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1  | INTRODUC TION

Gonadotropin‐inhibitory hormone (GnIH) is a peptide that was 
isolated from the Japanese quail (Coturnix japonica) brain in search 
for an RFamide peptide in vertebrates by using an antibody 
against RF‐NH2.1 The structure of quail GnIH was identified to be 
SIKPSAYLPLRFamide.1 FMRFamide peptide is the first RFamide 
peptide isolated from the ganglia of the venus clam, which had a car‐
dioexcitatory function.2 Since then, many RFamide peptides were 

identified in invertebrate species and studies suggested that they 
act as neurotransmitters, neuromodulators, and hormones.3,4 It had 
been suggested that some RFamide peptides may regulate pituitary 
hormone release because RFamide‐immunoreactive (ir) neurons 
projected close to the pituitary gland in vertebrates.5,6

In quail, gonadotropin‐inhibitory hormone‐immunoreactive 
(GnIH‐ir) neuronal cell bodies were located in the paraventricu‐
lar nucleus (PVN) of the hypothalamus and sent their axons to the 
median eminence (ME), suggesting regulation of anterior pituitary 
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Abstract
Background: Gonadotropin‐inhibitory hormone (GnIH) was discovered in the 
Japanese quail brain in 2000 as a hypothalamic neuropeptide that suppresses lutein‐
izing hormone release from cultured quail anterior pituitary.
Methods: The authors investigated the existence of mammalian orthologous pep‐
tides to GnIH and their physiological functions in the following 19 years of research.
Main findings: Mammals have orthologous peptide to GnIH, often described 
RFamide‐related peptide, expressed in the hypothalamus and gonads. Mammalian 
GnIH may also suppress gonadotropin synthesis and release by suppressing gonado‐
tropin‐releasing hormone (GnRH) synthesis and release in addition to directly sup‐
pressing gonadotropin synthesis and release from the pituitary. Mammalian GnIH 
may also suppress kisspeptin, a stimulator of GnRH, release. Mammalian GnIH is also 
expressed in the testis and ovary and suppresses gametogenesis and sex steroid pro‐
duction acting in an autocrine/paracrine manner. Thus, mammalian GnIH may act at 
all levels of the hypothalamic‐pituitary‐gonadal axis to suppress reproduction. GnIH 
may be involved in the regulation of puberty, estrous or menstrual cycle, seasonal 
reproduction, and stress responses.
Conclusion: Studies suggest that mammalian GnIH is an important neuroendocrine 
suppressor of reproduction in mammals.
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hormone release.1 It was shown that administration of GnIH to the 
cultured anterior pituitary suppresses luteinizing hormone (LH) re‐
lease. Therefore, this peptide was named GnIH.1 In vivo adminis‐
tration of GnIH to quail further suppressed gonadotropin synthesis 
and release, and gonadal activity.7 Following studies have shown 
that vertebrate animals have orthologous peptides to GnIH that 
have a characteristic LPXRFamide (X = L or Q) motif at their C‐ter‐
mini. GnIH orthologous peptides of mammals are also described as 
RFamide‐related peptide (RFRP). It was found that mammalian GnIH 
is also expressed in the gonads and may regulate gonadal activity by 
paracrine/autocrine manner.3

Here, we summarize the structure of GnIH peptide, morphology 
of GnIH neurons in the brain, function of GnIH in the brain, reg‐
ulation of pituitary hormone secretion, and expression of GnIH in 
gonads and its function in mammals in this review. We also describe 
that expression of GnIH or activities of GnIH neurons are not only 

endogenously regulated by developmental stages or estrous and 
menstrual cycles, but also photoperiod and stress in order to regu‐
late reproductive functions according to the environment.

2  | STRUC TURE OF MAMMALIAN GNIH 
PEPTIDES

A cDNA that encodes GnIH peptide (LPXRFamide peptide) precur‐
sor was found by a gene database search in mammals.8 LPXRF (X = L 
or Q) sequence is followed by glycine as an amidation signal and ar‐
ginine or lysine as endoproteolytic basic amino acids in the precur‐
sor (Figure 1). LPXRFamide peptide precursor cDNA encodes one 
LPLRFamide peptide that is described RFRP1 and one LPQRFamide 
peptide that is described RFRP3 (Figure 1). Human, macaque, sheep, 
and cattle LPXRFamide precursor cDNA also encodes LPXRFamide 

F I G U R E  1   A multiple sequence alignment of gonadotropin‐inhibitory hormone (GnIH) precursors. Human (Homo sapiens), rhesus 
macaque monkey (Macaca mulatta), sheep (Ovis aries), cattle (Bos taurus), Siberian hamster (Phodopus sungorus), rat (Rattus norvegicus), 
and mouse (Mus musculus) GnIH (RFRP) precursor polypeptides were aligned by CLUSTAL W Multiple Sequence Alignment. Multiple 
alignment parameters were as follows: Gap open penalty 10, Gap extension penalty 0.05, Hydrophilic residues GPSNDQERK, and Weight 
matrix GONNET. Identified or predicted endogenous peptide sequences are underlined. LPXRF (X = L or Q) sequences are underlined. 
Biochemically identified endogenous peptide sequences are shown in bold. Glycine (G) as an amidation signal and arginine (R) as an 
endoproteolytic basic amino acid are italicized. Asterisk (*) indicates positions which have a single, fully conserved residue. Colon (:) indicates 
conservation between groups of strongly similar properties—scoring >0.5 in the Gonnet PAM 250 matrix. Period (.) indicates conservation 
between groups of weakly similar properties—scoring <0.5 in the Gonnet PAM 250 matrix. Accession numbers are H sapiens pro‐
FMRFamide‐related neuropeptide VF precursor [NP_071433.3], M mulatta Neuropeptide VF [EHH17432.1], O aries pro‐FMRFamide‐related 
neuropeptide VF precursor [NP_001120740.1], B taurus pro‐FMRFamide‐related neuropeptide VF precursor [NP_776593.1], P sungorus GnIH 
precursor [AEF16016.1], R norvegicus pro‐FMRFamide‐related neuropeptide VF precursor [NP_076442.1], and M musculus pro‐FMRFamide‐
related neuropeptide VF precursor [NP_068692.1]. RFRP, RFamide‐related peptide

Rat MEIISSKRFILLTLATSSFLTSNTLCSDELMMPHFHSKEGYGKYYQLRGIPKGVKERSVT
Mouse MEIISLKRFILLTVATSSFLTSNTFCTDEFMMPHFHSKEGDGKYSQLRGIPKGEKERSVS
Hamster MEIISSKRFILLTLATSSLLTSNIFCTEELMMPHFHSKEKEDKYSQPTGISKGEKERSVS
Monkey MEIISSKLFILLTLATSSLLTSNISCADELMMSSLHSKENYDKYSEPRGYP--KREKRLN
Human  MEIISSKLFILLTLATSSLLTSNIFCADELVMSNLHSKENYDKYSEPRGYP--KGERSLN
Sheep MEIISLKRFILLMLATSSLLTSNIFCTDESRIPSLYSKKNYDKYSEPRGDLGWEKERSLT
Cattle MEIISLKRFILLMLATSSLLTSNIFCTDESRMPNLYSKKNYDKYSEPRGDLGWEKERSLT

***** * **** :****:****  *::*  :. ::**:  .** :  *      *: :.

RFRP1 (RFRP2)
Rat FQELKDWGAKKDIKMSPAPANKVPHSAANLPLRFGRNIEDRRSPRARA--------NMEA
Mouse FQELKDWGAKNVIKMSPAPANKVPHSAANLPLRFGRTIDEKRSPAARV--------NMEA
Hamster  FQEVKDWGAKNVIKMSPAPANKVPHSAANLPLRFGRTLEEDRSTRART--------NMEA
Monkey  FEELKDWGPKNVIKMSTPAVNKMPHSVTNLPLRFGRTTEEERSAGATANLPLRSGRNMEV
Human   FEELKDWGPKNVIKMSTPAVNKMPHSFANLPLRFGRNVQEERSAGATANLPLRSGRNMEV
Sheep FEEVKDWGPK--IKMNTPAVNKMPPSAANLPLRFGRNMEEERSTRVMAHLPLRLGKNRED
Cattle FEEVKDWAPK--IKMNKPVVNKMPPSAANLPLRFGRNMEEERSTRAMAHLPLRLGKNRED

*:*:***..*  ***. . .**:* * :********. :: **. . .        * * 

RFRP3
Rat GTMSHFPSLPQRFGR-TTARRITKTLAGLPQKSLHSLASSELLYAMTRQHQEIQSPGQEQ
Mouse GTRSHFPSLPQRFGR-TTAR-SPKTPADLPQKPLHSLGSSELLYVMICQHQEIQSPGGKR
Hamster    RTLSRVPSLPQRFGR-TTARSIPKTLSHLLQRFLHSMATSEVLNAMTCQHGEIQSPGGKQ
Monkey    SLVRQVLNLPQRFGRTTTAKSVCRTLSDLCQGSLHSPCANDLFYSMTCQHQEIQNPDQKR
Human   SLVRRVPNLPQRFGRTTTAKSVCRMLSDLCQGSMHSPCANDLFYSMTCQHQEIQNPDQKQ
Sheep SLSRRVPNLPQRFGRTIAAKSITKTLSNLLQQSMHSPSTNGLLYSMTCRPQEIQNPGQKN
Cattle SLSRWVPNLPQRFGRTTTAKSITKTLSNLLQQSMHSPSTNGLLYSMACQPQEIQNPGQKN

. .*******  :*:   :  : * *  :**  :. ::  *  :  ***.*. :.

Rat PRKRVFTETDDAERKQEKIGNLQPVLQGAMKL
Mouse TRRGAFVETDDAERKPEK--------------
Hamster      PRRQAFMETDDEEGKHEK--------------
Monkey       SRRLVFQKMDDAELKQEK--------------
Human   SRRLLFKKIDDAELKQEK--------------
Sheep LRRLGFQKIDDAELKQEK--------------
Cattle LRRRGFQKIDDAELKQEK--------------

*:  * : ** * * **              
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peptide‐like sequences that are LPLRSamide peptide in human and 
macaque, and LPLRLamide peptide in sheep and cattle (Figure 1). 
These peptides are described RFRP2 but none of their mature pep‐
tide structures are identified at present. Rodents such as rat, mouse, 
and hamster LPXRFamide peptide precursor cDNAs do not encode 
RFRP2 as in human, macaque, sheep, and cattle (Figure 1). The ma‐
ture peptide structures of human RFRP1 and RFRP3,9 macaque 
RFRP3,10 and cattle RFRP111 and RFRP3,12 mouse RFRP1 and 
RFRP3,13 rat RFRP3,14 Siberian hamster RFRP1 and RFRP315 are 
identified by biochemical methods.

3  | GNIH RECEPTOR AND CELL 
SIGNALING

Hinuma et al8 identified a specific receptor for GnIH (RFRP) in mam‐
mals, which had been an orphan G‐protein coupled‐receptor (GPCR) 
GPR147. Bonini et al (2000) reported two GPCRs for neuropeptide 
FF (NPFF), a neuropeptide that has a C‐terminal PQRFamide motif 
and involved in pain modulation. They were named NPFF1 that is 
identical to GPR147 and NPFF2 that is identical to GPR74.16 Genes 
encoding the precursors of LPXRFamide peptides and PQRFamide 
peptides are thought to be paralogues from an evolutionary stand‐
point.17,18 GPR147 and GPR74 are also thought to be paralogues.19 
Investigations of binding affinities and cell signaling pathways trig‐
gered by RFRPs and NPFFs have shown that RFRPs have higher af‐
finities for GPR147, and NPFFs have potent agonistic activity for 
GPR74, suggesting that GPR147 is the primary receptor for GnIH 
(RFRP).12,16,20

GPR147 is likely to be coupled to Gαi protein because GnIH 
(RFRP) suppresses production of cAMP in Chinese hamster ovarian 
cells transfected with GPR147 cDNA.8 Son et al21 investigated the 
precise cell signaling pathway triggered by GnIH in a mouse gonad‐
otrope cell line LβT2. It was first confirmed that GPR147 mRNA is 
expressed in LβT2 cells. Predicted mouse RFRP1 and RFRP3 sup‐
pressed cAMP production induced by gonadotropin‐releasing 
hormone (GnRH), suggesting that GnIH (RFRP) inhibits adenylate 
cyclase (AC) activity. Mouse GnIH (RFRP) further suppresses extra‐
cellular signal‐regulated kinase (ERK) phosphorylation and gonado‐
tropin subunit gene transcriptions stimulated by GnRH. The results 
suggest that mouse GnIH (RFRP) suppresses GnRH‐stimulated go‐
nadotropin subunit gene transcriptions by inhibiting the AC/cAMP/
protein kinase A (PKA)/ERK phosphorylation pathway.21 This in‐
hibitory pathway of mouse GnIH (RFRP) action was also shown in 
a GnRH neuronal cell line GT1‐7 stimulated by vasoactive intestinal 
polypeptide (VIP).22

4  | MORPHOLOGY OF GNIH NEURONS

In mouse and hamster brains, GnIH precursor mRNA is expressed in 
neuronal cell bodies located in the dorsomedial hypothalamic area 
(DMH).13,15,23,24 In rat brains, GnIH precursor mRNA is expressed in 

the periventricular nucleus (PerVN) and between the dorsomedial 
nucleus (DMN) and the ventromedial nucleus (VMN) of the hypo‐
thalamus.8,25 In macaque brains, GnIH precursor mRNA is principally 
expressed in the intermediate periventricular nucleus (IPe) of the hy‐
pothalamus.10 In sheep brains, GnIH mRNA is expressed in the DMN 
and PVN.26

Gonadotropin‐inhibitory hormone neuronal fibers are widely 
distributed in the diencephalic, mesencephalic, and limbic brain 
regions in all mammals investigated.10,15,27,28 Distribution of GnIH 
neuronal fibers and interaction with neurons in the brain were in‐
vestigated in detail in the macaque brain.10 GnIH neuronal fibers 
were abundant in the stria terminalis in the telencephalon, habenu‐
lar nucleus, paraventricular nucleus of the thalamus, preoptic area 
(POA), PVN, IPe, arcuate nucleus (Arc), median eminence, and dorsal 
hypothalamic area in the diencephalon, medial region of the superior 
colliculus, central gray substance, and dorsal raphe nucleus in the 
midbrain. GnIH neuronal fibers are in close proximity to GnRH1, do‐
pamine, pro‐opiomelanocortin (POMC), and GnRH2 neurons in the 
POA, IPe, Arc, and central gray substance of the midbrain, respec‐
tively.10 In sheep, GnIH neurons project to neuropeptide Y (NPY) 
and POMC neurons in the Arc, orexin, and melanin‐concentrating 
hormone neurons in the lateral hypothalamic area, orexin cells in the 
DMN, corticotrophin‐releasing hormone and oxytocin cells in the 
PVN, and GnRH neurons in the POA.29 Kisspeptin is a hypothalamic 
neuropeptide that stimulates GnRH release.30 Kisspeptin neurons 
form two populations in the anteroventral periventricular nucleus 
(AVPV) and Arc. Approximately 35% of Arc kisspeptin cells are con‐
tacted by GnIH neuronal fibers and 25% express GPR147 or GPR74 
in mice.31 Therefore, GnIH may also suppress gonadotropin release 
by suppressing kisspeptin neurons in the Arc.32

5  | REGUL ATION OF GONADOTROPIN 
SYNTHESIS AND RELE A SE

Gonadotropin‐inhibitory hormone neuronal fiber terminals are in 
probable contact with GnRH neurons in rodents,15,23 monkeys,10 
and humans.9 It was further demonstrated that GnIH receptor 
(GPR147) is expressed in GnRH neurons in hamsters.15 Central 
administration of GnIH suppresses the release of gonadotropin in 
Syrian hamsters,23 Siberian hamsters,15 and rats.27,33 Central ad‐
ministration of RFRP3 and RF9, an antagonist of RFRP, to female 
mice decreases and increases GnRH mRNA expression, respec‐
tively.34 GnIH also suppresses the stimulatory effect of kisspeptin 
on GnRH release in mouse hypothalamic culture.22 Administration 
of GnIH (RFRP3) to cultured mouse brain slices decreases the fir‐
ing rate in a subpopulation of GnRH neurons.35 GnIH (RFRP3) also 
suppresses the firing of kisspeptin‐activated vGluT2 (vesicular 
glutamate transporter 2)‐GnRH neurons as well as of kisspeptin‐
insensitive GnRH neurons.36 Suppression of GnRH mRNA expres‐
sion by GnIH (RFRP3) administration was also shown in a novel 
GnRH neuronal cell model, mHypoA‐GnRH/GFP.37 Accordingly, 
GnIH may inhibit the secretion of gonadotropins by decreasing the 
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activity of GnRH neurons in addition to directly regulating pitui‐
tary gonadotropin secretion.

Gonadotropin‐inhibitory hormone may not directly regulate the 
pituitary in rodents, because there are only few or no GnIH neuronal 
fibers in the median eminence of hamsters 15,23 and rats.38 Injection 
of a retrograde tracer Fluoro‐Gold intraperitoneally to rats labeled 
the majority of GnRH neurons but no GnIH neuron.38 On the other 
hand, abundant GnIH neuronal fibers are observed in the median 
eminence of sheep,26 macaque,10 and humans.9 It was demonstrated 
that GPR147 mRNA is expressed in the gonadotropes in the human 
pituitary.9 GnIH (RFRP3) suppresses gonadotropin synthesis and/
or release from cultured pituitaries in sheep,39 cattle,40 and rats.33 
Peripheral administration of GnIH (RFRP3) also suppresses gonad‐
otropin release in sheep,26 rats,41 cattle,40 and humans.42 Pulsatile 
secretion of GnIH (RFRP3) was observed in the hypophyseal portal 
blood of ewes, and a significant reduction in LH response to GnRH 
was observed by GnIH (RFRP3) administration in hypothalamo‐pitu‐
itary‐disconnected ewes.43 Taken together, it is likely that GnIH can 
directly act on the pituitary to suppress gonadotropin synthesis and/
or release from the pituitary at least in relatively large mammalian 
species.

6  | REGUL ATION OF PUBERT Y

Changes in the expression of GnIH in the brain and the testicular ac‐
tivity were analyzed after birth in male mice.44 The testicular activity 
increases progressively until 13 weeks of age and declines in the old 
mice. GnIH neurons appear in 1‐week‐old mice and their number and 
size increase significantly at 3 weeks of age, remain unaltered until 
7 weeks of age, followed by a progressive decline until 13 weeks and 
increase again in the old age.44 Both GnIH expression and GnIH/c‐
Fos co‐expression decrease markedly in the early prepubertal stage 
in developing female mice.45 These results suggest that the decrease 
in GnIH during postnatal development may facilitate puberty in male 
and female mice.

In rats, GnIH gene expression increases with developmental 
age, peaking around the time of puberty in females.46 Iwasa et al47 
investigated the changes in GnIH and GPR147 mRNA levels in the 
rat hypothalamus during development in detail. In male rats, mRNA 
expressions of GnIH and GPR147 both increase from postnatal (P) 
12 and P16, and peak at P35 and P42, respectively, and fall on P49. 
In females, GnIH mRNA expression continues to increase through‐
out development. On the other hand, GPR147 mRNA expression in 
female rats increases from P16, peaks at P28, and decreases from 
P35.47 Central administration of GnIH (RFRP3) from P28 to P36 
twice a day significantly decreases serum LH and estradiol con‐
centration, delay uterine maturation and vaginal opening in female 
rats.48 These results suggest that decreases in GnIH and/or GPR147 
may also facilitate puberty in male and female rats.

Kiyohara et al49 investigated whether thyroid dysfunction af‐
fects pubertal onset through GnIH in female mice. Hypothyroidism 
shows delayed pubertal onset with increased GnIH expression. 

However, GnIH knockout prevents delayed pubertal onset in hypo‐
thyroidism, indicating that increased GnIH expression induced by 
hypothyroidism may delay puberty. Administration of thyroid hor‐
mone suppresses GnIH expression in hypothalamic explants, and 
GnIH neurons express thyroid hormone receptors to convey thyroid 
status. These findings indicate a novel function of GnIH to mediate 
interactions of the hypothalamic‐pituitary‐thyroid (HPT) and go‐
nadal axes that contribute to pubertal regulation.49

7  | REGUL ATION OF ESTROUS AND 
MENSTRUAL CYCLE

The estrous cycle that has metestrus, diestrus, proestrus, and estrus 
phases normally cycles in 4‐5 days in rats and mice. Estradiol secre‐
tion from the ovary gradually increases from the metestrus phase 
to the proestrus phase and rapidly decreases at the estrus phase. 
It is known that relatively low estradiol concentration during me‐
testrus and diestrus phases suppresses GnRH/LH pulse. However, 
high estradiol concentration in the afternoon of the proestrus phase 
increases the frequency and amplitude of GnRH/LH pulse resulting 
in GnRH/LH surge that induces ovulation.50‐52

Estradiol induces kisspeptin precursor mRNA expression in the 
AVPV possibly via ERα.53‐56 Therefore, kisspeptin precursor mRNA 
expression in the AVPV peaks during the evening of proestrus in fe‐
male rats.57 These results suggest that AVPV kisspeptin neurons are 
involved in GnRH/LH surge. On the other hand, kisspeptin neurons 
in the Arc are thought to maintain GnRH pulse, because administra‐
tion of kisspeptin antagonist in the Arc profoundly attenuates LH 
pulse frequency.58

Gonadotropin‐inhibitory hormone neuronal system may also be 
involved in estrogen feedback to GnRH neurons because GnIH neu‐
rons in rodents express ERα.23 Estradiol administration for 4 days 
suppresses GnIH precursor mRNA expression in ovariectomized 
mice.59 The cellular activity of GnIH neurons and GnIH precursor 
mRNA expression is low at the time of LH surge in female hamsters 
or proestrus in female rats and mice, suggesting that reduction in 
GnIH neuronal activity may contribute to GnRH/LH surge.60‐62

Intravenous infusion of GnIH (RFRP3) blocks estrogen‐induced 
LH surge in ewes.63 GnIH gene expression is also reduced in the 
preovulatory period in ewes.63 These results suggest that reduction 
in GnIH may also be involved in the induction of GnRH/LH surge 
in ewes. On the other hand, GnIH precursor mRNA expression was 
higher in the late follicular phase just before GnRH/LH surge in fe‐
male rhesus macaque, suggesting that GnIH fine tunes GnRH/LH 
surge in primates.64 The opposite changes of GnIH during GnRH/
LH surge between ewe and primates suggest a higher functional 
role of GnIH in primates. It may be possible that GnIH acts more 
as a translator of environmental and social information in the reg‐
ulation of menstrual cycle, such as translating environmental or 
psychological stress to inhibit ovulation, rather than a member of 
the rigid periodic machinery that propels the reproductive cycle in 
primates.
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8  | REGUL ATION OF SE A SONAL 
REPRODUC TION

It has been suggested that photoperiodic mammals rely on the an‐
nual cycle of changes in nocturnal secretion of melatonin from the 
pineal gland to regulate seasonal reproduction. Therefore, how pho‐
toperiod and melatonin regulate GnIH synthesis and/release was 
investigated in photoperiodic mammals such as hamster and sheep. 
The level of GnIH precursor mRNA and the number of GnIH‐ir cell 
bodies are reduced in sexually quiescent male hamsters acclimated 
to short‐day (SD) photoperiod compared with sexually active ani‐
mals maintained under LD photoperiod independent from gonadal 
steroids.15,24,65‐67 The photoperiodic regulation of GnIH gene ex‐
pression is abolished in pinealectomized (Px) male hamsters, and 
continuous administration of LD hamsters with melatonin reduces 
GnIH gene expression to SD levels, indicating that photoperiodic 
regulation of GnIH is dependent on melatonin.15,65 GnIH gene ex‐
pression level can be increased in SD hamsters if they were exposed 
with dim light at night that can reduce melatonin.68 On the other 
hand, GnIH gene expression is not modulated by photoperiod in the 
laboratory rat, a nonphotoperiodic breeder.65 Central administration 
of hamster GnIH peptides (RFRP1 and RFRP3) suppresses LH release 
5 and 30 minutes after administration in LD. On the other hand, both 
peptides stimulate LH release 30 minutes after administration in SD. 
These results suggest that GnIH peptides (RFRP1 and RFRP3) fine 
tune LH levels via its receptor expressed in gonadotropin‐releasing 
hormone‐immunoreactive (GnRH‐ir) neurons in an opposite fashion 
across seasons in male hamsters.15

Gonadotropin‐inhibitory hormone‐immunoreactive neurons in 
the dorso‐ventromedial hypothalamus are approximately threefold 
higher in sexually active male jerboa a semi‐desert rodent, cap‐
tured in the spring compared to sexually inactive autumn animals, 
like hamsters.69 On the other hand, there is a significant increase 
in GnIH cell body number during the nonbreeding season (summer) 
compared to the breeding season (winter) in the adult female brush‐
tail possum brain.70

Thyroid hormones are also implicated in the regulation of sea‐
sonal reproduction. Triiodothyronine (T3) is decreased in hamsters 
housed in SD, and injections of exogenous T3 stimulate testicular 
growth in SD Siberian hamsters. Administration of T3 to SD hamsters 
also increases GnIH‐ir cells in the dorsomedial hypothalamus com‐
pared with SD controls.71 It is thought that thyroid‐stimulating hor‐
mone (TSH) in the pars tuberalis of the adenohypophysis regulates 
local thyroid hormone availability in the mediobasal hypothalamus. 
In SD‐adapted male Djungarian and Syrian hamsters, central admin‐
istration of TSH for 4‐6 weeks restores the summer phenotype of 
testicular activity, kisspeptin, and GnIH expression.72

In Soay sheep, a SD breeder, GnIH shows a generally moderate 
increase in the hypothalamus in LD. However, GnIH expression in 
the ependymal cells surrounding the base of the third ventricle is 
highly photoperiodic, with levels being undetectable in animals held 
on SD but consistently high under LD.73 In ovariectomized (OVX) 
ewes treated with estradiol, lesser expression of GnIH and lesser 

GnIH‐GnRH contacts were concurrent with the breeding season.74 
The number of GnIH‐ir neurons in female goat hypothalamus is also 
lower in the follicular phase than in the luteal and anestrous stages.75 
Mean GnIH (RFRP3) pulse amplitude and frequency are also higher 
during the nonbreeding (anestrous) season compared with the luteal 
and follicular phases of the estrous cycle in the breeding season in 
ewes.43

9  | MEDIATION OF STRESS RESPONSES

Because stress has inhibitory effects on reproduction,76 it was hy‐
pothesized that stress may suppress the hypothalamic‐pituitary‐go‐
nadal (HPG) axis by activating the GnIH system. Kirby et al (2009) 
showed that both acute and chronic immobilization stress up‐reg‐
ulates GnIH expression in the DMH of adult male rats. Adrenal 
glucocorticoids (GC) may increase GnIH expression because adre‐
nalectomy blocks stress‐induced increase in GnIH expression and 
53% of GnIH cells express receptors for GC.77 Administration of a 
high dose of lipopolysaccharide, an endotoxin, increases GnIH and 
GPR147 mRNA levels in both OVX and gonadal intact female rats, 
while kisspeptin and GnRH mRNA levels are decreased.78 Food re‐
striction also up‐regulates GnIH mRNA expression and suppresses 
ovarian development and follicular growth in prepubertal ewes.79 
Metabolic challenges, such as short‐term fasting and high‐fat diet, 
are less effective in decreasing LH secretion in GPR147‐deficient 
male mice, suggesting that the GnIH‐GPR147 inhibitory pathway 
mediates gonadotropin suppression by metabolic stress.80 Stressful 
stimuli also activate GnIH‐ir neurons or increase GnIH expression 
in rats and mice.81‐83 It was further shown that GnIH administration 
activates hypothalamic‐pituitary‐adrenal (HPA) axis in rats,81 mice,84 
and rhesus monkeys.85 Administration of GnIH (RFRPs) induces anx‐
iety‐related behavior in rats 81 and mice,84 suggesting that GnIH also 
mediates behavioral stress responses, although its mechanism of ac‐
tion should be investigated in future studies.3,86

Son et al87 investigated the mechanism of activation of GnIH 
precursor mRNA transcription by corticosterone (CORT) using a 
GnIH‐expressing neuronal cell line, rHypoE‐23, derived from rat hy‐
pothalamus. GR mRNA is expressed in rHypoE‐23 cells and CORT 
treatment for 24 hours increases GnIH mRNA expression. They fur‐
ther characterized the promoter activity of the rat GnIH precursor 
gene stimulated by CORT. CORT‐responsive region at 2000‐1501 bp 
upstream of GnIH precursor coding region includes two GC re‐
sponse elements (GREs) at 1665 and 1530 bp, and mutation of 1530 
GRE abolishes responsiveness to CORT. Finally, CORT‐stimulated 
GR recruitment was demonstrated at the GnIH promoter region 
containing the 1530 GRE.87

10  | GONADAL GNIH AC TIONS

Zhao et al88 investigated the locations of GnIH, GPR147, and GPR74 
in the testis of Syrian hamster. GnIH was found in spermatocytes and 
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round to early elongated spermatids. GPR147 was found in myoid 
cells and pachytene spermatocytes, maturation division spermato‐
cytes, and round and late elongated spermatids, whereas GPR74 
was found only in late elongated spermatids. These results suggest 
a possible autocrine and/or paracrine role for GnIH in spermatogen‐
esis.89 In mice, GnIH (RFRP3) treatment causes dose‐dependent de‐
crease in germ cell proliferation and survival markers and increase 
in apoptotic markers. GnIH (RFRP3) administration also suppresses 
testosterone synthesis in the testis both in vivo and in vitro.90 It was 
also shown that GnIH (RFRP3) suppresses synthesis and release of 
testosterone in the male pig.91 GnIH and GPR147 are also expressed 
in the epididymis of male rat. Intratesticular administration of RFRP3 
decreases spermatozoa and increases degenerated and vacuolated 
epididymal epithelial cells.92

Gonadotropin‐inhibitory hormone and GPR147 are primarily ex‐
pressed in the granulosa cell layer of large preovulatory follicles as well 
as in the corpus luteum in primary cultures of granulosa‐lutein cells of 
premenopausal women.93 Immunoreactivities of GnIH and GPR147 
are mainly localized in the granulosa and theca cells of antral folli‐
cles during proestrus and estrus and in luteal cells during metestrus 
and diestrus in female pig.94 Singh et al95 investigated the changes 
in GnIH (RFRP3) expression in the ovary of mice during the estrous 
cycle. The immunoreactivity of GnIH (RFRP3) was mainly localized 
in granulosa cells of the healthy and antral follicles during proestrus 
and estrus, and in luteal cells during diestrus 1 and 2 phases. A signif‐
icant increase in GnIH (RFRP3) immunoreactivity during late diestrus 
2 coincided with the decline in corpus luteum activity and initiation 
of follicular growth and selection.95 Singh et al96 further showed that 
GnIH (RFRP3) inhibits follicular development and steroidogenesis in 
the ovary of mice in vivo and in vitro. Oishi et al93 investigated the 
role of GnIH and GPR147 in the human ovary. Treatment of human 
granulosa‐lutein cells with GnIH (RFRP3) reduces FSH‐, LH‐, and for‐
skolin‐stimulated progesterone production and steroidogenic acute 
regulatory protein (StAR) expression. GnIH (RFRP3) also suppresses 
gonadotropin‐ and forskolin‐induced intracellular cAMP accumula‐
tion. These results suggest that GnIH (RFRP3) acts via GPR147 to 
suppress gonadotropin signaling in human granulosa cells.93 Wang et 
al97 further showed that GnIH (RFRP3) induces cell cycle arrest at 
G2/M in porcine ovarian granulosa cells.

11  | CONCLUSION

Gonadotropin‐inhibitory hormone is a peptide that was first isolated 
from the quail brain, which has a characteristic LPXRFamide (X = L 
or Q) motif at their C‐termini. Mammals also possess GnIHs having 
C‐terminal LPXRFamide (X = L or Q), which are also named RFRP1 
that has a C‐terminal LPLRFamide sequence and RFRP3 that has 
a C‐terminal LPQRFamide sequence (Figure 1). The mature struc‐
tures of human GnIHs (RFRP1 and RFRP3), macaque GnIH (RFRP3), 
and cattle GnIHs (RFRP1 and RFRP3), mouse GnIHs (RFRP1 and 
RFRP3), rat GnIH (RFRP3), and Siberian hamster GnIHs (RFRP1 and 
RFRP3) are currently identified by biochemical methods.

The GPCR, GPR147 is the primary receptor for GnIH. GPR147 
is likely to be coupled to Gαi protein in target cells. GnIH suppresses 
GnRH‐stimulated gonadotropin subunit gene transcriptions by in‐
hibiting the AC/cAMP/PKA/ERK phosphorylation pathway. GnIH 
also suppresses the same pathway in GnRH neuronal cell line.98 
Morphological evidence supports that GnIH suppresses the secre‐
tion of gonadotropins by decreasing the activity of GnRH neurons 
in addition to directly regulating pituitary gonadotropin secretion. 
GnIH may also suppress gonadotropin release by suppressing kiss‐
peptin neurons in the Arc.

Measurements of GnIH and GPR147 contents and gonadal ac‐
tivities during developmental stages suggest that decreases in GnIH 
and/or GPR147 may facilitate puberty in mammals. GnIH may also 
mediate interactions of the HPT and HPG axes in pubertal regula‐
tion. Reduction in GnIH neuronal activity may contribute to GnRH/
LH surge in rodents. GnIH may also be involved in the regulation of 
seasonal reproduction regulated by melatonin and thyroid hormones.

Various stressors increase GnIH neuronal activity or GnIH pre‐
cursor gene expression suggesting that stress suppresses the HPG 
axis by activating the GnIH system. CORT‐stimulated GR recruit‐
ment in the GnIH promoter region is likely to be the mechanism of 
activation of GnIH precursor mRNA transcription under stress. GnIH 
may also mediate behavioral stress responses, although its mecha‐
nism of action is less understood at present.

Gonadotropin‐inhibitory hormone and GPR147 are expressed 
in the gonads and likely to suppress gametogenesis and sex ste‐
roid synthesis in an autocrine/paracrine manner. Thus, mammalian 
GnIH may act at all levels of the HPG axis to suppress reproduction. 
Nineteen years of studies after the discovery of GnIH in quail sug‐
gest that GnIH is also an important neuroendocrine suppressor of 
reproduction in mammals.

CONFLIC T OF INTERE S T

Takayoshi Ubuka and Kazuyoshi Tsutsui declare that they have no 
conflict of interest.

E THIC AL APPROVAL

This article does not contain any studies with human and animal sub‐
jects performed by any of the authors.

ORCID

Takayoshi Ubuka  https://orcid.org/0000‐0002‐4731‐8118 

R E FE R E N C E S

 1. Tsutsui K, Saigoh E, Ukena K, et al. A novel avian hypothalamic pep‐
tide inhibiting gonadotropin release. Biochem Biophys Res Commun. 
2000;275:661‐667.

 2. Price DA, Greenberg MJ. Structure of a molluscan cardioexcitatory 
neuropeptide. Science. 1977;197:670‐671.

https://orcid.org/0000-0002-4731-8118
https://orcid.org/0000-0002-4731-8118


     |  231UBUKA And TSUTSUI

 3. Ubuka T, Son YL, Tsutsui K. Molecular, cellular, morphological, 
physiological and behavioral aspects of gonadotropin‐inhibitory 
hormone. Gen Comp Endocrinol. 2016;227:27‐50.

 4. Ubuka T, Tsutsui K. Comparative and evolutionary aspects of go‐
nadotropin‐inhibitory hormone and FMRFamide‐like peptide sys‐
tems. Front Neurosci. 2018;12:747.

 5. Raffa RB. The action of FMRFamide (Phe‐Met‐Arg‐Phe‐NH2) and 
related peptides on mammals. Peptides. 1988;9:915‐922.

 6. Rastogi RK, D'Aniello B, Pinelli C, et al. FMRFamide in the amphibian 
brain: a comprehensive survey. Microsc Res Tech. 2001;54:158‐172.

 7. Ubuka T, Ukena K, Sharp PJ, Bentley GE, Tsutsui K. Gonadotropin‐
inhibitory hormone inhibits gonadal development and maintenance 
by decreasing gonadotropin synthesis and release in male quail. 
Endocrinology. 2006;147:1187‐1194.

 8. Hinuma S, Shintani Y, Fukusumi S, et al. New neuropeptides con‐
taining carboxy‐terminal RFamide and their receptor in mammals. 
Nat Cell Biol. 2000;2:703‐708.

 9. Ubuka T, Morgan K, Pawson AJ, et al. Identification of human GnIH 
homologs, RFRP‐1 and RFRP‐3, and the cognate receptor, GPR147 
in the human hypothalamic pituitary axis. PLoS ONE. 2009;4:e8400.

 10. Ubuka T, Lai H, Kitani M, et al. Gonadotropin‐inhibitory hormone 
identification, cDNA cloning, and distribution in rhesus macaque 
brain. J Comp Neurol. 2009;517:841‐855.

 11. Fukusumi S, Habata Y, Yoshida H, et al. Characteristics and distri‐
bution of endogenous RFamide‐related peptide‐1. Biochim Biophys 
Acta. 2001;1540:221‐232.

 12. Yoshida H, Habata Y, Hosoya M, Kawamata Y, Kitada C, Hinuma 
S. Molecular properties of endogenous RFamide‐related pep‐
tide‐3 and its interaction with receptors. Biochim Biophys Acta. 
2003;1593:151‐157.

 13. Gospodarska E, Kozak LP, Jaroslawska J. Isolation and identification 
of endogenous RFamide‐related peptides 1 and 3 in the mouse hy‐
pothalamus. J Neuroendocrinol. 2019;31:e12668.

 14. Ukena K, Iwakoshi E, Minakata H, Tsutsui K. A novel rat hypotha‐
lamic RFamide‐related peptide identified by immunoaffinity chro‐
matography and mass spectrometry. FEBS Lett. 2002;512:255‐258.

 15. Ubuka T, Inoue K, Fukuda Y, et al. Identification, expression, and 
physiological functions of Siberian hamster gonadotropin‐inhibi‐
tory hormone. Endocrinology. 2012;153:373‐385.

 16. Bonini JA, Jones KA, Adham N, et al. Identification and character‐
ization of two G protein‐coupled receptors for neuropeptide FF. J 
Biol Chem. 2000;275:39324‐39331.

 17. Osugi T, Daukss D, Gazda K, et al. Evolutionary origin of the struc‐
ture and function of gonadotropin‐inhibitory hormone: insights 
from lampreys. Endocrinology. 2012;153:2362‐2374.

 18. Osugi T, Okamura T, Son YL, et al. Evolutionary origin of GnIH and 
NPFF in chordates: insights from novel amphioxus RFamide pep‐
tides. PLoS ONE. 2014;9:e100962.

 19. Fredriksson R, Lagerström MC, Lundin LG, Schiöth HB. The G‐pro‐
tein‐coupled receptors in the human genome form five main fami‐
lies. Phylogenetic analysis, paralogon groups, and fingerprints. Mol 
Pharmacol. 2003;63:1256‐1272.

 20. Liu Q, Guan X‐M, Martin WJ, et al. Identification and charac‐
terization of novel mammalian neuropeptide FF‐like peptides 
that attenuate morphine‐induced antinociception. J Biol Chem. 
2001;276:36961‐36969.

 21. Son YL, Ubuka T, Millar RP, Kanasaki H, Tsutsui K. Gonadotropin‐
inhibitory hormone inhibits GnRH‐induced gonadotropin subunit 
gene transcriptions by inhibiting AC/cAMP/PKA‐dependent ERK 
pathway in LβT2 cells. Endocrinology. 2012;153:2332‐2343.

 22. Son YL, Ubuka T, Soga T, Yamamoto K, Bentley GE, Tsutsui K. 
Inhibitory action of gonadotropin‐inhibitory hormone on the 
signaling pathways induced by kisspeptin and vasoactive intes‐
tinal polypeptide in GnRH neuronal cell line, GT1‐7. FASEB J. 
2016;30:2198‐2210.

 23. Kriegsfeld LJ, Mei DF, Bentley GE, et al. Identification and char‐
acterization of a gonadotropin‐inhibitory system in the brains of 
mammals. Proc Natl Acad Sci U S A. 2006;103:2410‐2415.

 24. Henningsen JB, Poirel VJ, Mikkelsen JD, Tsutsui K, Simonneaux 
V, Gauer F. Sex differences in the photoperiodic regulation of RF‐
Amide related peptide (RFRP) and its receptor GPR147 in the Syrian 
hamster. J Comp Neurol. 2016;524:1825‐1838.

 25. Legagneux K, Bernard‐Franchi G, Poncet F, et al. Distribution and 
genesis of the RFRP‐producing neurons in the rat brain: comparison 
with melanin‐concentrating hormone‐ and hypocretin‐containing 
neurons. Neuropeptides. 2009;43:13‐19.

 26. Clarke IJ, Sari IP, Qi Y, et al. Potent action of RFamide‐related 
peptide‐3 on pituitary gonadotropes indicative of a hypophysio‐
tropic role in the negative regulation of gonadotropin secretion. 
Endocrinology. 2008;149:5811‐5821.

 27. Johnson MA, Tsutsui K, Fraley GS. Rat RFamide‐related pep‐
tide‐3 stimulates GH secretion, inhibits LH secretion, and has 
variable effects on sex behavior in the adult male rat. Horm Behav. 
2007;51:171‐180.

 28. Yano T, Iijima N, Kakihara K, Hinuma S, Tanaka M, Ibata Y. 
Localization and neuronal response of RFamide related peptides in 
the rat central nervous system. Brain Res. 2003;982:156‐167.

 29. Qi Y, Oldfield BJ, Clarke IJ. Projections of RFamide‐related pep‐
tide‐3 neurones in the ovine hypothalamus, with special refer‐
ence to regions regulating energy balance and reproduction. J 
Neuroendocrinol. 2009;21:690‐697.

 30. Messager S, Chatzidaki EE, Ma D, et al. Kisspeptin directly stim‐
ulates gonadotropin‐releasing hormone release via G protein‐cou‐
pled receptor 54. Proc Natl Acad Sci U S A. 2005;102:1761‐1766.

 31. Poling MC, Quennell JH, Anderson GM, Kauffman AS. Kisspeptin 
neurones do not directly signal to RFRP‐3 neurones but RFRP‐3 
may directly modulate a subset of hypothalamic kisspeptin cells in 
mice. J Neuroendocrinol. 2013;25:876‐886.

 32. Tsutsui K, Ubuka T. How to contribute to the progress of neuro‐
endocrinology: discovery of GnIH and progress of GnIH research. 
Front Endocrinol (Lausanne). 2018;9:662.

 33. Pineda R, Garcia‐Galiano D, Sanchez‐Garrido MA, et al. 
Characterization of the inhibitory roles of RFRP3, the mamma‐
lian ortholog of GnIH, in the control of gonadotropin secretion in 
the rat: in vivo and in vitro studies. Am J Physiol Endocrinol Metab. 
2010;299:E39‐E46.

 34. Xiang W, Zhang B, Lv F, et al. The inhibitory effects of RFamide‐re‐
lated peptide 3 on luteinizing hormone release involves an estra‐
diol‐dependent manner in prepubertal but not in adult female mice. 
Biol Reprod. 2015;93:30.

 35. Ducret E, Anderson GM, Herbison AE. RFamide‐related peptide‐3, 
a mammalian gonadotropin‐inhibitory hormone ortholog, regu‐
lates gonadotropin‐releasing hormone neuron firing in the mouse. 
Endocrinology. 2009;150:2799‐2804.

 36. Wu M, Dumalska I, Morozova E, van den Pol AN, Alreja M. 
Gonadotropin inhibitory hormone inhibits basal forebrain vGluT2‐
gonadotropin‐releasing hormone neurons via a direct postsynaptic 
mechanism. J Physiol. 2009;587:1401‐1411.

 37. Gojska NM, Friedman Z, Belsham DD. Direct regulation of gonad‐
otrophin‐releasing hormone (GnRH) transcription by RF‐amide‐re‐
lated peptide‐3 and kisspeptin in a novel GnRH‐secreting cell line, 
mHypoA‐GnRH/GFP. J Neuroendocrinol. 2014;26:888‐897.

 38. Rizwan MZ, Porteous R, Herbison AE, Anderson GM. Cells expressing 
RFamide‐related peptide‐1/3, the mammalian gonadotropin‐inhibi‐
tory hormone orthologs, are not hypophysiotropic neuroendocrine 
neurons in the rat. Endocrinology. 2009;150:1413‐1420.

 39. Sari IP, Rao A, Smith JT, Tilbrook AJ, Clarke IJ. Effect of RF‐amide‐
related peptide‐3 on luteinizing hormone and follicle‐stimulating 
hormone synthesis and secretion in ovine pituitary gonadotropes. 
Endocrinology. 2009;150:5549‐5556.



232  |     UBUKA And TSUTSUI

 40. Kadokawa H, Shibata M, Tanaka Y, et al. Bovine C‐terminal octapep‐
tide of RFamide‐related peptide‐3 suppresses luteinizing hormone 
(LH) secretion from the pituitary as well as pulsatile LH secretion in 
bovines. Domest Anim Endocrinol. 2009;36:219‐224.

 41. Murakami M, Matsuzaki T, Iwasa T, et al. Hypophysiotropic role of 
RFamide‐related peptide‐3 in the inhibition of LH secretion in fe‐
male rats. J Endocrinol. 2008;199:105‐112.

 42. George JT, Hendrikse M, Veldhuis JD, Clarke IJ, Anderson RA, Millar 
RP. Effect of gonadotropin‐inhibitory hormone on luteinizing hor‐
mone secretion in humans. Clin Endocrinol (Oxf). 2017;86:731‐738.

 43. Smith JT, Young IR, Veldhuis JD, Clarke IJ. Gonadotropin‐inhibitory 
hormone (GnIH) secretion into the ovine hypophyseal portal sys‐
tem. Endocrinology. 2012;153:3368‐3375.

 44. Sethi S, Tsutsui K, Chaturvedi CM. Temporal phase relation of circa‐
dian neural oscillations alters RFamide‐related peptide‐3 and testic‐
ular function in the mouse. Neuroendocrinology. 2010;91:189‐199.

 45. Semaan SJ, Kauffman AS. Daily successive changes in reproductive 
gene expression and neuronal activation in the brains of pubertal 
female mice. Mol Cell Endocrinol. 2015;401:84‐97.

 46. Quennell JH, Rizwan MZ, Relf HL, Anderson GM. Developmental 
and steroidogenic effects on the gene expression of RFamide re‐
lated peptides and their receptor in the rat brain and pituitary gland. 
J Neuroendocrinol. 2010;22:309‐316.

 47. Iwasa T, Matsuzaki T, Murakami M, et al. Developmental changes in 
the mammalian gonadotropin‐inhibitory hormone (GnIH) ortholog 
RFamide‐related peptide (RFRP) and its cognate receptor GPR147 
in the rat hypothalamus. Int J Dev Neurosci. 2012;30:31‐37.

 48. Han X, He Y, Zeng G, et al. Intracerebroventricular injection of 
RFRP‐3 delays puberty onset and stimulates growth hormone se‐
cretion in female rats. Reprod Biol Endocrinol. 2017;15:35.

 49. Kiyohara M, Son YL, Tsutsui K. Involvement of gonadotropin‐inhib‐
itory hormone in pubertal disorders induced by thyroid status. Sci 
Rep. 2017;7:1042.

 50. Herbison AE. Multimodal influence of estrogen upon gonadotro‐
pin‐releasing hormone neurons. Endocr Rev. 1998;19:302‐330.

 51. Miller BH, Takahashi JS. Central circadian control of female repro‐
ductive function. Front Endocrinol (Lausanne). 2014;4:195.

 52. Christian CA, Mobley JL, Moenter SM. Diurnal and estradiol‐de‐
pendent changes in gonadotropin‐releasing hormone neuron firing 
activity. Proc Natl Acad Sci U S A. 2005;102:15682‐15687.

 53. Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA. 
Regulation of Kiss1 gene expression in the brain of the female 
mouse. Endocrinology. 2005;146:3686‐3692.

 54. Gottsch ML, Navarro VM, Zhao Z, et al. Regulation of Kiss1 and dy‐
norphin gene expression in the murine brain by classical and nonclas‐
sical estrogen receptor pathways. J Neurosci. 2009;29:9390‐9395.

 55. Frazao R, Cravo RM, Donato J, et al. Shift in Kiss1 cell activity re‐
quires estrogen receptor α. J Neurosci. 2013;33:2807‐2820.

 56. 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.

 57. Smith JT, Popa SM, Clifton DK, Hoffman GE, Steiner RA. Kiss1 neu‐
rons in the forebrain as central processors for generating the preovu‐
latory luteinizing hormone surge. J Neurosci. 2006;26:6687‐6694.

 58. Li XF, Kinsey‐Jones JS, Cheng Y, et al. Kisspeptin signalling in the 
hypothalamic arcuate nucleus regulates GnRH pulse generator fre‐
quency in the rat. PLoS ONE. 2009;4:e8334.

 59. Molnár CS, Kalló I, Liposits Z, Hrabovszky E. Estradiol down‐reg‐
ulates RF‐amide‐related peptide (RFRP) expression in the mouse 
hypothalamus. Endocrinology. 2011;152:1684‐1690.

 60. Gibson EM, Humber SA, Jain S, et al. Alterations in RFamide‐related 
peptide expression are coordinated with the preovulatory luteiniz‐
ing hormone surge. Endocrinology. 2008;149:4958‐4969.

 61. Jørgensen SR, Andersen MD, Overgaard A, Mikkelsen JD. Changes 
in RFamide‐related peptide‐1 (RFRP‐1)‐immunoreactivity during 
postnatal development and the estrous cycle. Endocrinology. 
2014;155:4402‐4410.

 62. Poling MC, Luo EY, Kauffman AS. Sex differences in steroid recep‐
tor coexpression and circadian‐timed activation of kisspeptin and 
RFRP‐3 neurons may contribute to the sexually dimorphic basis of 
the LH surge. Endocrinology. 2017;158:3565‐3578.

 63. Clarke IJ, Smith JT, Henry BA, et al. Gonadotropin‐inhibitory 
hormone is a hypothalamic peptide that provides a molecular 
switch between reproduction and feeding. Neuroendocrinology. 
2012;95:305‐316.

 64. Smith JT, Shahab M, Pereira A, Pau KY, Clarke IJ. Hypothalamic 
expression of KISS1 and gonadotropin inhibitory hormone genes 
during the menstrual cycle of a non‐human primate. Biol Reprod. 
2010;83:568‐577.

 65. Revel FG, Saboureau M, Pévet P, Simonneaux V, Mikkelsen JD. 
RFamide‐related peptide gene is a melatonin‐driven photoperiodic 
gene. Endocrinology. 2008;149:902‐912.

 66. Mason AO, Duffy S, Zhao S, et al. Photoperiod and reproductive 
condition are associated with changes in RFamide‐related peptide 
(RFRP) expression in Syrian hamsters (Mesocricetus auratus). J Biol 
Rhythms. 2010;25:176‐185.

 67. Rasri‐Klosen K, Simonneaux V, Klosen P. Differential response pat‐
terns of kisspeptin and RFamide‐related peptide to photoperiod 
and sex steroid feedback in the Djungarian hamster (Phodopus sun-
gorus). J Neuroendocrinol. 2017;29:e12529.

 68. Ikeno T, Weil ZM, Nelson RJ. Dim light at night disrupts the 
short‐day response in Siberian hamsters. Gen Comp Endocrinol. 
2014;197:56‐64.

 69. Janati A, Talbi R, Klosen P, et al. Distribution and seasonal variation 
in hypothalamic RF‐amide peptides in a semi‐desert rodent, the jer‐
boa. J Neuroendocrinol. 2013;25:402‐411.

 70. Harbid AA, McLeod BJ, Caraty A, Anderson GM. Seasonal changes 
in RFamide‐related peptide‐3 neurons in the hypothalamus of 
a seasonally breeding marsupial species, the brushtail possum 
(Trichosurus vulpecula). J Comp Neurol. 2013;521:3030‐3041.

	71.	 Henson	JR,	Carter	SN,	Freeman	DA.	Exogenous	T₃	elicits	long	day‐
like alterations in testis size and the RFamides kisspeptin and go‐
nadotropin‐inhibitory hormone in short‐day Siberian hamsters. J 
Biol Rhythms. 2013;28:193‐200.

 72. Klosen P, Sébert ME, Rasri K, Laran‐Chich MP, Simonneaux V. TSH 
restores a summer phenotype in photoinhibited mammals via the 
RF‐amides RFRP3 and kisspeptin. FASEB J. 2013;27:2677‐2686.

 73. Dardente H, Birnie M, Lincoln GA, Hazlerigg DG. RFamide‐related 
peptide and its cognate receptor in the sheep: cDNA cloning, mRNA 
distribution in the hypothalamus and the effect of photoperiod. J 
Neuroendocrinol. 2008;20:1252‐1259.

 74. Smith JT, Coolen LM, Kriegsfeld LJ, et al. Variation in kisspeptin 
and RFamide‐related peptide (RFRP) expression and terminal con‐
nections to gonadotropin‐releasing hormone neurons in the brain: 
a novel medium for seasonal breeding in the sheep. Endocrinology. 
2008;149:5770‐5782.

 75. Jafarzadeh Shirazi MR, Zamiri MJ, Salehi MS, et al. Differential ex‐
pression of RFamide‐related peptide, a mammalian gonadotrophin‐
inhibitory hormone orthologue, and kisspeptin in the hypothalamus 
of Abadeh ecotype does during breeding and anoestrous seasons. J 
Neuroendocrinol. 2014;26:186‐194.

 76. Nargund VH. Effects of psychological stress on male fertility. Nat 
Rev Urol. 2015;12:373‐382.

 77. Kirby ED, Geraghty AC, Ubuka T, Bentley GE, Kaufer D. Stress 
increases putative gonadotropin inhibitory hormone and de‐
creases luteinizing hormone in male rats. Proc Natl Acad Sci U S A. 
2009;106:11324‐11329.



     |  233UBUKA And TSUTSUI

 78. Iwasa T, Matsuzaki T, Tungalagsuvd A, et al. Hypothalamic Kiss1 
and RFRP gene expressions are changed by a high dose of lipopoly‐
saccharide in female rats. Horm Behav. 2014;66:309‐316.

 79. Li H, Song H, Huang M, Nie H, Wang Z, Wang F. Impact of food 
restriction on ovarian development, RFamide‐related peptide‐3 
and the hypothalamic‐pituitary‐ovarian axis in pre‐pubertal ewes. 
Reprod Domest Anim. 2014;49:831‐838.

 80. León S, García‐Galiano D, Ruiz‐Pino F, et al. Physiological roles of 
gonadotropin‐inhibitory hormone signaling in the control of mam‐
malian reproductive axis: studies in the NPFF1 receptor null mouse. 
Endocrinology. 2014;155:2953‐2965.

 81. Kaewwongse M, Takayanagi Y, Onaka T. Effects of RFamide‐related 
peptide (RFRP)‐1 and RFRP‐3 on oxytocin release and anxiety‐re‐
lated behaviour in rats. J Neuroendocrinol. 2011;23:20‐27.

 82. Yang JA, Song CI, Hughes JK, et al. Acute psychosocial stress in‐
hibits LH pulsatility and Kiss1 neuronal activation in female mice. 
Endocrinology. 2017;158:3716‐3723.

 83. Yang JA, Hughes JK, Parra RA, Volk KM, Kauffman AS. Stress rap‐
idly suppresses in vivo LH pulses and increases activation of RFRP‐3 
neurons in male mice. J Endocrinol. 2018;239:339‐350.

 84. Kim JS, Brownjohn PW, Dyer BS, et al. Anxiogenic and stressor ef‐
fects of the hypothalamic neuropeptide RFRP‐3 are overcome by 
the NPFFR antagonist GJ14. Endocrinology. 2015;156:4152‐4162.

 85. Ullah R, Batool A, Wazir M, et al. Gonadotropin inhibitory hormone 
and RF9 stimulate hypothalamic‐pituitary‐adrenal axis in adult male 
rhesus monkeys. Neuropeptides. 2017;66:1‐7.

 86. Ubuka T, Parhar IS, Tsutsui K. Gonadotropin‐inhibitory hormone 
mediates behavioral stress responses. Gen Comp Endocrinol. 
2018;265:202‐206.

 87. Son YL, Ubuka T, Narihiro M, et al. Molecular basis for the acti‐
vation of gonadotropin‐inhibitory hormone gene transcription by 
corticosterone. Endocrinology. 2014;155:1817‐1826.

 88. Zhao S, Zhu E, Yang C, Bentley GE, Tsutsui K, Kriegsfeld LJ. 
RFamide‐related peptide and messenger ribonucleic acid expres‐
sion in mammalian testis: association with the spermatogenic cycle. 
Endocrinology. 2010;151:617‐627.

 89. Ubuka T, Son YL, Tobari Y, et al. Central and direct regulation of 
testicular activity by gonadotropin‐inhibitory hormone and its re‐
ceptor. Front Endocrinol (Lausanne). 2014;5:8.

 90. Anjum S, Krishna A, Tsutsui K. Inhibitory roles of the mamma‐
lian GnIH ortholog RFRP3 in testicular activities in adult mice. J 
Endocrinol. 2014;223:79‐91.

 91. Zheng L, Su J, Fang R, et al. Developmental changes in the role 
of gonadotropin‐inhibitory hormone (GnIH) and its receptors in 
the reproductive axis of male Xiaomeishan pigs. Anim Reprod Sci. 
2015;154:113‐120.

 92. Wang X, Guo G, Zhang X, et al. Effect of RFRP‐3, the mammalian 
ortholog of GnIH, on the epididymis of male rats. Theriogenology. 
2018;118:196‐202.

 93. Oishi H, Klausen C, Bentley GE, et al. The human gonadotropin‐in‐
hibitory hormone ortholog RFamide‐related peptide‐3 suppresses 
gonadotropin‐induced progesterone production in human granu‐
losa cells. Endocrinology. 2012;153:3435‐3445.

 94. Li X, Su J, Lei Z, et al. Gonadotropin‐inhibitory hormone (GnIH) and 
its receptor in the female pig: cDNA cloning, expression in tissues 
and expression pattern in the reproductive axis during the estrous 
cycle. Peptides. 2012;36:176‐185.

 95. Singh P, Krishna A, Sridaran R, Tsutsui K. Immunohistochemical lo‐
calization of GnRH and RFamide‐related peptide‐3 in the ovaries of 
mice during the estrous cycle. J Mol Histol. 2011;42:371‐381.

 96. Singh P, Krishna A, Tsutsui K. Effects of gonadotropin‐inhibitory 
hormone on folliculogenesis and steroidogenesis of cyclic mice. 
Fertil Steril. 2011;95:1397‐1404.

 97. Wang X, Li X, Hu C. RFRP‐3, the mammalian ortholog of GnIH, in‐
duces cell cycle arrest at G2/M in porcine ovarian granulosa cells. 
Peptides. 2018;101:106‐111.

 98. Son YL, Ubuka T, Tsutsui K. Molecular mechanisms of gonadotro‐
pin‐inhibitory hormone (GnIH) actions in target cells and regulation 
of GnIH expression. Front Endocrinol (Lausanne). 2019; 10:110. (In 
press).

How to cite this article: Ubuka T, Tsutsui K. Reproductive 
neuroendocrinology of mammalian gonadotropin‐inhibitory 
hormone. Reprod Med Biol. 2019;18:225–233. https://doi.
org/10.1002/rmb2.12272

https://doi.org/10.1002/rmb2.12272
https://doi.org/10.1002/rmb2.12272

