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Neuropeptide FF (NPFF) and gonadotropin-inhibitory hormone (GnlH) are
thought to be paralogous, and a recent study has revealed that both NPFF and
GnlH peptides can activate the GnlIH receptor (GnlHR, also called NPFFR1) in the
European sea bass (Dicentrarchus labrax). However, whether GnlH can bind to
the NPFF receptor (NPFFR2) is still yet unknown in this species. Accordingly, we
further investigated the potential interactions between GnlH and NPFFR2 (two
NPFFR2 forms present in sea bass, namely NPFFR2-1 and NPFFR2-2) on the
intracellular signaling pathways. Neither GnlH1 nor GnlH2 had any effect on basal
CRE-luc activity, while forskolin-stimulated CRE-luc activity was significantly
reduced when COS-7 cells expressing sea bass NPFFR2-1 and NPFFR2-2 were
challenged with these two GnlH peptides. NPFF and NPAF also inhibited
forskolin-induced CRE-luc activity via their cognate receptors. An evident
stimulation of SRE-luc activity was observed when COS-7 cells transfected
with NPFFR2-1 and NPFFR2-2 were treated with NPFF and NPAF, whereas
GnlH peptides had no effect, except a slight but significant increase elicited by
1000 nM of GnIH1 in COS-7 cells expressing NPFFR2-2. Moreover, only GnlH2
exerted an inhibitory action on NFAT-RE-luc activity in COS-7 cells expressing
NPFFR2-1. None of GnlH or NPFF peptides altered ERK phosphorylation levels via
NPFFR2 receptors. Our results provide new evidence that sea bass GnlH peptides
may exert their functions partially via NPFFR2, and PKA, PKC and Ca®* routes are
potential mediators.
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1 Introduction

Gonadotropin-inhibitory hormone (GnIH) was the first
reported hypothalamic neuropeptide inhibiting reproduction in
vertebrates, and neuropeptide FF (NPFF) is considered to be
paralogous of GnIH. Both peptides belong to the RFamide
peptide family (Osugi et al., 2014b; Tsutsui and Ubuka, 2021).
Depending on the species, the GnIH precursor encodes 2 to 4
mature peptides that have a conserved LPXRFa (X=L or Q) motif at
their C-termini, while the NPFF precursor encodes 2 mature
peptides, namely NPFF and NPAF, which are characterized by a
common C-terminal PQRFa motif (Koller et al., 2021; Pinelli et al.,
2022). The receptors for GnIH (GnIHR, also known as NPFFR1
or GPR147) and NPFF (NPFFR2, also called GPR74) are
also paralogous. They show high sequence similarity that
results in receptor cross-reactivity for both GnIH and NPFF
peptides (Tsutsui and Ubuka, 2021). In mammals and birds,
functional and binding assays indicated that GnIH preferentially
activates GPR147, whereas NPFF has a higher binding affinity for
GPR74 (Bonini et al., 2000; Liu et al., 2001; Ikemoto and Park,
2005). However, such comparative studies are still very limited
in fish.

The physiological role of GnIH in the control of reproduction
has been widely investigated in different vertebrates, but the
molecular mechanisms of GnIH actions and the interactions on
cell signaling induced by other neuroendocrine factors are just
emerging (Mufioz-Cueto et al., 2017; Wang et al., 2019a; Teo et al.,
2021). Results of previous studies performed in mice (Son et al.,
2012), chicken (Shimizu and Bedecarrats, 2010), orange-spotted
grouper (Wang et al., 2015) and half-smooth tongue sole (Wang
et al, 2018) showed that GnIHR is coupled to Gg; protein. In
contrast, GnIHR is coupled to G protein in other fish species such
as Nile tilapia (Biran et al., 2014), zebrafish (Spicer et al., 2017) and
chub mackerel (Ohga and Matsuyama, 2021). On the other hand,
GnlIHR is also coupled to Goq protein in Nile tilapia, half-smooth
tongue sole and chub mackerel (Biran et al., 2014; Wang et al., 2018;
Ohga and Matsuyama, 2021), but not in chicken, zebrafish
and orange-spotted grouper (Shimizu and Bedecarrats, 2010;
Wang et al., 2015; Spicer et al., 2017). These data reveal
differential involvement of PKA and PKC pathways in GnIH
actions among various species, which could account for the
functional divergence reported for this neuropeptide. In zebrafish
(Spicer et al., 2017) and half-smooth tongue sole (Wang et al., 2017;
Wang et al., 2019b), activation of GnIHR by GnIH interfered with
kisspeptin signaling. Moreover, GnIH also antagonized GnRH-
induced signaling in sheep (Clarke et al., 2008; Sari et al.,, 2009),
mice (Son et al., 2012) and chicken (Shimizu and
Bedecarrats, 2010).

Extensive evidence has shown that NPFF is involved in a variety
of physiological processes in mammals, including anxiety, feeding,
gut motility, cardiovascular regulation, pain and stress response,
among others (Lin and Chen, 2019; Nguyen et al., 2020; Koller et al.,
2021). Preliminary results also showed that NPFF has been
implicated in the regulation of reproduction in fish (Osugi et al.,
2011; Shahjahan et al., 2015; Tomihara et al., 2022). However, the
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signaling of the NPFEF/NPFFR2 system is still not well defined
(Nguyen et al., 2020). Similar to GnIHR, NPFFR2 is able to couple
to G protein (Bonini et al., 2000; Liu et al., 2001) or G protein (Li
et al, 2019). Activation of NPFFR2 by its agonist ANPA or NPAF
also stimulated ERK phosphorylation levels (Yu et al., 2016; Chen
et al., 2020). Nevertheless, information regarding whether and how
GnlIH exerts its physiological functions via NPFFR2 and vice versa
is still very limited in fish, which merits further studies.

We previously identified the European sea bass (Dicentrarchus
labrax) gnih gene, whose precursor polypeptide encompassed two
RFamide peptides, GnIH1 and GnIH2, that inhibited the
reproductive axis of this species (Paullada-Salmeron et al., 2016a;
Paullada-Salmeron et al., 2016b; Paullada-Salmeron et al., 2016c¢).
Our recent studies showed that sea bass GnIHR signals are
transduced through the PKA and PKC pathways, and GnIH2
antagonized Kiss2/Kiss2R-stimulated PKA signaling via its
cognate receptor GnIHR (Wang et al., 2022b). However, neither
GnIH1 nor GnIH2 reduced Kiss1/Kiss1R-, Kiss1/Kiss2R-, or Kiss2/
Kiss1R-induced PKA signaling (Wang et al., 2022b). It is of note
that both NPFF and NPAF could activate sea bass GnIHR coupling
to G protein (Wang et al., 2022b), and two NPFFR2 genes (npffr2-
I and npffr2-2) have been predicted by automated computational
analysis derived from genomic sequence whole genome shotgun
sequencing project (GenBank Accession No. XM_051412533 and
XM_051421705). Thus, the current study aimed to further
examine the four potential intracellular signaling pathways (PKA,
PKC, Ca** and ERK) elicited by the two NPFFR2 receptors in
response to sea bass GnIH peptides, and to compare the signaling
differences between NPFFR2-1 and NPFFR2-2 activation by GnIH
and NPFF.

2 Materials and methods
2.1 Peptides and plasmids

All sea bass peptides, GnIHl (PLHLHANMPMRF-NH,),
GnIH2 (SPNSTPNMPQRF-NH,), NPFF (NSVLHQPQRF-NH,)
and NPAF (DWEAAPGQIWSMAVPQRE-NH,), were
synthesized by ChinaPeptides Co., Ltd. (Shanghai, China) with a
C-terminal amidation and purity of 98.09%, 96.18%, 96.18%, and
96.54%, respectively. Each peptide was dissolved in distilled water,
and aliquots were stored at -20°C.

Both CRE-luc and SRE-luc plasmids were kindly provided by
Dr. Ana Gémez (Institute of Aquaculture of Torre de la Sal, CSIC,
Spain). These two plasmids contain the firefly luciferase gene under
the control of promoters with cAMP response element or serum
response element, respectively (Felip et al., 2015). They are usually
used as PKA-specific and PKC-specific reporters, respectively.
NFAT-RE-luc and pRL-TK plasmids were purchased from
Promega, and they have been validated in a previous study
(Wang et al,, 2022b). The NFAT-RE-luc plasmid includes an
NFAT response element that drives the transcription of the firefly
luciferase reporter gene, which allows identification of intracellular
Ca®" mobilization. The pRL-TK plasmid, which constitutively
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expresses the Renilla reniformis luciferase gene, was used as control
of the transfection efficiency. The entire ORFs of sea bass npffr2-1
and npffr2-2 genes were obtained by PCR amplification using Q®
High-Fidelity DNA Polymerase (New England Biolabs, Ipswich,
MA, USA) with the specific primers (Table 1). These sequences
exhibited high degree of identity with spotted sea bass (Lateolabrax
maculatus) npffr2-1 (90.55%) and npffr2-2 (94.46%) sequences,
respectively (Li et al., 2019). The plasmids (pUC57-npffr2-1 and
pUC57-npffr2-2) containing the full-length ORFs were used as
templates. The PCR conditions were as follows: denaturation at
98°C for 30 s, followed by 40 cycles of 98°C for 10 s, 50-68°C for
20 s, and 72°C for 60 s and a final incubation for 10 min at 72°C.
The purified PCR products of npffr2-1 and npffr2-2 were subcloned
into the HindIIl and EcoRI sites of pcDNA3.1/Zeo(+) vector
(Invitrogen, Waltham, MA, USA), respectively. Both constructs
(pcDNA3.1-NPFFR2-1 and pcDNA3.1-NPFFR2-2) were verified
by sequencing.

2.2 Signal transduction pathways of sea
bass NPFFR2 receptors

Transfection experiments were generally performed as
described previously (Wang et al., 2022b). In brief, COS-7 cells
(ATCC) were seeded in 24-well plates at a density of 1x10° cells/
well/mL of DMEM (Gibco, Waltham, MA, USA) supplemented
with 10% FBS (Gibco) and 1% penicillin/streptomycin (Gibco) and
maintained in an incubator (ThermoFisher Scientific, Waltham,
MA, USA) at 37°C with a humidified 5% CO, atmosphere for 24 h
before transfection. Cells were then co-transfected with 200 ng of
CRE-luc, SRE-luc, or NFAT-RE-luc, 200 ng of pcDNA3.1-NPFFR2-
1 or pcDNA3.1-NPFFR2-2, and 20 ng of pRL-TK using
Lipofectamine 3000 (Invitrogen). Following starvation overnight,
(1) cells were challenged for 6 h with 10, 100, 1000 nM of GnIH1
and GnIH2, or 1000 nM of NPFF and NPAF, as in our previous
study (Wang et al., 2022b); (2) cells were treated for 6 h with 10 uM
of forskolin (FSK, Calbiochem, San Diego, CA, USA) alone or co-
administration with 1000 nM of GnIH1, GnIH2, NPFF and NPAF.
Cells were harvested using 1xPassive Lysis Buffer (Promega,
Madison, WI, USA) and luciferase activity in cell extracts was
evaluated using Dual-Glo® Luciferase Assay System (Promega) on
the LB963 luminometer (Berthold Technologies GmbH & Co.KG,
Bad Wildbad, Germany). Each transfection experiment was
performed in triplicate and repeated twice.

10.3389/fmars.2023.1199189

2.3 Western blot analysis

To examine whether activation of sea bass NPFFR2-1 or
NPFFR2-2 by GnIH peptides can increase ERK phosphorylation
levels, COS-7 cells were seeded in 24-well plates (2x10° cells/well/
mL DMEM) one day before transfection, and then transfected with
200 ng of pcDNA3.1-NPFFR2-1 or pcDNA3.1-NPFFR2-2, starved
overnight, and treated with 1 uM of GnIHI, GnIH2, NPFF, and
NPAF for 10 min. Cells were lysed and phosphorylated ERK levels
were detected by Western blot, as described in details in our recent
study (Wang et al., 2022b). In parallel, total ERK levels was also
detected as loading controls to normalize the blots. Phosphop44/42
MAPK (Erk1/2) (Thr202/Tyr204) antibody (1:1000, Cell Signaling
Technology, Danvers, MA, USA), p44/42 MAPK (Erk1/2) antibody
(1:1000, Cell Signaling Technology) and HRP-linked anti-rabbit
IgG antibody (1:2000, Cell Signaling Technology) were used for
Western blot analysis in this study.

2.4 Statistical analysis

Data were analyzed by one-way ANOVA followed by Duncan’s
multiple range test using SPSS17.0 software and presented as the
mean + SEM. Normality and homoscedasticity assumptions were
tested prior to the analysis. Differences were considered to be
statistically significant when p < 0.05.

3 Results

3.1 CRE-luc activity in COS-7 cells
expressing sea bass NPFFR2 receptors

Compared to the control group, no response in CRE-luc activity
was observed when COS-7 cells expressing sea bass NPFFR2-1 were
challenged with 10, 100, 1000 nM of GnIHI1 and GnIH2,
respectively (Figure 1A). As a comparative control, neither NPFF
nor NPAF (1000 nM) altered CRE-luc activity, either (Figure 1A).
Similar results were obtained for sea bass NPFFR2-2 (Figure 1B).
However, these four peptides (1000 nM for each) significantly
reduced FSK-induced CRE-luc activity in COS-7 cells transfected
with NPFFR2-1 (Figure 2A) and NPFFR2-2 (Figure 2B). These data
indicate that both NPFFR2-1 and NPFFR2-2 receptors are coupled
to Go; protein and can be activated by GnIH and NPFF peptides.

TABLE 1 Primers for construction of pcDNA3.1-NPFFR2-1 and pcDNA3.1-NPFFR2-2.

Gene

npffr2-1

Primer sequence (5'-3')

Forward: CCCAAGCTTATGACACAGAATACGGTT

GenBank accession no.

XM_051412533

Reverse: CGGAATTCCTAAATCTGGGATACCTT

npffr2-2

Forward: CCCAAGCTTATGAACGAAGGACTTGAA

XM_051421705

Reverse: CGGAATTCTCAAATAGACACTGCTGT

The nucleotides underlined (AAGCTT and GAATTC) are recognized by the restriction enzymes HindIII and EcoRI, respectively.
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FIGURE 1

Effects of GnlH peptides on CRE-luc activity in COS-7 cells expressing sea bass NPFFR2-1 (A) and NPFFR2-2 (B). Cells were challenged with 10, 100,
1000 nM of GnlIH peptides for 6 h and then harvested for assays. NPFF and NPAF (1000 nM) acted as a comparative control. Data are presented as
the mean + SEM (n=6). Different letters indicate statistically significant differences between mean values (one-way ANOVA, p < 0.05).

3.2 SRE-luc activity in COS-7 cells
expressing sea bass NPFFR2 receptors

As shown in Figure 3A, neither GnIH1 nor GnIH?2 at any of the
three doses modified SRE-luc activity in COS-7 cells transfected
with sea bass NPFFR2-1. However, both NPFF and NPAF elicited a
slight but significant increase in SRE-luc activity when compared to
the control treatment (Figure 3A). On the other hand, an evident
increase in SRE-luc activity was noted when COS-7 cells expressing
sea bass NPFFR2-2 were treated with 1000 nM of GnIH1, NPFF and
NPAF, but NPFF and NPAF showed more potent activity than
GnIH1 (Figure 3B). GnIH2 had no effect on SRE-luc activity in
COS-7 cells expressing sea bass NPFFR2-2 (Figure 3B). These
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results showed that both NPFFR2-1 and NPFFR2-2 receptors are

coupled to Ggq protein and can be preferentially activated by
NPEFF peptides.

3.3 NFAT-RE-luc activity in COS-7 cells
expressing sea bass NPFFR2 receptors

The possible involvement of intracellular Ca®" mobilization in
activation of sea bass NPFFR2 receptors was also examined. None
of GnIH1, NPFF or NPAF had any effect on NFAT-RE-luc activity
in COS-7 cells transfected with sea bass NPFFR2-1, compared to the
control group (Figure 4A). A slight but significant reduction of
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Effects of GnlH and NPFF peptides on FSK-stimulated CRE-luc activity in COS-7 cells expressing sea bass NPFFR2-1 (A) and NPFFR2-2 (B). Cells
were challenged with 10 uM of FSK alone or co-treated with 1 uM of GnlH and NPFF peptides for 6 h and then harvested for assays. Data are
presented as the mean + SEM (n=6). Different letters indicate statistically significant differences between mean values (one-way ANOVA, p < 0.05)

NFAT-RE-luc activity was noticed when cells expressing sea bass
NPFFR2-1 were exposed to 10, 100 and 1000 nM of GnIH2
(Figure 4A). None of these four peptides tested changed NFAT-
RE-luc activity in COS-7 cells expressing sea bass NPFFR2-
2 (Figure 4B).

3.4 Effects of GnlH and NPFF on
ERK activation

Western blot was employed to verify whether ERK pathway
participates in sea bass NPFFR2 activation. There was no significant
change in ERK phosphorylation levels when COS-7 cells expressing
sea bass NPFFR2-1 (Figure 5A) or NPFFR2-2 (Figure 5B) were
stimulated with 1 uM of GnIH1, GnIH2, NPFF and NPAF peptides.
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4 Discussion

It has been evidenced that NPFF and GnIH genes have diverged
from a common ancestral gene through whole-genome duplication
during vertebrate evolution (Osugi et al., 2014a; Osugi et al., 2014b).
Our recent studies showed that GnIH exerted an inhibitory effect on
the brain-pituitary-gonadal axis of male sea bass (Paullada-
Salmeron et al., 2019), and that GnIHR signals can be transduced
via PKA and PKC pathways (Wang et al., 2022b). In addition, both
NPFF and NPAF significantly reduced FSK-elicited CRE-luc
activity and stimulated SRE-luc activity in COS-7 cells expressing
sea bass GnIHR, suggesting that GnIHR is a candidate receptor for
these two neuropeptides (Wang et al., 2022b). However, whether
GnlH also exerts its actions on the reproductive axis via NPFFR2
and the signaling pathways of NPFFR2 in response to GnIH are still
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FIGURE 3

Effects of GnlH peptides on SRE-luc activity in COS-7 cells expressing sea bass NPFFR2-1 (A) and NPFFR2-2 (B). Cells were challenged with 10, 100,
1000 nM of GnlIH peptides for 6 h and then harvested for assays. NPFF and NPAF (1000 nM) acted as a comparative control. Data are presented as
the mean + SEM (n=6). Different letters indicate statistically significant differences between mean values (one-way ANOVA, p < 0.05).

unknown in fish. Accordingly, we further addressed these issues in
the current study.

Our results showed that neither GnIH1 nor GnIH2 had any
effect on basal CRE-luc activity, but significantly down-regulated
FSK-induced CRE-luc activity in COS-7 cells transfected with sea
bass NPFFR2-1 and NPFFR2-2, indicating that both NPFFR2
receptors are coupled to G,; protein, consistently with previous
studies in mammals (Bonini et al., 2000; Liu et al., 2001; Mollereau
et al,, 2005) and chicken (Chen et al., 2020). In contrast, in spotted
sea bass, two NPFFR2 receptors are coupled to G, protein, because
NPFF increased CRE-luc activity in a dose-dependent manner in
HEK-293T cells expressing its cognate receptors (Li et al., 2019).
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The reasons for these apparent discrepancies among the different
species are still unclear, perhaps due to variations in conditions of
transfection experiments, including cell origins (COS-7 or HEK293-
T), plasmid doses, transfection chemicals, time elapsed after
challenge, and luciferase assay kits. It is worth mentioning that
receptors for sea bass kisspeptin and GnRH have been
demonstrated to be coupled to G, protein (Servili et al., 2010;
Felip et al., 2015). Considering the opposite actions on the release of
gonadotropins between GnIH and kisspeptin/GnRH (Espigares
et al., 2015; Paullada-Salmeron et al., 2016¢c; Mufoz-Cueto et al.,
2020), it is reasonable to speculate that GnIH could antagonize
kisspeptin and GnRH signaling involved in PKA pathway via
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FIGURE 4

Effects of GnlH peptides on NFAT-RE-luc activity in COS-7 cells expressing sea bass NPFFR2-1 (A) and NPFFR2-2 (B). Cells were challenged with 10,
100, 1000 nM of GnlIH peptides for 6 h and then harvested for assays. NPFF and NPAF (1000 nM) acted as a comparative control. Data are presented
as the mean + SEM (n=6). Different letters indicate statistically significant differences between mean values (one-way ANOVA, p < 0.05).

NPFFR?2, as is the case of NPFFR1/GnIHR (Wang et al., 2019a). On
the other hand, activation of NPFFR2 by sea bass GnIH may
account for the absence of its inhibitory effect on sea bass
kisspeptin-stimulated CRE-luc activity in COS-7 cells co-
transfected with KissIR and GnIHR (Wang et al., 2022b). Further
research is being directed in the laboratory to investigate the
synergistic effect of GnIHR and NPFFR2 activation by GnIH.

In the current study, both NPFF and NPAF stimulated SRE-Iuc
activity in COS-7 cells expressing sea bass NPFFR2-1 and NPFFR2-
2, although NPFFR2-2 showed much higher affinity than NPFFR2-
1 by both peptides, indicating that these two receptors couple to the
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Guq protein and convey their signaling via the PKC pathway, which
is consistent with a recent study in chicken (Chen et al., 2020).
Interestingly, a recent study using chimeric G-protein-based TGF-o.
shedding assays showed that human NPFFR2 receptor exhibited
coupling preference for G;/, when NPFF peptide was used as ligand
(Inoue et al., 2019). Neither GnIH1 nor GnIH2 altered SRE-luc
activity in NPFFR2-1 transfected COS-7 cells, whereas a slight but
significant increase was observed when cells expressing NPFFR2-2
were treated with the highest dose (1000 nM) of GnIH1. In sea bass,
GnlIHR is also coupled to the Ggq protein (Wang et al., 2022b) and,
therefore, GnIHR and NPFFR2-2 may work in concert to convey
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FIGURE 5

Effects of GnlH and NPFF peptides on ERK phosphorylation levels in COS-7 cells expressing sea bass NPFFR2-1 (A) and NPFFR2-2 (B). Cells were
challenged with 1 uM of GnIH and NPFF peptides for 10 min and then harvested for Western blot analysis. Data are presented as the mean + SEM (n=3).

the actions of GnIH1 via the PKC pathway, which will require
further studies in the near future. To the best of our knowledge,
there are no comparable studies on the activation of NPFFR2 by
GnlIH in other teleosts.

The present study also investigated the possible involvement of
Ca®" and ERK pathways in mediating the actions of GnIH through
NPFFR2. Only GnIH2 slightly reduced NFAT-RE-luc activity in
COS-7 cells expressing NPFFR2-1, but none of the four peptides
modified NFAT-RE-luc activity in cells expressing NPFFR2-2. Our
recent study also revealed that there was no change in NFAT-RE-
luc activity when COS-7 cells transfected with GnIHR were
challanged with GnIH1, GnIH2, NPFF and NPAF (Wang et al,
2022b). Similar results were also observed in chicken, where GnIH
had no effect on NFAT-RE-luc activity via either GnIHR or
NPFFR2, but activation of NPFFR2 by NPAF led to an obvious

Frontiers in Marine Science

elevation (Chen et al, 2020). Previous results have provided
evidence that Ca®" signaling is involved in the actions of
kisspeptin and GnRH in fish (Chang and Pemberton, 2018; Wang
et al., 2022a). Thus, GnIH may antagonize the effects of kisspeptin
and GnRH on target cells by lowering Ca>" levels. In this sense,
GnRH-stimulated cytoplasmic Ca** mobilization was blocked by
GnlIH in ovine pituitary gonadotropes (Clarke et al., 2008).
Similar to sea bass GnIHR (Wang et al., 2022b), none of GnIH
and NPFF peptides increased ERK phosphorylation levels via
NPFFR2 in this study. Likewise, GnIH did not alter basal and
kisspeptin-induced ERK phosphorylation levels in GnRH neuronal
cell line, GT1-7, which endogenously expresses NPFFR1 and
NPFFR2 (Son et al., 2016). GnIH had no effect on ERK
phosphorylation in ovine pituitary gonadotropes, but suppressed
GnRH-induced phosphorylation of ERK (Sari et al., 2009). On the
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FIGURE 6

PLC/IP3/PKC

Proposed model for GnlH receptor (GnlHR) and NPFF receptor (NPFFR2) signaling and putative interaction with kisspeptin receptor (KissR) signaling
in sea bass. Sea bass GnlHR signals can be transduced via both PKA and PKC pathways, and activation of GnIHR can interfere with kisspeptin
signaling involving the PKA pathway (Wang et al., 2022b). Sea bass GnlH may exert its actions partially via NPFFR2, and PKA, PKC and Ca®* routes are

potential mediators [this study].

other hand, ERK phosphorylation levels were enhanced in HEK293
cells expressing chicken NPFFR2 treated with NPAF or in NPFFR1-
expressing cells treated with GnIH, respectively (Chen et al., 2020).
Moreover, activation of NPFFR2 stimulated neurite outgrowth in
Neuro 2A cells through the ERK route (Yu et al, 2016). Thus,
whether ERK signaling mediates NPFFR2 actions appears to vary
among species.

In summary, we have revealed differential activation of two
NPFFR2 receptors by sea bass GnIH peptides, showing that
NPFFR2 signals can be transduced through PKA, PKC and Ca®*
pathways. Combined with results from our recent study (Wang
et al., 2022b), we propose that sea bass GnIH exerts its actions
preferentially via GnIHR, and NPFFR2 may function as an
alternative route to mediate GnIH effects, since GnIHR and
NPFFR2 share similar signaling pathways (Figure 6). Further
studies are urgently needed to evaluate the interactions of GnIH
with multiple neuroendocrine factors in cell signaling, via GnIHR,
NPFFR2 or both receptors.
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