as the master regulator of GnRH and

gonadotropin release. Moreover, outside of the classical reproductive

axis, kisspeptin has increasingly established roles, including in repro-

ductive behaviour,109 metabolism,110 bone biology111,112 and

cognition,113 with imminent studies undoubtedly pending to dissect

these functions in more detail (particularly in humans). The exciting

reproductive observations in animal models has triggered significant

interest in targeting the kisspeptin-pathway to treat human reproduc-

tive disorders. Across an increasing number of studies, kisspeptin has

been shown to restore reproductive hormone secretion in men and

women with hypogonadism (such as HA, hyperprolactinaemia and

diabetes-induced hypogonadism), as well as safely induce egg matura-

tion in women undergoing IVF. Clinical studies have shown that acute

administration of kisspeptin is safe and well tolerated in both healthy

volunteers and patient groups, with further evidence from studies

employing chronic protocols needed to confirm safety over protracted

periods of time. Through modification of native kisspeptin templates,

the generation of kisspeptin analogues with enhanced potency and

stability has prospect of further exploiting the clinical utility of

kisspeptin-based therapeutics. In addition, emerging therapeutic roles

based on neurokinin B-signalling for the management of menopausal

flushing, endometriosis and uterine fibroids are increasingly recog-

nised. To this end, kisspeptin and neurokinin B offer exciting transla-

tional potential for novel therapies for reproductive health.

MILLS AND DHILLO 7 of 11



AUTHOR CONTRIBUTIONS

Edouard G Mills: Conceptualization; investigation; writing – original

draft; writing – review and editing. Waljit S Dhillo: Conceptualization;

investigation; writing – original draft; writing – review and editing.

ACKNOWLEDGMENTS

This article presents independent research funded by the Medical

Research Council (MRC) and supported by the National Institute for

Health Research (NIHR) Imperial Biomedical Research Centre and

NIHR Clinical Research Facility. The views expressed are those of the

authors and not necessarily those of the MRC, the NIHR or the

Department of Health. EGM is funded by an MRC Clinical Research

Training Fellowship (MR/T006242/1) and WSD is funded by an NIHR

Senior Investigator Award.

CONFLICT OF INTEREST

EGM has nothing to declare. WSD has undertaken consultancy for

Myovant Sciences Ltd and KaNDy Therapeutics.

DATA AVAILABILITY STATEMENT

N/A

ORCID

Edouard G. Mills https://orcid.org/0000-0002-8937-6463

Waljit S. Dhillo https://orcid.org/0000-0001-5950-4316

REFERENCES

1. Datta J, Palmer MJ, Tanton C, et al. Prevalence of infertility and help

seeking among 15 000 women and men. Hum Reprod. 2016;31:

2108-2118.

2. Anderson RA, Millar RP. The roles of kisspeptin and neurokinin B in

GnRH pulse generation in humans, and their potential clinical appli-

cation. J Neuroendocrinol. 2022;34:e13081.

3. Lee JH, Miele ME, Hicks DJ, et al. KiSS-1, a novel human malignant

melanoma metastasis-suppressor gene. J Natl Cancer Inst. 1996;88:

1731-1737.

4. Lee DK, Nguyen T, O'Neill GP, et al. Discovery of a receptor related

to the Galanin receptors. FEBS Lett. 1999;446:103-107.

5. Ohtaki T, Shintani Y, Honda S, et al. Metastasis suppressor gene

KiSS-1 encodes peptide ligand of a G-protein-coupled receptor.

Nature. 2001;411:613-617.

6. Kotani M, Detheux M, Vandenbogaerde A, et al. The metastasis sup-

pressor gene KiSS-1 encodes kisspeptins, the natural ligands of the

orphan G protein-coupled receptor GPR54. J Biol Chem. 2001;276:

34631-34636.

7. Muir AI, Chamberlain L, Elshourbagy NA, et al. AXOR12, a novel

human G protein-coupled receptor, activated by the peptide KiSS-1.

J Biol Chem. 2001;276:28969-28975.

8. de Roux N, Genin E, Carel J-C, Matsuda F, Chaussain JL, Milgrom E.

Hypogonadotropic hypogonadism due to loss of function of the

KiSS1-derived peptide receptor GPR54. Proc Natl Acad Sci. 2003;

100:10972-10976.

9. Seminara SB, Messager S, Chatzidaki EE, et al. The GPR54 gene as a

regulator of puberty. N Engl J Med. 2003;349:1614-1627.

10. De Tassigny XDA, Fagg LA, Dixon JPC, et al. Hypogonadotropic

hypogonadism in mice lacking a functional Kiss1 gene. Proc Natl

Acad Sci U S A. 2007;104:10714-10719.

11. Topalglu AK, Tello JA, Kotan LD, et al. Inactivating KISS1 mutation

and hypogonadotropic hypogonadism. N Engl J Med. 2012;366:

629-635.

12. Teles MG, Bianco SDC, Brito VN, et al. A GPR54-activating mutation

in a patient with central precocious puberty. N Engl J Med. 2008;

358:709-715.

13. Goodman RL, Lehman MN, Smith JT, et al. Kisspeptin neurons in the

arcuate nucleus of the ewe express both Dynorphin a and neuroki-

nin B. Endocrinology. 2007;148:5752-5760.

14. Navarro VM, Gottsch ML, Chavkin C, Okamura H, Clifton DK,

Steiner RA. Regulation of gonadotropin-releasing hormone secretion

by Kisspeptin/Dynorphin/neurokinin B neurons in the arcuate

nucleus of the mouse. J Neurosci. 2009;29:11859-11866.

15. Cheng G, Coolen LM, Padmanabhan V, Goodman RL, Lehman MN.

The kisspeptin/neurokinin B/dynorphin (KNDy) cell population of

the arcuate nucleus: sex differences and effects of prenatal testos-

terone in sheep. Endocrinology. 2010;151:301-311.

16. Ramaswamy S, Seminara SB, Ali B, Ciofi P, Amin NA, Plant TM. Neu-

rokinin B stimulates GnRH release in the male monkey (Macaca

mulatta) and is colocalized with kisspeptin in the arcuate nucleus.

Endocrinology. 2010;151:4494-4503.

17. Horikoshi Y, Matsumoto H, Takatsu Y, et al. Dramatic elevation of

plasma metastin concentrations in human pregnancy: metastin as a

novel placenta-derived hormone in humans. J Clin Endocrinol Metab.

2003;88:914-919.

18. Hu KL, Chang HM, Zhao HC, Yu Y, Li R, Qiao J. Potential roles for

the kisspeptin/kisspeptin receptor system in implantation and pla-

centation. Hum Reprod Update. 2019;25:326-343.

19. de Tassigny XDA, Jayasena C, Murphy KG, Dhillo WS, Colledge WH.

Mechanistic insights into the more potent effect of KP-54 compared

to KP-10 in vivo. PLoS ONE. 2017;12:e0176821.

20. Dhillo WS, Chaudhri OB, Patterson M, et al. Kisspeptin-54 stimu-

lates the hypothalamic-pituitary gonadal Axis in human males. J Clin

Endocrinol Metabol. 2005;90:6609-6615.

21. Jayasena CN, Nijher GMK, Comninos AN, et al. The effects of

Kisspeptin-10 on reproductive hormone release show sexual dimor-

phism in humans. J Clin Endocrinol Metabol. 2011;96:e1963-e1972.

22. Gottsch ML, Cunningham MJ, Smith JT, et al. A role for Kisspeptins

in the regulation of gonadotropin secretion in the mouse. Endocrinol-

ogy. 2004;145:4073-4077.

23. Mikkelsen JD, Simonneaux V. The neuroanatomy of the Kisspeptin

system in the mammalian brain. Peptides. 2009;30:26-33.

24. Clarkson J, d'Anglemont de Tassigny X, Colledge WH, et al. Distribu-

tion of Kisspeptin Neurones in the adult female mouse brain.

J Neuroendocrinol. 2009;21:673-682.

25. Liu X, Yeo SH, McQuillan HJ, et al. Highly redundant neuropeptide

volume co-transmission underlying episodic activation of the GnRH

neuron dendron. Elife. 2021;10:1-21.

26. Rometo AM, Krajewski SJ, Lou Voytko M, Rance NE. Hypertrophy

and increased Kisspeptin gene expression in the hypothalamic infun-

dibular nucleus of postmenopausal women and Ovariectomized

monkeys. J Clin Endocrinol Metabol. 2007;92:2744-2750.

27. Hrabovszky E, Molnár CS, Sipos MT, et al. Sexual dimorphism of

Kisspeptin and neurokinin B Immunoreactive neurons in the

infundibular nucleus of aged men and women. Front Endocrinol.

2011;2:80.

28. Rometo AM, Rance NE. Changes in Prodynorphin gene expression

and neuronal morphology in the hypothalamus of postmenopausal

women. J Neuroendocrinol. 2008;20:1376-1381.

29. Hrabovszky E, Sipos MT, Molnár CS, et al. Low degree of overlap

between Kisspeptin, neurokinin B, and Dynorphin Immunoreactivities in

the infundibular nucleus of young male human subjects challenges the

KNDy neuron concept. Endocrinology. 2012;153:4978-4989.

30. Herbison AE, de Tassigny XDA, Doran J, Colledge WH. Distribution

and postnatal development of Gpr54 gene expression in mouse

brain and gonadotropin-releasing hormone neurons. Endocrinology.

2010;151:312-321.

31. Yang L, Comninos AN, Dhillo WS. Intrinsic links among sex, emotion,

and reproduction. Cell Mol Life Sci. 2018;75:2197-2210.

8 of 11 MILLS AND DHILLO

https://orcid.org/0000-0002-8937-6463
https://orcid.org/0000-0002-8937-6463
https://orcid.org/0000-0001-5950-4316
https://orcid.org/0000-0001-5950-4316


32. Clarkson J, Herbison AE. Postnatal development of Kisspeptin neu-

rons in mouse hypothalamus; sexual dimorphism and projections to

gonadotropin-releasing hormone neurons. Endocrinology. 2006;147:

5817-5825.

33. S-Kyu H, Gottsch ML, Lee KJ, et al. Activation of gonadotropin-

releasing hormone neurons by Kisspeptin as a neuroendocrine

switch for the onset of puberty. J Neurosci. 2005;25:11349-

11356.

34. Thomson EL, Patterson M, Murphy KG, et al. Central and peripheral

administration of kisspeptin-10 stimulates the hypothalamic-pitui-

tary-gonadal Axis. J Neuroendocrinol. 2004;16:850-858.

35. Irwig MS, Fraley GS, Smith JT, et al. Kisspeptin activation of gonado-

tropin releasing hormone neurons and regulation of KiSS-1 mRNA in

the male rat. Neuroendocrinology. 2004;80:264-272.

36. Messager S, Chatzidaki EE, Ma D, et al. Kisspeptin directly stimulates

gonadotropin-releasing hormone release via G protein-coupled

receptor 54. Proc Natl Acad Sci. 2005;102:1761-1766.

37. Seminara SB, DiPietro MJ, Ramaswamy S, Crowley WF Jr, Plant TM.

Continuous human Metastin 45-54 infusion desensitizes G protein-

coupled receptor 54-induced gonadotropin-releasing hormone

release monitored indirectly in the juvenile male rhesus monkey

(Macaca Mulatta): a finding with therapeutic implications. Endocrinol-

ogy. 2006;147:2122-2126.

38. Lapatto R, Pallais JC, Zhang D, et al. Kiss1�/� mice exhibit more

variable hypogonadism than Gpr54 �/� mice. Endocrinology. 2007;

148:4927-4936.

39. Goodman RL, Herbison AE, Lehman MN, Navarro VM. Neuroendo-

crine control of gonadotropin-releasing hormone: pulsatile and surge

modes of secretion. J Neuroendocrinol. 2022;34:e13094.

40. Campbell RE, Coolen LM, Hoffman GE, Hrabovszky E. Highlights of

neuroanatomical discoveries of the mammalian gonadotropin-

releasing hormone system. J Neuroendocrinol. 2022;34:e13115.

41. Dubois SL, Acosta-Martínez M, DeJoseph MR, et al. Positive, but

not negative feedback actions of estradiol in adult female mice

require estrogen receptor α in Kisspeptin neurons. Endocrinology.

2015;156:1111-1120.

42. Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA. Reg-

ulation of Kiss1 gene expression in the brain of the female mouse.

Endocrinology. 2005;146:3686-3692.

43. Franceschini I, Lomet D, Cateau M, Delsol G, Tillet Y, Caraty A. Kis-

speptin immunoreactive cells of the ovine preoptic area and arcuate

nucleus co-express estrogen receptor alpha. Neurosci Lett. 2006;

401:225-230.

44. Kauffman AS, Gottsch ML, Roa J, et al. Sexual differentiation of

Kiss1 gene expression in the brain of the rat. Endocrinology. 2007;

148:1774-1783.

45. Lehman MN, Coolen LM, Goodman RL. Minireview: Kisspeptin/

neurokinin B/dynorphin (KNDy) cells of the arcuate nucleus: a cen-

tral node in the control of gonadotropin-releasing hormone secre-

tion. Endocrinology. 2010;151:3479-3489.

46. Goodman RL, Holaskova I, Nestor CC, et al. Evidence that the arcu-

ate nucleus is an important site of progesterone negative feedback

in the ewe. Endocrinology. 2011;152:3451-3460.

47. Wang L, Moenter SM. Differential roles of hypothalamic AVPV and

arcuate Kisspeptin neurons in estradiol feedback regulation of

female reproduction. Neuroendocrinology. 2020;110:172-184.

48. Oakley AE, Clifton DK, Steiner RA. Kisspeptin signaling in the brain.

Endocr Rev. 2009;30:713-743.

49. George JT, Veldhuis JD, Roseweir AK, et al. Kisspeptin-10 is a

potent stimulator of LH and increases pulse frequency in men. J Clin

Endocrinol Metabol. 2011;96:e1228-e1236.

50. Jayasena CN, Abbara A, Narayanaswamy S, et al. Direct comparison

of the effects of intravenous Kisspeptin-10, Kisspeptin-54 and

GnRH on gonadotrophin secretion in healthy men. Hum Reprod.

2015;30:1934-1941.

51. Tovar S, Vázquez MJ, Navarro VM, et al. Effects of single or

repeated intravenous Administration of Kisspeptin upon Dynamic

LH secretion in conscious male rats. Endocrinology. 2006;147:

2696-2704.

52. Dhillo WS, Chaudhri OB, Thompson EL, et al. Kisspeptin-54 stimu-

lates gonadotropin release Most potently during the Preovulatory

phase of the menstrual cycle in Eomen. J Clin Endocrinol Metabol.

2007;92:3958-3966.

53. Jayasena CN, Comninos AN, Veldhuis JD, et al. A single injection of

kisspeptin-54 temporarily increases luteinizing hormone Pulsatility

in healthy women. Clin Endocrinol (Oxf ). 2013;79:558-563.

54. Chan YM, Butler JP, Sidhoum VF, Pinnell NE, Seminara SB. Kisspep-

tin administration to women: a window into endogenous kisspeptin

secretion and GnRH responsiveness across the menstrual cycle.

J Clin Endocrinol Metabol. 2012;97:e1458-e1467.

55. Dhillo WS, Chaudhri OB, Thompson EL, et al. Kisspeptin-54 stimu-

lates gonadotropin release Most potently during the Preovulatory

phase of the menstrual cycle in women. J Clin Endocrinol Metabol.

2007;92:3958-3966.

56. Nijher GMK, Chaudhri OB, Ramachandran R, et al. The effects of

kisspeptin-54 on blood pressure in humans and plasma Kisspeptin

concentrations in hypertensive diseases of pregnancy. Br J Clin Phar-

macol. 2010;70:674-681.

57. Jayasena CN, Comninos AN, Narayanaswamy S, et al. Acute and

chronic effects of kisspeptin-54 administration on GH, prolactin and

TSH secretion in healthy women. Clin Endocrinol (Oxf). 2014;81:

891-898.

58. Gordon CM. Clinical practice. Functional hypothalamic amenorrhea.

N Engl J Med. 2010;363:365-371.

59. Gordon CM, Ackerman KE, Berga SL, et al. Functional hypothalamic

amenorrhea: an Endocrine Society clinical practice guideline. J Clin

Endocrinol Metabol. 2017;102:1413-1439.

60. Castellano JM, Navarro VM, Fernández-Fernández R, et al. Changes

in hypothalamic KiSS-1 system and restoration of pubertal activation

of the reproductive Axis by Kisspeptin in undernutrition. Endocrinol-

ogy. 2005;146:3917-3925.

61. Jayasena CN, Nijher GMK, Chaudhri OB, et al. Subcutaneous injec-

tion of Kisspeptin-54 acutely stimulates gonadotropin secretion

in women with hypothalamic amenorrhea, but chronic administra-

tion causes Tachyphylaxis. J Clin Endocrinol Metabol. 2009;94:

4315-4323.

62. Jayasena CN, Nijher GMK, Abbara A, et al. Twice-weekly administra-

tion of kisspeptin-54 for 8 weeks stimulates release of reproductive

hormones in women with hypothalamic amenorrhea. Clin Pharmacol

Ther. 2010;88:840-847.

63. Jayasena CN, Abbara A, Veldhuis JD, et al. Increasing LH Pulsatility

in women with hypothalamic Amenorrhoea using intravenous

infusion of Kisspeptin-54. J Clin Endocrinol Metabol. 2014;99:

e953-e961.

64. Matsuzaki T, Azuma K, Irahara M, Yasui T, Aono T. Mechanism of

anovulation in hyperprolactinemic amenorrhea determined by pulsa-

tile gonadotropin-releasing hormone injection combined with human

chorionic gonadotropin. Fertil Steril. 1994;62:1143-1149.

65. Melmed S, Casanueva FF, Hoffman AR, et al. Diagnosis and treat-

ment of hyperprolactinemia: an Endocrine Society clinical practice

guideline. J Clin Endocrinol Metabol. 2011;96:273-288.

66. Maiter D. Management of Dopamine Agonist-Resistant Prolacti-

noma. Neuroendocrinology. 2019;109:42-50.

67. Grattan DR, Jasoni CL, Liu X, Anderson GM, Herbison AE. Prolactin

regulation of gonadotropin-releasing hormone neurons to suppress

luteinizing hormone secretion in mice. Endocrinology. 2007;148:

4344-4351.

68. Araujo-Lopes R, Crampton JR, Aquino NSS, et al. Prolactin regulates

kisspeptin neurons in the arcuate nucleus to suppress LH secretion

in female rats. Endocrinology. 2014;155:1010-1020.

MILLS AND DHILLO 9 of 11



69. Sonigo C, Bouilly J, Carré N, et al. Hyperprolactinemia-induced ovar-

ian Acyclicity is reversed by Kisspeptin administration. J Clin Investig.

2012;122:3791-3795.

70. Millar RP, Sonigo C, Anderson RA, et al. Hypothalamic-pituitary-

ovarian Axis reactivation by Kisspeptin-10 in hyperprolactinemic

women with chronic amenorrhea. J Endocr Soc. 2017;1:1362-1371.

71. Dandona P, Dhindsa S. Update: hypogonadotropic hypogonadism in

type 2 diabetes and obesity. J Clin Endocrinol Metabol. 2011;96:

2643-2651.

72. Dhindsa S, Ghanim H, Batra M, Dandona P. Hypogonadotropic

hypogonadism in men with Diabesity. Diabetes Care. 2018;41:

1516-1525.

73. George JT, Millar RP, Anderson RA. Hypothesis: Kisspeptin mediates

male hypogonadism in obesity and type 2 diabetes. Neuroendocrinol-

ogy. 2010;91:302-307.

74. George JT, Veldhuis JD, Tena-Sempere M, Millar RP, Anderson RA.

Exploring the pathophysiology of hypogonadism in men with type

2 diabetes: Kisspeptin-10 stimulates serum testosterone and LH

secretion in men with type 2 diabetes and mild biochemical hypogo-

nadism. Clin Endocrinol (Oxf). 2013;79:100-104.

75. Izzi-Engbeaya C, Comninos AN, Clarke SA, et al. The effects of Kis-

speptin on β-cell function, serum metabolites and appetite in

humans. Diabetes Obes Metab. 2018;20:2800-2810.

76. Castillo JC, Humaidan P, Bernabéu R. Pharmaceutical options for

triggering of final oocyte maturation in ART. Biomed Res Int. 2014;

2014:580171.

77. Damewood MD, Shen W, Zacur HA, Schlaff WD, Rock JA,

Wallach EE. Disappearance of exogenously administered human

chorionic gonadotropin. Fertil Steril. 1989;52:398-400.

78. Casarini L, Lispi M, Longobardi S, et al. LH and hCG action on the

same receptor results in quantitatively and qualitatively different

intracellular Signalling. PLoS One. 2012;7:e46682.

79. Humaidan P, Nelson SM, Devroey P, et al. Ovarian Hyperstimulation

syndrome: review and new classification criteria for reporting in clin-

ical trials. Hum Reprod. 2016;31:1997-2004.

80. Jayasena CN, Abbara A, Comninos AN, et al. Kisspeptin-54 triggers

egg maturation in women undergoing in vitro fertilization. J Clin

Investig. 2014;124:3667-3677.

81. Abbara A, Jayasena CN, Christopoulos G, et al. Efficacy of

Kisspeptin-54 to trigger oocyte maturation in women at high risk

of ovarian Hyperstimulation syndrome (OHSS) during in vitro fertil-

ization (IVF) therapy. J Clin Endocrinol Metabol. 2015;100:3322-

3331.

82. Hoff JD, Quigley ME, Yen SSC. Hormonal dynamics at Midcycle: a

reevaluation. J Clin Endocrinol Metabol. 1983;57:792-796.

83. Abbara A, Clarke S, Islam R, et al. A second dose of kisspeptin-54

improves oocyte maturation in women at high risk of ovarian Hyper-

stimulation syndrome: a phase 2 randomized controlled trial. Hum

Reprod. 2017;32:1915-1924.

84. Asami T, Nishizawa N, Ishibashi Y, et al. Serum stability of selected

Decapeptide agonists of KISS1R using Pseudopeptides. Bioorg Med

Chem Lett. 2012;22:6391-6396.

85. Nishizawa N, Takatsu Y, Kumano S, et al. Design and synthesis of

an investigational Nonapeptide KISS1 receptor (KISS1R) agonist,

ac- d -Tyr-Hydroxyproline (Hyp)-Asn-Thr-Phe-azaGly-Leu-Arg

(Me)-Trp-NH2 (TAK-448), with highly potent testosterone-

suppressive activity and excellent water solubility. J Med Chem.

2016;59:8804-8811.

86. Matsui H, Asami T. Effects and therapeutic potentials of Kisspeptin

analogs: regulation of the hypothalamic-pituitary-gonadal Axis. Neu-

roendocrinology. 2014;99:49-60.

87. Asami T, Nishizawa N, Matsui H, et al. Design, synthesis, and biologi-

cal evaluation of novel investigational Nonapeptide KISS1R agonists

with testosterone-suppressive activity. J Med Chem. 2013;56:

8298-8307.

88. MacLean DB, Matsui H, Suri A, Neuwirth R, Colombel M. Sustained

exposure to the investigational Kisspeptin analog, TAK-448, Down-

regulates testosterone into the castration range in healthy males and

in patients with prostate cancer: results from two phase 1 studies.

J Clin Endocrinol Metabol. 2014;99:e1445-e1453.

89. Abbara A, Eng PC, Phylactou M, et al. Kisspeptin receptor agonist

has therapeutic potential for female reproductive disorders. J Clin

Investig. 2020;130:6739-6753.

90. Davis SR, Lambrinoudaki I, Lumsden M, et al. Menopause. Nat Rev

Dis Primers. 2015;1:15004.

91. Rance NE. Menopause and the human hypothalamus: evidence for

the role of Kisspeptin/neurokinin B neurons in the regulation of

estrogen negative feedback. Peptides. 2009;30:111-122.

92. Mittelman-Smith MA, Williams H, Krajewski-Hall SJ, McMullen NT,

Rance NE. Role for Kisspeptin/neurokinin B/dynorphin (KNDy) neu-

rons in cutaneous vasodilatation and the estrogen modulation

of body temperature. Proc Natl Acad Sci U S A. 2012;109:

19846-19851.

93. Krajewski-Hall SJ, Blackmore EM, McMinn JR, Rance NE. Estradiol

alters body temperature regulation in the female mouse. Tempera-

ture. 2017;5:56-69.

94. Padilla SL, Johnson CW, Barker FD, Patterson MA, Palmiter RD. A

neural circuit underlying the generation of hot flushes. Cell Rep.

2018;24:271-277.

95. McCarthy EA, Dischino D, Maguire C, et al. Inhibiting Kiss1 neurons

with kappa opioid receptor agonists to treat polycystic ovary syn-

drome and vasomotor symptoms. J Clin Endocrinol Metab. 2022;107:

E328-E347.

96. Jayasena CN, Comninos AN, Stefanopoulou E, et al. Neurokinin B

administration induces hot flushes in women. Sci Rep. 2015;5:8466.

97. Prague JK, Roberts RE, Comninos AN, et al. Neurokinin 3 receptor

antagonism as a novel treatment for menopausal hot flushes: a

phase 2, randomised, double-blind, placebo-controlled trial. Lancet.

2017;389:1809-1820.

98. Prague JK, Roberts RE, Comninos AN, et al. Neurokinin 3 receptor

antagonism rapidly improves vasomotor symptoms with sustained

duration of action. Menopause. 2018;25:862-869.

99. Fraser GL, Lederman S, Waldbaum A, et al. A phase 2b, randomized,

placebo-controlled, double-blind, dose-ranging study of the neuroki-

nin 3 receptor antagonist fezolinetant for vasomotor symptoms

associated with menopause. Menopause. 2020;27:382-392.

100. Trower M, Anderson RA, Ballantyne E, Joffe H, Kerr M, Pawsey S.

Effects of NT-814, a dual neurokinin 1 and 3 receptor antagonist,

on vasomotor symptoms in postmenopausal women: a placebo-con-

trolled, randomized trial. Menopause. 2020;27:498-505.

101. Stewart EA, Cookson CL, Gandolfo RA, Schulze-Rath R. Epidemiol-

ogy of uterine fibroids: a systematic review. BJOG. 2017;124:

1501-1512.

102. Zondervan KT, Becker CM, Missmer SA. Endometriosis. N Engl J

Med. 2020;382:1244-1256.

103. Vercellini P, Viganò P, Somigliana E, Fedele L. Endometriosis: patho-

genesis and treatment. Nat Rev Endocrinol. 2014;10:261-275.

104. Carr BR, Marshburn PB, Weatherall PT, et al. An evaluation of the

effect of gonadotropin-releasing hormone analogs and medroxyproges-

terone acetate on uterine leiomyomata volume by magnetic resonance

imaging: a prospective, randomized, double blind, placebo-controlled,

crossover trial. J Clin Endocrinol Metabol. 1993;76:1217-1223.

105. Taylor HS, Giudice LC, Lessey BA, et al. Treatment of

endometriosis-associated pain with Elagolix, an Oral GnRH antago-

nist. N Engl J Med. 2017;377:28-40.

106. Simon JA, Al-Hendy A, Archer DF, et al. Elagolix treatment for up to

12 months in women with heavy menstrual bleeding and uterine

Leiomyomas. Obstet Gynecol. 2020;135:1313-1326.

107. Barbieri RL. Hormone treatment of endometriosis: the estrogen

threshold hypothesis. Am J Obstet Gynecol. 1992;166:740-745.

10 of 11 MILLS AND DHILLO



108. Pawsey S, Mills EG, Ballantyne E, et al. Elinzanetant (NT-814), a

neurokinin 1,3 receptor antagonist, reduces estradiol and proges-

terone in healthy women. J Clin Endocrinol Metab. 2021;106:

E3221-E3234.

109. Mills EGA, Dhillo WS, Comninos AN. Kisspeptin and the control of

emotions, mood and reproductive behaviour. J Endocrinol. 2018;

239:R1-R12.

110. Mills EG, Izzi-Engbeaya C, Abbara A, Comninos AN, Dhillo WS.

Functions of galanin, spexin and kisspeptin in metabolism, mood and

behaviour. Nat Rev Endocrinol. 2021;17:97-113.

111. Mills EG, Yang L, Nielsen MF, Kassem M, Dhillo WS,

Comninos AN. The relationship between bone and reproductive

hormones beyond estrogens and androgens. Endocr Rev. 2021;

42:691-719.

112. Comninos AN, Hansen MS, Courtney A, et al. Acute effects of Kis-

speptin administration on bone metabolism in healthy men. J Clin

Endocrinol Metab. 2022;107:1529-1540.

113. Mills EGA, O'Byrne KT, Comninos AN. Kisspeptin as a behavioral

hormone. Semin Reprod Med. 2019;37:56-63.

How to cite this article: Mills EG, Dhillo WS. Invited review:

Translating kisspeptin and neurokinin B biology into new

therapies for reproductive health. J Neuroendocrinol. 2022;

34(10):e13201. doi:10.1111/jne.13201

MILLS AND DHILLO 11 of 11

info:doi/10.1111/jne.13201

	Invited review: Translating kisspeptin and neurokinin B biology into new therapies for reproductive health
	1  INTRODUCTION
	2  THE REPRODUCTIVE AXIS: A HISTORICAL PERSPECTIVE
	3  KISSPEPTIN ISOFORMS
	4  PATTERNS OF EXPRESSION
	4.1  Peripheral kisspeptin expression
	4.2  Central kisspeptin expression
	4.2.1  Hypothalamic expression
	4.2.2  Extra-hypothalamic expression


	5  THE ROLE OF KNDy NEURONS IN REPRODUCTION
	5.1  Kisspeptin as the master regulator of the reproductive axis
	5.2  Positive and negative sex-steroid feedback
	5.2.1  Positive feedback
	5.2.2  Negative feedback


	6  THERAPEUTIC APPLICATION IN HUMANS
	6.1  Kisspeptin administration stimulates reproductive hormone secretion in healthy men and women
	6.1.1  Healthy men
	6.1.2  Healthy women

	6.2  Kisspeptin administration restores reproductive hormone secretion in hypothalamic amenorrhoea
	6.3  Kisspeptin administration restores reproductive hormone secretion in hyperprolactinaemia
	6.4  Kisspeptin administration stimulates reproductive hormone secretion in diabetes-related hypogonadism
	6.5  Kisspeptin triggers egg maturation in women undergoing in vitro fertilisation
	6.6  Generation of kisspeptin analogues
	6.7  Manipulating neurokinin B-signalling to treat menopausal flushing
	6.8  Manipulating neurokinin B-signalling to treat uterine fibroids and endometriosis?

	7  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


