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analysis, tissue expression and its involvement in appetite regulation
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ABSTRACT Spexin (SPX) is a conservative tetrade-
capeptide which has been proven to participate in mul-
tiple physiological processes, including anxiety, feed
intake, and energy metabolism in fish and mammals.
However, whether SPX exists and functions in birds
remain largely unknown. Using chicken (c-) as a model,
the full-length ¢cDNA encoding ¢SPX precursor was
cloned, and it was predicted to generate a mature pep-
tide with 14 amino acids conserved across vertebrates.
The pGL4-SRE-luciferase reporter system-based func-
tional analysis demonstrated that cSPX was effective
in activating chicken galanin type Il receptor
(cGALR2), cGALR2-like receptor (cGALR2L) and
galanin type lll receptor (cGALR3), thus to stimulate
intracellular MAPK/ERK signaling pathway. Quanti-
tative real-time PCR revealed that SPX was widely

expressed in chicken tissues, especially abundant in the
central nervous system, pituitary, testes, and pancreas.
Interestingly, it was noted that chicken hypothalamic
SPX mRNA could be up-regulated by 24-h and 36-h
fasting, heralding its latent capacity in appetite regula-
tion. In accordance with this speculation, peripheral
injection of cSPX was proved to be functional in reduc-
ing feed intake of 3-wk-old chicks. Furthermore, we
found that cSPX could reduce the expression of AgRP
and MCH, with a concurrent rise in CART1 mRNA
level in the hypothalamic of chicks. Collectively, our
findings not only provide the evidences that SPX can
act as a satiety factor by orchestrating the expression
of key feeding regulators in the chicken hypothalamus
but also help to facilitate a better understanding of its
functional evolution across vertebrates.
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INTRODUCTION

Spexin (SPX) is a novel neuropeptide which was ini-
tially discovered in the human genome by a bioinformat-
ics search strategy, based on a hidden Markov model, in
2007 (Mirabeau et al., 2007). In human, SPX is encoded
by C120RF39 gene consisting of 6 exons and 5 introns
(Wan et al., 2009; Kim et al., 2014). Since the SPX pre-
cursor contains 2 dibasic prohormone cleavage sites, it is
capable of generating a mature peptide with 14 amino
acid (-aa) residues after proteolytic processing (Sonmez
et al., 2009). In less than 2 decades, SPX gene has been
identified in human, rat, mouse, and some fishes, and the
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generated mature peptide is evolutionally conserved from
fish to mammals (Wong et al., 2013; Kim et al., 2014).
To explore the biological significance of SPX, its tissue
distribution has been examined in several species. Previ-
ous reports showed that SPX was widely expressed in
the central nervous system (CNS) and peripheral tis-
sues, suggesting it may take part in many physiological
processes across vertebrates (Mirabeau et al., 2007; Por-
zionato et al., 2010; Wong et al., 2013; Wong et al.,
2021a). In mammals, SPX is relevant to adrenocortical
cell proliferation (Rucinski et al., 2010), stomach con-
traction (Mirabeau et al., 2007), bowel movement (Lin
et al., 2015), cardiovascular and renal modulation (Toll
et al., 2012; Kumar et al., 2018). Recent research demon-
strated that SPX could reduce adipocyte uptake of long-
chain fatty acids and lose weight in rodents with diet-
induced obesity (Walewski et al., 2014). Moreover,
peripheral SPX suppresses feed intake in mice (Lv et al.,
2020). Because its level correlates with human obesity
and diabetes (Gu et al., 2015; Kumar et al., 2016;
Karaca et al., 2018; Kolodziejski et al., 2018), SPX was
believed to regulate feeding and energy regulation as
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well, in mammals. Analogously, previous results proved
SPX also modulates feed intake in fish. In goldfish
(Wong et al., 2013) and Siberian sturgeon (Tian et al.,
2020), feed consumption was observably decreased by
injection of SPX. Recently, Zheng et al. found SPX sup-
pressed feed intake in zebrafish because SPX-knockout
individuals ate more than the wild-type ones (Zheng
et al., 2017). Interesting, starvation could induce SPX
mRNA expression in the hypothalamus of ya-fish (Wu
et al., 2016), half-smooth tongue sole (Wang et al.,
2018), and orange-spotted grouper (Li et al., 2016),
clearly stating SPX is a pivotal factor in the appetite
regulation of teleosts. In addition, SPX also can affect
the activity of the reproductive axis by inhibiting gonad-
otrophin release or synthesis (Liu et al., 2013; Cohen
et al., 2020).

SPX exerts its biological functions via a specific mem-
brane-anchored receptor which has not yet been clearly
identified. In 2014, the coevolution relationship of SPX,
Galanin (GAL), Kisspeptin (KISS) with their receptor
genes was confirmed (Kim et al., 2014). GAL, a 29-aa
peptide (30 in human), is identified as the ligand for G
protein-coupled receptors (GPCR), termed galanin
receptors (GALR1-3) (Fang et al., 2020). After binding
GAL, GALRs could modulate intracellular MAPK/
ERK signaling pathways (Liu and Hokfelt, 2002; Sip-
kova et al., 2017). Ligand-receptor interaction study
showed that SPX could activate human GALR2 and
GALRS3, zebrafish and tilapia GALR2a and GALR2D,
as well as GALR2b and GALR3 in Xenopus, but not
GALR1 (Kim et al., 2014; Cohen et al., 2020). Remark-
ably, the potency of SPX in activating GALR2 and
GALR3 is similar or even higher than GAL, raising a
possibility that SPX is the endogenous ligand for
GALR2/3, which are in charge of SPX-mediated physio-
logical significance (Kim et al., 2014). Soon afterward,
this hypothesis was affirmed, since SPX-dependent
GALR2 activation could enhance bowel movement in
mouse (Lin et al., 2015). Moreover, SPX-based specific
agonists of GALR2 exhibited an anxiolytic effect and
could decrease feed intake and body weight in a dose-
dependent manner in mice (Yun et al., 2019). In tilapia,
SPX-inhibiting gonadotrophins secretion was achieved
through GALR2b (Cohen et al., 2020).

Although the research regarding SPX-related physio-
logical roles and its endogenous receptor have been con-
stantly documented in fish and mammals, whether SPX
exists in birds remains unknown until now. Apart from
GALRI1-3, there are 2 additionally novel GALR-like
receptors (GALRIL and GALR2L) subtypes in chicken
(Ho et al., 2011, 2012), whether they can be effectively
activated by SPX is also an open question. Therefore,
using chicken as a model organism, our study aims to: 1)
clone the full-length cDNA of SPX and examine its tis-
sue expression; 2) explore the capacity of ¢SPX in acti-
vating chicken galanin receptors; 3) investigate whether
SPX is a potential appetite-regulatory factor in chicken.
The results will not only contribute to uncovering the
physiological roles of SPX in birds but also provide a

clue to understanding its functional evolution across
vertebrates.

MATERIALS AND METHODS
Animals

Chicks (Lohmann Sandy) used in this study were pur-
chased from a local commercial company. All animal
experiments were performed under the guidelines pro-
vided by the Animal Ethics Committee of Sichuan Agri-
cultural University.

Chemicals, Peptides, and Primers

All chemicals were purchased from Sigma-Aldrich
(Shanghai, China), and restriction enzymes were obtained
from Takara (Dalian, China) unless stated otherwise.
Chicken spexin (cSPX-14, NWTPQAMLYLKGAQ) and
galanin (cGAL -29, GWTLNSAGYLLGPHAVDNHRS
FNDKHGFT) with the amidated C-terminus were syn-
thesized by GL Biochem Ltd (Shanghai, China). The
purity of synthesized peptides is more than 95% (analyzed
by HPLC), and their structure was verified by mass spec-
trometry. All primers used in this study were synthesized
by Chengdu Tsingke Biotechnology and listed in Supple-
mentary Table 1.

RNA Extraction and Reverse Transcription

Three roosters and three hens (Lohmann Sandy, 31-
wk-old) were individually stunned with a gas mixture of
35% CO,, 35% Ny, and 30% O, and sacrificed by decapi-
tation to collect various tissue samples including the
whole brain, spinal cord, heart, adrenal, duodenum, kid-
ney, liver, lung, muscle, skin, pituitary, spleen, pancreas,
ovary, testes, abdominal fat, telencephalon, midbrain,
cerebellum, hindbrain, and hypothalamus. Total RNA
was extracted with RNAzol (Molecular Research Cen-
ter, Cincinnati, OH) according to the manufacturer’s
instructions and dissolved in RNase-free water. Reverse
transcription (RT) was employed to prepare the cDNA
samples by using the PrimeScript RT reagent kit with a
gDNA eraser (Takara, Dalian, China) and 1 ug total
RNA as a template. After that, the cDNA samples were
used for subsequent PCR. or quantitative real-time PCR
(qRT-PCR) for detecting mRNA expression of the tar-
get gene.

Cloning the Full-Length cDNA of Chicken
Spexin and Galanin Receptors

According to the predicted cDNA sequence of ¢SPX
(XM _015290798), we designed gene-specific primers
and amplified the 5’-cDNA and 3’-cDNA ends of ¢SPX
from the chicken brain by using SMART-RACE cDNA
amplification kit (Clontech, Palo Alto, CA). The PCR
products were inserted into pTA2 vector (TOYOBO,
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Shanghai, China) for sequencing. To investigate the
potency and specificity of ¢SPX in activating galanin
receptors, 5 complete ORFs corresponding to distinct
chicken galanin receptor subtypes (cGALR1, cGALRIL,
cGALR2, cGALR2L, and GLAR3) were cloned into
pcDNA3.1(+) expression vector (Invitrogen) for subse-
quent functional assays. The sequences of DNA plasmids
were determined by Chengdu Tsingke Biotechnology.

Luciferase Reporter Assays

According to the previously established method (Gao
et al., 2017), the functionality and signaling properties
of ¢SPX in activating galanin receptors were evaluated
by pGL4-SRE-Luciferase system. In brief, 1,000 ng of
pGL4-SRE-luciferase reporter construct and 200 ng of
pcDNA3.1 expression plasmid (or empty vector) were
transfected into human embryonic kidney 293
(HEK293) cells. HEK293 cells were then sub-cultured
into a 96-well plate for 24 h culture, and cells were
treated by peptide for an additional 6 h at 37°C. After-
ward, the cells were lysed by 1 x Passive lysis buffer
(Promega) per well, and the luciferase activity was
determined with the luciferase assay kit (Promega). The
luciferase activities of peptide treatment groups were
expressed as the relative fold increase compared with
the control group (without peptide treatment).

Quantitative Real-Time PCR (QRT-PCR)

qRT-PCR was conducted on the CFX96 Real-time
PCR Detection System (Bio-Rad) in a volume of 20 uL
by using EvaGreen (Biotium Inc., Hayward, CA) and a
previously established method (Gao et al., 2017). To
assess the specificity of PCR amplification, melting
curve analysis and agarose gel electrophoresis were per-
formed at the end of the PCR reaction to confirm the
specificity of PCR amplification. Finally, the mRNA lev-
els of target genes were calculated relative to levels of
B-actin and then expressed as the fold change compared
to the chosen tissue or control.

Investigation of Fasting-modulated SPX
Expression in Chick Hypothalamus

Two-wk-old male chicks were maintained at 30°C on a
12 h light and 12 h dark (12 L: 12 D) photoperiod and
fed a commercial mixed diet (CP Group, Shijiazhuang,
China) with free access to water. The feed components
and chemical composition of the diets are shown in Sup-
plementary Table 2. To determine whether fasting
modifies the expression of ¢cSPX mRNA in the hypothal-
amus, 24 chicks were randomly divided into 2 groups
(N = 8). In the control group, chicks could access feed
and water freely. In experimental groups, chicks drank
water freely but were deprived of feed for 24 h or 36 h.
And then, hypothalami were collected for RNA extrac-
tion and measuring the changes of ¢cSPX mRNA by
qRT-PCR.

Effect of cSPX on Feed Intake

Three-wk-old male chicks (with body weights of 160
—200 g) were randomly assigned to four groups (N >
10). After feed deprivation for 12 h, chicks were intrave-
nously injected with PBS (as control) or different dos-
ages (10 ng/g, 50 ng/g, and 100 ng/g body weight) of
c¢SPX respectively. After that, all chicks were free to
drink and eat pre-weighed food. The leftover feed pellets
were harvested and measured at 6 h, 12 h, and 24 h after
injection. The mass difference between the leftover and
total input of feed was used as an index for feed con-
sumption.

Regulation of cSPX on the Expression of
Appetite-related Genes

In this experiment, 3-wk-old male chicks were ran-
domly divided into four groups (N > 3). Chicks were
intravenously injected with PBS or distinct doses of
c¢SPX, and the hypothalami were sampled after 6 h
administration. The mRNA levels of cocaine- and
amphetamine-regulated transcript I (CARTI), agouti
gene-related protein (AgRP), proopiomelanocortin
(POMC), melanin-concentrating hormone (MCH), and
neuropeptide Y (NPY) were detected by qRT-PCR.
The changes of the above appetite-related gene expres-
sion were also examined in the chick hypothalamus after
12 h and 24 h with ¢SPX injection by using the same
treatment procedure.

Data Analysis

The data were analyzed by one-way ANOVA followed
by Dunnett’s test with the use of GraphPad Prism 7
(GraphPad Software, San Diego, CA). Data were
expressed as means + SEM, and statistical significance
was set at P < 0.05.

RESULTS
Cloning the Full-length cDNA of cSPX

Using RT- and RACE-PCR, we cloned the full-length
cDNA of ¢SPX from the adult chicken brain. As shown
in Figure 1A, the cloned ¢SPX is 751-bp in length which
is composed of 214-bp 5’-UTR, 351-bp ORF and 186-bp
3-UTR with a 30-bp long polyA tail terminal. ¢SPX
encodes a precursor of 116 amino acids with a 26-aa sig-
nal peptide and can produce a 14-aa mature peptide
after proteolysis at 2 dibasic processing sites. A compari-
son of the ¢SPX c¢DNA sequence with the chicken
genome (http://www.ensembl.org/Gallus_gallus)
revealed that ¢SPX consists of 6 coding exons separated
by 5 introns (Figure 1B). Amino acid sequence align-
ment shows the N- and C-terminal regions of SPX-pre-
cursors are highly variable among examined species
(Figure 2A). In contrast, the 14-aa mature SPXs are
conserved in the vertebrate lineage, since there is only
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1 ACTTCCGACTACAGGTTTCCCTCAGGATTCATTA 34

35 GACCTTCTACTTCTCCATCCGCAGAGCTGACAAGAGATCCCTTTGGACTTCCCCTGCCCACCAGAGAAGGGGAGGGGACATTCACTCTGA 124

125 AGATTTAAAAAGGTACCCCTAAACCTTTAGGAGATCTTGTGACACACTATTCCAGGAAACGAAGACTGAAGGTTTGCTACTTCAGTAGGT 214

215 ATGAAGGGACTGCGTAAACTGACAGCATCTGCAATGGCACTCTTCCTTGCAATGTCCTTCCTATCTTTCTCTCGGAGCGCTCCTCAGGCT 304
M K 6 L R K L T A S A M A L F L A M S F L S F S R S A P Q A

305 CATTTCCAAAGGAGAAACTGGACTCCTCAGGCTATGCTCTATTTGAAGGGTGCACAGGGACGTCGATTCATCTCAGATGAGAGCCAGCGA 394
H F Q R R N W T P Q A ML Y L K G A G R R F I s D E s Q R

395 AAGGATCTGTATGGCAGAATGCAGCTTGAAACACGCAGCCAAAACACAAATCCTTTATCTCTTTCTGAAGCTGCAGCACTGCTCCTCAGT 484
K b L Y G&GRMOQULETWRSQNTNU®PILSL S EAA A ATLTL L S

485 TCCTTATGGAAAGCCCAAGAAGTGGAAGAAGAAAACAGTGATCACCCTGGCTACCTGATGGATAATCTATCAAACCGGTGAAATATTTGA 574
s L w K A Q E V E E EN S DH?P G Y L M DDNL S N R *

575 AATTTCTTTCACATTTGTATTCCATCTACACTGAAACCATGATCTGTGTAAACAGTGTTACATCTCCACTTAAGTTCCAAAAAGTTGATG 664

665 TAGATATTCACTGCAACATTTTGAATTTCAAACTGATTAAAATTTACCAGTTCAGCCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 751

(B)
E1 E2 E3 E4 E5 E6
873 125 = 1305 648 776
220 81 58 63 84 218
. Signal . Mature
“.. Peptide %, Peptide ;
Propeptide I I
4 4
RR GRR

Figure 1. (A) The full-length cDNA sequence and deduced amino acid of chicken spexin (¢cSPX). The putative signal peptide is indicated by
italic letters, and the mature peptide is shaded in gray, which is flanked by two dibasic cleavage sites (RR and GRR) dashed underline. (B) Genomic
organization of ¢SPX gene. Six exons (E1-E6) are labeled, and the numbers in the boxes indicate the sizes (bp). The signal peptide is encoded by
exon 1-2, and the coding sequences of the mature peptide are located in the exon 3 and 4, which contain dibasic cleavage sites indicated by arrows.

one substitution in their amino acid composition at most
(Figure 2B).

The Potency of cSPX in Activating Chicken
Galanin Receptors

To investigate whether ¢cSPX is functional in arousing
chicken galanin receptors, each galanin receptor subtype
expressed in HEK293 cells was treated by chemically
synthetic peptides. Receptor-regulated MAPK/ERK
signaling pathway was then examined by the pGL4-
SRE-luciferase reporter system.

As shown in Figure 3, cGAL could dose-dependently
stimulate luciferase activity in HEK293 cells expressing
cGALR1 and cGALRIL, but only a high concentration
of cSPX treatment slightly altered the luciferase activity
of cGALRI1L expressed in HEK293 cell, suggesting that
c¢GALR1 and cGALRIL are not functional receptors for
c¢SPX. Instead, both ¢cGAL and c¢SPX could initiate
cGALR2, cGALR2L, and cGALR3 activation in
HEK293 cells (Figure 3C—E). Although the potency of
cGAL in triggering cGALR2 is much greater than
c¢SPX, ¢SPX has a higher affinity with cGALR2L and
c¢GALR3 than cGAL. Moreover, SPX is more likely to
bind GALR2L among the 5 galanin receptor subtypes.

The ECyy values of ¢cSPX and ¢GAL for distinct recep-
tors are summarized in Table 1.

Tissue Expression of SPX in Adult Chickens

In order to explore the physiological role of SPX in
chicken, its mRNA expression profile was detected in
various adult chicken tissues. qRT-PCR showed c¢SPX
was widely expressed in all tissues examined, with abun-
dant expression in the whole brain, spinal cord, pitui-
tary, testes, and pancreas (Figure 4A). Additionally,
weak SPX mRNA level was also noted in other tissues,
including the heart, adrenal gland, duodenum, kidney,
liver, lung, muscle, skin, spleen, ovary, and abdominal
fat. Since SPX is highly expressed in the chicken’s whole
brain, we further detected its expression in discrete brain
regions. As shown in Figure 4B, the expression signal of
¢SPX was ubiquitous in various brain regions, especially
abundant in the hypothalamus and hindbrain.

Relationship between cSPX and Feeding
Status

Since SPX can act as a satiety factor in goldfish, con-
sidering the abundant SPX mRNA level in chicken
hypothalamus, we investigated whether fasting could
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A
( ) Signal peptide v SPX-14 v
cSPX 1l —---MKGLRKL-TASAMALFLAMSFLSFSRSAPQAHFQ f%NWTPQZ—\MLYLKGAQ@RRFISDESQRKDLYGRMQLETRSQNT 76
hSPX 1 --——..... S.-A.TTL....VFV..GN.SC...RLLE. .| . et Q.R....SD.PLP.R..P.P 76
mSPX 1 --——...PSV.-AVT.VV.L.VL.A.EN.SG...RLSEK.|.............. ....L..Q.R..E.AD.PPP.R.NPDL 76
rSPX 1 ---...PSI.-AVA.L..L.VL.V.EN.SG...RLSEK............... JHo.... Q.R..E.AD.PPP.R.NP.L 76
bSPX 1 ---...FKS.-VVMTLT...VF..MGNCN....RL.E..|.....v .. ..., ....L..O.R....SD.PP..R..P.S 76
gtSPX 1 MQVSEE.H..—-....L..T..A. .. .T. . W.eiieeeieideeeeeeinannadeennn Ao, D.V...... HK 79
£FSPX 1 ———. ... H.P-S...L..L..A..VT..Weueveueudoveiiuiuiidon.. Avuvnnnn. D.V...... H 76
pPSPX 1l ——..A....—-..P....... A...... L U PR Ve Deveennnia. 76
1SPX 1 ---...FH-—---- L..L.SA..IT..W.V...ououonnoo oot E..ouon.. D.L........ G 71
tSPX 1 -———..... Rimeennn.. NP S R N N AN D.L......... 76
sSPX 1 --—-..K.HSW-ANGPL..Y.LA..IT..WGV..G..voufevuvuunon.n. Sueenn.. E...Q.A..D.LMQ.RS...V 76
xSPX 1l -——..ESACH-..CTLI.L.TA.VIPQ.L.L..S.... .. e idieii.. D.L...... R.S 76
zfSPX 1 -—-..D..T.-A.Y.L..L.LAT.V.H.W...KGS. .. .o ... T.....V.EDRNEG...DTIR..S..... 76
ntSPX 1 ---....KTVTI.YVLT.L.LAT.I.Q.W.T.KGS...Ju'ururuunn.. T ... .. EDRKEG.V.DTLH........ 77
cSPX 77 NPLSLSEAAALLLSSLWKAQ--EVEEENSDHPGYLMDNLSNR--- 116
hsSpPX 77 QL.TIP...TI..A..Q.SPE--D..K.F.QTRF.E.S.L.W--- 116
mSPX 77 EL.T.P..... F.A..E.S.KGAD.GG.F.KSEL.E.R.F.W--- 118
rSPX 77 QL.T.P..... F.A..E.P.K--D.GGDF.KSKL.E.RRFYW--- 116
bSPX 77 QQ.T.P. V..AF.Q.P.E--AGD..L.QTRF.E.S.L.W--- 116
gtSPX 80 ........ T..FI...0u.. ... Gevuvnn Aco... W--- 119
£SPX 77 ... F.TA.Q.vom= .. E..... T.S.L.W--- 116
pSPX 77T eeeeo.. S F . .R.SR--.EGKCMFCLTLTFLNKV.PYLIY 119
1SPX 72 JR F ..R..AQE.D..DTEEK...VA.G.V.W-—— 113
tSPX 77 I...... E.F.N..R...--.A...TN...... T...L.W-—- 116
sSPX 77 .T...D.LAF..L.Q.I.NE.E..KAPEK.R.FA.G.L.Y-—— 118
XSPX 77 ITI..... MF....Q...-E.A.DNGV.QG...P.S.F.W——— 117
zfSPX 77 EN..I.K...F..NI.QQ.RD----- DEPY-—-=-——————————— 102
ntSPX 78 EK.TVDQ..TV..NF.QQ.REGAD.NADEVYIQE.PVWKREYF-- 120
(B) Identity (%)

cSPX-14 1 NWTPQAMLYLKGAQ 14 --

hSPX-14 1 .............. 14 100

mSPX-14 1 .............. 14 100

bSPX-14 1 .............. 14 100

gtSPX-14 1 .............. 14 100

PSPX-14 1 .............. 14 100

1SPX-14 1 .............. 14 100

tSPX-14 1 .............. 14 100

SSPX-14 1 ............ S. 14 92.86

XSPX-14 1 .............. 14 100

ZfSPX-14 1 ............ T. 14 92.86

ntSPX-14 1 ............ T. 14 92.86

Figure 2.

(A) Amino acid alignment of chicken spexin precursor (cSPX) with that of different species, inducing human (hSPX,

NM_001083933), mouse (mSPX, NM_ 001242345), rat (rSPX, NM_001083933), bovine (bSPX, NM_001075407), great tit (gtSPX,
XP 015482461), medium ground finch (fSPX, XP 005429821), pigeon (pSPX, XP 013223962), bearded dragon lizards (ISPX, XP 020656732),
goodes thornscrub tortoise (tSPX, XP_030405032), eastern brown snake (sSPX, XP_026558826), Xenopus tropicalis (xSPX, XM_031898436),
zebrafish (zfSPX, XM _005164774), and nile tilapia (ntSPX, XP_005475162). The predicted signal peptide is underlined, and arrows indicate the
putative cleavage sites. The mature SPX peptide (SPX-14) is boxed. (B) Sequence conservation of SPX-14 between chicken and other vertebrate spe-
cies from human (h), mouse (m), bovine (b), great tit (gt), pigeon (p), bearded dragon lizards (1), goodes thornscrub tortoise (t), eastern brown snake
(s), Xenopus tropicalis (x), zebrafish (zf), and nile tilapia (nt). Note: Dots indicate amino acids identical to ¢SPX in (A) or ¢SPX-14 in (B), and

dashes represent gaps in the sequence.

alter hypothalamic SPX expression in 2-wk-old chicks.
As shown in Figure 5, it was noted that SPX mRNA
expression was significantly up-regulated in the chicken
hypothalamus after fasting for 24 h and 36 h. Afterward,
c¢SPX injection on feed intake was also explored in the
present study. After drug administration, cumulative
feed intake of chicks exhibited downwards tendencies
(Table 2), whereas no significant difference was exam-
ined after 6 h and 24 h postinjection of low dose of cSPX
(10 ng/g BW). Nonetheless, when moderate (50 ng/g
BW) and high (100 ng/g BW) ¢SPX dosage was injected
into chicks, the inhibitory effect of feed intake was signif-
icant at all checking time points (6 h, 12 h, and 24 h).
Moreover, after 12 h post-injection, even a low amount
(10 ng/g BW) of ¢SPX could trigger a marked reduction
of food intake in chicks.

Effect of cSPX on the mRNA Expression of
Appetite-related Genes

To verify whether ¢SPX is an appetite modulator, a
time course experiment was initiated to examine intra-
venous injection of ¢cSPX-14 on hypothalamic appetite-
related genes in 3-wk-old chicks. As shown in Figure 6,
c¢SPX significantly stimulated CARTI mRNA levels in
the chick hypothalamus at 6 h, 12 h, and 24 h post-injec-
tion. Oppositely, MCH expression was negatively regu-
lated at 12 h and 24 h after 100 ng/g ¢SPX intravenous
administration, and its expression was also reduced at
12 h when a dose of 50 ng/g treatment was used. Mean-
while, a high dosage (100 ng/g BW) of ¢SPX could obvi-
ously inhibit AgRP mRNA level from 6 h to 24 h after
administration. Nevertheless, cSPX is unavailable for
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Figure 3. Effects of cSPX-14 and ¢GAL-29 (107"-107° M, 6 h) on activation of the intracellular MAPK/ERK signaling pathway in HEK293
cells expressing cGALR1 (A), cGALRIL (B), cGALR2 (C), cGALR2L (D) and cGALR3 (E), monitored by pGL4-SRE-luciferase reporter system.
Co-transfection of the pGL4-SRE-luciferase reporter construct and empty pcDNA3.1(+) vector was used as an internal control (F). Each data point

represents the mean = SEM of three replicates (N = 3).

Table 1. ECs values of cSPX-14 and cGAL-29 in activating MAPK/ERK signaling pathway in HEK293 cells expressing chicken gala-

nin receptors.

Peptides EC5p (nM)

cGALR1 c¢GALRIL cGALR2 ¢cGALR2L ¢GALR3
cGAL-29 166.40 & 5.69 96.68 £ 2.72 12.86 + 1.30 277.20 £ 124.40 6685 £ 1339
cSPX-14 - - 277.20 £+ 124.40 18.39 4+ 7.06 62.13 £+ 19.08

Data are expressed as mean = SEM (N = 3).
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Figure 4. Tissue distribution of ¢SPX in adult chickens. (A) Quantitative real-time PCR detection the mRNA level of ¢SPX in multiple adult
chicken tissues, including brain (Br), spinal cord (Sc), heart (He), adrenal (Ad), duodenum (Du), kidney (Ki), liver (Li), lung (Lu), muscle (Mu),
skin (Sk), pituitary (P1i), spleen (Sp), pancreas (Pa), ovary (Ov), testis (Te), and abdominal fat (Fat). (B) The ¢SPX expression in adult chicken
brain regions including telencephalon (Tc), midbrain (Mb), cerebellum (Cb), hindbrain (Hb), and hypothalamus (Hy). The mRNA expression of
¢SPX was normalized to that of B-actin and expressed as the fold difference compared with that of the brain (Br) or telencephalon (Tc). Each data

point represents the mean == SEM of 6 adult chickens (N = 6).
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Figure 5. Changes of ¢SPX mRNA expression in the hypothalami
of 2-wk-old chicks which were deprived of food for 24 h and 36 h. The
control group chicks were provided adequate feed, and B-actin was used
to normalize all samples. Each data point represents means + SEM of 8

individuals (N = 8). " P < 0.001 vs. control.

modulating ¢NPY and c¢cPOMC mRNA levels at all
checking time points.

DISCUSSION

In mammal and fish species, numerous pieces of
research were invested to identify the physiological sig-
nificance of SPX and got great achievements. However,
whether SPX exists in avians is not clear, which hugely
impedes us to clarify its functional evolution across ver-
tebrates. In this study, the full-length cDNA of chicken
SPX was cloned and found to be composed of 6 exons
and 5 introns, which is identical to that in orange-spot-
ted grouper, tilapia, mice and humans (Li et al., 2016).
However, zebrafish and goldfish SPX consist of 5 exons
and 4 introns (Wong et al., 2013; Zheng et al., 2017),
indicating the genomic organization of SPX is not highly
conserved in vertebrates. Nor is this all, the SPX-precur-
sors are highly variable in their amino acid sequence
among species. Nonetheless, apart from residue at posi-
tion 13, its mature peptide is well conserved from fish to
mammals, suggesting the physiological roles of SPX
might be still conserved and essential for the survival of
vertebrates.

Like other neuropeptides, the SPX-related biological
roles were triggered by binding membrane-bound GPCR
and subsequent mobilization of intracellular signaling
pathways (Wong et al., 2013). Before 2014, SPX
remained to be an orphan ligand. Since SPX, KISS, and
GAL were demonstrated to arise from a common ances-
tor, it raised doubt on whether SPX could activate GAL
or KISS receptors. Then, SPX-14 was proved to have
higher affinity with GALR2 and GALR3 than GAL, but
was incompetent in activating GALR1 (Kim et al., 2014),
indicating GALR2-3 can serve as the functional receptors
for SPX-14. However, whether chicken SPX could acti-
vate GALRs remains to be uncovered. Besides, the dis-
covery of two novel GALR-like members (Ho et al., 2011,
2012) makes it more complicated to understand the
ligand-receptor interaction manner. After binding

Table 2. Feed intake of chicks after peripheral administration of
c¢SPX for 6 h, 12 h, and 24 h.

Time post-injection

(hours) Groups Cumulative feeding (g)

6 Control
cSPX-14 (10 ng/g, BW)
c¢SPX-14 (50 ng/g, BW)

14.05 £ 0.8581
11.85 4 0.6884 (P = 0.0525)
10.75 £ 0.6099*

¢SPX-14 (100 ng/g, BW) 10.58 £ 0.9122*
12 Control 45.62 +£4.44
¢SPX-14 (10 ng/g, BW) 33.73 £2.361*
c¢SPX-14 (50 ng/g, BW) 29.93 + 2.452**
¢SPX-14 (100 ng/g, BW) 29.53 & 1.7+%
24 Control 52.22 +2.521
¢SPX-14 (10 ng/g, BW) 46.13 + 3.144
¢SPX-14 (50 ng/g, BW) 42.68 + 2.829*
¢SPX-14 (100 ng/g, BW) 39.84 & 2.023%*

Fach data point represents the mean + SEM.
B
P <0.05.

P < 0.01 vs. respective control.

ligands, GALRs were generally considered to be responsi-
ble for the stimulation of the intracellular MAPK/ERK
cascade (Liu and Hokfelt, 2002; Sipkova et al., 2017).
Herein, the capacities of ¢SPX-14 in activating several
cGALRs were examined by using a pGL4-SRE-luciferase
reporter assay. Similar to previous reports from mammals
and fish (Kim et al., 2014; Cohen et al., 2020), we found
c¢SPX-14 failed to efficiently activate cGALRI, as well as
its analogous receptor (GALRIL), but successfully
aroused ¢cGALR2, cGALR2L, and ¢cGALR3 activation.
Meanwhile, we mentioned that GAL is more potent than
SPX in activating GALR2. However, upon ligand treat-
ment, cGALR2L and ¢cGALR3 are much more sensitive
to recognize cSPX-14, rather than cGAL, suggesting that
SPX might be a natural ligand for GALR2L and GALR3
in chicken. Thus, we speculate that SPX-involved physio-
logical functions including appetite regulation may attri-
bute to these two receptors, especially GALR2L-
stimulated MAPK/ERK cascade.

To explore the physiological roles of c¢SPX, we
detected its tissues distribution in adult chickens by uti-
lizing qRT-PCR. As expected, ¢SPX mRNA was found
to be highly expressed in the CNS including the hypo-
thalamus and hindbrain, which is consistent with the
findings in the rat (Porzionato et al., 2010), goldfish
(Wong et al., 2013), Siberian sturgeon (Tian et al.,
2020), orange-spotted grouper (Li et al., 2016), Ya-fish
(Wu et al., 2016), and half-smooth tongue sole (Wang
et al., 2018). The abundant expression of SPX in the
CNS supports the notion that SPX may act as a neuro-
transmitter or neuromodulator involved in the regula-
tion of anxiety behaviors and feed intake, which has
been confirmed in fish (Jeong et al., 2019) and mammals
(Reyes-Alcaraz et al., 2016; Zhuang et al., 2020), and
further demonstrated in chicken by our present study.
Apart from CNS, ¢cSPX mRNA was also detected in sev-
eral peripheral tissues including the pituitary and gonad,
stating it may participate in the modulation of reproduc-
tion mediated by the “hypothalamic-pituitary-gonad”
axis in chicken. Coincidentally, the roles of SPX in regu-
lating reproduction have been confirmed in some fish
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Figure 6. In vivo effects of ¢cSPX on the expression of CART1, POMC, MCH, AgRP, and NPY in the hypothalami of 3-wk-old chicks. Chicks
were intravenously injected with different doses of ¢SPX (10 ng/g, 50 ng/g, and 100 ng/g BW). The hypothalami were collected at 6 h (A), 12 h (B),
and 24 h (C) post-injection, and then the mRNA expressions of appetite-regulating factors were detected by qRT-PCR. All relative expressions
were first calculated as the ratio to that of 8-actin and as the fold comg)arcd to that of control group chicks injected with PBS. Each data point repre-

sents as the mean + SEM of at least 3 individuals (N > 3). *P < 0.05; P < 0.01 vs. respective control.
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species. For instance, SPX was demonstrated to inhibit
the release or synthesis of gonadotrophins in sexually
matured female goldfish (Liu et al., 2013), adult female
tilapia (Cohen et al., 2020), and half-smooth tongue sole
(Wang et al., 2018). However, SPX does not impact the
basal and KISS-induced luteinizing hormone (LH)
release in the ewe (Lomet et al., 2020), indicating the
functional difference of SPX in regulating reproduction
may be related to species. Therefore, whether SPX can
act as a reproductive modulator in other species needs to
be further verified, such as in chicken. In addition, our
results showed that the chicken pancreas had a high
level of SPX expression, which is in accordance with pre-
vious findings from rodents (Porzionato et al., 2010;
Wong et al., 2021a) and humans (Gu et al., 2015). In
obese women, serum SPX had a negative correlation
with insulin and glucagon content (Kotodziejski et al.,
2018), and the release of SPX in the pancreas was stimu-
lated by glucose and inhibited by insulin in pigs (Sassek
et al., 2019). Accordingly, it is logical to speculate that
SPX might be also implicated in insulin resistance and
glycemic control in chicken. The ubiquitous expression
of SPX is corroborating its pleiotropic biological roles in
vertebrates, but the physiological functions of SPX in
birds are still largely unknown and remain to be eluci-
dated.

In mammals and fish, it has been well-acknowledged
that SPX is an appetite regulator. In this study, we found
chicken SPX was abundantly expressed in discrete brain
regions including the hypothalamus, raising a possibility
that SPX can modulate feed intake in birds as well. In

SPX
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GALR1

GAII_R1 L

GAILR2

agreement with this hypothesis, SPX mRNA was signifi-
cantly up-regulated in chicks after food deprivation,
which is analogous to that in fish species including
orange-spotted grouper (Li et al., 2016), half-smooth
tongue sole (Wang et al., 2018), and spotted scat (Deng
et al., 2018). In goldfish, intracerebroventricular (ICV)
injection of SPX inhibited both feeding behavior and feed
consumption (Wong et al., 2013). Likewise, intraperito-
neal (IP) injection assay demonstrated that SPX could
also lead to feeding inhibition in Siberian sturgeon (Tian
et al., 2020), mice (Lv et al., 2020; Wong et al., 2021b),
and diet-induced obese rat (Walewski et al., 2014). Mean-
while, SPX-caused weight loss was also noted in rodents
(Kolodziejski et al., 2021). These achievements suggest
that SPX is a satiety factor, which is consistent with the
result from our present study since intravenous injection
of ¢SPX was confirmed to suppress feed intake in 3-wk-
old chicks. Taken together, these findings clearly proclaim
that the role of SPX in regulating animals feeding behav-
ior is well conserved from fish to mammals.

As the crucial center controlling energy intake and
expenditure, the hypothalamus can secrete orexigenic
and anorexigenic neuropeptides, which are implicated
in the modulation of feeding and energy homeostasis
(Parker et al., 2012). As of now, a series of neuropepti-
des including SPX were affirmed to participate in
appetite regulation (Mills et al., 2021). Although the
exact mechanism is not clear, SPX-modulated feed
intake has been proven to be associated with the
expression and secretion change of hypothalamic neu-
ropeptides (Wong et al., 2013). After cSPX-14

RRRRRRKR] ARRKK)
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MAPK/ERK Siganl Pathway
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CART1 1

AgRP and MCH |

[ Food intake | ]

Figure 7. Proposed model for SPX in control of chicken food intake. ¢cSPX can effectively activate cGALR2, cGALR2L, and ¢cGALR3, and
mediate intracellular MAPK/EKR signal pathways. Whereafter, SPX acts as a satiety factor by decreasing the expressions of AgRP and MCH,
along with the concurrent rise in CART1 mRNA level in the chicken hypothalamus. The thickness of the lines represents the capacity of SPX in acti-

vating chicken galanin receptors.
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injection, AgRP, the well-known orexigenic gene, was
reduced in the chick hypothalamus, which is tally with
the findings from goldfish (Wong et al., 2013), zebra-
fish (Zheng et al., 2017) and mouse (Lv et al., 2020).
Unexpectedly, although SPX could elevate POMC
expression in goldfish (Wong et al., 2013), zebrafish
(Zheng et al., 2017), and orange-spotted grouper (Li
et al., 2016), it failed to change the mRNA level of
POMC in mouse (Lv et al., 2020) and chicken. In
chicken, CART! is an energy status-dependent gene
and its expression could be induced by fasting, hinting
at its involvement in the feeding inhibition of chicken
(Cai et al., 2015). This speculation was confirmed by
our observation that ¢cSPX, a putative satiety factor,
could stimulate CART1 expression in the chicken
hypothalamus, which is similar to that in Siberian
sturgeon (Tian et al., 2020), but not the mouse (Lv
et al., 2020) or zebrafish (Zheng et al., 2017). In
chicken, MCH expression could be induced by feed
deprivation (Cui et al., 2017), as that in the rat (Qu
et al., 1996) and winter flounders (Tuziak and Volkoff,
2012), indicating its potential role in promoting feed
intake. Coincidentally, SPX-mediated anorexia is
accompanied by decreased MCH expression, which is
opposite to that in goldfish (Wong et al., 2013). Sur-
prisingly, as a well-documented appetite-suppressive
factor (Mercer et al., 2011), expression of NPY could
not be altered by ¢cSPX injection in chicken hypothala-
mus, which is consistent with the findings in zebrafish
(Zheng et al., 2017) and orange-spotted grouper (Li
et al., 2016). To sum up, these pieces of evidence sug-
gest the working mechanism of the SPX-mediated
anorexic effect might be similar, but not identical, to
that in mammal and fish.

In summary, chicken SPX, which is capable of generat-
ing a conserved mature peptide with 14-aa, has been suc-
cessfully identified in our present study. Luciferase assays
showed cSPX-14 might be the endogenous ligand for
GALRL2L and GALR3. Using qRT-PCR, we found SPX
distributed widely in various tissues of adult chickens,
especially abundantly in the hypothalamus, the feeding
regulatory center. Expectedly, SPX was proved to be a
potential satiety gene in chicken, which may play roles via
modulating other hypothalamic appetite-related neuro-
peptides expression (Figure 7). Collectively, these findings
will lead to a better understanding of SPX-involved physi-
ological roles in birds, as well as its functional evolution
across vertebrates.
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