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ABSTRACT In mammals, molecules mainly secreted
by white adipose tissue named adipokines are also syn-
thetized locally in the reproductive tract and are able to
influence reproductive functions. In avian species, previ-
ous studies indicated that the adipokine chemerin is
highly abundant in the albumen, compared to the yolk
and this was associated to high chemerin expression in
the magnum. In addition, the authors observed that
chemerin and its receptors are expressed by allantoic
and amniotic membranes and chemerin is present in flu-
ids during the embryo development. Here, we studied
other adipokines, including adiponectin, visfatin, apelin,
and adipolin in egg white and their known receptors in
the active (egg-laying hen) and regressed (hen not lay-
ing) oviduct and embryonic annexes during embryo
development. By using Western blot, RT-qPCR analysis
and immunohistochemistry, we demonstrated the
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expression of different adipokines in the egg albumen
(visfatin) and the reproductive tract (adiponectin, visfa-
tin, apelin, adipolin, and their cognate receptors)
according the position of egg in the oviduct. We showed
that the expression of adipokines and adipokines recep-
tors was strongly reduced in the regressed oviducts
(arrested laying hen). Results indicated that visfatin
and adiponectin appeared at ED11 to 14 and increased
until ED18 in amniotic fluid whereas it was found from
ED7 and was unchanged during embryo development in
allantoic fluid. Taken together, adipokines and their
receptors are expressed in the egg white, the reproduc-
tive tract and the embryonic annexes. Data obtained
suggest important functions of theses metabolic hor-
mones during the chicken embryo development. Thus,
adipokines could be potential biomarkers to improve the
embryo development.
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INTRODUCTION

In mammals, several studies have already reported
that molecules produced mainly by white adipose tissue
named adipokines are involved not only in metabolic
functions but also in reproductive functions (Barbe et
al., 2019; Estienne et al., 2019). In addition, some of
these adipokines and their receptors are expressed
throughout the reproductive tract suggesting a local
and/or systemic action. In avian species, less adipokines
have been described in the literature (Bernardi et al.,
2021). The identification of leptin in avian genome has
long been controversial. Characterization for the first
leptin in chicken and duck genomes was reported by
Seroussi et al. (2016). Unfortunately, its role is still
unclear because leptin is not detectable in blood circula-
tion. They observed that leptin has an autocrine/para-
crine mode of action for avian species. More data are
available about the following adipokines in birds: adipo-
nectin, chemerin, visfatin and to a lesser extent adipolin
and apelin (Mellouk et al., 2018a; Bernardi et al., 2021).
It is well known that adiponectin is mainly expressed

by theca cells compared with granulosa cells from fol-
licles in chicken (Chabrolle et al., 2007). In addition,
chicken theca cells are able to synthetize but also to
secrete the heavy molecular weight (HMW) isoform of
adiponectin (Hadley et al., 2020). Concerning adiponec-
tin receptors, AdipoR1 is highly expressed in granulosa
cells and AdipoR2 has equivalent levels in both ovarian
cells that could be associated with potential effects on
ovarian functions (Chabrolle et al., 2007; Ramachandran
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et al., 2013). Adiponectin and its receptors are also
expressed in hypothalamic-pituitary axis in laying hens
(Li et al., 2021). Moreover, Mellouk et al. (2018b) showed
that adiponectin system is expressed in chicken embryo
during the early embryo development. More data are
available about chicken chemerin. A previous study has
already shown the expression of chemerin in ovarian cells
in avian species (Mellouk et al., 2018c; Estienne et al.,
2020a). Moreover, Estienne et al., 2022 showed that chem-
erin was more expressed in magnum, where the albumen is
formed, compared to the other compartments of the hen
oviduct. They indicated that, chemerin receptors
CMKLR1, GPR1, and CCRL2, are found in hen tract
with a maximum expression in the vagina, magnum and
uterus, respectively. In addition, several studies identified
chemerin within the albumen and perivitelline membranes
of chicken eggs (Mann, 2007; Bílkov�a et al., 2018; Estienne
et al., 2022). Also, it was observed that chemerin system is
expressed by the allantoic and amniotic membranes and
fluids during the early embryo development in chicken
(Estienne et al., 2022). In birds, even if visfatin is consid-
ered mainly as a myokine (Krzysik-Walker et al., 2008), it
also presents in ovarian cortex in particular in theca cells
compared to granulosa cells from hierarchical follicles in
hens (Ons et al., 2010; Diot et al., 2015a). Visfatin could
alter in vivo folliculogenesis and steroidogenesis in hens
since it reduces in vitro IGF1-induced production of pro-
gesterone in granulosa cells (Diot et al., 2015a). Only one
study suggested an implication of adipolin in the regula-
tion of reproduction in broiler breeds (Bornel€ov et al.,
2018). Concerning apelin, Bello et al. (2021) noted that
apelin signaling pathways is present in hen ovary and
involved in egg production (Bello et al., 2021). Unfortu-
nately, no more information is available in the literature
concerning the expression of apelin and its receptor in the
reproductive tract of avian species.

In conclusion, adiponectin and apelin system, visfatin
and adipolin are expressed in the ovary of various mam-
malian species but their distribution in reproductive
tract, unfertilized eggs and fertilized eggs during early
embryo development is unknown in chicken. Therefore,
the aims of the present study were to 1) investigate the
presence of adiponectin, visfatin, apelin, adipolin, and
their cognate receptors in the egg albumen and different
compartments of the hen oviduct and 2) determine the
expression of theses adipokines and their receptors in
embryonic annexes (allantoic and amniotic membranes
and fluids) to better understand their distribution and
potential role during the embryo development in chicken.
MATERIALS AND METHODS

Ethical Issues

According to the ethical issues for the protection of
animals, this project does not require the consent of the
competent ethics committee for animal experiments.
The UEPEAT experimental unit is registered by the
Ministry of Agriculture with the license number D-37-
175-1 for animal experimentation. All experiments were
performed in accordance with the European Communi-
ties Council Directive 2010/63/UE.
Animals and Samples Collection

About 25 hens of Rhode Island breed (35-wk-old) were
reared at the UEPEAT experimental unit under conven-
tional breeding conditions. For each egg, an albumen
sample was collected and stored at �20°C until analyses.
At the end of the experiment, hens were euthanized by
electrical stunning as recommended by the ethical com-
mittee. Their oviducts were collected, and a sample of
each part (infundibulum, magnum, isthmus, uterus, and
vagina) was collected and stored at �80°C until analy-
ses. Also, abdominal adipose tissue and leg muscle sam-
ples were collected and stored at �80°C until analyses.
About 50 fertile chicken eggs were conventionally

incubated at UEPEAT according to the following proto-
col. Eggs were stored in a room at 15°C to 16°C and 80
to 85% humidity for 1 wk. Then, all eggs were placed in
alternative rows on each shelf of the incubator. They
were maintained at 37.8°C and 56% relative humidity
and automatically turned every hour. At d 7 and 14 of
incubation, all eggs were candled, and infertile eggs,
along with dead embryo eggs, were eliminated at ED18
of incubation. Six fertile eggs were retrieved at ED7,
ED9, ED11, ED14, ED16, and ED18 of incubation.
Embryos from each of these stages were sacrificed by
decapitation, and the embryonic annexes (amniotic and
allantoic membranes and amniotic and allantoic fluids)
were immediately, snap-frozen and stored at �80°C
until analyses.
Reverse Transcription and Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted from the infundibulum,
magnum, isthmus, uterus and vagina of 35-wk-old hens
(6 animals) and from amniotic membranes and amniotic
membranes of 35-wk-old hens (10 and 8 animals, respec-
tively) by the homogenization of 100 mg of tissue in lysis
buffer reagent, using a total RNA extraction kit accord-
ing to the manufacturer’s recommendations (NucleoSpin
RNA, Macherey-Nagel, Hoerdt, France). The comple-
mentary DNA (cDNA) was generated by reverse tran-
scription (RT) of total RNA (1 mg) in a mixture
comprised of 0.5 mM of each deoxyribonucleotide tri-
phosphate (dATP, dGTP, dCTP, and dTTP), 2 M of
RT buffer, 15 mg/mL of oligodT, 0.125 U of ribonuclease
inhibitor, and 0.05 U of Moloney murine leukemia virus
(MMLV) reverse transcriptase for 1 h at 37°C. Real-
time PCR was performed using the CFX384 Touch
Real-Time PCR Detection System (Bio-Rad, Marnes-la-
Coquette, France) in a mixture containing SYBR Green
Supermix 1£ reagent (Bio-Rad, Marnes la Coquette,
France), 250 nM specific chicken primers (Invitrogen by
Life Technologies, Villebon sur Yvette, France, see
Table 1) and 5 mL of cDNA (diluted 5-fold) for a total
volume of 20 mL. The samples were duplicated on the



Table 1. List of primers (Gallus gallus) used for RT-qPCR.

Gene Primer forward Primer reverse

Adiponectin ACAGGTGCAGAAGGACCGAG AAGACAGAGCCGCTTGCTTG
AdipoR1 GAATACACACCGAGACGGGC GCCCAAGACGCAGACAATGG
AdipoR2 GAGACTGGCAACATCTGGAC TGCGATGCCCAGGACACAAA
Visfatin CAGATCCGGAGTGTTACTGG CCTATGCCAGCAGTCTCTTG
Apelin CTGGAGCTGCCCTGTGG TGACAGACACGGTGACCAG
APJ CTCGGGCAGCTTCTCCTC GCGGAAGAGCGTCTCCTG
Adipolin CCTATCCAACAGCGAGGAGC CATCTGGGCGGTGGACAAAG
Chemerin CGCGTGGTGAAGGATGTG CGACTGCTCCCTAAAGAGGAACT
CMKLR1 CGGTCAACGCCATTTGGT GGGTAGGAAGATGTTGAAGGAA
GPR1 ACCTGCCTGAGGAAGAAGAA AAAGGCCAGTGGAAGCCCAT
CCRL2 CACGCAGTGTTTGCTTTAAAAGC CAACAGCCCACGTGACAATG
b-Actin ACGGAACCACAGTTTATCATC GTCCCAGTCTTCAACTATACC
GAPDH TGCTGCCCAGAACATCATCC ATCAGCAGCAGCCTTCACTACC
EEF1a AGCAGACTTTGTGACCTTGCC TGACATGAGACAGACGGTTGC
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same plate, and the following PCR procedure was used.
After an incubation of 2 min at 50°C and a denaturation
step of 10 min at 95°C, samples were subjected to 40
cycles (30 s at 95°C, 30 s at 60°C, and 30 s at 72°C). The
expression levels of messenger RNA were standardized
to 3 reference genes (Eukaryotic translation elongation
factor 1 alpha 1 (EEF1), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and b-actin). Adipokines
expression was calculated according to primer efficiency
(E) and quantification cycle (Cq), where
expression = E � Cq. Then, the relative expression of
the target genes to the geometric mean of the 3 reference
genes was analyzed.
Detection of Adipokines by Western Blot
Analysis

White adipose tissue (WAT), muscle (M), and egg
white (EG) samples were lysed using and Ultraturax
(Invitrogen by Life Technologies, Villebon sur Yvette,
France) in lysis buffer 50% (vol/vol, Tris 1 M (pH 7.4),
NaCl 0.15 M, EDTA 1.3 mM, EGTA 1 mM, sodium
orthovanadate 2 mM mM, NaF 0.1 M, NH2PO4 1%, Tri-
ton 0.5%). The protein concentration of lysates was
measured using the bicinchoninic acid (BCA) protein
assay (Interchim, Montluçon, France). Samples (80 mg)
were mixed with Laemmli buffer 5£ and proteins were
denatured for 5 min by heating at 95°C. Proteins were
loaded on an electrophoresis sodium dodecyl sulfate-
polyacrylamide gel and then proteins were transferred
to a nitrocellulose membrane. Membranes were blocked
with Tris-Buffered Saline Tween buffer containing
0.05% of Tween 20 and 5% of milk for 30 min at room
Table 2. List of primary and secondary antibodies used for protein de

Antibodies Dilution Supplier Host Molecular

Chemerin 1/1000 Agrobio Mouse
Adiponectin 1/1000 Agrobio Rabbit 25
Visfatin 1/1000 Agrobio Rabbit
Adipolin 1/1000 Novus Biological Rabbit 25

Rabbit 1/50000 Biorad Goat
Mouse 1/50000 Interchim Goat
temperature. Membranes were incubated overnight at
4°C with the appropriate primary antibodies (antiadipo-
nectin, antivisfatin, antiadipolin, and antichemerin anti-
bodies as described in Table 2). Then, membranes were
incubated for 90 min at room temperature with a Horse
Radish Peroxidase-conjugated antimouse IgG. Protein
of interest was detected by enhanced chemiluminescence
(ECL, Western Lightning Plus-ECL, Perkin Elmer, Vil-
lebon-sur-Yvette, France) with a G-box SynGene
(Ozyme, St Quentin en Yvelines, France) and the Gen-
eSnap software (Ozyme, St Quentin en Yvelines,
France). Then, protein amounts were quantified with
GeneTools software (Ozyme, St Quentin en Yvelines,
France). The results were expressed as the intensity sig-
nal in arbitrary units after normalization of protein sig-
nals with the total protein amount as evaluated by
Ponceau-red staining (Sigma-Aldrich, Saint Quentin
Fallavier, France).
Immunofluorescence

For different adipokines immunodetection experi-
ments within the oviduct, samples of the infundibulum,
magnum, isthmus, uterus and vagina from adult hens
(35-wk-old) were fixed in formalin, paraffin-embedded
and finally sectioned (10 mm). Sections were dewaxed
and rehydrated in xylene and in decreasing concentra-
tions of alcohol (100, 95, 90, 75, and 50%). Antigen
retrieval was performed by steaming the sections in a
microwave in citrate buffer (0.01 M) with a pH of 6.0 for
5 min, then cooling for 20 min after three 5-min washes
in PBS. Sections were incubated at 4°C overnight with
the rabbit monoclonal antichicken interest antibody as
tection by Western blot.

weight (kDa) Specific target species Validation for avian species

18 Chicken (Estienne et al., 2020b)
−28 Bovine (Diot et al., 2015b)
52 Chicken (Diot et al., 2015b, 2015a)
−32 Human
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described in Table 2 diluted 1:200 in PBS-bovine serum
albumin (BSA). After washes in PBS-1% BSA, slides
were incubated in goat antimouse Alexa 488(diluted at
1:500 in PBS for 1 h). After three 5-min washes in PBS,
sections were mounted with DAPI. Negative controls
were performed by replacing antibody with rabbit IgG.
Adiponectin and Visfatin Enzyme-Linked
Immunosorbent Assay

Adiponectin and visfatin concentrations were mea-
sured from amniotic and allantoic fluids of eggs incu-
bated at ED7 to ED18 by using Enzyme-Linked
Immunosorbent Assay (ELISA) kit as previously
described by Mellouk et al. (2018d). Briefly, MBS269004
(sensitivity 5 pg/mL) and MBS016609 (sensitivity 0.1
mg/mL) (My BioSource, San Diego, CA) kits were used
to determine adiponectin and visfatin concentrations.
The experiment was performed following the manufac-
turer’s protocol with an intra-assay coefficient of varia-
tion ≤8% (adiponectin assay), and <10% (visfatin
assay).
Statistical Analysis

The GraphPad Prism software (version 6) was used
for all analyses. All data are represented as means §
standard error of mean (SEM) with a level of signifi-
cance less or equal than 0.05 (P ≤ 0.05). Data were com-
pared by 1-way ANOVA with Tukey-Kramer multiple
comparisons tests. Different letters indicate significant
differences (P ≤ 0.05).
RESULTS

Expression of Different Adipokines and
Cognate Receptors Within the Reproductive
Tract

We first determined by RT-qPCR the expression of
several adipokines and their cognate receptors within 5
parts of the reproductive tract: infundibulum, magnum,
isthmus, uterus and vagina (Figure 1). As shown in
Figure 1A and C, adiponectin and adipoR2 gene expres-
sion was no significantly different in the hen oviduct
(P = 0.283) while adipoR1 was significantly higher in
magnum compared to the isthmus, uterus and vagina
(P = 0.004) (Figure 1B). Visfatin and adipolin gene
expression were significantly higher in the magnum of
oviduct hen as compared to infundibulum and vagina
(adipolin) or to the other part of the reproductive tract
(visfatin) (Figure 1D and G) whereas the expression of
apelin and its receptor APJ genes was similar in the dif-
ferent parts of the oviduct (Figure 1E and F).

We also investigated by immunofluorescence, the
presence of adipokines and their cognate receptors in dif-
ferent parts of the hen oviduct with different levels of
immunostaining between the 5 compartments (Table 3
and Figure 1 in supplementary data). Adiponectin
immunostaining was highly abundant in infundibulum
compared to the gene expression. AdipoR1 and visfatin
expression were significantly higher in magnum whereas
their protein levels were found with a stronger immunos-
taining in uterus and vagina for adipoR1 and infundibu-
lum, isthmus and uterus for visfatin, respectively
(Table 3 and Figure 1A−D in supplementary data). Pos-
itive immunostaining for apelin was observed in isthmus,
uterus and vagina (Table 3 and Figure 1E in supplemen-
tary data) whereas APJ receptor and adipolin were
mostly found in the isthmus and vagina (Table 3 and
Figure 1F and G in supplementary data).
Expression of Different Adipokines and
Cognate Receptors in Magnum According to
the Egg Position in the Reproductive Tract

We next studied the expression of adipokines and cog-
nate receptors genes in the magnum tissue during the
laying period (peak of laying) in according to the egg
position in the hen oviduct (egg in magnum, isthmus,
soft egg in uterus, and hard egg in uterus (Table 4). In
addition, we compared this mRNA expression in regres-
sive tract as arrested laying hen and in active tract in
laying hens (Figure 2). We observed that adipoR1 and
chemerin expression in magnum were different according
to the egg position within the oviduct whereas those of
other adipokines was similar (Table 4). AdipoR1 gene
expression in the magnum was highly abundant when
hard egg was in uterus as compared to other egg posi-
tions in the tract (P < 0.0001) (Table 4). Moreover,
chemerin expression in magnum was significantly higher
when the egg was located in magnum and with a hard-
shelled uterine egg (P = 0.05) (Table 4). We also ana-
lyzed adipokines and adipokine receptors expression in
magnum of regressed tract. The expression of all adipo-
kines and adipokine receptors gene expression in mag-
num were significantly lower in regressed oviduct
compared to the active of reproductive tract in a laying
hen and this whatever the position of egg (Figure 2
where adipokines expression in magnum is represented
only in regressed tract and active oviduct (when egg is
located in magnum)).
Adipokines in Egg White

Since the egg white proteins are mainly secreted by
the epithelial cells of the magnum (Chousalkar and Rob-
erts, 2008; Jung et al., 2011) and we showed that adipo-
kines are expressed in magnum, we investigated if
adipokines including adiponectin, visfatin, and adipolin
could be released from magnum. As shown in Figure 3A,
we confirmed as previously described by Estienne et al.,
2022 that chemerin protein was highly abundant in egg
white samples as compared to the WAT and muscle (M)
samples. By immunoblot, we observed that visfatin is
also present in egg white but at lower levels than those
in WAT and muscle (Figure 3B). However, we failed to
detect adiponectin and adipolin in egg white whereas we



Figure 1. Expression of different adipokines and cognate receptors within the reproductive tract. Relative expression of different adipokines and
their cognate receptors (A−G) in the different parts of the hen reproductive tract (infundibulum, magnum, isthmus, uterus, and vagina) quantified
by RT-qPCR (n = 6 animals for each part of oviduct). Values are expressed as mean § SEM. Different letters indicate significant differences at P <
0.05.
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found them in WAT that was used as positive control
(Figure 3C and D). Unfortunately, we could not reveal
Table 3. Level of immunostaining of different adipokines and
their cognate receptors in different compartments of reproductive
tract.

Protein Infundibulum Magnum Isthmus Uterus Vagina

Adiponectin ++ - + + +
AdipoR1 + +/- + ++ ++
AdipoR2 +/- - + + +
Visfatin ++ + ++ ++ -
Apelin +/- +/- + + +
APJ + + ++ + ++
Adipolin +/- - ++ + ++
apelin because of the lack of the cross-reaction of the
antibodies.
Expression of Different Adipokines and
Cognate Receptors in Embryonic Annexes
and Fluids

We next determined by RT-qPCR whether the adipo-
kines and their cognate receptors could be expressed in
the embryonic annexes. Thus, we analyzed amniotic and
chorioallantoic membranes at different embryonic days
(EDs): ED7, 9, 11, 14, 16 and 18. For amniotic mem-
branes, we demonstrated that adiponectin gene is higher
expressed from ED7 to ED11 than from ED14 to ED18



Table 4. Expression of different adipokines and their receptors in magnum depending on the egg position in oviduct.

Gene Egg magnum Egg isthmus Soft egg uterus Hard egg uterus P value

Adiponectin 0.0112 § 0.0013 0.0085 § 0.0017 0.0043 § 0.0018 0.0060 § 0.0015 0.09
AdipoR1 0.0038 § 0.0006b 0.0024 § 0.0003b 0.0029 § 0.0002b 0.0087 § 0.0007a <0.0001
AdipoR2 1.299 § 0.065 0.635 § 0.192 0.472 § 0.203 0.549 § 0.170 0.11
Visfatin 6.59e-5 § 1.53e-5 4.32e-5 § 1.01e-5 5.11e-5 § 8.33e-6 5.68e-5 § 8.94e-6 0.57
Apelin 0.0071 § 0.0024 0.0080 § 0.0019 0.0035 § 0.0009 0.0084 § 0.0016 0.13
APJ 0.0321 § 0.0128 0.0393 § 0.0082 0.0221 § 0.0062 0.0430 § 0.0071 0.21
Adipolin 0.0009 § 0.0003 0.0011 § 0.0002 0.0005 § 0.0002 0.0007 § 0.0001 0.21
Chemerin 0.0578 § 0.0098a 0.0415 § 0.0056ab 0.0360 § 0.0050b 0.0530 § 0.0046a 0.05
CMKLR1 0.0217 § 0.0088 0.0214 § 0.0069 0.0153 § 0.0049 0.0259 § 0.0062 0.65
GPR1 0.0315 § 0.0018 0.0190 § 0.0039 0.0233 § 0.0060 0.0194 § 0.0025 0.24
CCRL2 0.0237 § 0.0118 0.0211 § 0.0064 0.0168 § 0.0053 0.0399 § 0.0090 0.16

Data are shown as themean§ SEM; n=6 to 12 samples per egg position. Groups showing different superscript letters are significantly different (P≤ 0.05).
In bold are indicated the significant P value
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(P < 0.0001) (Figure 4A). Then, adipoR1 gene expres-
sion was unchanged for the entire incubation period
(P = 0.3649), whereas those of adipoR2 was higher at
ED7 and significantly decreased at ED9 from ED18 (P
< 0.0001) (Figure 4B and C). Visfatin was significantly
different during all the embryonic development without
difference between EDs (P = 0.0472), whereas we
observed maximum gene expression at ED14 following
by a reduced expression (Figure 4D). Apelin gene
expression was lower from ED7 to ED16 and then signif-
icantly increased at ED18 (P < 0.0001) (Figure 4E). The
expression of its APJ receptor gene was higher at ED14
and remained stable until ED18 (P = 0.0004)
(Figure 4F). In contrast, adipolin gene expression was
lower from ED7 to ED11 and significantly increased at
ED14 and ED16 following by an important reduced
expression at ED18 (P < 0.0001) (Figure 4G). We also
measured adiponectin and visfatin concentration in
amniotic fluids at different EDs: ED7, 9, 11, 14, 16 and
18 using ELISA assay. As shown in Figure 5A, adiponec-
tin was not detectable from ED7 to E11 and increased
with maximum concentration 0.24 ng/mL at ED16 and
ED18 (P = 0.0079). Visfatin protein was also detected
in amniotic fluids at ED11 (69 ng/mL) and increased
until ED18 with maximum concentration at 103 ng/
mL) (P < 0.0001) (Figure 5B).

For allantoic membranes, adiponectin, adipoR1, and
adipoR2 gene expression was higher at ED7 following by a
reduced expression until ED18 (P < 0.0001) (Figure 6A
Figure 2. Expression of different adipokines and cognate receptors in m
tive expression of different adipokines and their cognate receptors in the ma
ing hen with an egg located in the magnum quantified by RT-qPCR (n =
indicate significant differences at P < 0.05.
−C). In contrast, visfatin gene expression was lower from
ED7 to ED16 and increased at ED18 (P < 0.0001)
(Figure 6D). For apelin system and adipolin, we observed
a significant increase at ED16 and maximum expression at
the end of embryonic incubation ED18 (Figure 6E−G).
We also measured adiponectin and visfatin concentration
in allantoic fluids at different EDs by ELISA assay. Both
adipokines were stable during the entire period of incuba-
tion. In allantoic fluids, the concentrations of adiponectin
were lower than those of visfatin fluids (0.14 ng/mL and
58 ng/mL, respectively) (Figure 2 in supplementary data).
DISCUSSION

In the present study, the authors investigated for the
first time the presence of several adipokines and their
cognate receptors in different parts of the reproductive
tract in hen. They also observed that these adipokines
were present in embryonic annexes especially in allantoic
and amniotic membranes and fluids.
Adipokines and Adipokines Receptors
Expression in Oviduct and Their Potential
Role(s)

In broiler chickens, it is well known that excessive
amounts of visceral adipose tissue lead to often excessive
follicular recruitment, double ovulation, or increased
agnum in regressive and active oviduct (egg located in magnum). Rela-
gnum in regressed tract as arrested laying hen and in active tract in lay-
10 animals). Values are expressed as mean § SEM. Different letters



Figure 3. Abundance of different adipokines in egg white. Protein abundance of different adipokines (A−D) in white adipose tissue (WAT),
muscle (M), and egg white (EG) samples detected by Western blotting. The ratio protein/ponceau is represented (n = 4 egg whites (EG) from four
different hens).
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incidence of ovarian regression (Yu et al., 1992). Since
adipokines are mainly produced by adipose tissue, they
could participate to this dysregulation of the reproduc-
tive tract. In hen, we also know that adipokines can
modulate steroids production by ovarian cells at least in
vitro for adiponectin (Chabrolle et al., 2007; Li et al.,
2021) and visfatin (Diot et al., 2015). The functions and
development of avian oviduct are largely regulated by
the steroids. In addition, the adipokines and their recep-
tor are also expressed in the oviduct in mammals. In
hen, the authors showed that chemerin concentration in
egg white produced by the magnum is negatively corre-
lated with egg performances (egg weight, albumen
weight, and yolk weight, Bernardi et al., 2022). How-
ever, they did not observe significant correlation with
the laying rate. However, other adipokines produced
locally by the oviduct could be associated with the egg
production. Thus, it appears important to identify the
adipokines and their receptors in the different part of
the avian oviduct. In the present study, the authors
focused on 5 adipokines (adiponectin, chemerin, visfatin,
apelin, and adipolin) that have been described in the lit-
erature (Bernardi et al., 2021). They did not investigate
the expression of leptin because in avian species it is still
a debate if leptin is an adipokine since it shows no
expression in adipose tissue of the few avian species



Figure 4. Adipokines and cognate receptors expression in amniotic membranes. Relative expression of different adipokines and their cognate
receptors (A−G) in the amniotic membranes of incubated eggs at different embryonic days (EDs): 7, 9, 11, 14, 16, and 18 quantified by RT-qPCR
(n = 10 animals at each ED stage). Values are expressed as mean § SEM. Different letters indicate significant differences at P < 0.05.

Figure 5. Adipokines concentration in amniotic fluids. Adiponectin (A) and visfatin (B) concentrations in the amniotic fluids of incubated eggs
at different embryonic days (EDs): 7, 9, 11, 14, 16 and 18 determined by ELISA assay (n = 6 animals at each ED). Values are expressed as mean §
SEM. Different letters indicate significant differences at P < 0.05.
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Figure 6. Adipokines and cognate receptors expression in allantoic membranes. Relative expression of different adipokines and their cognate
receptors (A−G) in the allantoic membranes of incubated eggs at different embryonic days (EDs): 7, 9, 11, 14, 16, and 18 quantified by RT-qPCR
(n = 8 animals at each ED). Values are expressed as mean § SEM. Different letters indicate significant differences at P < 0.05.

ADIPOKINES IN HEN OVIDUCT AND EGG 9
(Prokop et al., 2014) and it is undetectable in blood cir-
culation (Seroussi et al., 2016). In birds, only the left ovi-
duct is functional. It is a long tubular organ with
histologically and functionally 5 distinct segments:
infundibulum, magnum, isthmus, uterus (shell gland),
and vagina that are involved in egg maturation and
transportation, fertilization and egg formation (Roberts,
2004; Sah and Mishra, 2018). The infundibulum cap-
tures the ovulated oocyte. It is also the place where
ovum fertilization as well as deposition of the outer layer
of the yolk membrane and the first layer of egg albumen
occurs (Olsen et al., 1948; Rahman et al., 2013). The
magnum produces most of the egg albumen. In the isth-
mus, inner and outer eggshell membranes are formed,
whereas the shell gland is responsible for the addition of
fluid with electrolytes to the egg albumen and for the
formation of calcified eggshell. The vagina participates
in pushing the egg out. In the present study, results indi-
cated that adiponectin, adipoR1, adipoR2, visfatin, ape-
lin, apelin receptor, and adipolin are expressed in the
hen oviduct. However, only adipoR1, visfatin and adipo-
lin were differently expressed according the part of the
reproductive tract. Indeed, adipoR1 was higher
expressed in magnum than in isthmus, uterus and
vagina whereas visfatin mRNA was more abundant in
magnum as compared to the other oviduct part. In addi-
tion, adipolin was more expressed in magnum as com-
pared to infundibulum and vagina. Thus, these data
suggest that the magnum is the main part of the oviduct
where adipoR1, visfatin and adipolin could play a role.
So, one hypothesis is that visfatin and adipolin would be
secreted by the epithelial cells of the magnum and conse-
quently would be present in albumen. However, after
Western blot the authors detected only visfatin in the
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egg white. Visfatin, also called nicotinamide phosphori-
bosyltransferase (NAMPT) or pre-B-cell colony-
enhancing factor, is an adipocytokine and cytosolic
enzyme with NAMPT activity (Dahl et al., 2012). Thus,
visfatin, can act extracellularly as a cytokine-like mole-
cule or intracellularly as a NAMPT, regulating NAD
biosynthesis in the NAD salvage pathway (Dahl et al.,
2012). In mammalian cells, visfatin regulates physiologi-
cal processes such as cell proliferation and glucose
metabolism and specifically increases glucose uptake
(Carbone et al., 2017). Thus, one hypothesis is that vis-
fatin/NAMPT in epithelial cells of the magnum could
have the same functions as those described for mamma-
lian cells. In albumen, visfatin could contribute to facili-
tate the transport of nutrients into the developing
embryo. In the present study the authors showed that
adiponectin and adipolin, the 2 most prominent anti-
inflammatory adipokines in mammals, are expressed in
magnum but they are not detectable in the albumen
whereas they are present in adipose tissue. However, it is
not possible to rule out the presence of these proteins in
extracellular vesicles, which could be released by mag-
num epithelial cells in small quantities and therefore not
detectable by the antibodies used. Indeed, in mammals,
there are extracellular vesicles produced from the ovi-
duct epithelial cells in the oviductal fluid. These vesicles
have been shown to improve the fertilization process,
prevent polyspermy, and improve embryo development
(Harris et al., 2020). In addition, adipokines such as adi-
ponectin are found in mammalian extracellular vesicles
(Camino et al., 2023). The authors recently showed that
another adipokine named chemerin was also highly
expressed in magnum (Estienne et al., 2022). Within the
oviduct, the egg spends about 3 h in the magnum, and
20 to 21 h in the uterus (Eyal-Giladi and Kochav, 1976).
The entire process requires luminal and glandular epi-
thelial proliferation and differentiation in the magnum
and shell gland. In chicken, visfatin is able to increase
the expression of adipocyte differentiation markers (Li
et al., 2017) suggesting that it could be involved in the
cell differentiation of the magnum. The authors also
found that adipokines and their cognate receptors are
less expressed in the magnum of a regressed tract
(arrested laying hens) as compared to an active oviduct.
This can be explained by the steroid production. Indeed,
the glandular epithelial proliferation and differentiation
in the magnum and shell gland are largely under the con-
trol of ovarian steroid hormones mainly estrogen (E2)
and progesterone (P4). Thus, one hypothesis is that the
expression of adipokines and adipokines receptors are
steroid dependent. Estienne et al. have already shown
that a treatment of P4 and E2 on magnum explants
induced an in vitro chemerin expression and secretion
(Estienne et al., 2022). A treatment with E2 upregulated
visfatin expression in ovariectomized mice (Annie et al.,
2019) and E2 induced in vitro visfatin expression in
3T3-L1 cells (Zhou and Seidel, 2010). Such studies are
currently lacking in avian (nonmammalian) species.
However, chicken visfatin gene has a high homology of
sequence with mammalian visfatin gene (Li et al., 2012).
So, the current results suggest that adipokines and adi-
pokines receptors expression in the avian reproductive
tract could be dependent on steroid hormones.
Presence of Adipokines in Egg White?

The presence of adiponectin and visfatin in the mag-
num suggests that these proteins could be secreted in
the egg white as we previously described for chemerin
(Estienne et al., 2022). Current data show that adipo-
nectin and adipolin are undetectable whereas visfatin is
present but at low concentration in the egg white. The
albumen is the primary source of nutrients and a barrier
to the pathogenic infections of the developing embryo
(Stevens, 1996). Thus, visfatin in egg white could partic-
ipate to protect microbial infections. Indeed, visfatin is
also a nicotinamide phosphoribosyl transferase
(NAMPT) and Mohanty et al. reported that some
phosphoribosyltransferase acts as a virulence and immu-
nomodulatory factor, and consequently could constitute
a novel target for antimycobacterial drugs (Mohanty et
al., 2015).
Adipokines and Adipokines Receptors
Expression in Embryonic Annexes: Role in
Embryo Development?

In the present study, the authors observed that visfa-
tin and adiponectin were detectable around ED ED11 to
14. For visfatin, this can be explained by the transfer of
egg white in the amniotic sac, since around ED12 (Sugi-
moto et al., 1989), egg white proteins are transferred in
mass into the amniotic sac where they are absorbed
orally by the embryo as a protein source (Yoshizaki et
al., 2002). The adiponectin concentration observed in
amniotic liquid was higher than those observed for visfa-
tin. However, these concentrations were lower than
those found in blood plasma at least in chicken adult
(Mellouk et al., 2018c; Barbe et al., 2020). The authors
also detected these 2 adipokines in the allantoic liquid at
similar concentrations as those observed in amniotic liq-
uid. However, they were at similar concentration from
ED7 to ED18. In mammals, adiponectin and visfatin are
also physiologic constituent of amniotic fluid (Cherve-
nak et al., 2018; Musilova et al., 2021). Interestingly, in
human, the concentration of amniotic fluid visfatin
increases with advancing gestational age and it is ele-
vated in patients with microbial invasion of the amniotic
cavity, regardless of the membrane status, suggesting
that visfatin could participate in the host response
against infection (Mazaki-Tovi et al., 2008). These data
support the idea that visfatin in the amniotic fluid of
birds may be involved in the defense of the embryo. In
both amniotic and chorioallantoic membrane (CAM),
the authors showed that adipokines and adipokines
receptors are differentially expressed during the chicken
embryo development. Indeed, in amniotic membrane,
adiponectin and adipoR2 expression decreases whereas
apelin, APJ and adipolin increase. In CAM, the gene
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expression of adiponectin and its 2 receptors decreases
whereas those of visfatin, apelin and APJ increases. In
amniotic vertebrates including birds and reptile, CAM
functions as respiratory organ for embryonic develop-
ment. The CAM is derived from fusion between 2 pre-
existing membranes, the allantois, a hindgut diverticu-
lum and a reservoir for metabolic waste, and the chorion
which marks the embryo’s external boundary. Chorioal-
lantoic fusin generates the embryonic respiratory organ
in birds and reptiles and the placenta in mammals
(Nagai et al., 2022). In mammals, several reports
described the presence and the secretion of adipokines
by the placenta (P�erez-P�erez et al., 2018). Adipokines
receptors are also found in the placental cells where they
can regulate placental functions (proliferation, protein
synthesis, invasion, and apoptosis in placental cells) in
an autocrine or paracrine manner. In CAM, adipokines
could exert similar functions.
CONCLUSIONS

Taken together, the authors show for the first time
that adipokines mainly produced by the adipose tissue
in mammals and their cognate receptors present in met-
abolic and reproductive tissues are expressed by the hen
oviduct. Moreover, visfatin can accumulate in egg white
and visfatin and adiponectin in amniotic and allantoic
fluids during the embryo development. Adipokines and
adipokine receptors are also expressed and differentially
regulated in amniotic and allantoic membranes during
embryogenesis. However, it still necessary to perform
experiments to better understand their roles during
chicken embryo development to potentially use them as
biomaker of the quality of embryo for genetic selection.
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