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A B S T R A C T

The hypothalamo–pituitary–gonadal (HPG) axis plays a major role in coordinating the reproduction of fish and
other vertebrates. Gonadotropin-releasing hormone (GnRH) is the primary stimulatory factor responsible for the
hypothalamic control of gonadotropin secretion. In 2000, a previously unidentified hypothalamic neuropeptide
was isolated from the brain of Japanese quail and termed gonadotropin-inhibitory hormone (GnIH) based on its
ability to directly inhibit gonadotropin release from the cultured quail anterior pituitary gland. One year later,
the cDNA sequence that encodes the quail GnIH precursor polypeptide was cloned and was found to encompass
two further peptides (GnIH-related peptide (RP)-1 and GnIH-RP-2) besides GnIH. To date, GnIH orthologous
have been detected in a variety of vertebrates from fish to humans. These peptides possess a characteristic-
LPXRFa (X=L or Q) motif at the C-terminus and are designated as LPXRFa peptides. It is generally accepted that
LPXRFa peptides act on GnRH neurons in the hypothalamus to inhibit gonadotropin synthesis and release in
addition to affecting the pituitary function in birds and mammals. However, the exact physiological role of
LPXRFa is still uncertain in fish and dual actions of LPXRFa on the HPG axis have been observed. Research
aiming to elucidate the detailed signaling pathways mediating the actions of LPXRFa on target cells may con-
tribute to understanding the functional divergence of the LPXRFa system in teleosts. Accordingly, this review
will discuss the recent advances in LPXRFa receptor signaling, as well as the potential interactions on cell
signaling induced by other factors, such as GnRH and kisspeptin.

1. Introduction

The neuroendocrine regulation of reproduction in vertebrates, in-
cluding fish, is primarily mediated through the hypothalamo–pituitar-
y–gonadal (HPG) axis with each component secreting specific neuro-
peptides or hormones. In 2000, a novel hypothalamic dodecapeptide
with RFamide at the C-terminus was isolated from the brain of the
Japanese quail and was shown to inhibit gonadotropin release from
cultured anterior pituitary gland, thus this peptide was named gona-
dotropin-inhibitory hormone (GnIH) (Tsutsui et al., 2000). This was the
first demonstration of a hypothalamic neuropeptide inhibiting gona-
dotropin release in any vertebrate. Subsequently, GnIH homologs have
been identified in a number of vertebrates, including mammals, birds,
reptiles, amphibians and fish (Munoz-Cueto et al., 2017; Ogawa and
Parhar, 2014; Ubuka et al., 2016; Ullah et al., 2016). GnIH is also called
RFamide-related peptide (RFRP) in mammals or LPXRFa in teleosts. All

these peptides possess a characteristic C-terminal LPXRFa (X=L or Q)
motif and are designated as LPXRFa peptides which form a new group
of the RFamide peptide family (Tsutsui, 2009). In this review, LPXRFa
will refer to all LPXRFa orthologous (GnIH, RFRP and LPXRFa) re-
gardless of species unless otherwise stated.

It has been clearly established that LPXRFa serves as a key player in
the regulation of reproduction across vertebrates, acting on the brain,
pituitary and gonads to modulate reproductive physiology and behavior
(Kriegsfeld et al., 2018; Munoz-Cueto et al., 2017; Ubuka and Parhar,
2018; Ubuka et al., 2018; Ubuka et al., 2016). Despite its functional
significance, the molecular mechanism of LPXRFa actions on the target
cells has not been fully elucidated and is just emerging in fish. This
article primarily summarizes the advances made in our knowledge re-
garding the intracellular signal transduction pathways activated by
LPXRFa in fish, but information from other vertebrates is included so as
to provide a more complete picture, especially where data in fish are
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minimal or absent.

2. Identification and physiological actions of LPXRFa in fish

2.1. Diversity of LPXRFa peptides in fish

The potential for the existence of piscine LPXRFa system was in-
itially validated in goldfish where a cDNA encoding three LPXRFa
peptides (gfLPXRFa-1, -2, and -3) was cloned, and gfLPXRFa-3 was
identified as a mature peptide (Sawada et al., 2002). Subsequently,
LPXRFa orthologs were identified and characterized in zebrafish (Zhang
et al., 2010), grass puffer (Shahjahan et al., 2011), lamprey (Osugi
et al., 2012), tilapia (Biran et al., 2014), orange-spotted grouper (Wang
et al., 2015), the cichlid fish Cichlasoma dimerus (Di Yorio et al., 2016),
common carp (Peng et al., 2016), sea bass (Paullada-Salmeron et al.,
2016a), Senegalese sole (Aliaga-Guerrero et al., 2018) and tongue sole
(Wang et al., 2018a). In most fish species, these LPXRFa genes encode a
polypeptide that is possibly cleaved into three putative peptides
(LPXRFa-1, -2, and -3), while only two putative sequences (LPXRFa-1
and -2) are present in other teleosts such as tongue sole, sea bass,
stickleback and the puffer fish (Munoz-Cueto et al., 2017; Paullada-
Salmeron et al., 2016a; Shahjahan et al., 2011; Wang et al., 2018a;
Zhang et al., 2010). Notably, multiple amino acid sequence alignments
of LPXRFa precursors from different fish species showed that in some
teleosts LPXRFa-1 and LPXRFa-2 peptides have an MPXRFa (X=M, L,
or Q) motif at their C-terminus instead of the conserved LPXRFa (X=L
or Q) motif observed in other teleosts and tetrapods (Munoz-Cueto
et al., 2017; Ogawa and Parhar, 2014; Ubuka and Parhar, 2018). It
should be noted that the C-terminal LPXRFa structure appears critical
for the binding of LPXRFa peptides to their cognate receptors (Yin et al.,
2005). Thus, elevated structural diversity is present among LPXRFa
peptides in bony fish which may contribute to the functional divergence
of LPXRFa.

2.2. Functional roles of LPXRFa peptides in fish

The biological effects of LPXRFa on reproduction have been ap-
proached in a few fish species, and results obtained are in some cases
conflicting. An initial study performed in sockeye salmon showed that
three heterologous LPXRFa peptides (gfLPXRFa-1, -2 and -3) stimulated
the release of luteinizing hormone (LH) and follicle-stimulating hor-
mone (FSH) from cultured pituitary cells (Amano et al., 2006). Simi-
larly, tilapia LPXRFa-2 positively increased LH and FSH release both in
vivo and in vitro (Biran et al., 2014), and Cichlasoma dimerus LPXRF-2
could act as an FSH-releasing factor in intact pituitary cultures of this
cichlid fish (Di Yorio et al., 2016). Additionally, gfLPXRFa-1 enhanced
lhβ and fshβ gene expression in grass puffer pituitary in vitro (Shahjahan
et al., 2011). On the other hand, intraperitoneal (ip) injection of zeb-
rafish LPXRFa-3 reduced the plasma LH levels in goldfish (Zhang et al.,
2010), and Cichlasoma dimerus LPXRFa-1 also inhibited LH and FSH
release in intact pituitary cultures (Di Yorio et al., 2016). Zebrafish
LPXRFa-3 downregulated pituitary lhβ and gthα expression in vitro
(Spicer et al., 2017). Ip injection of gfLPXRFa-2 and gfLPXRFa-3 sig-
nificantly reduced fshβ mRNA levels in female goldfish, while only
gfLPXRFa-2 was able to decrease lhβ expression (Qi et al., 2013a). Si-
milarly, ip injection of grouper LPXRFa-2 and common carp LPXRFa-3
also decreased lhβ transcript levels in these two species, respectively
(Peng et al., 2016; Wang et al., 2015). Moreover, in-
tracerebroventricular (icv) injection and peripheral implants of
LPXRFa-2 reduced the expression of lhβ subunit in sea bass (Paullada-
Salmeron et al., 2016b; Paullada-Salmeron et al., 2016c), and in-
tramuscular (im) injection of LPXRFa-3 provoked a significant reduc-
tion in lhβ expression in sexually maturing Senegalese sole males
(Aliaga-Guerrero et al., 2018). Interestingly, gfLPXRFa-3 exerted both
stimulatory and inhibitory effects on pituitary LH release and gonado-
tropin subunit mRNA levels depending on maturational status and

administration route (Moussavi et al., 2012, 2013).
Notably, the actions of LPXRFa on brain neuroendocrine systems

also seem to differ among species. A recent study performed in
Senegalese sole showed that im injection of LPXRFa-3 provoked a sig-
nificant reduction in brain gnrh3 expression (Aliaga-Guerrero et al.,
2018), and LPXRFa-3 also reduced gnrh3 transcript levels in brain slices
of zebrafish (Spicer et al., 2017). Similarly, ip injection of gfLPXRFa-2
and gfLPXRFa-3 downregulated hypothalamic gnrh3mRNA levels in the
same species (Qi et al., 2013a), but stimulatory effects of grouper
LPXRFa-3 on gnrh3 expression have been reported in ip-injected orange-
spotted grouper (Wang et al., 2015). In tongue sole, LPXRFa-1 increased
hypothalamic expression of gnrh2 mRNAs, whereas LPXRFa-2 inhibited
gnrh3 mRNA expression in vitro (Liu et al., 2017). Interestingly, the
effects of LPXRFa-2 on gnrh2 expression in the brain of male sea bass
appear dependent of the route of administration because icv injection of
LPXRFa-2 reduced gnrh2 mRNA levels, whereas im injection of LPXRFa-
2 increased gnrh2 expression (Paullada-Salmeron et al., 2016b;
Paullada-Salmeron et al., 2016c). Taken together, the physiological and
functional properties of LPXRFa peptides vary greatly in teleosts, de-
pending on the species, the physiological status, the administered
peptide, and the route of administration. For more detailed information
of physiological actions of LPXRFa in fish, the reader is also referred to
another two excellent, recent reviews (Munoz-Cueto et al., 2017; Ubuka
and Parhar, 2018).

3. Mode of LPXRFa actions

3.1. Identification and localization of LPXRFa receptor in fish

Identification of LPXRFa receptor (LPXRFa-R) is critical to in-
vestigate the cellular mechanisms of LPXRFa actions which will give
insight into the physiological significance of LPXRFa in vertebrates.
Shortly after the discovery of GnIH in quail, a novel G-protein coupled
receptor (GPCR) GPR147 cDNA encoding the putative receptor for
GnIH was cloned in the same species (Yin et al., 2005). Subsequently,
LPXRFa-R with characteristic seven transmembrane domains has also
been found in other avian and mammalian species (Ogawa and Parhar,
2014; Ubuka et al., 2016). In teleosts, different situations have been
observed concerning the number of paralogous LPXRFa-R genes. Three
LPXRFa-R forms have been identified in zebrafish (Zhang et al., 2010),
goldfish (Qi et al., 2013a) and common carp (Peng et al., 2016), while
only one type of LPXRFa-R gene was obtained from grass puffer
(Shahjahan et al., 2011), tilapia (Biran et al., 2014), orange-spotted
grouper (Wang et al., 2015), cinnamon clownfish (Choi et al., 2016)
and tongue sole (Wang et al., 2018b). All LPXRFa-Rs among different
fish species contain an extracellular N-terminus, a seven transmem-
brane domain and a cytoplasmic C-terminus, which are characteristic of
GPCRs (Naor, 2009; Yin et al., 2005).

Understanding of the localization and distribution of LPXRFa-R in
the central and peripheral tissues is important to elucidate multiple
action sites and potential functions of LPXRFa. The expression patterns
of LPXRFa-R have been detected in various tissues of zebrafish (Zhang
et al., 2010), grass puffer (Shahjahan et al., 2011), tilapia (Biran et al.,
2014), orange-spotted grouper (Wang et al., 2015), cinnamon clownfish
(Choi et al., 2016), common carp (Peng et al., 2016) and tongue sole
(Wang et al., 2018b) by RT-PCR, which showed that the distribution of
LPXRFa-R mRNA was in a species-specific manner. Generally, a sub-
stantial degree of LPXRFa-R mRNA expression was observed in the
brain of all teleosts examined. Moreover, the expression of LPXRFa-R
mRNA was also evident in the pituitary of zebrafish (Zhang et al.,
2010), grass puffer (Shahjahan et al., 2011), tilapia (Biran et al., 2014),
orange-spotted grouper (Wang et al., 2015), cinnamon clownfish (Choi
et al., 2016), common carp (Peng et al., 2016), tongue sole (Wang et al.,
2018b) as well as the gonads of these fish species excluding grass puffer.
The predominant expression of LPXRFa-R mRNA in the brain, pituitary
and gonads suggests that LPXRFa may serve as a key player of
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reproduction in fish and regulate the reproductive axis by acting not
only at the brain and pituitary levels but also on gonadal physiology
(Munoz-Cueto et al., 2017). Notably, the precise cellular localization of
LPXRFa-R has also been elucidated in the brain, pituitary and gonads of
goldfish using in situ hybridization (Qi et al., 2013a; Qi et al., 2013b),
and in the brain and pituitary of tilapia using a combination of in situ
hybridization and immunohistochemistry (Biran et al., 2014; Ogawa
et al., 2016), which provides the morphological evidence of LPXRFa
actions on the target cells and further confirms the involvement of
LPXRFa in the regulation of reproduction in fish.

3.2. LPXRFa-R signaling in fish

Members of the GPCR family typically couple to either Gαq, Gαs or
Gαi, with coupling to Gαq resulting in stimulation of phospholipase C
(PLC) and activation of Ca2+ channels, and coupling to Gαs or Gαi
resulting in activation or inhibition of adenylyl cyclase (AC), respec-
tively. In turn, PLC hydrolyses phosphatidyl inositol diphosphate to
inositol triphosphate and diacylglycerol triggering cascades of activa-
tion of protein kinases, while AC regulates intracellular cAMP levels
which activates cAMP-dependent protein kinase (PKA), and triggers the
binding of cAMP response element binding protein (CREB) to cAMP
response element (CRE) on target genes (Bedecarrats et al., 2009; Naor,
2009; Shimizu and Bedecarrats, 2010). In addition, the presence of
phosphorylation sites in LPXRFa-R suggests that the receptor poten-
tially conveys its signal via the PKA and/or PKC pathways (Biran et al.,
2014; Ikemoto and Park, 2005; Shahjahan et al., 2011; Wang et al.,
2018b). Multiple signals may underlie the functional diversity of the
LPXRFa system, however the mechanisms through which LPXRFa exert
its functions have not been fully elucidated in fish. Recently, the mo-
lecular mechanisms of LPXRFa actions have been investigated in few
fish species using an mammalian cell line transfected with its cognate
receptor and these results will be discussed below.

Response element (RE) assays, namely CRE-dependent luciferase
(CRE-luc) as a reporter gene for PKA activation and serum responsive
element-dependent luciferase (SRE-luc) as a reporter gene for the PKC
pathway, were employed to clarify the possible signal transduction
pathways involved in LPXRFa actions. Signal-transduction analysis of
the tilapia LPXRF-R in COS-7 cells showed clear stimulation of CRE-luc
activity and SRE-luc activity by LPXRFa-2, indicating that tilapia
LPXRFa-R signals can be transduced via both PKA and PKC pathways
(Biran et al., 2014). However, contradictory results were observed in
orange-spotted grouper where all three grouper LPXRFa peptides sig-
nificantly decreased forskolin-induced CRE-luc activity and only
LPXRFa-1 inhibited SRE-luc activity in COS-7 cells expressing its cog-
nate receptor (Wang et al., 2015). In zebrafish, all three LPXRFa pep-
tides activated LPXRFa-R2 and LPXRFa-R3 via the PKA pathway (CRE-
luc), while no activation of the PKC pathway (SRE-luc) was observed by
any of the three LPXRFa peptides with any of the three LPXRFa-Rs
(Spicer et al., 2017). In medaka, LPXRFa inhibited forskolin-induced
CRE-luc activity in a dose-dependent manner when LPXRFa was applied
at lower concentrations (from 10−13 to 10−9 M) to LPXRFa-R expres-
sing HEK293-T cells. Surprisingly, at higher concentrations ranging
from 10−9 to 10−5 M, this inhibition diminished in a dose-dependent
manner. On the other hand, LPXRFa dose-dependently increased CRE-
luc activity at concentrations of 10−8 M and higher in the absence of
forskolin, demonstrating a possible switch of coupling of LPXRFa-R to
Gαi and Gαs proteins in medaka (Akazome et al., 2015).

More recently, we also investigated tongue sole LPXRF-R signaling
using COS-7 cells combined with a pharmacological approach (Wang
et al., 2018b). No increase in CRE-luc activity was observed when COS-
7 cells expressing tongue sole LPXRFa-R were stimulated with a wide
range of concentrations of LPXRFa-1 or LPXRFa-2, suggesting that
tongue sole LPXRFa-R dose not couple to Gαs protein. However, acti-
vation of tongue sole LPXRFa-R by LPXRFa-2 significantly inhibited
forskolin-induced CRE-luc activity, implying that this receptor may

couple to Gαi protein and inhibit AC activity. On the other hand, both
LPXRFa-1 and LPXRFa-2 increased SRE-luc activity in COS-7 cells
transfected with tongue sole LPXRFa-R in a dose-dependent manner. To
further establish the possible participation of the PLC/PKC pathway in
the action of tongue sole LPXRFa peptides, we employed the specific
PLC inhibitor U73122 and the PKC inhibitor GF109203X. The LPXRFa-
induced SRE-luc activity was significantly reduced by these two in-
hibitors. In sum, these results suggest that tongue sole LPXRFa-R may
convey its signal through the PKA and PKC pathways (Wang et al.,
2018b).

It is worth mentioning that all the signal transduction studies now
were performed on the mammalian cell lines, which just demonstrated
whether LPXRFa and its receptor are really functional in fish.
Nevertheless, it is not yet clear whether these studies could reveal the
authentic post-receptor signaling events evoked by LPXRFa using
mammalian cell lines. Thus, further studies performed in primary cul-
tures are urgently needed to confirm the signaling pathways activated
by the LPXRFa/LPXRFa-R system, as did in mammals (Clarke et al.,
2008; Li et al., 2013; Sari et al., 2009).

3.3. LPXRFa-R signaling in other vertebrates

In mammals, Hinuma and colleagues reported a specific receptor for
RFRP and named it OT7T022, which was identical to LPXRFa-R
(Hinuma et al., 2000). Moreover, no mobilization of intracellular Ca2+

or release of arachidonic-acid metabolites was detected in Chinese
hamster ovarian (CHO) cells expressing rat LPXRFa-R after stimulation
with human LPXRFa peptides (hRFRP-1 and hRFRP-3), whereas
LPXRFa suppressed forskolin-induced production of cAMP. This result
suggests that rat LPXRFa-R may couple to Gαi but not to Gαq protein in
these cells (Hinuma et al., 2000). Similarly, human LPXRFa (hRFRP-1)
lowered forskolin-induced cAMP production in CHO cells expressing
human LPXRFa-R and it was abolished by pretreatment with an in-
hibitor of Gαi protein (pertussis toxin), suggesting that human LPXRFa-
R also couples to Gαi protein in the signal transduction pathway
(Fukusumi et al., 2001). In addition, hRFRP-3 inhibited gonadotropin-
and forskolin-induced intracellular cAMP accumulation in human
granulosa-lutein (hGL) cells via activation of Gαi (Oishi et al., 2012).
On the other hand, ovine LPXRFa (RFRP-3) potently inhibited GnRH-
stimulated mobilization of intracellular Ca2+ and GnRH-induced ex-
tracellular signal-regulated kinases (ERK) phosphorylation in cultured
sheep pituitary cells (Clarke et al., 2008; Sari et al., 2009). Likewise,
human LPXRFa (hRFRP-3) markedly reduced ERK phosphorylation in
primary pig granulosa cells (Li et al., 2013). Whether and how Ca2+

and ERK routes mediate the action of LPXRFa have yet to be fully
elucidated in fish.

In chickens, Ikemoto and Park initially reported that LPXRFa pep-
tides reduced Gαi mRNA levels in COS-7 cells transiently transfected
with chicken LPXRFa-R in a dose-dependent manner (Ikemoto and
Park, 2005), but it did not address coupling of the G protein. Subse-
quently, Shimizu and Bédécarrats investigated the effect of LPXRFa on
the activation of several second messengers indicative of possible
coupling to Gαq, Gαs or Gαi in GH3 cells (a rat somatolactotrope cell
line) transiently transfected with the chicken LPXRFa-R (Shimizu and
Bedecarrats, 2010). No response in inositol phosphates accumulation
was observed when GH3 cells transfected with chicken LPXRFa-R were
stimulated with LPXRFa. Similarly, no increase in CRE-luc activity was
observed, suggesting chicken LPXRFa-R does not couple to Gαq or Gαs.
However, LPXRFa significantly reduced forskolin-induced CRE-luc ac-
tivity, suggesting that chicken LPXRFa-R couples to Gαi to inhibit the
production of cAMP (Shimizu and Bedecarrats, 2010).

Son and collaborators elaborated the signaling pathway triggered by
LPXRFa and its possible interaction with GnRH signaling using a mouse
gonadotrope cell line (LβT2) in which both endogenous receptors are
expressed (Son et al., 2012). First, mouse LPXRFa peptides (mRFRP-1,
mRFRP-3L and mRFRP-3S) effectively reduced GnRH-induced CRE-luc
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activity and cAMP production in LβT2 cells, demonstrating the in-
hibitory effect of LPXRFa on GnRH-induced AC/cAMP/PKA activation.
Next, mouse LPXRFa peptides also suppressed GnRH-elicited ERK
phosphorylation and this effect was mediated by the inhibition of the
AC/cAMP/PKA pathway. Finally, mouse LPXRFa peptides abolished
GnRH-stimulated gonadotropin subunit gene transcriptions and LH re-
lease. Taken together, these results suggest that LPXRFa exerts an in-
hibitory action on GnRH-induced gonadotropin subunit gene tran-
scriptions by suppressing AC/cAMP/PKA-dependent ERK pathway in
LβT2 cells (Son et al., 2012). Furthermore, the potential signal trans-
duction pathway that conveys the inhibitory action of LPXRFa in GnRH
neurons was investigated by using a mouse GnRH neuronal cell line,
GT1-7 (Son et al., 2016). Mouse LPXRFa peptides effectively eliminated
the stimulatory effect of vasoactive intestinal polypeptide (VIP) on CRE-
luc activity, p38 and ERK phosphorylation in GT1-7 cells. Notably,
LPXRFa specifically inhibited VIP-induced p38 and ERK activation via
the AC/cAMP/PKA pathway. Overall, these results suggest that LPXRFa
exerts its inhibitory effect by specifically acting via the AC/cAMP/PKA
pathway in GnRH neurons as in gonadotropes (Son et al., 2016).

3.4. Interactions between LPXRFa and other factors on cell signaling

As mentioned above, LPXRFa-R is a member of the GPCR family
which couples to Gαi and, upon activation inhibits adenylyl cyclase
activity, thus reducing intracellular cAMP levels. This implies that
LPXRFa could interfere with signaling of any GPCR coupled to Gαs,
such as GnRH and kisspeptin receptors (Naor, 2009; Pasquier et al.,
2014). Indeed, when GH3 cells transfected with both chicken LPXRFa-R

and GnRH-R were stimulated simultaneously with LPXRFa and GnRH
peptides, a dose-dependent reduction in GnRH-induced CRE-luc ac-
tivity was observed (Shimizu and Bedecarrats, 2010). Currently, no
information exists about the inhibitory effect of LPXRFa on GnRH-R
signaling in teleosts, which is urgently needed to be examined in futher
studies.

Additionally, the intracellular mechanisms through which kis-
speptin exerts its functions have been elucidated in several fish species,
including zebrafish (Biran et al., 2008; Lee et al., 2009), goldfish
(Chang et al., 2012; Jiang et al., 2014; Li et al., 2009), orange-spotted
grouper (Shi et al., 2010), chub mackerel (Ohga et al., 2013), medaka
(Kanda et al., 2013), sea bass (Felip et al., 2015), tongue sole (Wang
et al., 2017), European eel (Pasquier et al., 2018), Southern bluefin
tuna and yellowtail kingfish (Nocillado et al., 2012). Although piscine
kisspeptin receptor (KissR) signals have been shown to be transduced
via the PKA and PKC pathways as well as intracellular Ca2+ mobili-
zation, studies on the potential interaction of LPXRFa with kisspeptin
signaling are still scarce, even in other vertebrates. Our recent studies
showed that tongue sole LPXRFa-R couples to Gαi protein while tongue
sole Kiss2R is coupled to the Gαs-mediated signaling pathway, thus
activation of LPXRFa-R by LPXRFa-2 significantly reduced Kiss2-evoked
CRE-luc activity, demonstrating an inhibitory action of LPXRFa on
Kiss2R signaling involved in the PKA pathway (Wang et al., 2017,
2018b). Interestingly, both tongue sole LPXRFa-R and Kiss2R are cou-
pled to Gαq protein (Wang et al., 2017, 2018b), we hypothesized that a
synergistic activity could be detected for LPXRFa and kisspeptin com-
bined in vitro. However LPXRFa significantly reduced Kiss2-induced
SRE-luc activity when compared to stimulation with Kiss2 alone,

Fig. 1. A proposed model for LPXRFa receptor
(LPXRFa-R) signaling and its possible interaction
with kisspeptin receptor (KissR) signaling in fish.
Upon binding to its specific receptor, LPXRFa acti-
vates different signal pathways. In tilapia and
tongue sole, coupling to Gαq activates phospholi-
pase C (PLC)/protein kinase C (PKC) pathway, pos-
sibly stimulating gene transcription. In tilapia, zeb-
rafish and medaka, coupling to Gαs activates
adenylate cyclase (AC)/protein kinase A (PKA)
pathway, thus resulting in gene expression.
However, in grouper, tongue sole and medaka,
binding of LPXRFa to its receptor inhibites AC via
Gαi. This inhibition results in a decrease in kis-
speptin-induced cAMP response, and the down-reg-
ulation of target genes. Moreover, in zebrafish and
tongue sole, LPXRFa exerts an inhibitory effect on
kisspeptin activation of the PLC/PKC pathway.
Please see the text for details. Gαq, Gαs and Gαi,
heterotrimeric G proteins; DAG, diacylglycerol;
PIP2, phosphatidylinositol 4,5-bisphosphate; IP3,
inositol 1,4,5-trisphosphate.
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indicating that LPXRFa may also antagonize the action of Kiss2R by
inhibiting the PKC pathway (Wang et al., unpublished data). Similarly,
although none of zebrafish LPXRFa peptides altered SRE-luc activity
with any of the three LPXRFa-Rs, LPXRFa-2 and LPXRFa-3 suppressed
Kiss2 activation of the PKC pathway (Spicer et al., 2017). In addition,
LPXRFa-2 but not LPXRFa-3 also inhibited Kiss1 activation of the PKC
pathway (Spicer et al., 2017). On the other hand, LPXRFa had no in-
hibitory effect on kisspeptin stimulation of SRE-luc and nuclear factor
of activated T-cells response element (NFAT RE-luc) activities and ERK
phosphorylation, indicating that LPXRFa may not directly inhibit kis-
speptin signaling in GnRH neurons (Son et al., 2016). Future studies are
needed to light previously unknown interactions of GnIH with GnRH
and kisspeptin.

4. Conclusions

Athough the physiological relevance and functions of LPXRFa
system were evaluated from fish to mammals, the intricate web of in-
tracellular signals mediating the action of LPXRFa is still far from being
fully understood. This review summarized the intracellular signal
transduction pathways in response to LPXRFa, focusing chiefly on tel-
eosts (Fig. 1). The information gathered hitherto clearly indicates dif-
ferential involvement of signaling pathways in the action of LPXRFa,
and multiple signals may contribute to the functional divergence of
LPXRFa. Nevertheless, it must be taken into account that much more
needs to be done to elucidate the signaling events occurring in response
to the activation of LPXRFa at all levels of the reproductive axis in fish
and other vertebrates.
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