lI‘SA’/

Japan Pouliry Science Association

http://www.jstage.jst.go.jp/browse/jpsa
doi:10.2141/jpsa.2025007
Copyright © 2025, Japan Poultry Science Association.

«Review»

A Bird’s-Eye Overview of Leptin and Female Reproduction

—with Mammalian Comparisons

Sadequllah Ahmadi'>? and Takeshi Ohkubo'

! College of Agriculture, Ibaraki University, 3-21-1 Chuo, Ami, Ibaraki 300-0393, Japan
%Faculty of Animal Science, Afghanistan National Agricultural Sciences and Technology University (ANASTU),
Kandahar 3801, Afghanistan

Leptin, a key regulator of reproductive physiology, influences various processes in vertebrates, including oocyte prolif-

eration, embryogenesis, the onset of puberty, ovarian function, and follicle development. In mammals, leptin affects steroido-
genesis, folliculogenesis, and hormonal regulation through the hypothalamic-pituitary-gonadal axis. Instead, in avian species,
leptin-controlled mechanisms are poorly understood, because birds do not produce leptin in adipocytes. In birds, leptin is
expressed in the brain, pituitary glands, and gonads, where it enhances ovarian function and egg-laying performance, particu-
larly during feed deprivation. In this review, we discuss and summarize the recently discovered role of leptin in regulating
ovarian function during different life stages in birds and compare it with its function in mammals.
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Introduction

Reproductive physiology is a complex and tightly regulated
process in vertebrates, which involves interactions between inter-
nal and external factors. Hypothalamic-pituitary-gonadal (HPG)
axis hormones and nutritional intake or available energy are the
most important determinants of reproductive function. In fe-
males, gametogenesis, sexual maturation, mating, gestation, par-
turition, milking, and parental care rely heavily on the availability
of energy and adequate nutrition to support successful reproduc-
tion[1,2]. Both insufficient and excessive nutritional intake nega-
tively influence reproductive processes in vertebrates[3—5]. Feed
intake is controlled by available nutrients, the gastrointestinal
tract, and the central nervous system, which regulates orexigenic
(appetite—suppressing) and anorexigenic (hunger-inducing) pep-
tides[6-8]. Leptin, an anorexigenic peptide hormone, regulates
not only food intake but also ovarian development and reproduc-
tion in mammals[9,10]. Discovered initially in humans in 1994,
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this hormone is synthesized predominantly in adipocytes and cir-
culates in the blood, giving an estimate of total fat mass[11-13].
Studies in rodents and humans have revealed that leptin is also
expressed in the hypothalamus, pituitary gland, endometrium,
stomach, testes, placenta, mammary glands, and ovary[14-20].
In contrast to mammals, the physiological roles and mechanisms
of action of leptin in avian species remain poorly understood.
The discovery of an avian leptin gene occurred two decades
after its mammalian homologue had been identified; the delay
was due primarily to the gene’s elevated guanine-cytosine con-
tent (~70%). In 2014, it was characterized in zebra finches[21],
ducks[22], and rock doves[23], followed by Japanese quails[24]
and chickens[25]. Interestingly, leptin is not produced in bird adi-
pocytes and is not detected in circulating blood[26,27]. Instead,
leptin and its receptors are co-expressed in the brain (cerebel-
lum and hypothalamus), pituitary gland, adrenal glands, and go-
nads[21,23,25,27-29], suggesting an autocrine/paracrine action
mechanism. In birds, the leptin receptor is expressed in excep-
tional amounts in the pituitary gland compared to other tissues,
which may enhance the response to pituitary leptin[25,27]. In
mammals and birds, leptin binds to its receptor, the product of the
Lepr gene, to activate the Janus kinase (JAK) and signal trans-
ducer and activator of transcription (STAT)3 and STAT5[30-32].
Mitogen-activated protein kinases (MAPKs), phosphatidylinosi-
tol 3 kinase/serine-threonine kinase and protein kinase C are also
activated by leptin[30,33,34]. The leptin feedback mechanism,
which decreases leptin sensitivity by activating the suppressor
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Fig. 1.

specification, primordial germ cells (PGCs) migrate to the gonads on embryonic days (E) 1-3 in chickens and E7.5 in mice. The gonads

Schematic representation of ovarian development and folliculogenesis in birds (chickens) and mammals (mice). After

then differentiate into testes or ovaries on E4-8 in chickens and E10.5 in mice, followed by the differentiation of PGCs into oocytes.
The oocytes are then arrested in cysts until hatching or birth. Up to this age, the role of leptin has not been well-defined in either mam-
mals or birds. In chickens and mice, the initial wave of primordial follicles appears around day (D) 7, followed by a similar process that
produces primary and secondary follicles with different time frame intervals. At this point, leptin alters several genes essential for fol-
licle activation in chickens. Late folliculogenesis differs significantly between birds and mammals. In chickens, the secondary follicles
develop into small white follicles (SWF), large white follicles (LWF), small yellow follicles (SYF), large yellow follicles (LYF), hierar-
chical follicles (F5-F1), and finally, ovulate. In mice, late folliculogenesis progresses through antral follicles, preovulatory follicles, and
ultimately mature follicles ready for ovulation. During puberty in mammals and birds, leptin acts via the luteinizing hormone (LH) and
follicle-stimulating hormone (FSH), affecting folliculogenesis. GCs, granulosa cells; IGF-1, insulin-like growth factor 1; CYP19A1,
aromatase; AMH, anti-Miillerian hormone; FSH, follicle-stimulating hormone; FSHR, follicle-stimulating hormone receptor. Created

with BioRender.com, accessed on 18 October 2024.

of cytokine signaling 3, is conserved between mammals and
birds[35].

Besides regulating body weight in response to fat accumu-
lation, leptin conveys also metabolic signals to the brain and
activates the HPG axis genes, thus influencing reproductive
functions in adult mammals[9,36]. In contrast, its roles in avian
reproduction and early folliculogenesis in mammals remain un-
clear. This review summarizes current knowledge on the role of
leptin in female reproduction in birds, focusing on its effects on
early folliculogenesis and corresponding ovarian development.
Understanding the function of leptin in poultry, especially in
layer and broiler parent stock chickens, is critical for optimizing
global meat and sustainable egg production.

Ovarian follicle development in birds

Ovarian development involves the transformation and growth
of primordial germ cells (PGCs) into primordial, primary, sec-
ondary, antral, and preovulatory follicles, as well as subsequent
ovulation. This process has been well studied in mammalian
species and is reviewed extensively elsewhere[10,37,38]. Bird
ovarian development will be briefly explained to understand the
role of leptin in the specific timing of folliculogenesis. Except
for birds of prey, most bird species exhibit asymmetric gonadal

development, in which only the left female gonad develops into
a functional ovary; whereas the right gonad regresses owing to
apoptosis (Fig. 1)[39,40]. Gonadal development is initiated at an
carly stage of embryogenesis. In chicken gonads, PGCs are locat-
ed mainly in the central region of the embryo during intrauterine
embryonic development and move passively toward the anterior
region during morphogenesis. PGCs then enter blood vessels and
circulate in the blood from embryonic day (E)2. During E3—-E3.5,
circulating PGCs enter the genital ridge and ultimately form and
colonize the cortical and medullar cords[41,42]. In chicken go-
nads, PGCs proliferate and differentiate into oogonia (at about
E8.0), followed by sex determination and oogonia growth un-
til the first meiotic arrest[43,44]. Cells are arrested in meiotic
prophase I as primary oocytes starting at E15.5. The number of
germ cells derived to the ovary via blood circulation gradually in-
creases and peaks at approximately 680,000 by E17. At this time,
chicken ovaries exhibit a mixture of oocytes at various stages of
meiotic prophase I, with the highest number of pachytene-stage
oocytes observed around hatching. Although not fully under-
stood, oocytes arrested in meiosis and accumulated in germ cell
cysts have been reported at least one day and up to four weeks
post-hatch. The number of oocysts gradually decreases until
hatching because of apoptosis[45—48]. Within the first week of
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hatching, a sharp increase in follicle-stimulating hormone recep-
tors (FSHR) triggers the development of primordial follicles. By
one week of age, the chick ovary exhibits a well-defined ger-
minal epithelium, cortex, and medulla[49]. Folliculogenesis is
initiated by the breakdown of germ cell cysts and the enclosure
of oocytes by a single layer of flattened pregranulosa cells called
primordial follicles[50]. Primordial follicles, approximately 0.05
mm in diameter, are located mainly in the cortex, organized in
clusters, and most remain dormant until sexual maturation. Up to
four weeks of age, primordial follicles transition to primary fol-
licles while flat and elongated granulosa cells (GCs) differentiate
into cuboidal GCs and enclose the oocytes. Afterward, the sec-
ondary follicles differentiate, with oocytes surrounded by both
granulosa and theca cells[51,52]. At this stage, follicles lack an
antrum or follicular fluid, protrude from the ovarian surface, and
are classified by developmental stage and size into pre-hierarchi-
cal follicles (small white: 1-4 mm, large white: 4-6 mm, small
yellow: 6-8 mm) or preovulatory hierarchical follicles (large yel-
low: 9-40 mm)[46,53,54]. An oocyte that has matured from the
largest yolk-filled hierarchical follicle is expelled into the infun-
dibulum of the chicken oviduct. The released egg is surrounded
only by the perivitelline layer, which is similar to the mammalian
zona pellucida[55]. Oocytes are constantly arrested during mei-
otic prophase I of follicular development, but resume oogenesis
a few hours before ovulation, when oocytes become fully grown.
Then, they are arrested again in the metaphase of meiosis II until
ovulation, akin to mammalian oocyte maturation[55-57].

Role of leptin during embryonic ovarian develop-
ment in mammals and birds

Leptin plays a crucial role in the embryonic development.
It also influences early oocyte maturation and supports nutrient
transport and embryonic growth. Herein, we discuss the effects
of leptin on these processes in mammals and birds.
Mammalian embryos and leptin

In mammals, the placenta is another significant source of
leptin during pregnancy[58]. Leptin synthesis and circulation
during pregnancy are influenced by genetic factors, hormones,
and nutrition. Leptin produced by the placenta facilitates the
transport of nutrients, particularly neutral amino acids and free
fatty acids, from the mother to the fetus, thereby supporting
growth and development[59,60]. In vitro studies have indicated
that this adipokine improves oocyte maturation and overall em-
bryonic development by reducing apoptosis and degradation of
oocytes and cumulus cells, enhancing ovarian angiogenesis, and
promoting fatty acid oxidation[61]. Addition of leptin to the em-
bryo culture medium promotes transition from the 2-cell stage to
hatched blastocysts in both mice and humans. The same process is
significantly inhibited by blocking the leptin receptor. Leptin also
increases the number of cells within blastocysts, especially in the
trophectoderm, suggesting a paracrine effect that may influence
ovarian development[62—64]. However, exposure to higher doses
of leptin, such as those found in obese individuals, can negatively
affect embryo development, reduce hatching rates, and increase

apoptosis in a dose- and stage-dependent manner[65,66]. A study
on obese women undergoing in vitro fertilization revealed that
higher circulating leptin levels were associated with increased
follicular fluid leptin, which resulted in low-quality embryos and
alow pregnancy rate. The same study revealed that a higher leptin
dose inhibited the proliferation of GCs, which is essential for
oocyte maturation, and promotes apoptosis[67]. Consequently,
higher leptin levels in obese mothers adversely affect reproduc-
tive outcomes. In pigs, Lepr polymorphisms are associated with
lower oocyte quality, decreased ovulation rates, and early em-
bryo loss due to failed implantation[68]. In bovine studies, leptin
treatment during oocyte maturation enhanced developmental
potential, resulting in increased blastocyst formation and fewer
apoptotic cells, suggesting that leptin may have long-term effects
on genes crucial for early embryonic development[69]. Changes
in leptin levels at any critical time point during embryonic de-
velopment may affect future reproductive outcomes[70]. Mouse
models indicate that leptin influences the development and func-
tion of fetal hypothalamic networks and alters the regulation of
appetite and metabolism in adulthood[71,72]. Overfeeding in
pregnant ewes affected the plasma leptin concentration in the
offspring at birth and was suggested to have a prolonged impact
on growth and metabolism[73]. A maternal high-fat diet also im-
pairs leptin signaling in the offspring and negatively affects ovar-
ian development[74,75]. The direct effect of leptin on embryonic
ovarian development and its prolonged impact on puberty are yet
to be clarified in most mammalian species, including humans.
Therefore, further studies are needed to elucidate the direct and
long-term effects of maternal leptin or high-fat diet-induced hy-
perleptinemia on the ovaries of adult individuals. Overfeeding
alters plasma leptin levels and the mRNAs of genes related to the
growth of follicles in the fetus, including growth differentiation
factor-9, alpha-1-antitrypsin, alpha-fetoprotein, and apoptotic
markers[75]. Hence, leptin plays a vital role in embryonic ovar-
ian development in mammals by influencing oocyte maturation,
blastocyst formation, and gene expression, with potential long-
term reproductive consequences.
Avian embryos and leptin

Leptin and its receptor are expressed during early embryonic
development in bird gonads, suggesting a potential role for leptin
signaling at that stage[25,40]. As in mammals, leptin boosts em-
bryonic growth in birds with long-term consequences. /n vitro
leptin stimulation enhances embryonic muscle cell prolifera-
tion in a dose- and age-dependent manner[76]. Administration
of leptin to fertile eggs affects thyroid hormones and enhances
embryonic and post-hatch growth in Japanese quail[77], possibly
because of the improved utilization of nutrients, gas exchange,
and angiogenesis during embryogenesis. Leptin treatment of
chicken embryo chorioallantoic membranes enhanced endothe-
lial cell proliferation and capillary network formation in a dose-
dependent manner by increasing the expression of angiogenic
markers, including vascular endothelial growth factor 165 and
matrix metalloproteinase 2[78]. Furthermore, in ovo leptin injec-
tion enhances total and free triiodothyronine serum levels, which
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boost post-hatching body weight in a sex-specific manner in
broiler chicks[79]. A recent study from our group demonstrated
that the administration of leptin on the third day of incubation in
broiler eggs increased pituitary luteinizing hormone (LH) and fol-
licle-stimulating hormone (FSH) mRNA expression in 7-day-old
chicks. This increase in LH and FSH may trigger primary follicle
activation, as observed in post-hatching birds fed a low-protein
diet until day 28. However, the same study revealed no changes
in follicle numbers in birds injected with leptin in ovo and fed a
higher-protein diet[80], suggesting that nutritional intake might
counteract the stimulatory effects of leptin and ovarian growth
in birds. Our unpublished observations showed that in ovo leptin
injection induced aromatase mRNA expression in female go-
nads of 7-day-old chick embryos. Further studies will determine
whether follicular growth induced by in ovo leptin injection ad-
vances sexual maturation and egg productivity in chickens. Ad-
ditionally, egg whites contain several bioactive polypeptides that
are highly resistant to thermal denaturation[81]. Leptin is also a
polypeptide, but it is unknown whether it is naturally produced
in egg whites by laying hens. The leptin receptor, for example,
is expressed in the oviducts of laying hens[82]. Establishing a
leptin protein detection method for birds would answer several
questions. At present, evidence emphasizes the pivotal role of
leptin in avian embryogenesis via its influence on nutrient utiliza-
tion, angiogenesis, and ovarian development as well as its long-
term effects on post-hatching growth and follicular development.
Additional studies are required to better understand the role of
embryonic leptin in sexual maturation and egg production across
various bird species, particularly commercial chicken breeds.

Role of leptin in ovarian development of juvenile
mammals and birds

Leptin in early mammalian ovaries

In the mammalian ovaries, follicle formation begins imme-
diately before or shortly after birth. These primordial follicles
progress through several differentiation stages into primary fol-
licles, preantral (secondary) follicles, antral (tertiary) follicles,
and finally maturation into preovulatory Graafian follicles (Fig.
1). These transitions are regulated by the coordinated actions of
hormones and intraovarian factors, including leptin[83,84]. In
mammals, leptin is essential for reproduction because leptin-
knockout mice are sterile, and leptin injection restores repro-
ductive development[85,86]. After birth, plasma leptin levels
increase in mice and are thought to promote the growth and
development of several organs, including the ovaries, because
the leptin receptor is expressed in neonatal mammalian ovaries
and ovarian germ cells[87-89]. Leptin surges are pivotal for the
overall growth and development of neonatal mammals. The peak
of the postnatal leptin surge depends on maternal nutrient sta-
tus and is not associated with increased fat mass, appetite con-
trol or feed regulation[90]. This surge has lifelong effects on the
metabolism of the offspring because leptin can restore matura-
tion and development in mice only when administered during
the neonatal period[91-93]. The postnatal leptin peak on day 7

was associated with increased expression of the gonadotropin-
releasing hormone receptor, FSH, and activin in mice[94-97].
A recent study in mice demonstrated that the female offspring
of mothers subjected to 20% caloric restriction anticipated the
postnatal leptin peak from day 11 to day 8 and delayed the on-
set of puberty, which was indicated by a later vaginal opening
compared to the control group[98]. Accordingly, maternal caloric
restriction negatively influenced embryonic and neonatal devel-
opment, caused a shift in leptin levels, and reduced body weight
in adulthood. Nonetheless, it remains unclear whether delayed
puberty is caused by maternal caloric restriction or a change in
the leptin surge, and the exact factors controlling the latter re-
main unidentified. Leptin administration stimulates oogonia and
oocyte growth, and increases the number of primary follicles in
piglets with intrauterine growth restriction, a disorder marked by
developmental delays and an increased risk of adverse neonatal
outcomes|[88]. Leptin receptors have also been identified within
ovarian germ cells, indicating that leptin may directly influence
these cells and support ovarian development. Neonatal overfeed-
ing in rats elevated plasma leptin levels and induced weight gain,
which led to increased ovarian leptin, leptin receptor, and FSHR
transcripts, but downregulation of anti-Miillerian hormone
(AMH) mRNA, resulting in early sexual maturation and fewer
primordial follicle pools in adulthood[99]. According to these
findings, an early leptin surge may affect postnatal ovarian devel-
opment and the effect may persist throughout adulthood. Further
studies will shed light on the regulation of leptin in normal neo-
nates and, hence, the transition of early growing follicles, as well
as on how leptin mediates its effects and interacts with pathways
essential for mammalian folliculogenesis[100].
Leptin in avian hatchling ovaries

Figure 1 illustrates the growth of bird follicles after hatching. A
few studies on juvenile chickens have demonstrated the effects of
leptin on primordial growth and ovarian development. Leptin and
its receptor are expressed in the ovaries of post-hatching chicks
and are altered by exogenous leptin treatment. This supports the
idea that leptin is a local mediator in bird ovaries[25,28,101].
Our studies on 7-day-old layer chicks demonstrated that 24-h in-
traperitoneal mouse leptin injection significantly augmented the
mRNA levels of ovarian growth markers, including leptin recep-
tor, FSHR, aromatase, and insulin-like growth factor 1 (IGF-1),
which led to elevated serum estradiol levels[28,101]. In addition,
leptin treatment downregulated the apoptotic marker caspase-3
while increasing the number of primordial follicles. We hypoth-
esize that leptin may exert its effects on the ovary directly and/
or by regulating local IGF genes, as it influences the expression
of IGF-1 and that of its receptors insulin-like growth factor-
binding protein (IGFBP) 2 and IGFBP5. Stimulation of IGF-1
by leptin is particularly significant in birds, where hepatic IGF-1
may not contribute as much to ovarian development as the locally
expressed IGF-1. This is supported by our findings that leptin
administration does not influence hepatic IGF-1 in chickens in
vivo or in vitro[28], and that local IGF-1 regulates GC prolif-
eration and ovarian development in an autocrine-paracrine man-
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ner[102]. This hypothesis is further reinforced by the observation
that sex-linked dwarf chickens remain fertile despite lacking the
growth hormone receptor, because their ovaries produce more
IGF-1 than their normal counterparts[103,104]. In layer chicks,
follicular activation by leptin may also result from the direct sup-
pression of AMH by leptin or via synergistic stimulation with
IGF-1, both in vivo and in vitro[28]. Given that AMH is highly
expressed in the ovary during early folliculogenesis, it inhibits
GCs proliferation, aromatase activity, and follicle growth by de-
creasing FSHR sensitivity to FSH[105,106]. Direct stimulation
with IGF-1 also inhibits AMH expression, which leads to GC
proliferation and primordial follicle formation[107]. Although
early follicular growth (preantral) in mammals is gonadotro-
pin-independent, intraovarian growth factors, such as apoptotic
markers AMH and IGF-1, play a role in its development[108].
In chickens, a sharp rise in serum gonadotropin levels and its
receptor, FSHR, which is enhanced by leptin, is associated with
ovarian development post-hatching[ 109]. We reported that leptin
administration induced gonadotrophin expression, leading to ele-
vated serum estradiol levels and subsequent formation of primor-
dial follicles[28,80,101]. In conclusion, these studies highlight
the known positive role of leptin in early follicle development
in post-hatch layer chicks, either directly or synergistically with
intraovarian growth factors (Fig. 2).

Role of leptin in the ovary during sexual matura-
tion and adulthood

Leptin in ovarian maturation in mammals

Most studies on leptin have focused on its role during sexual
maturation and adulthood[110], rather than during embryon-
ic or neonatal stages. This bias is rooted mainly in the patho-
physiological impact of leptin on human health and reproduc-
tion[10,111,112]. Ovaries from adult mammals express high
levels of Lepr mRNA, suggesting a direct role of leptin in ovarian
function[113—115]. Leptin levels rise at night during pubertal de-
velopment in young female mice; during this stage, leptin injec-
tions also advance sexual maturation[116,117]. Leptin levels are
increased also during the menstrual cycle, with a mid-cycle peak
associated with higher LH and estradiol amounts, suggesting that
leptin is involved in ovulation[118]. Leptin is produced by adi-
pose tissue, targets the HPG axis, and stimulates the reproductive
system through neurons in the ventral premammillary nucleus.
These neurons, in turn, activate kisspeptin neurons, leading to
gonadotropin-releasing hormone stimulation and subsequent
regulation of LH and estradiol levels. This function of leptin is
crucial for the onset of puberty, maintenance of estrous cycles,
and fertility in females[119,120]. /n vivo and in vitro studies have
shown that leptin influences pituitary gonadotrophs, modulates
LH and FSH secretion, and affects the reproductive hormone bal-
ance and ovarian function[121-124]. Given that increased leptin
levels due to higher fat mass result in HPG axis activation and
precocious puberty, leptin acts as a gatekeeper hormone for the
onset of puberty[125,126]. Conversely, reduced leptin signaling
during low-energy states or energy deprivation triggers suppres-
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Fig. 2. Direct effect of leptin on chicken primordial follicle
activation. In early ovarian development (7-day-old chicks),
leptin regulates ovarian function in birds through its recep-
tor (LEPR), impacting key pathways involved in follicular
development. Leptin upregulates follicle-stimulating hormone
receptor (FSHR) and aromatase (CYP19A1) mRNA, resulting
in increased serum estradiol (E,) and primordial follicle activa-
tion. Leptin upregulates also ovarian insulin-like growth factor 1
(IGF-1), which is necessary for granulosa cell growth and follicle
development. Both leptin and IGF-1 downregulate anti-Miillerian
hormone (AMH) and apoptosis, reducing atresia and promoting
follicular survival. As a negative feedback mechanism (based on
mammalian studies), E, directly inhibits FSHR expression and in-
creases mRNA levels of IGF-1 binding protein (IGFBP) 2, which
inhibits IGF-1 binding to its receptor (IGF-1R). Increased AMH
inhibits primordial follicle activation by decreasing FSHR sensi-
tivity to FSH, further preventing follicle activation and ovarian
development in birds. Created with BioRender.com, accessed on
18 October 2024.

sion of the HPG axis and delays sexual maturation[126,127].
Furthermore, leptin plays a dual role in ovarian function, act-
ing as a stimulator and an inhibitor depending on its concentra-
tion. Previous studies using high leptin levels (>30 ng/mL) in
obese patients with polycystic ovarian syndrome (PCOS) led
researchers to propose that leptin had an inhibitory effect on the
ovaries[128,129]. Indeed, leptin concentrations associated with
obesity suppress mammal steroidogenesis, follicular growth, and
oocyte maturation in vitro[128,130]. Recent studies have chal-
lenged this view by demonstrating that the role of leptin in the
ovary is dose-dependent[33,131,132]. Leptin enhances ovar-
ian function at physiological levels (10-20 ng/mL), stimulates
granulosa and theca cell proliferation, and acts synergistically
with LH and FSH to promote follicular development, ovulation,
and oocyte maturation[69,131]. A lower leptin concentration in-
creases steroid hormone production, improves oocyte maturation
rates, and stimulates germinal vesicle breakdown in mammalian
ovaries[133,134]. Leptin affects cumulus cell mRNA expres-
sion and improves in vitro maturation of goat oocytes through
the MAPK and JAK2/STAT3 pathways[135]. A recent study
revealed that mice fed high-carbohydrate and high-protein diets
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had elevated leptin, as well as increased FSH, LH, estradiol, and
progesterone, serum levels. The intensified folliculogenesis may
be attributed to upregulation of ovarian growth markers, includ-
ing bone morphogenetic protein 15 and growth differentiation
factor-9, along with an increase in the above hormones[136].
These findings emphasize the essential role of leptin in regulat-
ing folliculogenesis, oocyte maturation, and female reproductive
hormones in both premature and adult animals. These effects are
dose-dependent: physiological levels stimulate ovarian growth;
whereas higher levels, which are common in obese individuals,
hinder these processes.
Leptin during ovarian maturation in birds

In birds, leptin has emerged as a significant regulator of
ovarian function, influencing reproductive hormone levels, fol-
licular growth, and sexual maturation, particularly in response
to nutritional status and energy balance. Chronic leptin injection
into prepubertal fasted pullets for 11 weeks decreased ovarian
apoptosis and enhanced plasma LH, FSH, and steroid levels,
thereby improving follicle growth and advancing sexual matura-
tion[137]. The same study also detected leptin receptors in both
granulosa and theca cells, indicating that leptin is an essential
regulator of ovarian development. In newly hatched, prepuber-
tal, and adult bird ovaries, the leptin receptor mRNA expression
changes with nutritional status, thereby affecting follicle devel-
opment[80,137-139]. In adult birds, leptin enhances ovarian de-
velopment and egg laying. Leptin injections have been shown
to restore ovarian function in ducks that experience regression
due to fasting, by upregulating ovarian FSHR and LH receptor
mRNA, increasing plasma estradiol levels, and improving fol-
licle growth[140]. Similarly, leptin mitigates the adverse effects
of fasting on ovarian function in laying hens by abolishing the
effects of malnutrition on the ovaries, increasing estradiol lev-
els, and improving ovulation[141]. These findings suggest that
leptin plays a key role in regulating reproduction in response to
nutritional status, helping maintain ovarian function during peri-
ods of energy deprivation in layer-type chickens[142]. In leptin
receptor-immunized hens, the mRNA expression of ovarian LH
receptor, FSHR, steroidogenic acute regulatory protein, IGF-1,
and aromatase decreased; whereas leptin receptor and apoptotic
markers, such as caspase-3 and Fas increased, resulting in fol-
licle atresia and reduced egg production[143]. In addition, direct
evidence of the role of leptin in the regulation of chicken ovarian
function has been reported. In adult chicken GC cultures, leptin
stimulation enhanced progesterone; whereas estradiol inhibited
testosterone secretion into the medium, promoting the cells’ pro-
liferation[144]. This study also demonstrated that human leptin
caused changes in MAPK/ERK1/2 accumulation in GCs. In an-
other study using recombinant chicken leptin and goose GCs,
leptin stimulation produced outcomes similar to those observed
in chicken GCs, including increased progesterone, estradiol, and
testosterone secretion, and enhanced proliferation[145]. This
author further explored whether the effect of leptin in GCs was
mediated by phosphoinositide 3-kinase, serine/threonine-kinase,
and mammalian target of rapamycin pathways[146]. It is im-

portant to note that most studies on birds have used mammalian
leptin, which influences leptin receptor expression and ovarian
function across different life stages (Table 1) and shows effects
on ovarian functions similar to those observed in mammals. Few
studies have utilized the recombinant chicken leptin (Table 1),
while the genuine chicken leptin gene was discovered later[25].
Although the effects of leptin have been comparatively well stud-
ied in layers, demonstrating regular follicular hierarchies, further
research is required in broiler breeders that display an irregular
follicle hierarchy and lower egg production. In conclusion, cur-
rent studies using heterologous leptin, particularly in layer birds,
indicate a significant role of leptin in reducing ovarian apoptosis,
enhancing reproductive hormone levels, promoting folliculogen-
esis, advancing sexual maturation, and egg production. Except
for appetite regulation, the effects of leptin on ovarian devel-
opment in birds are consistent with those in mammals. Future
studies should seek to develop and utilize endogenous chicken
leptin, assessing how it affects bird reproduction across various
life stages and species.

Conclusions and perspectives

Leptin is important for the regulation of ovarian function, fol-
licle growth, and sexual maturation in vertebrates, particularly
in response to nutritional changes. Typically, it acts as a gate-
keeper for puberty and enhances the secretion of reproductive
hormones, such as LH, FSH, and estradiol, while reducing fol-
licle apoptosis. In mammals, the effects of leptin are dose-de-
pendent, with physiological levels promoting ovarian function
and higher levels potentially inhibiting it. However, studies on
leptin levels in birds are limited. Research on layer-type birds
has indicated that leptin enhances ovarian development, steroid
hormone production, and egg laying, especially during periods
of nutrient deprivation, which coincide with upregulation of
apoptotic markers in the ovary. Therefore, leptin can be used as
a potential biomarker for egg production. Leptin administration
in broiler breeders may not offer the same benefits observed in
layer birds because it accelerates early folliculogenesis, which
may lead to follicle pool depletion before sexual maturation. Ad-
ditionally, the feeding strategies used by broiler breeders could
further affect the effectiveness of leptin. The function of leptin
in the early life stages of broiler breeders and other bird species
is poorly understood. The ontogenic expression of leptin from
the embryonic phase to adulthood is vital for understanding its
role in avian reproduction. It is also unclear whether the effects
of post-hatching leptin administration in birds persist and influ-
ence the primordial follicle pool into adulthood, as observed in
neonatal mammals. Blocking leptin signaling in boiler breeding
hens will indicate whether leptin inhibition improves irregular
follicle hierarchy. This condition is exacerbated in women with
PCOS and obesity, whose elevated leptin levels may thus serve
as a potential molecular marker for PCOS[111,147]. Although
much is known about the role of leptin in adult mammals, its
mechanism of action in birds remains obscure, particularly with
respect to endogenous chicken leptin. Further research is essen-
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Table 1. Effect of leptin on reproduction and ovarian development in birds.

Bird Age Leptin Dose  Mode of administration Effects Mechanism Reference
(week) type (kg/BW) and time
Quail Es5, Mouse  0.1-0.1 pg In ovo 1 Embryonic growth, T3, T4. ns 77
Chicken  Before egg Murine Sug In ovo 1 Post-hatch growth, T3. ns 79
incubation
Chicken E3 Mouse Sug In ovo Post-hatch mRNA of pituitary; ns 80
(1 LH, FSH) ovarian; (f LEPR,

IGFBP2, Wnt5b),

1 folliculogenesis.
Chicken 1 Mouse 25 ug Lp. 24,48 h 1 LH, FSH, IGF-1, IGF-1R, LEPR, ns 28,101

FSHR, CYPI19A1, E,, | caspase-3,
AMH,

1 folliculogenesis.

Chicken 1 Mouse 10 ng/mL  Ovary culture, 24,48 h 1 IGF-1, LEPR, | AMH, FSHR, ns 28
CYP19AL; 1 folliculogenesis;
Chicken 11 Chicken 256 ug  Lp. daily until 1st ovipo- 1 sexual maturation, | apoptosis. ns 137
sition
Duck 25 Mouse 250 pg Lp. daily 3-5 days TFSHR, LHR, E,, folliculogenesis, ns 140
ovary weight.
Chicken 25 Chicken 250 ug  Lp. twice a day from day 1 LEPR, steroids, folliculogenesis, ns 142
1-50r 10 egg laying, | apoptosis.
Chicken 25 Human  1-100 ng/  in vitro culture of GCs, | Apoptosis (Bax, ASK-1 and p53), MAPK/ 144
ml 48 h 1 Bcel2, PCNA, P, E, ERKI,2
Chicken 30 Human 25 pg L.m. for 3 days 1 E,, ovulation. ns 141
Goose 35 Chicken  1-100 ng/  In vitro culture of GCs, 1 LEPR, Srebpl, Cyp51, StAR, PI3K/Akt/ 145,146
ml 24 h CYPI19AL, E,, | apoptosis. mTOR

1, stimulation; |, inhibition; ns, not studied; E, embryonic day; L.p., intraperitoneal; I.m., intramuscular; GCs, granulosa cells; T3, triiodothyronine;
T4, thyroxine; E,, estradiol; LEPR, leptin receptor; IGF-1, insulin-like growth factor 1; IGF-1R, IGF-1 receptor; CYP19A1, aromatase; AMH, anti-
Miillerian hormone; LH, luteinizing hormone; LHR, LH receptor; FSH, follicle-stimulating hormone; FSHR, FSH receptor; WntSb, wingless-type
MMTYV integration site family member 5b; Bcl2, B-cell lymphoma 2; Bax, Bel-2-associated X protein; ASK-1, apoptosis signal-regulating kinase 1;
P53, tumor protein pS3; PCNA, proliferating cell nuclear antigen; P, progesterone; Srebpl, sterol regulatory element-binding protein 1; Cyp51, cyto-
chrome P450 family 51; StAR, steroidogenic acute regulatory protein; MAPKs, mitogen-activated protein kinases; PI3K/Akt, phosphatidylinositol 3

kinase/serine-threonine kinase; mTOR, mammalian target of rapamycin.

tial to investigate the specific roles of leptin throughout life and
among different bird categories, such as laying hens and broiler
breeding stocks.

Acknowledgments

This study was supported by a Grant-in-Aid for Scientific
Research from the Japan Society for the Promotion of Science
(JSPS) KAKENHI (Grant number 23KF0009).

Author Contributions
Sadequllah Ahmadi and Takeshi Ohkubo wrote the paper.
Conflict of Interest
The authors declare no conflicts of interest.
References

[1] Hileman SM, Pierroz DD and Flier JS. Leptin, nutrition, and
reproduction: timing is everything. J Clin Endocrinol Metab,
85: 804-807. 2000. https://doi.org/10.1210/jcem.85.2.6490,
PMID: 10690894

[2] Gittleman JL and Thompson SD. Energy Allocation in Mam-

3]

(4]

(5]

(6]

[7]

(8]

malian Reproduction. Am Zool, 28: 863—875. 1988. https://
doi.org/10.1093/icb/28.3.863

Bruggeman V, Onagbesan O, Ragot O, Metayer S, Cassy S,
Favreau F, Jego Y, Trevidy JJ, Tona K, Williams J, Decuypere
E and Picard M. Feed allowance-genotype interactions in
broiler breeder hens. Poult Sci, 84: 298-306. 2005. https://doi.
org/10.1093/ps/84.2.298, PMID:15742967

Foster DL and Olster DH. Effect of restricted nutrition on pu-
berty in the lamb: patterns of tonic luteinizing hormone (LH)
secretion and competency of the LH surge system. Endocri-
nology, 116: 375-381. 1985. https://doi.org/10.1210/endo-
116-1-375, PMID:3964750

Ozcan Dag Z and Dilbaz B. Impact of obesity on infertility
in women. J Turk Ger Gynecol Assoc, 16: 111-117. 2015.
https://doi.org/10.5152/jtgga.2015.15232, PMID:26097395
Yeo GSH and Heisler LK. Unraveling the brain regulation of
appetite: lessons from genetics. Nat Neurosci, 15: 1343-1349.
2012. https://doi.org/10.1038/nn.3211, PMID:23007189
Morton GJ, Meek TH and Schwartz MW. Neurobiology of
food intake in health and disease. Nat Rev Neurosci, 15: 367—
378.2014. https://doi.org/10.1038/nrn3745, PMID:24840801
Miller GD. Appetite Regulation: Hormones, Pep-


https://doi.org/10.1210/jcem.85.2.6490
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10690894?dopt=Abstract
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/icb/28.3.863
https://doi.org/10.1093/ps/84.2.298
https://doi.org/10.1093/ps/84.2.298
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15742967?dopt=Abstract
https://doi.org/10.1210/endo-116-1-375
https://doi.org/10.1210/endo-116-1-375
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3964750?dopt=Abstract
https://doi.org/10.5152/jtgga.2015.15232
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26097395?dopt=Abstract
https://doi.org/10.1038/nn.3211
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23007189?dopt=Abstract
https://doi.org/10.1038/nrn3745
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24840801?dopt=Abstract

[10]

[12]

[15]

[17]

[20]

Journal of Poultry Science, 62, jpsa.2025007 (2025)

tides, and Neurotransmitters and Their Role in Obe-
sity. Am J Lifestyle Med, 13: 586-601. 2019. https://doi.
org/10.1177/1559827617716376, PMID:31662725
Gavela-Pérez T, Navarro P, Soriano-Guillén L and Garcés C.
High Prepubertal Leptin Levels Are Associated With Earlier
Menarcheal Age. J Adolesc Health, 59: 177-181. 2016. https://
doi.org/10.1016/j.jadohealth.2016.03.042, PMID:27297138
Wotodko K, Castillo-Fernandez J, Kelsey G and Galvao A.
Revisiting the Impact of Local Leptin Signaling in Folliculo-
genesis and Oocyte Maturation in Obese Mothers. Int J Mol
Sci, 22: 4270. 2021. https://doi.org/10.3390/ijms22084270,
PMID:33924072

Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Ste-
phens TW, Nyce MR, Ohannesian JP, Marco CC, McKee
LJ, Bauer TL and Caro JF. Serum immunoreactive-leptin
concentrations in normal-weight and obese humans. N
Engl J Med, 334: 292-295. 1996. https://doi.org/10.1056/
NEIM199602013340503, PMID:8532024

Ruhl CE, Harris TB, Ding J, Goodpaster BH, Kanaya AM,
Kritchevsky SB, Simonsick EM, Tylavsky FA and Everhart
JE; NEMO Study Group. Body mass index and serum leptin
concentration independently estimate percentage body fat in
older adults. Am J Clin Nutr, 85: 1121-1126. 2007. https://doi.
org/10.1093/ajen/85.4.1121, PMID:17413114

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L and
Friedman JM. Positional cloning of the mouse obese gene and
its human homologue. Nature, 372: 425-432. 1994. https://
doi.org/10.1038/372425a0, PMID:7984236

Masuzaki H, Ogawa Y, Sagawa N, Hosoda K, Matsumoto
T, Mise H, Nishimura H, Yoshimasa Y, Tanaka I, Mori T
and Nakao K. Nonadipose tissue production of leptin: leptin
as a novel placenta-derived hormone in humans. Nat Med,
3: 1029-1033. 1997. https:/doi.org/10.1038/nm0997-1029,
PMID:9288733

Karlsson C, Lindell K, Svensson E, Bergh C, Lind P, Billig
H, Carlsson LM and Carlsson B. Expression of functional
leptin receptors in the human ovary. J Clin Endocrinol Metab,
82: 4144-4148. 1997. https://doi.org/10.1210/jc.82.12.4144,
PMID:9398729

Bado A, Levasseur S, Attoub S, Kermorgant S, Laigneau
JP, Bortoluzzi MN, Moizo L, Lehy T, Guerre-Millo M, Le
Marchand-Brustel Y and Lewin MIJM. The stomach is a
source of leptin. Nature, 394: 790-793. 1998. https://doi.
org/10.1038/29547, PMID:9723619

Smith-Kirwin SM, O’Connor DM, Johnston J, de Lancy E,
Hassink SG and Funanage VL. Leptin expression in human
mammary epithelial cells and breast milk. J Clin Endocri-
nol Metab, 83: 1810-1813. 1998. https://doi.org/10.1210/
jcem.83.5.4952, PMID:9589698

Caprio M, Isidori AM, Carta AR, Moretti C, Dufau ML and
Fabbri A. Expression of functional leptin receptors in rodent
Leydig cells. Endocrinology, 140: 4939-4947. 1999. https://
doi.org/10.1210/endo.140.11.7088, PMID:10537117

Morash B, Li A, Murphy PR, Wilkinson M and Ur E. Leptin
gene expression in the brain and pituitary gland. Endocri-
nology, 140: 5995-5998. 1999. https://doi.org/10.1210/
endo.140.12.7288, PMID: 10579368

Jin L, Zhang S, Burguera BG, Couce ME, Osamura RY, Kulig
E and Lloyd RV. Leptin and leptin receptor expression in rat

[22]

(23]

[24]

[27]

[29]

[30]

[31]

(32]

(33]

and mouse pituitary cells. Endocrinology, 141: 333-339.2000.
https://doi.org/10.1210/endo.141.1.7260, PMID: 10614655
Huang G, Li J, Wang H, Lan X and Wang Y. Discovery of
a novel functional leptin protein (LEP) in zebra finches:
evidence for the existence of an authentic avian leptin gene
predominantly expressed in the brain and pituitary. Endo-
crinology, 155: 3385-3396. 2014. https://doi.org/10.1210/
en.2014-1084, PMID:24823393

Friedman-Einat M and Seroussi E. Quack leptin. BMC Ge-
nomics, 15: 551. 2014. https://doi.org/10.1186/1471-2164-15-
551, PMID:24992969

Friedman-Einat M, Cogburn LA, Yosefi S, Hen G, Shinder
D, Shirak A and Seroussi E. Discovery and characterization
of the first genuine avian leptin gene in the rock dove (Co-
lumba livia). Endocrinology, 155: 3376-3384. 2014. https://
doi.org/10.1210/en.2014-1273, PMID:24758303

Wang D, Xu C, Wang T, Li H, Li Y, Ren J, Tian Y, Li Z, Jiao
Y, Kang X and Liu X. Discovery and functional characteriza-
tion of leptin and its receptors in Japanese quail (Coturnix ja-
ponica). Gen Comp Endocrinol, 225: 1-12. 2016. https:/doi.
org/10.1016/j.ygeen.2015.09.003, PMID:26342967

Seroussi E, Cinnamon Y, Yosefi S, Genin O, Smith JG, Rafati
N, Bornelov S, Andersson L and Friedman-Einat M. Identi-
fication of the Long-Sought Leptin in Chicken and Duck:
Expression Pattern of the Highly GC-Rich Avian leptin Fits
an Autocrine/Paracrine Rather Than Endocrine Function.
Endocrinology, 157: 737-751. 2016. https://doi.org/10.1210/
en.2015-1634, PMID:26587783

Ohkubo T, Tanaka M, Nakashima K. Structure and tissue dis-
tribution of chicken leptin receptor (cOb-R) mRNA. Biochim
Biophys Acta BBA - Gene Struct Expr, 1491: 303-308, 2000.
https://doi.org/10.1016/S0167-4781(00)00046-4
Friedman-Einat M and Seroussi E. Avian Leptin: Bird’s-Eye
View of the Evolution of Vertebrate Energy-Balance Control.
Trends Endocrinol Metab, 30: 819-832. 2019. https://doi.
org/10.1016/j.tem.2019.07.007, PMID:31699239

Ahmadi S and Ohkubo T. Leptin Promotes Primordial Follicle
Activation by Regulating Ovarian Insulin-like Growth Fac-
tor System in Chicken. Endocrinology, 163: bqac112. 2022.
https://doi.org/10.1210/endocr/bqac112, PMID:35882602

Liu X, Dunn IC, Sharp PJ and Boswell T. Molecular cloning
and tissue distribution of a short form chicken leptin receptor
mRNA. Domest Anim Endocrinol, 32: 155-166. 2007. https://
doi.org/10.1016/j.domaniend.2006.02.001, PMID:16531001
Frithbeck G. Intracellular signalling pathways activated by
leptin. Biochem J, 393: 7-20. 2006. https://doi.org/10.1042/
BJ20051578, PMID: 16336196

Wauman J, Zabeau L and Tavernier J. The Leptin Receptor
Complex: Heavier Than Expected? Front Endocrinol (Laus-
anne), 8: 30. 2017. https://doi.org/10.3389/fendo.2017.00030,
PMID:28270795

Adachi H, Takemoto Y, Bungo T and Ohkubo T. Chicken
leptin receptor is functional in activating JAK-STATpath-
way in vitro. J Endocrinol, 197: 335-342. 2008. https://doi.
org/10.1677/JOE-08-0098, PMID: 18434363

Macedo TJS, Menezes VG, Barberino RS, Silva RLS, Gouve-
ia BB, Monte APO, Lins TLBG, Santos JMS, Bezerra MES,
Wischral A, Queiroz MAA, Aratjo GGL, Batista AM and Ma-
tos MHT. Leptin decreases apoptosis and promotes the activa-


https://doi.org/10.1177/1559827617716376
https://doi.org/10.1177/1559827617716376
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31662725?dopt=Abstract
https://doi.org/10.1016/j.jadohealth.2016.03.042
https://doi.org/10.1016/j.jadohealth.2016.03.042
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27297138?dopt=Abstract
https://doi.org/10.3390/ijms22084270
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33924072?dopt=Abstract
https://doi.org/10.1056/NEJM199602013340503
https://doi.org/10.1056/NEJM199602013340503
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8532024?dopt=Abstract
https://doi.org/10.1093/ajcn/85.4.1121
https://doi.org/10.1093/ajcn/85.4.1121
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17413114?dopt=Abstract
https://doi.org/10.1038/372425a0
https://doi.org/10.1038/372425a0
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7984236?dopt=Abstract
https://doi.org/10.1038/nm0997-1029
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9288733?dopt=Abstract
https://doi.org/10.1210/jc.82.12.4144
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9398729?dopt=Abstract
https://doi.org/10.1038/29547
https://doi.org/10.1038/29547
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9723619?dopt=Abstract
https://doi.org/10.1210/jcem.83.5.4952
https://doi.org/10.1210/jcem.83.5.4952
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9589698?dopt=Abstract
https://doi.org/10.1210/endo.140.11.7088
https://doi.org/10.1210/endo.140.11.7088
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10537117?dopt=Abstract
https://doi.org/10.1210/endo.140.12.7288
https://doi.org/10.1210/endo.140.12.7288
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10579368?dopt=Abstract
https://doi.org/10.1210/endo.141.1.7260
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10614655?dopt=Abstract
https://doi.org/10.1210/en.2014-1084
https://doi.org/10.1210/en.2014-1084
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24823393?dopt=Abstract
https://doi.org/10.1186/1471-2164-15-551
https://doi.org/10.1186/1471-2164-15-551
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24992969?dopt=Abstract
https://doi.org/10.1210/en.2014-1273
https://doi.org/10.1210/en.2014-1273
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24758303?dopt=Abstract
https://doi.org/10.1016/j.ygcen.2015.09.003
https://doi.org/10.1016/j.ygcen.2015.09.003
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26342967?dopt=Abstract
https://doi.org/10.1210/en.2015-1634
https://doi.org/10.1210/en.2015-1634
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26587783?dopt=Abstract
https://doi.org/10.1016/S0167-4781(00)00046-4
https://doi.org/10.1016/j.tem.2019.07.007
https://doi.org/10.1016/j.tem.2019.07.007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31699239?dopt=Abstract
https://doi.org/10.1210/endocr/bqac112
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35882602?dopt=Abstract
https://doi.org/10.1016/j.domaniend.2006.02.001
https://doi.org/10.1016/j.domaniend.2006.02.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16531001?dopt=Abstract
https://doi.org/10.1042/BJ20051578
https://doi.org/10.1042/BJ20051578
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16336196?dopt=Abstract
https://doi.org/10.3389/fendo.2017.00030
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28270795?dopt=Abstract
https://doi.org/10.1677/JOE-08-0098
https://doi.org/10.1677/JOE-08-0098
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18434363?dopt=Abstract

[36]

[39]

[46]

Ahmadi et al.: Leptin and Ovarian Development in Birds 9

tion of primordial follicles through the phosphatidylinositol-
3-kinase/protein kinase B pathway in cultured ovine ovarian
tissue. Zygote, 29: 445-451. 2021. https://doi.org/10.1017/
S0967199421000034, PMID:33906701

Dixit VD, Mielenz M, Taub DD and Parvizi N. Leptin induces
growth hormone secretion from peripheral blood mononuclear
cells via a protein kinase C- and nitric oxide-dependent mech-
anism. Endocrinology, 144: 5595-5603. 2003. https://doi.
org/10.1210/en.2003-0600, PMID:12970164

Ban Q, Hui W, Cheng F, Liu D and Liu X. Effect of chick-
en leptin recptor short hairpin RNA on expression of JA4K2,
STAT3, SOCS3 and CPTI genes in chicken preadipocytes.
Anim Sci J, 88: 559-564. 2017. https://doi.org/10.1111/
asj. 12722, PMID:27868312

Barash TA, Cheung CC, Weigle DS, Ren H, Kabigting EB,
Kuijper JL, Clifton DK and Steiner RA. Leptin is a metabolic
signal to the reproductive system. Endocrinology, 137: 3144—
3147. 1996. https://doi.org/10.1210/endo.137.7.8770941,
PMID:8770941

Li J and Ge W. Zebrafish as a model for studying ovarian
development: recent advances from targeted gene knockout
studies. Mol Cell Endocrinol, 507: 110778. 2020. https://doi.
org/10.1016/j.mce.2020.110778, PMID:32142861

Jiang Y, He Y, Pan X, Wang P, Yuan X and Ma B. Advances in
Oocyte Maturation In Vivo and In Vitro in Mammals. Int J Mol
Sci, 24: 9059. 2023. https://doi.org/10.3390/ijms24109059,
PMID:37240406

YuJ, Yan L, Chen Z, Li H, Ying S, Zhu H and Shi Z. Investi-
gating right ovary degeneration in chick embryos by transcrip-
tome sequencing. J Reprod Dev, 63: 295-303. 2017. https:/
doi.org/10.1262/jrd.2016-134, PMID:28413176

Shaikat AH, Namekawa S, Ahmadi S, Takeda M and Ohkubo
T. Gene expression profiling in embryonic chicken ovary dur-
ing asymmetric development. Anim Sci J, 89: 688-694. 2018.
https://doi.org/10.1111/asj.12979, PMID:29282806

Soo Kang K, Chul Lee H, Jeong Kim H, Gun Lee H, Min Kim
Y, Jo Lee H, Hyun Park Y, Yeong Yang S, Rengaraj D, Sub
Park T and Yong Han J. Spatial and temporal action of chicken
primordial germ cells during initial migration. Reproduction,
149: 179-187. 2015. https://doi.org/10.1530/REP-14-0433,
PMID:25550524

Kim YM and Han JY. The early development of germ cells
in chicken. Int J Dev Biol, 62: 145-152. 2018. https://doi.
org/10.1387/ijdb.170283jh, PMID:29616722

Yang SY, Lee HJ, Lee HC, Hwang YS, Park YH, Ono T and
Han JY. The dynamic development of germ cells during chick-
en embryogenesis. Poult Sci, 97: 650-657. 2018. https://doi.
org/10.3382/ps/pex316, PMID:29126291

Zheng YH, Rengaraj D, Choi JW, Park KJ, Lee ST and Han JY.
Expression pattern of meiosis associated SYCP family mem-
bers during germline development in chickens. Reproduction,
138: 483-492. 2009. https://doi.org/10.1530/REP-09-0163,
PMID:19525366

Rengaraj D and Han JY. Female Germ Cell Development in
Chickens and Humans: The Chicken Oocyte Enriched Genes
Convergent and Divergent with the Human Oocyte. Int J Mol
Sci, 23: 11412. 2022. https://doi.org/10.3390/ijms231911412,
PMID:36232712

Johnson PA. Follicle selection in the avian ovary. Reprod

[47]

(48]

[49]

[50]

[51]

[54]

Domest Anim, 47: 283-287. 2012. https://doi.org/10.1111/
j-1439-0531.2012.02087.x, PMID:22827382

Rengaraj D, Lee BR, Park KJ, Lee SI, Kang KS, Choi JW,
Kang SJ, Song G and Han JY. The distribution of neuron-
specific gene family member 1 in brain and germ cells: im-
plications for the regulation of germ-line development by
brain. Dev Dyn, 240: 850-861. 2011. https://doi.org/10.1002/
dvdy.22575, PMID:21404368

del Priore L and Pigozzi MI. Chromosomal axis formation and
meiotic progression in chicken oocytes: a quantitative analy-
sis. Cytogenet Genome Res, 137: 15-21. 2012. https://doi.
org/10.1159/000339133, PMID:22678233

Mfoundou JDL, Guo YJ, Liu MM, Ran XR, Fu DH, Yan ZQ,
Li MN and Wang XR. The morphological and histological
study of chicken left ovary during growth and development
among Hy-line brown layers of different ages. Poult Sci, 100:
101191.  2021. https://doi.org/10.1016/j.psj.2021.101191,
PMID:34242943

Guo C, Liu G, Zhao D, Mi Y, Zhang C and Li J. Interaction
of Follicle-Stimulating Hormone and Stem Cell Factor to
Promote Primordial Follicle Assembly in the Chicken. Front
Endocrinol (Lausanne), 10: 91. 2019. https://doi.org/10.3389/
fendo.2019.00091, PMID:30837955

Diaz FJ, Anthony K and Halthill AN. Early avian follicular de-
velopment is characterized by changes in transcripts involved
in steroidogenesis, paracrine signaling and transcription. Mol
Reprod Dev, 78: 212-223. 2011. https://doi.org/10.1002/
mrd.21288, PMID:21308853

Johnson AL. The avian ovary and follicle development: some
comparative and practical insights. Turk J Vet Anim Sci, 38:
660—669. 2014. https://doi.org/10.3906/vet-1405-6

Lovell TM, Gladwell RT, Groome NP and Knight PG. Ovar-
ian follicle development in the laying hen is accompanied by
divergent changes in inhibin A, inhibin B, activin A and fol-
listatin production in granulosa and theca layers. J Endocri-
nol, 177: 45-55. 2003. https://doi.org/10.1677/joe.0.1770045,
PMID:12697036

Nie R, Zheng X, Zhang W, Zhang B, Ling Y, Zhang H and
Wu C. Morphological Characteristics and Transcriptome
Landscapes of Chicken Follicles during Selective Develop-
ment. Animals (Basel), 12: 713. 2022. https://doi.org/10.3390/
ani12060713, PMID:35327110

Okumura H. Avian Egg and Egg Coat. In: Sasanami T, ed.
Avian Reproduction. Vol 1001. Advances in Experimental
Medicine and Biology. Springer Singapore, 75-90, 2017.
https://doi.org/10.1007/978-981-10-3975-1_5

Hamazaki N, Kyogoku H, Araki H, Miura F, Horikawa C,
Hamada N, Shimamoto S, Hikabe O, Nakashima K, Kita-
jima TS, Ito T, Leitch HG and Hayashi K. Reconstitution of
the oocyte transcriptional network with transcription factors.
Nature, 589: 264-269. 2021. https://doi.org/10.1038/s41586-
020-3027-9, PMID:33328630

Rengaraj D, Hwang Y, Lee HC and Han JY. Zygotic genome
activation in the chicken: a comparative review. Cell Mol Life
Sci, 77: 1879-1891. 2020. https://doi.org/10.1007/s00018-
019-03360-6, PMID:31728579

Schanton M, Maymo JL, Pérez-Pérez A, Sanchez-Margalet V,
Varone CL. Involvement of leptin in the molecular physiology
of the placenta. 1, R1-2, 2018. https://doi.org/10.1530/REP-


https://doi.org/10.1017/S0967199421000034
https://doi.org/10.1017/S0967199421000034
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33906701?dopt=Abstract
https://doi.org/10.1210/en.2003-0600
https://doi.org/10.1210/en.2003-0600
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12970164?dopt=Abstract
https://doi.org/10.1111/asj.12722
https://doi.org/10.1111/asj.12722
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27868312?dopt=Abstract
https://doi.org/10.1210/endo.137.7.8770941
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8770941?dopt=Abstract
https://doi.org/10.1016/j.mce.2020.110778
https://doi.org/10.1016/j.mce.2020.110778
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32142861?dopt=Abstract
https://doi.org/10.3390/ijms24109059
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37240406?dopt=Abstract
https://doi.org/10.1262/jrd.2016-134
https://doi.org/10.1262/jrd.2016-134
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28413176?dopt=Abstract
https://doi.org/10.1111/asj.12979
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29282806?dopt=Abstract
https://doi.org/10.1530/REP-14-0433
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25550524?dopt=Abstract
https://doi.org/10.1387/ijdb.170283jh
https://doi.org/10.1387/ijdb.170283jh
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29616722?dopt=Abstract
https://doi.org/10.3382/ps/pex316
https://doi.org/10.3382/ps/pex316
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29126291?dopt=Abstract
https://doi.org/10.1530/REP-09-0163
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19525366?dopt=Abstract
https://doi.org/10.3390/ijms231911412
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36232712?dopt=Abstract
https://doi.org/10.1111/j.1439-0531.2012.02087.x
https://doi.org/10.1111/j.1439-0531.2012.02087.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22827382?dopt=Abstract
https://doi.org/10.1002/dvdy.22575
https://doi.org/10.1002/dvdy.22575
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21404368?dopt=Abstract
https://doi.org/10.1159/000339133
https://doi.org/10.1159/000339133
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22678233?dopt=Abstract
https://doi.org/10.1016/j.psj.2021.101191
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34242943?dopt=Abstract
https://doi.org/10.3389/fendo.2019.00091
https://doi.org/10.3389/fendo.2019.00091
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30837955?dopt=Abstract
https://doi.org/10.1002/mrd.21288
https://doi.org/10.1002/mrd.21288
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21308853?dopt=Abstract
https://doi.org/10.3906/vet-1405-6
https://doi.org/10.1677/joe.0.1770045
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12697036?dopt=Abstract
https://doi.org/10.3390/ani12060713
https://doi.org/10.3390/ani12060713
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35327110?dopt=Abstract
https://doi.org/10.1007/978-981-10-3975-1_5
https://doi.org/10.1038/s41586-020-3027-9
https://doi.org/10.1038/s41586-020-3027-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33328630?dopt=Abstract
https://doi.org/10.1007/s00018-019-03360-6
https://doi.org/10.1007/s00018-019-03360-6
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31728579?dopt=Abstract
https://doi.org/10.1530/REP-17-0512

10

[59]

[63]

[64]

[70]

Journal of Poultry Science, 62, jpsa.2025007 (2025)

17-0512

Jansson N, Greenwood SL, Johansson BR, Powell TL and
Jansson T. Leptin stimulates the activity of the system A
amino acid transporter in human placental villous fragments.
J Clin Endocrinol Metab, 88: 1205-1211. 2003. https://doi.
org/10.1210/j¢.2002-021332, PMID: 12629107

Forhead AJ and Fowden AL. The hungry fetus? Role of leptin
as a nutritional signal before birth. J Physiol, 587: 1145—
1152.  2009. https://doi.org/10.1113/jphysiol.2008.167072,
PMID: 19188249

Estienne A, Brossaud A, Reverchon M, Ram¢é C, Froment P
and Dupont J. Adipokines Expression and Effects in Oocyte
Maturation, Fertilization and Early Embryo Development:
Lessons from Mammals and Birds. Int J Mol Sci, 21: 3581.
2020. https://doi.org/10.3390/ijms21103581, PMID:32438614
Kawamura K, Sato N, Fukuda J, Kodama H, Kumagai J,
Tanikawa H, Nakamura A and Tanaka T. Leptin promotes the
development of mouse preimplantation embryos in vitro. En-
docrinology, 143: 1922-1931. 2002. https://doi.org/10.1210/
endo.143.5.8818, PMID:11956175

Kawamura K, Sato N, Fukuda J, Kodama H, Kumagai J,
Tanikawa H, Murata M and Tanaka T. The role of leptin dur-
ing the development of mouse preimplantation embryos. Mol
Cell Endocrinol, 202: 185-189. 2003. https://doi.org/10.1016/
S0303-7207(03)00081-9, PMID:12770749

Ksitianova M, Cikos S, Babel’ova J, Seftikova Z, Spirkova A,
Koppel J and Fabian D. The Responses of Mouse Preimplan-
tation Embryos to Leptin /n Vitro in a Transgenerational Mod-
el for Obesity. Front Endocrinol (Lausanne), 8: 233. 2017.
https://doi.org/10.3389/fendo.2017.00233, PMID:28959235
Fedorcsak P and Storeng R. Effects of leptin and leukemia
inhibitory factor on preimplantation development and STAT3
signaling of mouse embryos in vitro. Biol Reprod, 69: 1531—
1538. 2003. https://doi.org/10.1095/biolreprod.103.019034,
PMID: 12826573

Herrid M, Nguyen VL, Hinch G and McFarlane JR. Leptin
has concentration and stage-dependent effects on embryonic
development in vitro. Reproduction, 132: 247-256. 2006.
https://doi.org/10.1530/rep.1.01083, PMID:16885533

Lin X, Wang H, Wu D, Ullah K, Yu T, Ur Rahman T and Huang
H. High Leptin Level Attenuates Embryo Development in
Overweight/Obese Infertile Women by Inhibiting Proliferation
and Promotes Apoptosis in Granule Cell. Horm Metab Res,
49: 534-541. 2017. https://doi.org/10.1055/s-0043-107617,
PMID:28561185

Gonzalez-Anover P, Encinas T, Torres-Rovira L, Sanz E, Pal-
lares P, Ros JM, Gomez-Izquierdo E, Sanchez-Sanchez R and
Gonzalez-Bulnes A. Patterns of corpora lutea growth and pro-
gesterone secretion in sows with thrifty genotype and leptin
resistance due to leptin receptor gene polymorphisms (Iberian
pig). Reprod Domest Anim, 46: 1011-1016. 2011. https://doi.
org/10.1111/5.1439-0531.2011.01776.x, PMID:21385231
Boelhauve M, Sinowatz F, Wolf E and Paula-Lopes FF. Matu-
ration of bovine oocytes in the presence of leptin improves
development and reduces apoptosis of in vitro-produced
blastocysts. Biol Reprod, 73: 737-744. 2005. https://doi.
org/10.1095/biolreprod.105.041103, PMID: 15958729
Sharma Y and Galvdo AM. Maternal obesity and ovarian
failure: is leptin the culprit? Anim Reprod, 19: €20230007.

[73]

[75]

[76]

[77]

[78]

[80]

2022. https://doi.org/10.1590/1984-3143-ar2023-0007,
PMID:36855701

Bouret SG and Simerly RB. Developmental programming
of hypothalamic feeding circuits. Clin Genet, 70: 295-301.
2006. https://doi.org/10.1111/1.1399-0004.2006.00684.x,
PMID: 16965320

Yura S, Itoh H, Sagawa N, Yamamoto H, Masuzaki H, Nakao
K, Kawamura M, Takemura M, Kakui K, Ogawa Y and Fu-
jii S. Role of premature leptin surge in obesity resulting from
intrauterine undernutrition. Cell Metab, 1: 371-378. 2005.
https://doi.org/10.1016/j.cmet.2005.05.005, PMID: 16054086
Soranno LM, Jones AK, Pillai SM, Hoffman ML, Zinn SA,
Govoni KE and Reed SA. Effects of poor maternal nutrition
during gestation on ewe and offspring plasma concentrations
of leptin and ghrelin. Domest Anim Endocrinol, 78: 106682.
2022. https://doi.org/10.1016/j.domaniend.2021.106682,
PMID:34607218

Almeida MM, Dias-Rocha CP, Reis-Gomes CF, Wang H,
Atella GC, Cordeiro A, Pazos-Moura CC, Joss-Moore L and
Trevenzoli IH. Maternal high-fat diet impairs leptin signaling
and up-regulates type-1 cannabinoid receptor with sex-specif-
ic epigenetic changes in the hypothalamus of newborn rats.
Psychoneuroendocrinology, 103: 306-315. 2019. https://doi.
org/10.1016/j.psyneuen.2019.02.004, PMID:30776574

Wei W, Qin F, Gao J, Chang J, Pan X, Jiang X, Che L, Zhuo
Y, Wu D and Xu S. The effect of maternal consumption of
high-fat diet on ovarian development in offspring. Anim Re-
prod Sci, 255: 107294. 2023. https://doi.org/10.1016/j.anire-
prosci.2023.107294, PMID:37421833

Lamosova D and Zeman M. Effect of leptin and insulin on
chick embryonic muscle cells and hepatocytes. Physiol
Res, 50: 183-189. 2001. https://doi.org/10.33549/physi-
olres.930053, PMID: 11522046

Lamogova D, Magajova M, Zeman M, Mézes S and JeZova
D. Effect of in ovo leptin administration on development of
Japanese quails. Physiol Res, 52: 201-209. 2003. https://doi.
org/10.33549/physiolres.930297, PMID: 12678663
Manjunathan R and Ragunathan M. In ovo administration
of human recombinant leptin shows dose dependent angio-
genic effect on chicken chorioallantoic membrane. Biol Res,
48: 29. 2015. https://doi.org/10.1186/540659-015-0021-z,
PMID:26060038

LiR, HuY, Ni Y, Xia D, Grossmann R and Zhao R. Leptin
stimulates hepatic activation of thyroid hormones and pro-
motes early posthatch growth in the chicken. Comp Biochem
Physiol A Mol Integr Physiol, 160: 200-206. 2011. https://doi.
org/10.1016/j.cbpa.2011.06.001, PMID:21679771

Ahmadi S, Nemoto Y and Ohkubo T. Impact of In Ovo Leptin
Injection and Dietary Protein Levels on Ovarian Growth
Markers and Early Folliculogenesis in Post-Hatch Chicks
(Gallus gallus domesticus). Biology (Basel), 13: 69. 2024.
https://doi.org/10.3390/biology 13020069, PMID:38392288
Lesnierowski G and Stangierski J. What’s new in chicken egg
research and technology for human health promotion? - A re-
view. Trends Food Sci Technol, 71: 46-51. 2018. https://doi.
org/10.1016/.tifs.2017.10.022

Grzegorzewska AK, Paczoska-Eliasiewicz HE and Rzasa J.
MRNA expression and immunocytochemical localization of
leptin receptor in the oviduct of the laying hen (Gallus domes-


https://doi.org/10.1530/REP-17-0512
https://doi.org/10.1210/jc.2002-021332
https://doi.org/10.1210/jc.2002-021332
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12629107?dopt=Abstract
https://doi.org/10.1113/jphysiol.2008.167072
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19188249?dopt=Abstract
https://doi.org/10.3390/ijms21103581
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32438614?dopt=Abstract
https://doi.org/10.1210/endo.143.5.8818
https://doi.org/10.1210/endo.143.5.8818
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11956175?dopt=Abstract
https://doi.org/10.1016/S0303-7207(03)00081-9
https://doi.org/10.1016/S0303-7207(03)00081-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12770749?dopt=Abstract
https://doi.org/10.3389/fendo.2017.00233
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28959235?dopt=Abstract
https://doi.org/10.1095/biolreprod.103.019034
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12826573?dopt=Abstract
https://doi.org/10.1530/rep.1.01083
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16885533?dopt=Abstract
https://doi.org/10.1055/s-0043-107617
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28561185?dopt=Abstract
https://doi.org/10.1111/j.1439-0531.2011.01776.x
https://doi.org/10.1111/j.1439-0531.2011.01776.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21385231?dopt=Abstract
https://doi.org/10.1095/biolreprod.105.041103
https://doi.org/10.1095/biolreprod.105.041103
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15958729?dopt=Abstract
https://doi.org/10.1590/1984-3143-ar2023-0007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36855701?dopt=Abstract
https://doi.org/10.1111/j.1399-0004.2006.00684.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16965320?dopt=Abstract
https://doi.org/10.1016/j.cmet.2005.05.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16054086?dopt=Abstract
https://doi.org/10.1016/j.domaniend.2021.106682
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34607218?dopt=Abstract
https://doi.org/10.1016/j.psyneuen.2019.02.004
https://doi.org/10.1016/j.psyneuen.2019.02.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30776574?dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2023.107294
https://doi.org/10.1016/j.anireprosci.2023.107294
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37421833?dopt=Abstract
https://doi.org/10.33549/physiolres.930053
https://doi.org/10.33549/physiolres.930053
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11522046?dopt=Abstract
https://doi.org/10.33549/physiolres.930297
https://doi.org/10.33549/physiolres.930297
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12678663?dopt=Abstract
https://doi.org/10.1186/s40659-015-0021-z
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26060038?dopt=Abstract
https://doi.org/10.1016/j.cbpa.2011.06.001
https://doi.org/10.1016/j.cbpa.2011.06.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21679771?dopt=Abstract
https://doi.org/10.3390/biology13020069
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38392288?dopt=Abstract
https://doi.org/10.1016/j.tifs.2017.10.022
https://doi.org/10.1016/j.tifs.2017.10.022

(84]

(87]

[90]

[91]

(93]

Ahmadi et al.: Leptin and Ovarian Development in Birds 11

ticus). Folia Biol (Krakow), 56: 179-185. 2008. https://doi.
org/10.3409/fb.56_3-4.179-185, PMID:19055044

Webb R, Garnsworthy PC, Gong JG and Armstrong DG.
Control of follicular growth: local interactions and nutri-
tional influences. J Anim Sci, 82 E-Suppl: E63-E74. 2004.
10.2527/2004.8213_supplE63x, PMID: 15471816

Panwar S, Herrid M, Kauter KG and McFarlane JR. Ef-
fect of passive immunization against leptin on ovarian fol-
licular development in prepubertal mice. J Reprod Immunol,
96: 19-24. 2012. https://doi.org/10.1016/}.jri.2012.07.004,
PMID:22989496

Kawwass JF, Summer R and Kallen CB. Direct effects of
leptin and adiponectin on peripheral reproductive tissues: a
critical review: Table I. Mol Hum Reprod, 21: 617-632. 2015.
https://doi.org/10.1093/molehr/gav025, PMID:25964237
Tsatsanis C, Dermitzaki E, Avgoustinaki P, Malliaraki N,
Mytaras V and Margioris A. The impact of adipose tissue-
derived factors on the hypothalamic-pituitary-gonadal (HPG)
axis. Hormones (Athens), 14: 549-562. 2015. https://doi.
org/10.14310/horm.2002.1649, PMID:26859602

Abir R, Ao A, Jin S, Barnett M, Raanani H, Ben-Haroush
A and Fisch B. Leptin and its receptors in human fetal and
adult ovaries. Fertil Steril, 84: 1779—1782. 2005. https://doi.
org/10.1016/j.fertnstert.2005.05.067, PMID: 16359991

Attig L, Brisard D, Larcher T, Mickiewicz M, Guilloteau P,
Boukthir S, Niamba CN, Gertler A, Djiane J, Monniaux D
and Abdennebi-Najar L. Postnatal Leptin Promotes Organ
Maturation and Development in [UGR Piglets. Rogers LK, ed.
PLoS ONE, 8, e64616, 2013. https://doi.org/10.1371/journal.
pone.0064616

Garofoli F, Mazzucchelli I, Angelini M, Klersy C, Ferretti VV,
Gardella B, Carletti GV, Spinillo A, Tzialla C and Ghirardello
S. Leptin Levels of the Perinatal Period Shape Offspring’s
Weight Trajectories through the First Year of Age. Nutri-
ents, 14: 1451. 2022. https://doi.org/10.3390/nu14071451,
PMID:35406063

Bouret SG and Simerly RB. Minireview: leptin and develop-
ment of hypothalamic feeding circuits. Endocrinology, 145:
2621-2626. 2004. https://doi.org/10.1210/en.2004-0231,
PMID: 15044371

Mistry AM, Swick A and Romsos DR. Leptin alters meta-
bolic rates before acquisition of its anorectic effect in de-
veloping neonatal mice. Am J Physiol Regul Integr Comp
Physiol, 277: R742-R747. 1999. https://doi.org/10.1152/
ajpregu.1999.277.3.R742, PMID: 10484491

Proulx K, Richard D and Walker CD. Leptin regulates appe-
tite-related neuropeptides in the hypothalamus of develop-
ing rats without affecting food intake. Endocrinology, 143:
4683-4692. 2002. https://doi.org/10.1210/en.2002-220593,
PMID: 12446596

Ramos-Lobo AM, Teixeira PDS, Furigo IC, Melo HM, de
M Lyra e Silva N, De Felice FG and Donato J Jr. Long-term
consequences of the absence of leptin signaling in early life.
eLife, 8: e40970. 2019. https://doi.org/10.7554/eLife.40970,
PMID:30694175

Wen S, Ai W, Alim Z and Boehm U. Embryonic gonadotropin-
releasing hormone signaling is necessary for maturation of the
male reproductive axis. Proc Natl Acad Sci USA, 107: 16372~
16377.  2010.  https://doi.org/10.1073/pnas. 1000423107,

[96]

(98]

[100

[101

[102

[103

[104

[105

[106

]

]

]

]

]

]

—_

PMID:20805495

Bjelobaba I, Janjic MM, Kucka M and Stojilkovic SS.
Cell Type-Specific Sexual Dimorphism in Rat Pituitary
Gene Expression During Maturationl. Biol Reprod, 93:
21-1. 2015. https://doi.org/10.1095/biolreprod.115.129320,
PMID:26063874

Wilson ME and Handa RJ. Ontogeny of gene expression in the
gonadotroph of the developing female rat. Biol Reprod, 56:
563-568. 1997. https://doi.org/10.1095/biolreprod56.2.563,
PMID:9116162

Wilson ME and Handa RJ. Activin subunit, follistatin, and
activin receptor gene expression in the prepubertal female
rat pituitary. Biol Reprod, 59: 278-283. 1998. https://doi.
org/10.1095/biolreprod59.2.278, PMID:9687296

Miles TK, Allensworth-James ML, Odle AK, Silva Moreira
AR, Haney AC, LaGasse AN, Gies AJ, Byrum SD, Riojas
AM, MacNicol MC, MacNicol AM and Childs GV. Maternal
undernutrition results in transcript changes in male offspring
that may promote resistance to high fat diet induced weight
gain. Front Endocrinol (Lausanne), 14: 1332959. 2024. https://
doi.org/10.3389/fendo0.2023.1332959, PMID:38720938
Sominsky L, Ziko I, Soch A, Smith JT and Spencer SJ. Neo-
natal overfeeding induces early decline of the ovarian reserve:
implications for the role of leptin. Mol Cell Endocrinol, 431:
24-35.  2016. https://doi.org/10.1016/j.mce.2016.05.001,
PMID:27154163

Chen Y, Yang W, Shi X, Zhang C, Song G and Huang D. The
Factors and Pathways Regulating the Activation of Mam-
malian Primordial Follicles in vivo. Front Cell Dev Biol, 8:
575706. 2020. https://doi.org/10.3389/fcell.2020.575706,
PMID:33102482

Shaikat AH, Ochiai M, Sasaki A, Takeda M, Arima A and
Ohkubo T. Leptin Modulates the mRNA Expression of Fol-
licle Development Markers in Post-hatch Chicks in an Age-
Dependent Manner. Front Physiol, 12: 657527. 2021. https:/
doi.org/10.3389/fphys.2021.657527, PMID:34305632

Tosca L, Chabrolle C, Crochet S, Tesseraud S and Dupont
J. IGF-1 receptor signaling pathways and effects of AMPK
activation on IGF-1-induced progesterone secretion in hen
granulosa cells. Domest Anim Endocrinol, 34: 204-216.
2008. https://doi.org/10.1016/j.domaniend.2007.03.001,
PMID: 17478073

Tanaka M, Hayashida Y, Sakaguchi K, Ohkubo T, Wakita
M, Hoshino S and Nakashima K. Growth hormone-inde-
pendent expression of insulin-like growth factor I messen-
ger ribonucleic acid in extrahepatic tissues of the chicken.
Endocrinology, 137: 30-34. 1996. https://doi.org/10.1210/
endo.137.1.8536628, PMID:8536628

Guillaume J. The Dwarfing Gene dw: Its Effects on Anatomy,
Physiology, Nutrition, Management. Its Application in Poultry
Industry. Worlds Poult Sci J, 32: 285-305. 1976. https://doi.
org/10.1079/WPS19760009

Durlinger ALL, Kramer P, Karels B, de Jong FH, Uilenbroek
JTJ, Grootegoed JA and Themmen APN. Control of primor-
dial follicle recruitment by anti-Miillerian hormone in the
mouse ovary. Endocrinology, 140: 5789-5796. 1999. https://
doi.org/10.1210/endo.140.12.7204, PMID: 10579345
Durlinger ALL, Gruijters MJG, Kramer P, Karels B, Kumar
TR, Matzuk MM, Rose UM, de Jong FH, Uilenbroek JTJ,


https://doi.org/10.3409/fb.56_3-4.179-185
https://doi.org/10.3409/fb.56_3-4.179-185
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19055044?dopt=Abstract
10.2527/2004.8213_supplE63x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15471816?dopt=Abstract
https://doi.org/10.1016/j.jri.2012.07.004
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22989496?dopt=Abstract
https://doi.org/10.1093/molehr/gav025
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25964237?dopt=Abstract
https://doi.org/10.14310/horm.2002.1649
https://doi.org/10.14310/horm.2002.1649
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26859602?dopt=Abstract
https://doi.org/10.1016/j.fertnstert.2005.05.067
https://doi.org/10.1016/j.fertnstert.2005.05.067
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16359991?dopt=Abstract
https://doi.org/10.1371/journal.pone.0064616
https://doi.org/10.1371/journal.pone.0064616
https://doi.org/10.3390/nu14071451
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35406063?dopt=Abstract
https://doi.org/10.1210/en.2004-0231
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15044371?dopt=Abstract
https://doi.org/10.1152/ajpregu.1999.277.3.R742
https://doi.org/10.1152/ajpregu.1999.277.3.R742
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10484491?dopt=Abstract
https://doi.org/10.1210/en.2002-220593
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12446596?dopt=Abstract
https://doi.org/10.7554/eLife.40970
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30694175?dopt=Abstract
https://doi.org/10.1073/pnas.1000423107
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20805495?dopt=Abstract
https://doi.org/10.1095/biolreprod.115.129320
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26063874?dopt=Abstract
https://doi.org/10.1095/biolreprod56.2.563
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9116162?dopt=Abstract
https://doi.org/10.1095/biolreprod59.2.278
https://doi.org/10.1095/biolreprod59.2.278
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9687296?dopt=Abstract
https://doi.org/10.3389/fendo.2023.1332959
https://doi.org/10.3389/fendo.2023.1332959
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38720938?dopt=Abstract
https://doi.org/10.1016/j.mce.2016.05.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27154163?dopt=Abstract
https://doi.org/10.3389/fcell.2020.575706
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33102482?dopt=Abstract
https://doi.org/10.3389/fphys.2021.657527
https://doi.org/10.3389/fphys.2021.657527
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34305632?dopt=Abstract
https://doi.org/10.1016/j.domaniend.2007.03.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17478073?dopt=Abstract
https://doi.org/10.1210/endo.137.1.8536628
https://doi.org/10.1210/endo.137.1.8536628
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8536628?dopt=Abstract
https://doi.org/10.1079/WPS19760009
https://doi.org/10.1079/WPS19760009
https://doi.org/10.1210/endo.140.12.7204
https://doi.org/10.1210/endo.140.12.7204
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10579345?dopt=Abstract

12

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Journal of Poultry Science, 62, jpsa.2025007 (2025)

Grootegoed JA and Themmen APN. Anti-Miillerian hormone
attenuates the effects of FSH on follicle development in the
mouse ovary. Endocrinology, 142: 4891-4899. 2001. https:/
doi.org/10.1210/endo.142.11.8486, PMID:11606457
Andreassen M, Frystyk J, Faber J, Kristensen L@ and Juul A.
Growth hormone ( GH ) activity is associated with increased
serum oestradiol and reduced Anti- M f{illerian Hormone in
healthy male volunteers treated with GH and a GH antagonist.
Andrology, 1: 595-601. 2013. https://doi.org/10.1111/].2047-
2927.2013.00096.x, PMID:23785020

Cox E and Takov V. Embryology, Ovarian Follicle Devel-
opment. In: StatPearls, http:/www.ncbi.nlm.nih.gov/books/
NBK532300/. [ Accessed on September 3, 2024]
Vanmontfort D, Berghman LR, Rombauts L, Verhoeven G
and Decuypere E. Developmental changes in immunoreac-
tive inhibin and FSH in plasma of chickens from hatch to
sexual maturity. Br Poult Sci, 36: 779-790. 1995. https:/doi.
org/10.1080/00071669508417822, PMID:8746979

Childs GV, Odle AK, MacNicol MC and MacNicol AM.
The Importance of Leptin to Reproduction. Endocrinology,
162: bqaa204. 2021. https://doi.org/10.1210/endocr/bqaa204,
PMID:33165520

Zhao X, Xiong Y and Shen Y. Leptin plays a role in the mul-
tiplication of and inflammation in ovarian granulosa cells
in polycystic ovary syndrome through the JAKI/STAT3
pathway. Clinics (Sdo Paulo), 78: 100265. 2023. https://doi.
org/10.1016/j.clinsp.2023.100265, PMID:37562217
Nikolettos K, Nikolettos N, Vlahos N, Pagonopoulou O and
Asimakopoulos B. Role of leptin, adiponectin, and kisspeptin
in polycystic ovarian syndrome pathogenesis. Minerva Obstet
Gynecol, 75: 460-467. 2023. https://doi.org/10.23736/S2724-
606X.22.05139-9, PMID:36255161

Cioffi J, Van Blerkom J, Antczak M, Shafer A, Wittmer S and
Snodgrass HR. The expression of leptin and its receptors in
pre-ovulatory human follicles. Mol Hum Reprod, 3: 467-472.
1997. https://doi.org/10.1093/molehr/3.6.467, PMID:9239734
Gallelli MF, Bianchi C, Lombardo D, Rey F, Rodriguez FM,
Castillo VA and Miragaya M. Leptin and IGF1 receptors in
alpaca (Vicugna pacos) ovaries. Anim Reprod Sci, 200: 96—
104. 2019. https://doi.org/10.1016/j.anireprosci.2018.12.001,
PMID:30545749

Martins KR, Haas CS, Rovani MT, Moreira F, Goetten ALF,
Ferst JG, Portela VM, Duggavathi R, Bordignon V, Gongalves
PBD, Gasperin BG and Lucia T Jr. Regulation and function
of leptin during ovarian follicular development in cows. Anim
Reprod Sci, 227: 106689. 2021. https://doi.org/10.1016/j.ani-
reprosci.2021.106689, PMID:33667875

Ahima RS, Dushay J, Flier SN, Prabakaran D and Flier JS.
Leptin accelerates the onset of puberty in normal female mice.
J Clin Invest, 99: 391-395. 1997. https://doi.org/10.1172/
JCI119172, PMID:9022071

Nagatani S, Guthikonda P and Foster DL. Appearance of anoc-
turnal peak of leptin secretion in the pubertal rat. Horm Behav,
37: 345-352. 2000. https://doi.org/10.1006/hbeh.2000.1582,
PMID: 10860678

Ahrens K, Mumford SL, Schliep KC, Kissell KA, Perkins
NJ, Wactawski-Wende J and Schisterman EF. Serum leptin
levels and reproductive function during the menstrual cycle.
Am J Obstet Gynecol, 210: 248.e1-248.€9. 2014. https://doi.

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

org/10.1016/j.ajog.2013.11.009, PMID:24215851

Donato J Jr, Silva RJ, Sita LV, Lee S, Lee C, Lacchini S, Bit-
tencourt JC, Franci CR, Canteras NS and Elias CF. The ven-
tral premammillary nucleus links fasting-induced changes in
leptin levels and coordinated luteinizing hormone secretion.
J Neurosci, 29: 5240-5250. 2009. https://doi.org/10.1523/
JNEUROSCI.0405-09.2009, PMID:19386920

Donato J Jr, Cravo RM, Frazao R, Gautron L, Scott MM,
Lachey J, Castro IA, Margatho LO, Lee S, Lee C, Richardson
JA, Friedman J, Chua S Jr, Coppari R, Zigman JM, Elmquist
JK and Elias CF. Leptin’s effect on puberty in mice is relayed
by the ventral premammillary nucleus and does not require
signaling in Kiss1 neurons. J Clin Invest, 121: 355-368. 2011.
https://doi.org/10.1172/JC145106, PMID:21183787

Akhter N, CarlLee T, Syed MM, Odle AK, Cozart MA, Haney
AC, Allensworth-James ML, Bene$ H and Childs GV. Selec-
tive deletion of leptin receptors in gonadotropes reveals ac-
tivin and GnRH-binding sites as leptin targets in support of
fertility. Endocrinology, 155: 4027-4042. 2014. https://doi.
org/10.1210/en.2014-1132, PMID:25057790

Ogura K, Irahara M, Kiyokawa M, Tezuka M, Matsuzaki T,
Yasui T, Kamada M and Aono T. Effects of leptin on secre-
tion of LH and FSH from primary cultured female rat pitu-
itary cells. Eur J Endocrinol, 144: 653—658. 2001. https://doi.
org/10.1530/eje.0.1440653, PMID: 11375800

Tezuka M, Irahara M, Ogura K, Kiyokawa M, Tamura T,
Matsuzaki T, Yasui T and Aono T. Effects of leptin on go-
nadotropin secretion in juvenile female rat pituitary cells. Eur
J Endocrinol, 146: 261-266. 2002. https://doi.org/10.1530/
¢je.0.1460261, PMID:11834438

Walczewska A, Yu WH, Karanth S and McCann SM. Estro-
gen and leptin have differential effects on FSH and LH re-
lease in female rats. Proc Soc Exp Biol Med, 222: 170-177.
1999.  https://doi.org/10.1046/j.1525-1373.1999.d01-128.x,
PMID:10564542

Kaplowitz PB, Slora EJ, Wasserman RC, Pedlow SE and
Herman-Giddens ME. Earlier onset of puberty in girls: rela-
tion to increased body mass index and race. Pediatrics, 108:
347-353.  2001.  https://doi.org/10.1542/peds.108.2.347,
PMID: 11483799

Devesa J and Caicedo D. The Role of Growth Hormone on
Ovarian Functioning and Ovarian Angiogenesis. Front En-
docrinol (Lausanne), 10: 450. 2019. https://doi.org/10.3389/
fendo.2019.00450, PMID:31379735

Crane C, Akhter N, Johnson BW, Iruthayanathan M, Syed F,
Kudo A, Zhou YH and Childs GV. Fasting and glucose effects
on pituitary leptin expression: is leptin a local signal for nu-
trient status? J Histochem Cytochem, 55: 1059-1073. 2007.
https://doi.org/10.1369/jhc.7A7214.2007, PMID:17595338
Spicer LJ and Francisco CC. The adipose obese gene prod-
uct, leptin: evidence of a direct inhibitory role in ovarian
function. Endocrinology, 138: 3374-3379. 1997. https://doi.
org/10.1210/endo.138.8.5311, PMID:9231790

Brzechffa PR, Jakimiuk AJ, Agarwal SK, Weitsman SR,
Buyalos RP and Magoffin DA. Serum immunoreactive leptin
concentrations in women with polycystic ovary syndrome.
J Clin Endocrinol Metab, 81: 4166-4169. 1996. https://doi.
org/10.1210/jcem.81.11.8923878, PMID:8923878

Zachow RJ, Weitsman SR and Magoffin DA. Leptin impairs


https://doi.org/10.1210/endo.142.11.8486
https://doi.org/10.1210/endo.142.11.8486
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11606457?dopt=Abstract
https://doi.org/10.1111/j.2047-2927.2013.00096.x
https://doi.org/10.1111/j.2047-2927.2013.00096.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23785020?dopt=Abstract
http://www.ncbi.nlm.nih.gov/books/NBK532300/
http://www.ncbi.nlm.nih.gov/books/NBK532300/
https://doi.org/10.1080/00071669508417822
https://doi.org/10.1080/00071669508417822
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8746979?dopt=Abstract
https://doi.org/10.1210/endocr/bqaa204
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33165520?dopt=Abstract
https://doi.org/10.1016/j.clinsp.2023.100265
https://doi.org/10.1016/j.clinsp.2023.100265
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37562217?dopt=Abstract
https://doi.org/10.23736/S2724-606X.22.05139-9
https://doi.org/10.23736/S2724-606X.22.05139-9
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36255161?dopt=Abstract
https://doi.org/10.1093/molehr/3.6.467
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9239734?dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2018.12.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30545749?dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2021.106689
https://doi.org/10.1016/j.anireprosci.2021.106689
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33667875?dopt=Abstract
https://doi.org/10.1172/JCI119172
https://doi.org/10.1172/JCI119172
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9022071?dopt=Abstract
https://doi.org/10.1006/hbeh.2000.1582
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10860678?dopt=Abstract
https://doi.org/10.1016/j.ajog.2013.11.009
https://doi.org/10.1016/j.ajog.2013.11.009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24215851?dopt=Abstract
https://doi.org/10.1523/JNEUROSCI.0405-09.2009
https://doi.org/10.1523/JNEUROSCI.0405-09.2009
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19386920?dopt=Abstract
https://doi.org/10.1172/JCI45106
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21183787?dopt=Abstract
https://doi.org/10.1210/en.2014-1132
https://doi.org/10.1210/en.2014-1132
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25057790?dopt=Abstract
https://doi.org/10.1530/eje.0.1440653
https://doi.org/10.1530/eje.0.1440653
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11375800?dopt=Abstract
https://doi.org/10.1530/eje.0.1460261
https://doi.org/10.1530/eje.0.1460261
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11834438?dopt=Abstract
https://doi.org/10.1046/j.1525-1373.1999.d01-128.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10564542?dopt=Abstract
https://doi.org/10.1542/peds.108.2.347
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11483799?dopt=Abstract
https://doi.org/10.3389/fendo.2019.00450
https://doi.org/10.3389/fendo.2019.00450
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31379735?dopt=Abstract
https://doi.org/10.1369/jhc.7A7214.2007
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17595338?dopt=Abstract
https://doi.org/10.1210/endo.138.8.5311
https://doi.org/10.1210/endo.138.8.5311
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9231790?dopt=Abstract
https://doi.org/10.1210/jcem.81.11.8923878
https://doi.org/10.1210/jcem.81.11.8923878
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8923878?dopt=Abstract

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

Ahmadi et al.: Leptin and Ovarian Development in Birds 13

the synergistic stimulation by transforming growth factor-f
of follicle-stimulating hormone-dependent aromatase activ-
ity and messenger ribonucleic acid expression in rat ovarian
granulosa cells. Biol Reprod, 61: 1104-1109. 1999. https:/doi.
org/10.1095/biolreprod61.4.1104, PMID:10491650

Swain JE, Dunn RL, McConnell D, Gonzalez-Martinez J
and Smith GD. Direct effects of leptin on mouse reproduc-
tive function: regulation of follicular, oocyte, and embryo
development. Biol Reprod, 71: 1446-1452. 2004. https:/doi.
org/10.1095/biolreprod.104.033035, PMID:15215189
Ruiz-Cortés ZT, Martel-Kennes Y, Gévry NY, Downey BR,
Palin MF and Murphy BD. Biphasic effects of leptin in por-
cine granulosa cells. Biol Reprod, 68: 789—796. 2003. https://
doi.org/10.1095/biolreprod.102.010702, PMID: 12604627

Ye Y, Kawamura K, Sasaki M, Kawamura N, Groenen P,
Gelpke MDS, Kumagai J, Fukuda J and Tanaka T. Leptin
and ObRa/MEK signalling in mouse oocyte maturation
and preimplantation embryo development. Reprod Biomed
Online, 19: 181-190. 2009. https://doi.org/10.1016/S1472-
6483(10)60070-3, PMID:19712552

Karamouti M, Kollia P, Kallitsaris A, Vamvakopoulos N, Kol-
lios G and Messinis IE. Modulating effect of leptin on basal
and follicle stimulating hormone stimulated steroidogenesis
in cultured human lutein granulosa cells. J Endocrinol Invest,
32: 415-419. 2009. https://doi.org/10.1007/BF03346478,
PMID:19794290

Costa JAS, Cezar GA, Monteiro PLJ, Silva DMF, Araujo
Silva RAJ, Bartolomeu CC, Santos Filho AS, Wischral A
and Batista AM. Leptin improves in-vitro maturation of goat
oocytes through MAPK and JAK2/STAT3 pathways and af-
fects gene expression of cumulus cells. Reprod Biol, 22:
100609. 2022. https://doi.org/10.1016/j.repbio.2022.100609,
PMID:35078034

Giil S, Giil M, Otlu B, Erdemli ME, Goziikara Bag HG. High
Carbohydrate, Fat, and Protein Diets Have a Critical Role in
Folliculogenesis and Oocyte Development in Rats. Reprod
Sci, Jun 27, 1-3, 2024. https://doi.org/10.1007/s43032-024-
01629-1

Paczoska-Eliasiewicz HE, Proszkowiec-Weglarz M, Proud-
man J, Jacek T, Mika M, Sechman A, Rzasa J and Gertler
A. Exogenous leptin advances puberty in domestic hen.
Domest Anim Endocrinol, 31: 211-226. 2006. https://doi.
org/10.1016/j.domaniend.2005.10.005, PMID:16303278

Hao E, Chen H, Ge S and Huang R. Effect of Feed Restric-
tion and Photoperiod on Reproduction and LEPR, MELR
mRNA Expression of Layers. Braz J Poult Sci, 21, eRB-
CA-2019-1042, 2019. https://doi.org/10.1590/1806-9061-
2019-1042

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

Cassy S, Metayer S, Crochet S, Rideau N, Collin A and Tes-
seraud S. Leptin receptor in the chicken ovary: potential in-
volvement in ovarian dysfunction of ad libitum-fed broiler
breeder hens. Reprod Biol Endocrinol, 2: 72. 2004. https://doi.
org/10.1186/1477-7827-2-72, PMID: 15473907

Song Y, Wang C, Wang C, Lv L, Chen Y and Zuo Z. Exog-
enous leptin promotes the recovery of regressed ovary in fast-
ed ducks. Anim Reprod Sci, 110: 306-318. 2009. https://doi.
org/10.1016/j.anireprosci.2008.01.023, PMID: 18346857
Sirotkin AV and Grossmann R. Interrelationship between
feeding level and the metabolic hormones leptin, ghrelin and
obestatin in control of chicken egg laying and release of ovar-
ian hormones. Comp Biochem Physiol A Mol Integr Physiol,
184: 1-5. 2015. https://doi.org/10.1016/j.cbpa.2015.01.016,
PMID:25645297

Paczoska-Eliasiewicz HE, Gertler A, Proszkowiec M, Proud-
man J, Hrabia A, Sechman A, Mika M, Jacek T, Cassy S, Raver
N and Rzasa J. Attenuation by leptin of the effects of fasting on
ovarian function in hens (Gallus domesticus). Reproduction,
126: 739-751. 2003. https://doi.org/10.1530/rep.0.1260739,
PMID: 14748693

Lei MM, Wu SQ, Li XW, Wang CL, Chen Z and Shi ZD.
Leptin receptor signaling inhibits ovarian follicle develop-
ment and egg laying in chicken hens. Reprod Biol Endocri-
nol, 12: 25. 2014. https://doi.org/10.1186/1477-7827-12-25,
PMID:24650216

Sirotkin AV and Grossmann R. Leptin directly controls
proliferation, apoptosis and secretory activity of cultured
chicken ovarian cells. Comp Biochem Physiol A Mol In-
tegr Physiol, 148: 422-429. 2007. https://doi.org/10.1016/j.
cbpa.2007.06.001, PMID:17604668

Hu S, Gan C, Wen R, Xiao Q, Gou H, Liu H, Zhang Y, Li
L and Wang J. Role of leptin in the regulation of sterol/ste-
roid biosynthesis in goose granulosa cells. Theriogenology,
82: 677-685. 2014. https://doi.org/10.1016/j.theriogenolo-
2y.2014.05.025, PMID:25016410

Wen R, Hu S, Xiao Q, Han C, Gan C, Gou H, Liu H, Li L, Xu
H, He H and Wang J. Leptin exerts proliferative and anti-apop-
totic effects on goose granulosa cells through the PI3K/Akt/
mTOR signaling pathway. J Steroid Biochem Mol Biol, 149:
70-79. 2015. https://doi.org/10.1016/j.jsbmb.2015.01.001,
PMID:25576904

Peng Y, Yang H, Song J, Feng D, Na Z, Jiang H, Meng Y,
Shi B and Li D. Elevated Serum Leptin Levels as a Predic-
tive Marker for Polycystic Ovary Syndrome. Front Endocri-
nol (Lausanne), 13: 845165. 2022. https://doi.org/10.3389/
fendo.2022.845165, PMID:35355566


https://doi.org/10.1095/biolreprod61.4.1104
https://doi.org/10.1095/biolreprod61.4.1104
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10491650?dopt=Abstract
https://doi.org/10.1095/biolreprod.104.033035
https://doi.org/10.1095/biolreprod.104.033035
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15215189?dopt=Abstract
https://doi.org/10.1095/biolreprod.102.010702
https://doi.org/10.1095/biolreprod.102.010702
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12604627?dopt=Abstract
https://doi.org/10.1016/S1472-6483(10)60070-3
https://doi.org/10.1016/S1472-6483(10)60070-3
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19712552?dopt=Abstract
https://doi.org/10.1007/BF03346478
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19794290?dopt=Abstract
https://doi.org/10.1016/j.repbio.2022.100609
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35078034?dopt=Abstract
https://doi.org/10.1007/s43032-024-01629-1
https://doi.org/10.1007/s43032-024-01629-1
https://doi.org/10.1016/j.domaniend.2005.10.005
https://doi.org/10.1016/j.domaniend.2005.10.005
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16303278?dopt=Abstract
https://doi.org/10.1590/1806-9061-2019-1042
https://doi.org/10.1590/1806-9061-2019-1042
https://doi.org/10.1186/1477-7827-2-72
https://doi.org/10.1186/1477-7827-2-72
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15473907?dopt=Abstract
https://doi.org/10.1016/j.anireprosci.2008.01.023
https://doi.org/10.1016/j.anireprosci.2008.01.023
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18346857?dopt=Abstract
https://doi.org/10.1016/j.cbpa.2015.01.016
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25645297?dopt=Abstract
https://doi.org/10.1530/rep.0.1260739
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14748693?dopt=Abstract
https://doi.org/10.1186/1477-7827-12-25
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24650216?dopt=Abstract
https://doi.org/10.1016/j.cbpa.2007.06.001
https://doi.org/10.1016/j.cbpa.2007.06.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17604668?dopt=Abstract
https://doi.org/10.1016/j.theriogenology.2014.05.025
https://doi.org/10.1016/j.theriogenology.2014.05.025
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25016410?dopt=Abstract
https://doi.org/10.1016/j.jsbmb.2015.01.001
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25576904?dopt=Abstract
https://doi.org/10.3389/fendo.2022.845165
https://doi.org/10.3389/fendo.2022.845165
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35355566?dopt=Abstract

