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1  |  INTRODUC TION

In the late 1940s, Harris foresaw a mechanism to stimulate hypo-
thalamic pituitary gonadotropin secretion,1 and in 1977, Nobel Prize 
laureates in Physiology and Medicine, Schally2 and Guillemein,3 
identified luteinizing hormone (LH)- releasing hormone, now known 
as gonadotropin releasing hormone (GnRH), and showed that it was 
involved in stimulating the release of LH, and follicle stimulating hor-
mone (FSH).4 Since then, the hypothalamic- pituitary- gonadal (HPG) 
axis has been considered to be regulated by GnRH- LH/FSH- sex ste-
roids and their feedback mechanisms.5,6 The HPG axis is a hierarchic 
system and a major regulator of puberty induction and subsequent 

reproductive function; however, details of HPG action require fur-
ther elucidation. The expression of sex steroid hormone receptors, 
such as estrogen receptors (ERs) and androgen receptors (ARs) in 
GnRH neurons has not been fully characterized. Various candidate 
neurons, including GABA neurons and endogenous opioid neurons, 
for regulating GnRH neurons, which express steroid hormone recep-
tors, have been investigated.7,8

In 2003, De Roux et al.9 described a family with a history of 
hypogonadotropic hypogonadism. These patients had in common a 
155- nucleotide deletion in the orphan receptor gene, GPR54, (local-
ized on the short arm of chromosome 19) that prevented normal pu-
berty and reproductive development. Seminara et al.10 genetically 
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Abstract
Background: Regulation of the reproductive system has been explained by the ac-
tions and feedback of gonadotropin releasing hormone- luteinizing hormone/follicle 
stimulating hormone (GnRH- LH/FSH) - sex steroids; however, the discovery of kiss-
peptin neurons and a kisspeptin- GnRH- LH/FSH axis has prompted this regulation to 
be reviewed.
Methods: We investigated changes in kisspeptin neurons and associated changes in 
the hypothalamic- pituitary- gonadal (HPG) axis under various situations and experi-
mental conditions using histochemical methods.
Main findings (Results): Kisspeptin neurons play an important role in receiving and 
integrating information from internal and external environmental factors and com-
municating it to the conventional HPG axis.
Conclusion: The recently described Kisspeptin- GnRH- LH/FSH- gonad system regu-
lates reproductive function via mechanisms that until recently were not completely 
understood.
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engineered the same genetic abnormality in the Gpr54 gene of 
mice and found that puberty and reproductive functions were ab-
normal. This indicated that GPR54 is an extremely important re-
ceptor for controlling reproductive functions. GPR54 ligands were 
identified as the kisspeptin family of neuropeptides (kisspeptin- 54, 
kisspeptin- 10, also known as metastin).11– 13 Subsequently, it also 
was found that kisspeptin- containing neurons exist in the hypo-
thalamus and project their axons to GnRH neurons, which express 
GPR54 receptors.14– 17 Furthermore, kisspeptin neurons were 
shown to express estrogen receptor alpha (ERα).18 These findings 
indicated that kisspeptin neurons were located upstream of GnRH 
neurons and receive direct sex steroid hormone feedback from the 
periphery via GPR54 receptors. It has been suggested that sev-
eral neuropeptides, such as GABA, glutamate (which is also input 
to GnRH), are involved in kisspeptin neurons, but it seems more 
appropriate to view these as neurons involved in fine- tuning the 
function of the large functioning kisspeptin neurons rather than as 
neurons upstream of kisspeptin neurons. Kisspeptin is, therefore, 
directly related to the feedback pathway of the GnRH- LH/FSH 
axis. This review introduces a new reproductive regulatory mecha-
nism involving kisspeptin and describes its interaction with various 
environmental factors.

2  |  DISTRIBUTION AND ROLE OF 
KISSPEPTIN NEURONS IN THE BR AIN

After kisspeptin was identified, antibodies against the neuro-
peptide were generated and used for immunohistochemistry. 
In situ hybridization was also used to determine the localization 
of Kiss1 mRNA. The distribution of kisspeptin- expressing neu-
rons and their nerve fibers has been extensively studied in the 
brains of rats,16,19,20 mice,14,15 large breeding research animals 
such as sheep,17,21 and primates such as monkeys.22,23 Kisspeptin- 
expressing neurons are located in the anteroventral perive-
ntricular nucleus (AVPV) of the hypothalamus [or the rostral 
periventricular region of the third ventricle (RP3V), including the 
AVPV] and the arcuate nucleus (ARC). In addition, ARC kisspep-
tin neurons also co- express neurokinin B (NKB) and dynorphin A 
(DynA); therefore, they are referred to as KNDy neurons.24,25 Our 
recent immunoelectron microscopy observations clearly demon-
strate that these three neuropeptides are separately contained in 
discrete neurosecretory vesicles in KNDy neurons.26 Interestingly, 
AVPV kisspeptin is upregulated when circulating estrogen (E2) 
levels are elevated (positive feedback). In contrast, kisspeptin in 
ARC neurons (KNDy neurons) is down- regulated when E2 levels 
are increased (negative feedback)16 (Figure 1). Smith et al.27 re-
ported that Kiss1 mRNA levels in the AVPV are elevated during 
the preovulatory surge in mice, while Kiss1 mRNA in the ARC is 
suppressed. In ARC KNDy neurons, NKB promotes pulse- like se-
cretion of kisspeptin, while DynA inhibits it, indicating that this 
accelerator- brake interaction may be responsible for the final se-
cretion of kisspeptin.28 Studies on the postnatal development of 

AVPV (RP3V) and ARC kisspeptin- expressing cells in rats found 
that AVPV (RP3V) kisspeptin neurons appear from about 3 weeks 
after birth (the time of weaning in rats), while kisspeptin in ARC 
neurons is expressed immediately after birth. These nuclei also 
show clear sexually dimorphism, with significantly more expres-
sion in females than males20 (Figure 2). These studies indicate that 
kisspeptin neurons in the AVPV (RP3V) serve as surge generators 
of GnRH/LH and that KNDy neurons in the ARC serve as pulse 
generators.

3  |  REL ATIONSHIP BET WEEN KISSPEPTIN 
NEURONS AND THE REGUL ATION OF 
ENERGY METABOLISM

The reproduction system is closely related to the system regu-
lating energy metabolism.29 For example, prolonged fasting 
causes a decrease in GnRH expression and fertility is reduced as 
a result of food deprivation. In humans, it is well known that in 
patients with the eating disorder anorexia nervosa or other psy-
chological disorders, the HPG axis can be inactivated, resulting 
in amenorrhea and ovarian dysfunction. Kiss1 mRNA levels in 
the hypothalamus are down- regulated and Kiss1 receptor mRNA 
levels are upregulated in prepubertal mice after a short period 
of hypotrophy, and decreased kisspeptin signaling and a subse-
quent decrease in LH secretion occur in response to malnutri-
tion.30 Moreover, a chronic low- diet in female rats at the age of 
puberty onset reduced Kiss1 expression in the ARC.31 Thus, it is 
clear that kisspeptin neurons are sensitive to the state of energy 
metabolism (Figure 3A).

NPY/AgRP neurons and POM/CART neurons in the hypothal-
amus, which are involved in the regulation of energy metabolism, 
mainly promote and inhibit feeding, respectively.32,33 Both neurons 
project their axons to kisspeptin neurons in the ARC, indicating that 
kisspeptin neurons may transmit signals from NPY/AgRP and POM/
CART neurons on the status of energy metabolism.34– 36 In addition, 
the adipocyte hormone, leptin, also acts on kisspeptin neurons and 
influences the onset of puberty. Smith et al.37 reported leptin recep-
tor mRNA expression in ~40% of mouse ARC kisspeptin neurons. 
They also showed that Kiss1 mRNA levels were markedly decreased 
in ob/ob mice, which lack leptin expression, and that this was par-
tially rescued when exogenous leptin was administered. These find-
ings indicate that leptin signaling is important for the activation of 
kisspeptin neurons. However, recent studies have begun to ques-
tion whether leptin is essential for activating kisspeptin neurons38,39 
and further detailed investigations are necessary to answer this 
question.

In juveniles, when energy metabolism is insufficient to respond to 
reproductive functions, energy metabolism signals are insufficiently 
integrated; consequently, kisspeptin neurons are not strongly acti-
vated. Activation of the HPG axis causes the reproductive regulatory 
system to induce puberty, and may be involved in maintenance of 
the reproductive regulatory system. This indicates that maintenance 
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of appropriate energy metabolism around the time of puberty is im-
portant for normal reproductive regulatory mechanisms.

Tolson et al.40 reported glucose dysregulation and decreased en-
ergy release in Kiss1 receptor KO mice, especially in females, which 
resulted in significant weight gain. Obesity in females negatively 
affects reproductive function, leading to menstrual irregularity and 
infertility.41 To clarify interaction between the central reproduc-
tive regulating system and infertility in obese females, we exam-
ined Zucker fatty rats. These rats are obese and infertile because 
of an autosomal recessive missense mutation in the leptin receptor 
gene. We determined changes in sexual cycle, serum LH levels, and 
kisspeptin, NKB, and DynA expression in AVPV kisspeptin neu-
rons and ARC KNDy neurons. We found that kisspeptin expression 
in the AVPV was not altered, while levels of kisspeptin, NKB, and 
DynA in ARC KNDy neurons were markedly decreased, resulting in 
disruption of the sexual cycle and a marked decrease in serum LH 
levels.42 However, the number of expression of GnRH neurons was 
not changed. This study using Zucker fatty rats is considered a good 
model to observe the relationships among obesity, infertility, and re-
productive dysfunction in females.

It is now accepted that regulation of energy metabolism is im-
portant in the reproductive control system. Although the involve-
ment of kisspeptin neurons in the link between regulation of energy 

metabolism and reproductive control is an important issue, many 
other complex factors are also involved in this process, the further 
investigations are necessary.43

4  |  KISSPEPTIN NEURONS AND THE 
STRESS RESPONSE SYSTEM

Stress is known to suppress reproductive function. Stressors such 
as inflammatory signals,44 physical inhibition,45 and insulin- induced 
hypoglycemia46 cause suppression of the LH secretory pulse. The 
stress response is regulated by the hypothalamic- pituitary- adrenal 
(HPA) axis. Stresses are centrally mediated by corticotropin releas-
ing hormone (CRH), and central administration of CRH results in 
rapid suppression of LH secretion. CRH functions through two re-
ceptor subtypes, type 1 (CRH- R1) and type 2 (CRH- R2).47,48 CRH 
stimulates the release of adrenocorticotropic hormone (ACTH) 
from the anterior pituitary gland and ACTH stimulates the release 
of corticosteroids from the adrenal cortex. Corticosteroids include 
glucocorticoids and mineralocorticoids, which bind to the glucocor-
ticoid receptor (GR) and mineralocorticoid receptor, respectively.49 
Stress increases the secretion of glucocorticoids from the adrenal 
cortex, which bind to and activate the GR. Although it is known 

F I G U R E  1 Kiss1 mRNA in kisspeptin neurons of the AVPV, which receives estrogen (E2) positive feedback, and the ARC, which receives 
negative feedback
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that stress affects the HPG axis and adversely affects reproduc-
tive function, the precise interaction of HPA and HPG axes has not 
been fully elucidated. We investigated whether CRH receptors and 
the GR, which are involved in these stress responses but are not 
expressed in GnRH neurons, were expressed in kisspeptin neurons. 
We found that CRH receptors are expressed in both AVPV and ARC 
kisspeptin neurons, and that CRH fibers project to kisspeptin neu-
rons in both the AVPV and ARC. Moreover, we found that GR was 
expressed in AVPV kisspeptin neurons, but not in ARC kisspeptin 
neurons.50 These findings indicate that stress signals, such as CRH 
and glucocorticoids, are directly transmitted to kisspeptin neurons. 
We conclude that kisspeptin neurons may play a role in communi-
cation between the HPA axis, which is a stress response system, 
and the HPG axis, which is a reproductive regulatory system, and 
that suppression of reproductive function under stress might be 
regulated via direct modulation of the kisspeptin system by CRH 
and glucocorticoids (Figure 3B).

5  |  PROJEC TION OF KISSPEPTIN 
NEURONS TO DOPAMINERGIC NEURONS 
IN THE DORSAL ARC AND REGUL ATION OF 
PITUITARY PROL AC TIN SECRETION

Kisspeptin neurons project mainly to GnRH neurons, but neuro-
anatomical projections to other brain regions are also worthy of in-
vestigation. We reported kisspeptin fiber projections and synapse 
inputs to tuberoinfundibular dopamine (TIDA) neurons in the ARC 
of female rats.51,52 TIDA neurons inhibit the secretion of prolactin 
(PRL) from PRL cells in the anterior pituitary gland. Furthermore, 
female patients with hyperprolactinemia caused by PRL- producing 
pituitary tumors show a high rate of infertility,53 indicating a strong 
link between hyperprolactinemia and infertility, but the central 
mechanisms involved remains controversial. Recent studies indicate 
that kisspeptin may be involved in the regulation of PRL secretion 
via TIDA neurons.54,55 The human ovarian cycle is suppressed during 

F I G U R E  2 AVPV	kisspeptin	neurons	acting	as	surge	generators	and	their	postnatal	development,	and	kisspeptin	neurons	co-	expressing	
NKB and Dynorphin A (KNDy neurons) in the ARC acting as pulse generators and their postnatal development. Asterisks indicate significant 
differences between sexes (p < 0.01,	two-	way	ANOVA	with	Bonferroni	post	hoc	test).	Bars	labeled	with	different	letters	are	significantly	
different from each other at p < 0.01.	Error	bars	represent	SEM
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lactation and ovulation does not occur. In rodents, the sexual cycle 
is also suppressed during lactation and ovulation is suppressed.56 It 
has been speculated that suckling stimulation by pups is transmit-
ted to ARC kisspeptin neurons via the spinal cord and midbrain.57 
To explore this possibility, we injected an adaptive tracer into the 
subparafascicular parvocellular nucleus of the midbrain, which is 
presumed to be a relay point for the transmission of suckling stim-
uli. The adaptive tracer did indeed project to ARC kisspeptin neu-
rons.58 These kisspeptin neurons projected to TIDA neurons in the 
ARC,52,53 providing the connection between suckling stimulation, 
the spinal cord, midbrain, ARC kisspeptin neurons, and TIDA neu-
rons. The number of expression of both AVPV and ARC kisspeptin 
neurons was decreased by suckling stimulation, and the expression 
of kisspeptin was increased by cessation of the stimulus, indicating 

that the change of kisspeptin expression during lactation is regulated 
by suckling stimulation. In addition, serum PRL levels were higher 
in the lactating state, and when pups were removed and lactation 
had ceased, serum PRL levels returned to non- lactating state lev-
els.58 These results indicate that suckling stimulation suppresses 
the number of expression of kisspeptin neurons, which suppresses 
TIDA neurons, resulting in increased PRL levels. Recent reports have 
shown that PRL receptors are expressed in kisspeptin neurons, in-
dicating that high PRL levels may directly affect kisspeptin neurons 
and suppress kisspeptin expression.59

These studies show that kisspeptin neurons may mediate the 
suppression of reproductive function caused by hyperprolactinemia 
during lactation or pituitary tumors. However, species- specific dif-
ferences in experimental findings require further investigation.

F I G U R E  3 (A)	Effect	of	energy	metabolism	signals	on	kisspeptin	neurons.	Increased	adiposity	under	high-	nutrient	conditions	increases	
leptin secretion from adipocytes, which in turn activates the kisspeptin- HPG axis and leads to activation of the reproductive system. 
However, in a low nutritional state, the amount of fat decreases and the amount of leptin decreases, resulting in decreased activity of the 
kisspeptin- HPG axis, which leads to a decrease in the reproductive system. (B) Connection through kisspeptin neurons of the HPA axis, 
which is involved in the stress response, with the HPG axis, which is the reproductive control system

(A)

(B)
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6  |  HYPER ANDROGENISM- INDUCED 
SUPPRESSION OF KISSPEPTIN 
E XPRESSION AND DECRE A SED BLOOD LH 
CONCENTR ATION

Polycystic ovary syndrome (PCOS), a disorder of the ovaries, pre-
sents with symptoms such as amenorrhea, irregular menstruation, 
irregular bleeding, acne, hypertrichosis, and obesity.60 According 
to the diagnostic criteria of the Japanese Society of Obstetrics and 
Gynecology, there are three facets to PCOS: (1) ovulation disorder, 
(2) hyper- LH or hyperandrogenism, and (3) polycystic ovaries. PCOS 
is diagnosed when all three conditions are met and it is confirmed 
that there is no other disease. Some studies have reported a high 
level of kisspeptin in PCOS patients,61,62 but morphofunctional 
changes of kisspeptin neurons have not been examined. Focusing 
on hyperandrogenism in PCOS, we prepared a rat model of hyper-
androgenism by chronically administering one of the androgens, 
5α- dihydrotestosterone (DHT), and observed changes in central 
fertility regulators.63 A slow- release pellet containing DHT was im-
planted subcutaneously in weaning female rats (20– 22 days of age), 
and 90 days later, the animals were observed in detail for ovarian 
morphology, changes in kisspeptin expression, changes in GnRH 
expression, changes in blood LH levels, and the expression of AR 
in kisspeptin neurons. The expression of kisspeptin in ARC neurons 
was significantly suppressed while there were no significant changes 
in the number of GnRH neurons in the preoptic area or the calcu-
lated area of GnRH immunopositive fibers in the median eminence. 
There was a significant decrease in blood LH levels and AR was ex-
pressed in ARC kisspeptin neurons, indicating direct androgen regu-
lation of ARC kisspeptin neurons via AR. However, the pathogenesis 
of PCOS in humans differs in many aspects and the animal model 
needs careful interpretation because various variations may occur 
depending on the timing and duration of androgen treatment. The 
relationship between PCOS and kisspeptin needs further examina-
tion with respect to drug discovery and therapy for PCOS.

7  |  REL ATIONSHIPS BET WEEN THE 
MENOPAUSE AND PERI-  MENOPAUSE AND 
THE HPG A XIS CENTERED ON KISSPEPTIN

Kisspeptin is established a gatekeeper neuropeptide for the in-
duction of puberty and normal operation of the reproductive axis. 
However, there are still many unknowns regarding its relevance to 
the end of reproductive activity, the menopause, and menopausal 
disorders. With aging, reproductive function declines and changes 
to hormone secretion and infertility occur.64 In rodents, the LH 
pulse changes with aging, and it is assumed that this is caused by 
changes in the LH pulse generator. The kisspeptin neurons in the 
AVPV act as surge generators, while the kisspeptin neurons in the 
ARC (KNDy neurons) act as pulse generators. To clarify changes in 
the kisspeptin- HPG axis with aging, we measured the expression of 
kisspeptin, NKB, and DnyA in KNDy neurons at 2 months (Young), 

12– 13 months (Young– Middle), 19– 22 months (Late– Middle), and 
24– 26 months of age (Old).65 The mRNA levels of Kiss1, Tac3 (en-
coding NKB), and Pdyn (encoding DynA) were also analyzed by in 
situ hybridization in four groups: 2 months (Young), 12– 13 months 
(Young– Middle), 19– 22 months (Late– Middle), and 24– 26 months of 
age (Old). The pattern of decrease was not identical among the three 
neuropeptides, but changed independently of each other. This may 
be linked to transitional changes in the LH pulse, and it is thought 
that the differences in the changes of the three neuropeptides are 
linked to the fluctuations and changes in their roles as pulse genera-
tors, which in turn are related to changes in the LH pulse and con-
centration with aging. We also observed a gradual decrease in the 
responsiveness of LH secretion to GnRH in each group as they aged 
and we suggest that the decrease in kisspeptin- GnRH stimulation 
also caused a decrease in the margin of LH stored in the pituitary 
gland, resulting in a decrease in responsiveness.

These central and peripheral hormonal changes may effect var-
ious environments in the female body, and these changes in the 
internal environment may lead to the menopause and the various 
disorders that occur during menopause. Although it is difficult to 
apply the results of this study directly to humans because of spe-
cies differences, these basic data are valuable when considering the 
human menopause and related conditions.

8  |  REL ATIONSHIP BET WEEN THE 
DOHAD HYPOTHESIS AND THE 
KISSPEPTIN-  HPG A XIS

The DoHad hypothesis, which stands for Developmental Origins of 
Health and Disease, is the concept that future health and susceptibil-
ity to certain diseases are strongly influenced by the environment dur-
ing fetal life and early postnatal life.66 In the 1990s, epidemiological 
studies reported that “low- birth- weight infants have a higher risk of 
developing metabolic syndromes, such as diabetes, hypertension, and 
hyperlipidemia in adulthood” and the “fetal programming hypothesis” 
was proposed.67 The DoHad hypothesis is summarized as “a predic-
tive adaptive response occurs and the degree of adaptation between 
the environment in the fetal period and the environment in later life 
is related to the risk of future disease.” Over the past 50 years, meta- 
analyses have reported a decrease in sperm concentration and semen 
volume in normal adult males, which can be attributed to an increase 
in environmental hormones (endocrine disruptors).68,69

Based on these concepts, we have observed the effects on pups 
of hormone exposure and maternal nutrition in the fetal and early 
postnatal periods, especially with regard to an HPG axis with kiss-
peptin neurons as the integration center.70 In reproductive regula-
tion, the maternal nutritional environment during the fetal period and 
the nutritional environment immediately after birth are associated 
with changes in reproductive regulation during the adult period, with 
respect to energy metabolic levels and promote reproductive dys-
function in adulthood, including the noradrenaline- kisspeptin- GnRH 
pathway during positive feedback. We have shown that chronic 
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exposure to estrogen above physiological levels during the neonatal 
period irreversibly represses the KNDy gene (Kiss1, Tac3, Pdyn) in the 
ARC, resulting in reproductive dysfunction in male rats.70 These re-
sults indicate that chronic exposure to estrogenic chemicals in the de-
veloping brain causes loss of KNDy neurons in the ARC, resulting in 
suppression of the pulsatile release of GnRH/LH and failure of sper-
matogenesis and steroidogenesis. We also investigated the effect of 
a high- fat diet on the expression of KNDy gene (Kiss1, Tac3, Pdyn) in 
the hypothalamus and examined the mechanism of obesity- induced 
infertility in male and female rats.71 The suppression of Kiss1 expres-
sion in the ARC may be the first pathological change of hypogonadism 
in male rats fed a high- fat diet. However, obesity- associated infertility 
in female rats may be caused by a KNDy- independent pathway. In 
summary, ARC kisspeptin neurons may be more susceptible to high- 
fat diet- induced obesity in male rats than in female rats.71

Thus, a variety of environments during development (fetal pe-
riod and early postnatal period) affects kisspeptin neurons, which 
form the integration center of a new reproductive control mecha-
nism in the adult. Future investigations in this area will further eluci-
date details of kisspeptin action.

9  |  CONCLUSION

The discovery of hypothalamic kisspeptin neurons has had a 
profound impact on the world of reproductive neuroendocrinol-
ogy. Kisspeptin is a neuropeptide that is crucial for the control 
of reproductive functions, and dysfunction of kisspeptin neurons 
leads to suppression of reproductive control. As described in this 
mini- review, there are many direct and indirect factors that in-
fluence kisspeptin expression and function (Figure 4). Kisspeptin 
neurons receive various information from the internal and ex-
ternal environments and integrate them to regulate subordinate 
GnRH neurons and the HPG axis to control reproduction. Further 
research on these neurons will reveal their roles in pathological 
conditions related to obstetrics and gynecology, pediatrics, and 
psychiatry.
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