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Abstract

Background: Kisspeptin is the leading upstream regulator of pulsatile and surge Gonadotrophin-Releasing Hormone
secretion (GnRH) in the hypothalamus, which acts as the key governor of the hypothalamic-pituitary-ovary axis.

Main text: Exogenous kisspeptin or its receptor agonist can stimulate GnRH release and subsequent physiological
gonadotropin secretion in humans. Based on the role of kisspeptin in the hypothalamus, a broad application of kiss-
peptin and its receptor agonist has been recently uncovered in humans, including central control of ovulation, oocyte
maturation (particularly in women at a high risk of ovarian hyperstimulation syndrome), test for GnRH neuronal func-
tion, and gatekeepers of puberty onset. In addition, the kisspeptin analogs, such as TAK-448, showed promising ago-
nistic activity in healthy women as well as in women with hypothalamic amenorrhoea or polycystic ovary syndrome.

Conclusion: More clinical trials should focus on the therapeutic effect of kisspeptin, its receptor agonist and antago-

endometriosis.

nist in women with reproductive disorders, such as hypothalamic amenorrhoea, polycystic ovary syndrome, and

Keywords: Kisspeptin, KISSTR, Hypothalamus, Hypothalamic-pituitary-ovarian axis, Female reproduction

Background

The normal function of the female reproductive system
relies on the coordination of the hypothalamic-pitui-
tary-ovary (HPO) axis [1]. HPO axis is governed by the
Gonadotrophin-Releasing Hormone (GnRH) from the
hypothalamus and subsequent follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH) from the
pituitary [2]. The pulsatile secretion of these hormones,
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which is induced by the negative feedback of sex ster-
oids, is required for ovarian maturity and cyclic function
at puberty and in adulthood [3]. In addition to the pul-
satile secretion of GnRH and gonadotrophins (FSH and
LH), the surge mode of GnRH release and subsequent LH
surge is induced by the positive feedback of serum sex
steroids during the periovulatory stage, which is required
for triggering ovulation in female mammals [4]. However,
the mechanisms underlying the negative and positive
feedback effects of sex steroids remain uncharacterized
until recent years. Although GnRH plays a fundamen-
tal role in the female reproductive system, the princi-
ple receptor (estrogen receptor a, ERa) mediating both
negative and positive sex steroids feedback processes in
the hypothalamus is not detected in GnRH neurons [5].
Studies related to kisspeptin, the main upstream regula-
tor of pulsatile and surge secretion of GnRH, have been of
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considerable interest in the past decade. Kisspeptin neu-
rons are detected in two hypothalamic regions, includ-
ing the anteroventral periventricular nucleus (AVPV)
and arcuate nucleus (ARC), which mediate the positive
and negative feedback of sex steroids, respectively [6, 7].
In many mammals, including humans, kisspeptin stimu-
lates GnRH release by binding to the kisspeptin receptor
(KISS1R) in GnRH neurons. Homogeneous mutation of
either KISS1 or KISSI1R is associated with hypogonado-
tropic hypogonadism and infertility [8—14]. Being the
main upstream regulator of pulsatile and surge GnRH
release, plentiful applications of kisspeptin or its analogs
in female reproduction have been identified in recent
years. This review aimed to summarize the emerging evi-
dence of clinical applications of kisspeptin and its analogs
in the female reproductive system.

A short review of kisspeptin gene, peptide, and its receptor
Kisspeptin was initially identified as a human metasta-
sis suppressor of malignant melanoma in 1996 [15]. In
humans, kisspeptin is encoded by the KISS1 gene, which
is located on the long (q) arm of chromosome 1 at q32
[16]. At first, KISS1 produces an unstable and biologically
inactive prepro-kisspeptin which consists of 145-amino-
acid. Then four biologically active peptides are generated
after the cleavage of prepro-kisspeptin within the cell:
kisspeptin-54 (KP54), kisspeptin-14 (KP14), kisspep-
tin-13 (KP13), kisspeptin-10 (KP10) [9]. These peptides
have a preserved C-terminal region that contains an
Arg-Phe-NH2 (RF-NH2) motif, which enables the high-
affinity binding to and full activation of KISSIR (Fig. 1).
KP54 has been considered the main product of the KISS1
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gene in humans, and it can be further cleaved into KP14,
KP13, and KP10.

KISS1R belongs to the family of the seven-transmem-
brane G-protein-coupled receptor, which binds extracel-
lular substances and transmits signals to an intracellular
molecule [18]. Research first identified the physiological
role of kisspeptin and KISSIR in the HPO axis in 2003,
which therefore revolutionized the field of the neuroen-
docrine-reproductive system [13, 14]. As with many
GPCRs, activation of the kisspeptin/KISSIR signal-
ing pathway further activates phospholipase C (PLC)
through a Gaq mediated pathway and subsequently pro-
motes the production of diacylglycerol (DAG), inositol-
[1, 4, 5]-triphosphate (IP3). DAG, in turn, promotes the
phosphorylation of protein kinase C (PKC), which then
initiates the mitogen-activated protein kinase (MAPK)
and extracellular signal-regulated kinase (ERK) signaling
pathway, while IP3 increases intracellular calcium release
to the cytoplasm [12, 19] (Fig. 2).

Distribution of kisspeptin and KISS1R in the hypothalamus
The normal function of the adult female HPO axis criti-
cally depends on appropriate secretory patterns of
GnRH. However, the GnRH neurons are devoid of estro-
gen receptor a, which is responsible for both negative and
positive feedback in the female HPO axis [20]. The inter-
mediary neurons mediating gonadal feedback remained
unknown until the 2000s [13, 14]. Mutations in the KISS1
gene or KISSIR can lead to idiopathic hypogonadotropic
hypogonadism and delay pubertal maturation of the gon-
adotropic axis, suggesting that KISSIR is indispensable
for normal GnRH secretion [10, 11, 13, 14, 21-25].

Prepro-kisspeptin (MW: 15.4kDa)
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Fig. 1 The structure of kisspeptins in humans. Kisspeptins are derived from a 145-amino-acid prepro-kisspeptin (encoded by KISST gene). The
cleavage sites at 68 and 121 of prepro-kisspeptin lead to the production of the RF-amidated KP54. Shorter kisspeptins (KP-10, — 13, and — 14) share
a common C terminus and RF-amidated motif with KP54. Modified from [12, 17]
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Inactivated KISS1R signalings
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Fig. 2 Kisspeptin/KISSTR signalings. When kisspeptin binds to the seven-transmembrane domain receptor, KISSTR, the intracellular portion of
KISSTR leads to the phosphorylation of Gg/11. The a-subunit of Gg/11 then activates PLC, which subsequently cleaves PIP2 into IP3 and DAG. IP3
promotes intracellular Ca2+- release from the endoplasmic reticulum, while DAG promotes the phosphorylation of PKC which further induces
the phosphorylation of ERK1/2 and p38. DAG, diacylglycerol; ERK1/2, extracellular signal-regulated kinase; IP3, inositol 1,4,5-triphosphate; PI3K,
phosphatidylinositol-3-kinase; PIP2, phosphatidylinositol 4,5-bisphosphate; PKC, protein kinase C; PLC, phospholipase C. Modified from [17]
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In the murine hypothalamus, kisspeptin mRNA and
protein have been detected with dense concentrations
in the nucleus involved in regulating GnRH and gonado-
tropin secretion, including the AVPYV, the periventricular
nucleus (PeN), as well as the ARC [26, 27]. Additionally,
kisspeptin mRNA is present in a few cells in the anter-
odorsal preoptic nucleus, the medial amygdala, and the
bed nucleus of the stria terminals [26, 27]. Despite the
similar overall distribution of neurons that express kiss-
peptin between adult males and females in the murine,
a significant sex difference in the number of kisspeptin
neurons in the AVPV and PeN area has been found, with
much larger numbers of kisspeptin neurons in the female
than the male [27-29]. Due to ethical considerations,
investigations on the expression kisspeptin expression
and KISSIR in the hypothalamus of humans are often
limited or precluded. Nevertheless, studies performed in
nonhuman primates can provide some global insight into
the anatomy and physiology of kisspeptin and KISS1R in
the hypothalamus in humans. In the male rhesus monkey,
expression of kisspeptin has been found in the anterior
ARC and the internal zone of the median eminence (ME),
but not in the preoptic area (POA) or the AVPV [30, 31].
While in the female rhesus monkey, kisspeptin-express-
ing cells were detected in the POA and ARC, and the
expression of kisspeptin was higher in the late follicular

phase of the menstrual cycle than in the luteal phase [32].
Initial studies investigating the neuroanatomical distribu-
tion of kisspeptin neurons in the human hypothalamus
were carried out in autopsy samples. These studies dem-
onstrated that kisspeptin neurons were located predomi-
nantly in the infundibular nucleus (which is the homolog
of the ARC in rodents) and the rostral POA, with no kiss-
peptin neurons in the rostral periventricular region of
the third ventricle [33]. Likewise, the sexual dimorphism
in the distribution of kisspeptin neurons is found in the
human hypothalamus, with more kisspeptin cell bodies
in the infundibular nucleus in women than in men [34].
The expression of KISSIR in the brain was not iden-
tified until 1999 [18]. Using Northern blot and in situ
hybridization, Lee et al. demonstrated that KISSIR was
expressed in the pons, midbrain, thalamus, hypothala-
mus, hippocampus, amygdala, cortex, frontal cortex, and
striatum in rats. A few years later, Irwig et al. revealed a
more intricate expression of KISSIR in the forebrain of
rats, including the medial septum, medial preoptic area,
lateral preoptic area, median preoptic nucleus, anterior
hypothalamus, and lateral hypothalamus [35]. Further-
more, studies using double-label in situ hybridization to
investigate whether KISS1R was expressed in GnRH neu-
rons found that more than 75% of GnRH neurons in the
ME and POA regions coexpress KISSIR and express high



Hu et al. Reproductive Biology and Endocrinology (2022) 20:81

levels of c-fos in response to kisspeptin-10 [35, 36]. These
studies suggest that kisspeptin acts directly on the GnRH
neurons to regulate the HPO axis.

Kisspeptin mediates steroid feedbacks on the HPO axis

There are two different modes of GnRH/LH secretion
in females: the pulsatile and the surge modes [37]. The
pulsatile GnRH/LH secretion, which is more predomi-
nant throughout the menstrual cycle, promotes the
maturation of ovarian follicles and sex hormone pro-
duction in the ovary. The process is controlled by the
negative sex steroid feedback actions on the kisspep-
tin neurons in the ARC area in various mammals or
its equivalent infundibular area in primates (including
humans) [38]. Kisspeptin neurons in the ARC express
ERa and are tonically suppressed by estrogen signals,
providing a plausible pathway for transmitting the
negative feedback actions of sex steroids on GnRH
[38, 39]. Attributed to the kisspeptin neurons in the
ARC co-express neurokinin B and dynorphin neurons,
the term KNDy (Kiss1/NKB/Dyn) neurons are used
to identify these cells [40—42]. Functional analyses
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conducted in animal models lead to the proposal of
an oscillatory network within KNDy neurons, where
NKB and Dyn, in an auto/paracrine manner, regulate
the output of kisspeptin onto GnRH neurons in an
opposite way. Thus, NKB stimulates kisspeptin release
via its receptor NK3R in the KNDy neurons, therefore
inducing GnRH secretion from the median eminence
of the hypothalamus and subsequent pulsatile release
LH from the pituitary. In contrast, Dyn seemingly
operates as an inhibitory role in kisspeptin secretion,
thereby GnRH/LH pulsatility [43-46] (Fig. 3). A pre-
vious study showed that inactivating mutations of the
genes encoding NKB or its receptor (NK3R) in humans
led to a state of central hypogonadism similar to that
of the inactivating mutations of the kisspeptin pathway
[47], indicating that the NKB signal is indispensable for
kisspeptin secretion in KNDy neurons. Moreover, con-
tinuous KP10 infusion can restore GnRH/LH pulsatil-
ity in patients (men and women) with loss-of-function
mutations in NKB or NK3R, suggesting that kisspeptin
is able to stimulate pulsatile GnRH/LH secretion in the
absence of NKB signalings in humans [48]. This result
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Fig. 3 Schematic diagram showing how kisspeptin regulates hypothalamus-pituitary-ovary axis in rodents and humans. In rodents, KISS1 neurons
within anteroventral periventricular nucleus (AVPV) and the arcuate nucleus (ARC) are responsible for the positive feedback (red) and negative
feedback (blue) of sex steroids, respectively. While in humans, KISS1 neurons within the infundibular nucleus are responsible for the negative
feedback (blue) of sex steroids. The area where KISST neurons mediate the positive feedback (red) is unclear. KISS1 neurons in the infundibular
(humans)/arcuate (rodents) nucleus co-express neurokinin B (NKB) and dynorphin (Dyn), and are therefore named KNDy neurons. NKB and Dyn
autosynaptically regulate pulsatile kisspeptin secretion in KNDy neurons, with NKB being stimulatory and Dyn inhibitory. POA, preoptic area; ME,
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is further confirmed by the unaffected LH increase
induced by kisspeptin-10 in the presence of NK3R
antagonist in healthy men [49] (Table 1).

The surge mode of GnRH/LH secretion occurs peri-
odically at the mid-cycle (preovulatory stage) in adult
females [68]. Generation of this preovulatory surge criti-
cally relies on a switch from the predominant negative
feedback to the positive feedback of estrogen. The high
concentrations of circulating estradiol derived from the
dominant ovarian follicles induce stimulatory signals to
GnRH neurons to increase, rather than suppress, GnRH
secretion [68]. The first evidence for a putative role of
kisspeptin neurons in estrogen positive feedback came
from rodent studies, which demonstrated kisspeptin
expression in the AVPV area was reduced after ova-
riectomy and increased after estrogen replacement [6].
Kisspeptin mRNA levels in the AVPV area increased
during the preovulatory surge among female rats. In
comparison, immunoneutralization of central kiss-
peptin or selective blockade of kisspeptin actions with
KISSIR antagonists blocked the preovulatory LH surge
in cyclic rats [69, 70]. Collectively, these studies suggest
the involvement of kisspeptin neurons in the AVPV area
in mediating the positive feedback of sex steroids on
GnRH/LH secretion during the preovulatory period [68]
(Fig. 3). In humans, there is no functional evidence for
the anatomical region of kisspeptin neurons that medi-
ate the positive estrogen feedback to induce the GnRH/
LH surge. Furthermore, there has no homologous area in
humans to the AVPV nucleus in rodents. Because kiss-
peptin neurons are located predominantly in the infun-
dibular nucleus (which is the homolog of the ARC in
rodents) and the rostral POA in the human hypothala-
mus [26, 33, 71], kisspeptin neurons in one of the two
areas may be responsible for the positive sex steroids
feedback (Fig. 3).

Kisspeptin peptides and related analogs

Native Kisspeptin peptides

In humans, all native kisspeptins (KP54, KP14, KP13, and
KP10) share a typical C-terminal decapeptide sequence,
enabling these peptides to bind to and activate KISSIR
[9, 72]. Therefore, KP10 and KP54 are most commonly
investigated in humans. While the reported half-life of
KP54 varies from 28 min to 1.8h in humans, it is clear
that KP54 has a longer terminal half-life than KP10 in
humans [73-75]. Although Kotani et al. demonstrated
that the bioactivity of KP54 and KP10 are equipotent
and the two peptides bind to KISSIR with a similar affin-
ity in humans [72, 76], KP54 is more suitable for bolus
administration than KP10 in humans due to their phar-
macokinetic properties. A bolus administration of KP54
can lead to a modest rise of LH levels at the follicular
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phase in healthy women, which does not happen after a
bolus administration of KP10 [51] (Table 1). Addition-
ally, the maximum LH rise is much more significant after
a bolus administration of KP54 than after a similar dose
of KP10 in healthy men [74, 77]. Their blood-brain bar-
rier permeability explains the differentiation in biologi-
cal activity in vivo between KP10 and KP54. Peripheral
administration of KP54 can activate c-FOS in GnRH neu-
rons behind the blood-brain barrier (BBB), but this is not
seen after peripheral administration of KP10 [73]. Nev-
ertheless, both KP54 and KP10 can elicit an endocrine
response by activating kisspeptin receptors on GnRH
neurons in the median eminence area, which is external
to the BBB.

Kisspeptin receptor agonists

While KP54 is more stable and has a longer duration of
action in vivo, KP10 has a shorter amino acid sequence
and, therefore, is less expensive for manufacturers to pro-
duce analogs [73-75]. Numerous kisspeptin analogs have
been synthesized, including those containing substitu-
tions with unnatural amino acids [78—82]. Kisspeptins are
susceptible to enzymatic proteolysis by matrix metallo-
proteinases (MMPs) at their Gly-Leu peptide bond in the
C-terminal region [79, 83] (Fig. 4). Therefore, substitut-
ing these dipeptides may afford resistance to enzymatic
degradation and maintain the KISS1R agonistic activity,
such as (E)-Alkene- and hydroxyethylene-type isostere-
containing analogs [78]. In another study, researchers
designed and synthesized many KP10 analogs, among
which the substitution of arginine at position 53, N(w)
(—)methylarginine analog 8 shows 3-fold more potent
bioactivity than KP10, with trypsin cleavage resistance
between positions 53 and 54 [85]. However, not all kiss-
peptin receptor agonists can maintain the in vivo efficacy
with an increased in vitro stability. FTMO080, a kisspep-
tin receptor agonist with a half-life of 6.6 hours in murine
serum, is less effective in maintaining the duration of LH
secretion in ewes than native KP10 [86]. Another KP10
analog, designed by the substitution of D-tyrosine for a
tyrosine residue at position 1 ([dY](1)KP-10), binds to
KISSIR with lower affinity than KP-10 and exhibits com-
parable bioactivity in vitro [87]. Interestingly, peripheral
administration of [dY](1)KP-10 can increase plasma LH
and testosterone more potently than KP-10 at 20min
postinjection in mice, indicating the affinity of kisspep-
tin analogs in vitro is not necessarily associated with their
potency in vivo [87]. (Table 2).

KP10 analog C6 is designed by inserting an albumin-
binding motif in the isoGlutamyl on the N-terminal
amine to protect it from fast excretion and w-methylation
of arginine at position 9 to improve resistance to pro-
teolytic degradation without affecting potency [89].
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Critical residues in KP10
Acetyl_ation to _Substitution_to Critical for binding
petentially decrease increase resistance to
degradation enzymatic degradation
v
Tyr Asn — Trp — Asn Phe — Gly — Phe — NH2
Y N w N S F G L R F
1 2 3 4 5 6 7 8 9 10
Replace with d-Tyr or d-Ala Replace with Gly or Replace with d-Trp or
to enhance antagonism d-Ser for antagonism d-Leu for antagonism
Fig. 4 Critical residues in KP10. Residues highlighted with red are important for KISS1R binding; Residues highlighted with blue are important for
KISS1R activation. Modified from [84]

Additionally, the insertion of triazole between the leucine
and the glycine may increase the lipophilicity and, there-
fore, membrane permeability of C6 [89]. Thus, C6 has a
longer half-life in vivo than KP10 due to increased prote-
olytic stability [97]. Additionally, C6 is more potent than
KP10, as demonstrated in ewes [89]. Electrophysiological
recordings of GnRH neurons from murine brain slices
demonstrate that C6 exerts a direct stimulatory action on
GnRH neurons in the hypothalamus and induces ovula-
tion, indicating a possible increase in lipophilicity of this
molecule compared to KP10, at least in mice [89].

Compound 26 (C26) is a stable nonapeptide designed
by the N-terminal truncation of KP10, and it has KISSIR
binding affinities comparable to KP10 with improved
serum stability [90, 91]. Continuous administration of
C26 significantly suppresses testosterone in male rats,
and the plasma testosterone levels following C26 treat-
ment decreas faster than those receiving KP10 [90]. In
addition, C26 can induce ovulation in female rats, indi-
cating a possible increase in lipophilicity of this molecule
compared to KP10, at least in rats [90].

TAK-448 and TAK 683 are two kisspeptin analogs
designed bymodifying KP10 with nine amino acids [90,
98]. Compared with KP10, the two analogs show compa-
rable KISS1R-binding affinity and potency with increased
water solubility and half-life in vivo [92]. The two ana-
logs are originally developed for clinical use in patients
with prostate cancer due to kisspeptin’s ability to induce
tachyphylaxis when given chronically at high doses [99,
100]. Inducing castrate levels of testosterone in vivo is

beneficial intreating prostate cancer, in addition to kiss-
peptin’s putative antimetastatic activity [72]. A recent
study evaluated the potency of TAK-448 (also known
as MVT-602) to induce LH rise in the follicular phase
of healthy women [67]. Despite the comparable half-life
between TAK-448 and KP54, TAK-448 induces a pro-
longed duration of LH rise, though to a similar ampli-
tude as KP54 [67], indicating that TAK-448 has increased
resistance to degradation by proteosomes and can induce
signals for a longer duration. In vitro experiments dem-
onstrates that TAK-448 is more potent and induces a
longer duration of GnRH neuronal firing than KP54 (115
vs. 55 min) [67].

Using alanine scanning and amino acid substitution,
researchers found that Phe6, Arg9, and PhelO residues
lie on one face and constitute a binding pharmacoph-
ore of KP10, which is essential to the receptor binding
[101]. Small molecules mimicking vital elements of this
pharmacophore site can bind to and activate the kiss-
peptin receptor, albeit with reduced potency compared
to KP10 [101]. RF9 (1-adamantane carbonyl-Arg-Phe-
NH2) is an antagonist of receptors for the mammalian
gonadotropin-inhibitory hormone receptor [102, 103].
Central administration of RF9 can induce a dose-depend-
ent increase of gonadotropin levels in adult male and
female rats and augment the gonadotropin-releasing
effects of kisspeptin [102]. Interestingly, recent studies
demonstrated that the stimulatory action of RF9 on gon-
adotropin release is mediated via direct KISS1R agonism,
though the potency is slightly lower than KP10 in vitro
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[94, 95]. Additionally, RF9 can exert a dose-depend-
ent excitatory action on brain slices of GnRH neurons
in POA in adult male and diestrous female mice [94].
Another small molecule, benzoylated dipeptide Bz-Arg-
Trp-NH2, shows promising KISS1R agonistic activity and
better stability than the endogenous kisspeptins in rats.
However, its selectivity towards other RFamide receptors
such as NPFF1R and NPFF2R needs to be resolved [96].
Because the cost of synthesis and the stability of small
molecules are more favorable than those of kisspeptin, it
is worth investigating whether these small molecules can
facilitate oral administration in the future and provide
a therapeutic advantage in clinical trials. Additionally,
more synthetic work is required to improve their selec-
tivity toward KISS1R.

Kisspeptin receptor antagonists

In addition to Phe6, Arg9, and Phel0, the amino acids
residues Asn2 and Trp3 are also critical for receptor
binding, and Tyrl and Leu8 are necessary for recep-
tor activation [84, 101, 104] (Fig. 4). Kisspeptin antago-
nism, P234, results from the substitution of Leu8 with
d-Trp and of Ser5 with Gly, with further enhancement
by the substitution of Tyr 1 with D-Ala [105]. P234 can
bind to the kisspeptin receptor but can not induce sign-
alings, which can induce around 90% inhibition of KP10
activated signalings in KISSI1R-transfected CHO cells
[105] (Table 3). While P234 inhibits kisspeptin-induced
stimulation of GnRH/LH, the basal GnRH/LH levels are
not affected by P234 [105]. P271 is a modified version of
P234, with a penetrating sequence attached to enhance
BBB permeability. P271 can inhibit the GnRH/LH surge
induced by kisspeptin when administered systemically in
rats and ewes [70, 106, 107]. Small molecule antagonists
for KISS1R have also been synthesized via a 2-acylamino-
4,6-diphenylpyridine scaffold [108]. Compound 15a,
a minor molecule KISSIR antagonist, modified from

Table 3 Characteristics of kisspeptin receptor antagonists
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compound 91, is designed with further optimization by
containing a piperazine ring that enhances BBB perme-
ability [109]. Compound 15a exhibits similar binding
affinity and lower inhibition ability for KISSIR in vitro
and in vivo in male rats compared to P234 [109]. Unlike
peptide 234, which needs to be given by injection, com-
pound 15a is a small molecule antagonist that is likely to
facilitate oral administrationand is more applicable for
clinical trials.

Clinical applications of kisspeptin in female reproductive
health

The safety of kisspeptin and its specific role in regulat-
ing GnRH/LH secretion in the hypothalamus promote
its application in clinical trials. Up to date, no increased
adverse events (such as nausea or changes in heart rate
and blood pressure) of kisspeptin and related analogs
have been found in clinical trials when compared to the
placebo, and no serious adverse events related to kiss-
peptin or related analogs have been reported [50, 75,
93, 99]. Additionally, while kisspeptin stimulates GnRH/
LH secretion in the hypothalamus, it has no significant
effect on the secretion of growth hormone, prolactin, and
thyroid-stimulating hormone [110]. Therefore, there is
an expansive application of kisspeptin based on its hypo-
thalamic role, including female and male contraception,
induction of ovulation for IVF, delayed puberty, preco-
cious puberty, and hypothalamic amenorrhoea [84, 88].
Currently, only KP54, KP10, TAK-683, and TAK-448
have been taken forward into clinical trials in humans
[93, 99] (Table 1). Moreover, KP54 is more commonly
used in human trials than KP 10 due to its ability to cross
the BBB and its longer half-life in vivo [73].

Trials in healthy women at reproductive age
Dhillo et al. (2007) investigated the effects of KP54
intravenous administration in healthy women and

Kisspeptin Sequence Affinity Half-life (t¥2) Potency (in vivo and BBB permeability Related studies

receptor in vitro)

antagonists

p234 (D-Ala)-Asn-Trp-Asn-  Reference Unclear 90% inhibition of Unclear (Roseweir et al. 2009
Gly-Phe-Gly-(D-Trp)- KP10 activated signal- [9]; Pineda et al. 2010
Arg-Phe-NH2 ings [70]; Albers-Wolthers

etal. 2017 [106])

p271 Arg-Arg-Met-Lys-Trp-  Comparable with Unclear Comparable with Probably Yes (Pineda et al. 2010 [70];
Lys-Lys-Tyr-(D-Ala)- pP234 pP234 Smith et al. 2011 [107];
Asn-Trp-Asn-Gly- Albers-Wolthers et al.
Phe-Gly-(D-Trp)-Arg- 2017 [106])
Phe-NH2

Compound 15a  2-Acylamino-4,6-di- ~ Comparable with Unclear Lower than P234 Probably Yes (Kobayashi et al. 2010

phenylpyridine P234

[108, 109])
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found that the elevation of plasma KP54 levels signifi-
cantly increased circulating LH, FSH, and testosterone
levels [75]. Two years later, the same research group
investigated the effects of a subcutaneous bolus injec-
tion of different doses of KP54 in healthy women and
demonstrated that KP54 induced a dose-dependent
(at doses from 0.2—6.4nmol/kg) increase in LH release
in all phases of the menstrual cycle, with the greatest
effect in the preovulatory phase and least in the folli-
cular phase of the cycle [50]. The ability of kisspeptin
(KP54 and KP10) to stimulate gonadotropin secretion
in healthy women is further confirmed in later studies
[51-55]. Interestingly, intravenous injection of KP10 at
doses up to 10nmol/kg induced elevated serum gon-
adotropins in women during the preovulatory phase
but not in women during the follicular phase of the
menstrual cycle [51]. Another two studies demon-
strated that KP10 stimulated LH secretion in women
regardless of the menstrual cycle phase [57, 58]. One
possible explanation for the inconsistency towards the
effects of KP10 on women during the follicular phase
is that the stimulation of KISSIR in GnRH neurons in
the early follicular phase is close to saturation. Thus
the treatment of additional kisspeptin has little or no
effect [57]. Another explanation is that the gonadotro-
pin response to KP10 is directly and positively related
to serum estrogen levels which is much higher during
the preovulatory phase than the follicular phase [54,
55]. A recent study investigated the effect of kisspep-
tin in young, middle, and older men and found that the
response of GnRH/LH secretion to kisspeptin stimula-
tion is preserved across life [111]. TAK-448 and TAK-
683 are two KP10 analogs initially used in patients with
prostate cancer [93, 99]. A recent study demonstrated
that healthy women in the follicular phase treated with
TAK-448 showed a similar amplitude of LH rise com-
pared with the treatment of KP54, but the peak of LH
was much later with correspondingly increased area
under the curve of LH exposure [67]. The results sug-
gest a considerable therapeutic potential of TAK-448 in
female reproduction.

The change of the number of LH pulses after a bonus
administration of kisspeptin in healthy women is incon-
sistent, with one study showing a significantly increased
mean number of LH pulses [52] and another study that
showed no changes [57]. While the infusion of KP54 in
healthy women does not abolish the menstrual cyclic-
ity, it leads to a reduced length of the menstrual cycle
and an earlier onset LH surge [53]. Additionally, con-
tinuous infusion of KP10 restores gonadotropin pulsa-
tility in patients with impaired GnRH secretion caused
by the loss-of-function mutations in NKB or NK3R,
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suggesting that KP10 is sufficient to stimulate pulsatile
GnRH secretion on its own [48].

Continuous exposure to GnRH or its analogs suppress
gonadal functions, leading to desensitization of GnRH
receptor [112, 113]. Whether long-term treatment of
kisspeptin can induce tachyphylaxis in humans remains
discussion. Tachyphylaxis of LH response has been seen
in women with hypothalamic amenorrhea who received
twice-daily subcutaneous injections of KP54 (6.4nmol/
kg) for two weeks [63, 64]. Serum LH and FSH were
increased significantly after kisspeptin injection and
reduced to the baseline level on day 14 [63, 64]. However,
twice-daily subcutaneous injections of KP54 (6.4nmol/
kg) for one week or subcutaneous infusion of KP54 (0.1-
1.0nmol/kg/h) for 8hours did not cause tachyphylaxis of
LH response in healthy women [53, 54]. Similarly, con-
tinuous infusion of KP10 (4pg/kg/h) for 22.5hours in
healthy men increased LH secretion progressively with
no observation of desensitization [77], whereas subcu-
taneous infusion of TAK-448 (0.01-1mg/man/day) or
TAK-683 (0.01-2mg/man/day) for two weeks in healthy
male volunteers resulted in acute stimulation of FSH/LH
followed by suppression during continuous exposure [93,
99]. These studies collectively indicate that a two-week
time is required to induce tachyphylaxis in both men and
women. Additionally, as tachyphylaxis is seen in women
with hypothalamic amenorrhea but not healthy women,
whether the status of hypothalamic amenorrhea affects
tachyphylaxis remains unclear. Because chronic admin-
istration of kisspeptin is implicated as a potential novel
therapy in contraception or the treatment of hormone-
sensitive cancer through inhibiting reproductive hor-
mone secretion due to tachyphylaxis, whether long-term
administration of kisspeptin can induce tachyphylaxis
and what is the requirement for that in humans are of
considerable importance and should be confirmed in the
future.

Trials in postmenopausal women

In postmenopausal women, the ovary cannot respond to
the pituitary hormones (FSH and LH) due to the deple-
tion of ovarian follicles. While the ovarian estrogen and
progesterone production ceases and the negative feed-
back from the ovary is absent, the HPO axis remains
intact in these women. Current evidence regarding the
effect of kisspeptin on gonadotrophin secretion in post-
menopausal women remains controversial. One trial
demonstrated that gonadotrophin response to KP10 in
these women was enhanced when compared with women
in the follicular phase (George, Anderson, and Millar
2012), whereas another trial found intravenous bolus of
KP10 at the same doses (0.3 ug/kg) did not affect LH or
FSH secretion [56]. Therefore, the effect of kisspeptin
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on gonadotrophin secretion in postmenopausal women
should be further confirmed.

Trials in women with polycystic ovary syndrome (PCOS)
PCOS is a complex disorder involved with reproduc-
tive, metabolic, and endocrine disturbances in women
of reproductive age. The characteristics of PCOS include
polycystic ovaries morphology, olio-anovulation, and
the presence of clinical and biochemical hyperandro-
genism [114]. The observation of elevated LH-pulse
frequency and perturbed LH/FSH ratio in women with
PCOS implied the involvement of abnormal HPO axis in
PCOS [115-117]. Kisspeptin treatment leads to a simi-
lar increase of LH secretion in women with PCOS when
compared with that in healthy women, and the LH pulse
frequency is not changed [61, 62, 67], indicating that
exogenous kisspeptin administration is not able to change
the LH pulse frequency. Because NKB/NK3R pathway
can promote kisspeptin secretion in the KNDy neuron,
NKB antagonist administration may negatively regulate
kisspeptin production and subsequently reduce GnRH/
LH secretion. Indeed, previous studies demonstrated that
the NK3R antagonist could reduce LH and testosterone
secretion and slow LH pulse frequency in women with
PCOS [62, 118]. Furthermore, LH response to kisspeptin
is positively associated with estrogen concentrations [54,
55], but the positive correlation is abolished after NK3R
antagonist treatment [62]. These data indicate a crucial
role of the NKB component of the KNDy neuron in mod-
ulating the effect of the negative feedback of estrogen and
the precise regulation of LH secretion.

Trials in women with hypothalamic amenorrhea (HA)

HA is characterized by the cessation of menstruation
due to deficient pulsatile secretion of GnRH [119]. The
absence of pulsatile GnRH secretion leads to reduced
circulating gonadotropins, reduced developing follicles,
low estradiol levels, and cycle disturbances [120]. There-
fore, restoring pulsatile GnRH secretion is likely to be an
effective treatment for HA. Gonadotrophin response to
kisspeptin administration is more advanced in women
with HA than in healthy women or women with PCOS
[67]. Acute administration of KP54 to women with HA
significantly increases gonadotrophins secretion and LH
pulsatility [63—67], whereas chronic administration of
KP54 at a dose of 6.4nmol/kg twice daily for two weeks
induces complete desensitization to its effects on gon-
adotropin release [63, 64]. In response to tachyphylaxis
induced by long-term treatment of kisspeptin, Jayasena,
et al. investigated the effect of administration of KP54
at a dose of 6.4nmol/kg twice weekly for eight weeks on
gonadotropin release. They demonstrated that women
with HA remained partially sensitive to KP54 treatment
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during the first two weeks, and gonadotrophin responses
to KP54 treatment did not significantly decrease beyond
this initial two-week period [64]. However, this protocol
of KP54 treatment could not restore menstrual cyclicity
in women with HA during the eight weeks [64]. Further-
more, the number of follicles, the maximum size of the
follicles, and the ovary volume were not increased in this
protocol, indicating that this protocol is not therapeutic
for HA. Further work is required to explore an effective
protocol of kisspeptin administration that avoids tachy-
phylaxis and restores menstrual cyclicity and promotes
the development of follicles in women with HA.

Trials in patients with idiopathic hypogonadotropic
hypogonadism (IHH)

Idiopathic hypogonadotropic hypogonadism (IHH) is
characterized by hypogonadism with low gonadotro-
pins levels and sex steroids and absence of secondary
sexual characteristics due to either pituitary or hypotha-
lamic dysfunction [121]. As reported in previous studies,
known genetic mutations account for about 30-50% of
all IHH cases [122]. The majority of these genes encode
proteins involved in the development and migration
of GnRH neurons, regulation of GnRH secretion, and
GnRH action in the pituitary [122]. GNRHR, TACR3,
and KISSIR mutations are the most common mutations
that lead to IHH [123, 124]. Around 10-22% of patients
with IHH can recover reproductive endocrine function
spontaneously [125, 126]. Exogenous pulsatile GnRH
administration can serve as a powerful probe for pitui-
tary function in IHH patients [127]. Similarly, kisspeptin,
the primary upstream activator of the HPO axis, may be
utilized as a potent probe for GnRH neuronal function
in IHH patients. Indeed, pituitary response to GnRH is
preserved in men with mutations of genes involved in the
development and migration of GnRH neurons, but the
pituitary response to kisspeptin is significantly attenu-
ated when compared with healthy men (Abbara et al
2021). Chan et al. recruited twelve patients (10 men
and 2 women) with IHH (11 abiding IHH and 1 rever-
sal IHH) who received intravenous boluses of kisspep-
tin (0.24nmol/kg) before or after GnRH administration
[128]. All patients with abiding IHH failed to induce LH
pulse, whereas patients with reversal IHH showed robust
response after exogenous kisspeptin administration.
Based on this research, Lippincott et al. demonstrated
that IHH patients with sustained reversal of their hypog-
onadotropism responded to kisspeptin and produced LH
pulses, whereas IHH patients who had reversal but sub-
sequently suffered a relapse of their IHH did not respond
to kisspeptin [129]. The inability to respond to a physi-
ologic dose of kisspeptin in IHH patients is observed in
both estrogen-deficient and estrogen-replete states [130],



Hu et al. Reproductive Biology and Endocrinology (2022) 20:81

indicating that the low estrogen level in IHH patients is
not the underlying reason. This makes it possible to use
kisspeptin as an adjunctive tool to assess for reversal in
clinical practice. Nevertheless, not all patients with rever-
sal IHH have a normal GnRH neuronal function because
the reversal can occur even in patients with severe GnRH
deficiency [126]. Therefore, these patients (reversal IHH
with abnormal GnRH neuronal function) are unlikely to
be accurately assessed for reversal by kisspeptin. Because
most trials on IHH patients focus on men rather than
women, future trials should also investigate whether the
effect of kisspeptin in IHH patients shows the sexual
difference.

Trials in women with precocious or delayed puberty

The HPO axis is active during fetal life, with a peak
between mid-gestation and subsequent decrease towards
the end of pregnancy [131]. A further increase in gonado-
tropin secretion (sometimes called the ‘mini puberty of
early infancy’) is observed among human infants, begin-
ning at 1-2weeks after birth and persisting for several
months in male infants and ~2years in female infants
[119, 132, 133]. HPO axis remains quiescent throughout
childhood and then reactivates upon the onset of puberty
[131]. Reactivation of the HPO axis with the reemergence
of pulsatile GnRH release is the hallmark of puberty
onset [134]. Animal studies demonstrated that KISSIR
expression in the arcuate nucleus region increased sig-
nificantly from the juvenile to mid pubertal stage, and
repeated administration of kisspeptin or its analogs was
able to advance puberty [89, 135-139]. In humans, inac-
tivating point mutations in KISSIR are associated with
impaired pubertal development [13, 14]. Interestingly,
mutation of the KISS1 gene that produces kisspeptins
more resistant to in vitro degradation was reported in
three unrelated patients with central precocious puberty
[22]. These observations support the concept that the
kisspeptin/KISS1R system is a therapeutic target to regu-
late the onset of puberty.

Central precocious puberty (CPP) is caused by the
early reactivation of the HPO axis, with the development
of secondary sexual characteristics before the age of 8 in
girls and 9 in boys [140, 141]. In addition, several studies
have shown that the level of serum kisspeptin increased
significantly in CPP patients [142—146], suggesting serum
kisspeptin level can be used as a potential biomarker in
diagnosing CPP.

For children (11 boys and 4 girls) with delayed puberty,
a wide range of responsiveness to kisspeptin administra-
tion have been reported, with some showing a robust
response (higher than 0.8 mIU/ml) and others showing
little to no response [147]. The neuroendocrine profiles
of the responders are similar to those of healthy adults.
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Meanwhile, those who lacked responses to kisspeptin
presented similar neuroendocrine profiles to those adults
with IHH [147].. If the diminished response to kisspeptin
persists into adulthood, they will be found to have IHH.
Thus, response to kisspeptin may be used to distinguish
physiologic hypogonadotropic hypogonadism in nor-
mal prepubertal children from the pathological hypog-
onadotropic hypogonadotropism of children who have
IHH. Interestingly, when these children reached the age
of 18years, those who responded to kisspeptin with LH
rose higher than 0.8 mIU/mL subsequently progressed
through puberty, and those who showed LH responses to
kisspeptin less than 0.4 mIU/ml failed to develop puberty
[148]. Therefore, responses to kisspeptin can also help
to predict later pubertal development in children with
delayed puberty.

Trials in women undergoing in vitro fertilization (IVF)

IVF is a supraphysiological process that involves fol-
licular maturation, ovulation triggering, fertilization,
and embryo transfer. In this process, exogenous FSH is
administered to induce the development of follicles in the
ovary. Meanwhile, the GnRH receptor is downregulated
by using the GnRH antagonist, or continuous treatment
of a GnRH agonist to prevent an LH surge and prema-
ture ovulation. Once follicles grow to the requisite size,
LH-like drugs are used to trigger ovulation [149]. Exces-
sive exposure to LH-like drugs, such as human chorionic
gonadotropin (hCG), recombinant LH (rLH), or GnRH
agonist, can increase the risk of ovarian hyperstimulation
syndrome (OHSS), which is an iatrogenic state that can
lead to adverse consequences in women undergoing IVF
treatment [150, 151]. Compared to hCG or rLH, which
can directly activate the LH receptor in the ovary, GnRH
agonist triggers ovulation by stimulating endogenous LH
release from the pituitary, which is a more physiological
process and has advantages in women with high risks of
OHSS [152]. In recent years, kisspeptin has been used
to induce ovulation in IVF treatment based on its abil-
ity to stimulate endogenous GnRH release and induce the
subsequent LH surge. The first trial investigating kisspep-
tin administration to trigger ovulation was initiated in
2014 [59]. A single subcutaneous injection of KP54 was
administered (1.6—12.8 nmol/kg) to induce the LH surge
in women with subfertility, which resulted in a clinical
pregnancy rate of 23% (12/53) and a live birth rate at 19%
(10/54) [59]. Abbara et al. further explored the efficacy
and safety of kisspeptin in inducing oocyte maturation
in women at high risk of OHSS [153]. This study dem-
onstrated that women treated 9.6 nmol/kg KP54 had the
highest pregnancy rates (85%), and no woman developed
moderate to severe OHSS [153]. The number of mature
oocyte yields increased dose-dependently in both trials,
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indicating the variability in response in these women. A
third trial was conducted to investigate whether a second
dose of 9.6nmol/kg KP54 at 10hours following the first
could result in efficacious oocyte maturation in women
at high risk of OHSS [60]. This study showed the second
dose of KP54 improved oocyte yield and resulted in a
higher clinical pregnancy rate and live birth [60]. Notably,
the rate of moderate to severe OHSS was not increased
in women following a second dose of KP54 treatment.
Interestingly, this study also found a pharmacodynamic
effect of repeated dosing of KP54 [60]. The LH response
to the second dose was likely to result from the LH
response to the first KP54 bolus treatment. Women who
showed a substantial LH response to the first dose had
a lower LH rise following the second dose of KP54 and
vice versa [60]. Therefore, the second dose of KP54 can
restore and prolong the LH rise in women with a lower
rise in LH following the first dose, leading to a reduced
proportion of women with fewer than four oocytes yield
[60]. This pharmacodynamic effect can be explained by
the remaining hypothalamic GnRH stores in women with
a lower rise in LH, thus allowing the second dose of KP54
to restore LH rise. In humans, hCG has a long half-life
with peak serum levels at around 18 hours after injection.
A peak serum LH is observed around 4 hours after injec-
tion of GnRH agonist [154] and 4 to 6 hours after injec-
tion of KP54, with a lower amplitude of LH following
KP54 injection than that following GnRH agonist injec-
tion [149]. Compared to hCG and GnRH agonist for final
oocyte maturation, triggered with kisspeptin leads to
smaller median ovarian volume, lesser mean ascetic vol-
umes, and least frequent OHSS symptoms in women at
high risk of OHSS [155]. These data suggest that kisspep-
tin induces LH rise more physiologically when compared
with the current protocol for oocyte maturation, particu-
larly in women at high risks of OHSS. Importantly, injec-
tion of KP54 for final oocyte maturation is not feasible in
women with an impairment in hypothalamic GnRH neu-
ronal function. Additionally, while KP54 induces an LH
surge sufficient for oocyte maturation, the duration of LH
exposure is much shorter than that in hCG treatment,
which may lead to the insufficient luteinizing of cor-
pora luteal as seen in women treated with GnRH agonist
[149]. Thus, adequate luteal phase support may be neces-
sary to maintain the pregnancy rate in women triggered
by KP54, and trials investigating whether the “double”
or “dual” trigger by kisspeptin and hCG results in higher
pregnancy rates when compared with the trigger by kiss-
peptin alone are of great interest.

Kisspeptin/KISS1R outside of the hypothalamus
Emerging evidence demonstrates that the kisspeptin/
KISSIR system in reproductive organs outside of the
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hypothalamus (such as the ovary, the endometrium, and
the placenta) plays a potential role (see related reviews
[12, 17]). However, the clinical application of kisspeptin
based on its role in these organs is limited, probably due
to the low expression of KISSIR in these organs com-
pared with that in the hypothalamus [18]. As kisspep-
tin peptides are highly expressed in the placenta during
pregnancy, several studies have suggested that kisspeptin
measurement after six weeks of gestation of pregnant
women has a potential for comparable or even higher
accuracy than hCG in differentiating between miscar-
riage and viable intrauterine pregnancy [156—159].

Challenges and chances
The discovery of the physiological role of kisspeptin/
KISSIR in regulating the HPO axis has revolutionized
the field of reproductive physiology since 2003 [13, 14].
Up to now, kisspeptin or its analogs have been applied
in healthy women and women with abnormal conditions
(IHH, HA, PCOS, abnormal puberty onset, and subfertil-
ity) (Fig. 5). Nevertheless, several unanswered questions
remain to be investigated. The requirement for kisspep-
tin-induced tachyphylaxis and whether this tachyphy-
laxis shows sexual difference are not fully investigated.
A commercially available pump that can be practiced
internationally will enable the continuous and precise
infusion of kisspeptin in some conditions. Currently, only
KP54, KP10, TAK-448, and TAK-683 have been used in
humans. Other promising KISSIR agonists, particularly
small molecules that may facilitate oral administration,
are worth investigating in future clinical trials.
Kisspeptin as the main upstream regulator of the HPO
axis may have diagnostic and therapeutic significance
to patients with PCOS. Accumulating studies have ana-
lyzed the serum kisspeptin level in women with PCOS,
and pooled data demonstrated that kisspeptin level was
significantly increased in women with PCOS and showed
good accuracy for PCOS detection [160, 161]. Therefore,
women with PCOS may benefit from inhibitingkisspep-
tin secretion in the KNDy neuron (induced by NK3R
antagonist) responsible for the GnRH/LH pulse secretion
[43—46]. The tachyphylaxis induced by kisspeptin allows
the potential application of kisspeptin in some conditions
where suppression of gonadotrophins and sex steroids
is therapeutic, such as sex hormone-sensitive tumors,
endometriosis, and uterine fibroids. The ability of kiss-
peptin antagonists to limit follicular development and
inhibit ovulation may allow its potential application as a
novel female contraceptive, particularly in the conditions
where exogenous estrogen is contraindicated. Similar to
the effect of the GnRH agonist, the ability of KISS1R ago-
nists to induce tachyphylaxis may support their poten-
tial application in down-regulation in IVFE. The use of
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Stimulation of kisspeptin-GnRH pathway ‘ Inhibition of kisspeptin-GnRH pathway

Fig. 5 Clinical application of kisspeptin in female reproductive health. CPP, central precocious puberty; IHH, idiopathic hypogonadotropic
hypogonadism; HA, hypothalamic amenorrhea; PCOS, polycystic ovary syndrome; IVF, in vitro fertilization

kisspeptin and neurokinin B suppressive therapies may
be used to treat CPP, and the use of kisspeptin and neu-
rokinin B stimulating therapies may be used to restore
the menstrual cyclicity in women with HA.

Conclusion

We conducted literature reviews regarding the clinical
applications of kisspeptin and/or its analogs in female
reproductive health. Admittedly, the conclusive applica-
tion of kisspeptin in several conditions is still pending. In
addition, trials evaluating the effect of some promising
KISSIR agonists are lacking. Thus, many unsolved prob-
lems exist and are waiting to be elucidated.
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