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Abstract

Obesity-related disruptions in female reproduction are a grow-
ing concern. The neuroendocrine regulation of female reproduc-
tion in the context of obesity involves the intricate interplay be-
tween adipokines and the Hypothalamus-Pituitary- Ovarian (HPO )
axis. In this review, we explore the role of adipokines, particularly
leptin and adiponectin, in regulating neuroendocrine female repro-
duction in the context of obesity. Leptin, primarily produced by adi-
pocytes, plays a pivotal role in signaling energy status to the brain.
However, excessive levels of obesity can lead to leptin resistance,
affecting the HPO axis and causing menstrual irregularities and fer-
tility issues. Adiponectin, on the other hand, is reduced in obesity
and influences insulin sensitivity and ovarian function. We delve
into the impact of altered adipokine levels on the HPO axis, dis-
cussing disruptions in hormone secretion, oocyte maturation, and
ovarian steroidogenesis. This study paves the way for further ex-
ploration of adipokine-related pathways and potential therapeutic
targets, enhancing our understanding of the intricate relationship
between obesity and female reproduction.
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Abbreviations: GnRH: Gonadotropin-Releasing Hormone, FSH:
Follicle-Stimulating Hormone; LH: Luteinizing Hormone; NPY: Neu-
ropeptide Y; AgRP: Agouti-Related Protein; GALP: Galanin-Like Pep-
tide; POMC: Pro-opiomelanocortin; LEPT: Leptin Receptor; (Adi-
poR1 or AdipoR2): Adipokine receptor 1 or 2; PPARy: Peroxisome
Proliferator-Activated Receptor Gamma; (PGC1): Peroxisome Prolif-
erator-Activated Receptor Gamma Coactivator 1; (C/EBPa): CCAAT/
Enhancer-Binding Protein Alpha; (LRH-1): Liver Receptor Homo-
log-1; (FoxO1): Forkhead box O1; (SREBP-1c): Sterol-Regulatory
Element-Binding Proteinlc; (ATF3): Activating Transcription Tactor
3; (NFATc4): Nuclear Factor of Activated T Cells 4; (Id3): Inhibitor of
Differentiation 3; (STAT5 or STAT3): Signal Transducer and Activator
of Transcription 5 or 3; (CLOCK): Circadian Locomotor Output Cycles
Kaput; (BMAL1): Brain and Muscle ARNT-Like 1; (COX2): Cyclooxy-
genase-2; (PGE2): Prostaglandin E2; (EGF): Epidermal Growth Fac-
tor; (FABP): Fatty Acid-Binding Protein; (PAI-1): Plasminogen Acti-
vator Inhibitor-1; (AMPK): AMP-Activated Protein Kinase; (GHS-R):
GH Secretagogue Receptor; (GHRH-R): Growth Hormone-Releasing
Hormone Receptor; (GH): Growth Hormone; (GHS-R): GH Secre-
tagogue Receptor; (cAMP): Cyclic Adenosine Monophosphate;
(MAPK): Mitogen-Activated Protein Kinase; (ERK1/2): Extracellular
Regulated Kinase 1 or 2; (JAK): Janus Kinase; (P13K/Akt): Phospha-
tidylinositol 3-Kinase/Protein Kinase B; (FGF21): Fibroblast Growth
Factor 21; (TNFa): Tumor Necrosis Factor-a; (IL-6): Interleukin-6;
(IL-1B): Interleukin 1PB; (a-MSH): a-Melanocyte-Stimulating Hor-
mone; (GABA): Gamma-Aminobutyric Acid; (CART): Cocaine and
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the HPO axis, impacting various aspects of female reproductive
health.

terventions for improved fertility in obese individuals.

Adipokines serve as messengers, conveying energy status to

Altered adipokine levels disrupt hormone secretion within

Adipokines action in the HPO axis may lead to targeted in-

Obesity, characterized by abnormal or excessive fat accu-
mulation, presents a formidable global health threat. Both
the World Health Organization (WHO) and the World Obesity
Federation (WOF) classify it as a grave concern, with the latter
designating it as a chronic, recurring ailment [1-2]. This multi-
faceted condition emerges from a complex interplay of socio-
psychological influences, genetic predisposition, and dietary
choices [3]. Notably, diets abundant in hypercaloric, high-fat [4],
low-fiber [5], and sugary foods fuel the escalating obesity rates
[6-8]. However, obesity transcends mere body weight concerns;
it intricately intertwines with metabolic irregularities and a
plethora of health issues, including type 2 diabetes, dyslipidae-
mia, non-alcoholic fatty liver disease, hypertension, and diverse
reproductive disorders [2,9]. This global epidemic affects over
600 million adults, with its prevalence soaring in recent decades
[10]. Tragically, it contributes to millions of annual deaths and
substantial healthcare costs worldwide, reaching nearly $150
billion annually in the United States alone [11]. India, too, has
witnessed a surge in obesity, propelled by shifting dietary pat-
terns, reduced physical activity, and urbanization. According to
the 2019-21 National Family Health Survey (NFHS-5), approxi-
mately 40.8% of Indian women and 32.2% of men are now over-
weight or obese. Obesity rates tend to be higher in urban areas
compared to rural regions, and prevalence varies among states
and regions [12]. The worrisome association between obesity
and type 2 diabetes is particularly concerning, with projections
indicating a further escalation in these numbers [13].

Obesity poses multifaceted challenges that extend far be-
yond its well-documented association with metabolic disorders
and cardiovascular diseases. Recent research has unveiled a
complex interplay between obesity and various physiological
systems, including the intricate web of neuroendocrine regu-
lation governing female reproduction. Within this context, the
role of adipokines, bioactive molecules secreted by adipose
tissue, has garnered significant attention as a key mediator of
the profound impact of excess adiposity on reproductive health
[14,15]. The regulation of female reproduction is an exquisitely
orchestrated process involving a delicate balance of hormones,
neural signals, and environmental cues [16]. Disruptions in this
finely tuned system can lead to a spectrum of reproductive dis-
orders, ranging from menstrual irregularities and anovulation
to infertility [17]. Obesity, characterized by an excessive accu-
mulation of adipose tissue, has been linked to disturbances in
this intricate neuroendocrine network, with a growing body of
evidence implicating adipokines as central players in these dis-
ruptions [18,19].

Adipose tissue, the body's largest reservoir for triacylglycer-
ols, serves as a pivotal player in energy metabolism. Through
lipolysis, it breaks down stored triacylglycerols, providing es-
sential fuel for organs and substrates for critical processes like

gluconeogenesis in the liver [20]. White Adipose Tissue (WAT)
is central to adipose tissue homeostasis, and disruptions in
its metabolism can lead to insulin resistance and other health
complications [21]. Beyond its role as a storage site, WAT func-
tions as an active endocrine organ. It secretes a diverse ar-
ray of proteins and signaling molecules known as adipokines,
which exert influence over metabolic processes throughout the
body. WAT establishes extensive interactions with various or-
gans and metabolic systems via these adipokines [22]. Obesity
frequently results in excessive lipid storage in visceral adipose
tissue, primarily due to high-calorie diets. Lipids released from
obese adipose tissue can accumulate in peripheral tissues such
as the liver, pancreas, and muscles, ultimately impairing insulin
sensitivity and contributing to Type 2 Diabetes Mellitus (T2DM)
[23]. Key mechanisms driving obesity and its associated health
issues encompass adipocyte hypertrophy and hyperplasia, in-
flammation within adipose tissue, altered extracellular matrix
remodeling, fibrosis, and changes in adipokine production [24].
Comprehending these processes holds paramount importance
in addressing obesity-related reproductive complications.

By examining the pivotal roles played by adipokines in this
complex interplay, we aim to shed light on the mechanisms
through which obesity exerts its influence on female reproduc-
tive health. Additionally, we will explore the potential impli-
cations of these findings for clinical practice, emphasizing the
need for a comprehensive understanding of adipokine-medi-
ated regulation in order to develop targeted interventions and
personalized therapeutic strategies for women grappling with
obesity-related reproductive challenges [25]. As we embark
on this journey into the intricate crossroads of adipokine biol-
ogy and neuroendocrine female reproduction, we hope to gain
deeper insights into the mechanisms at play and inspire further
research endeavors that promise to improve the lives of count-
less women affected by these complexes and often overlapping
conditions.
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Adipokines and Its Impact on Neuroendocrine Regulation

Adipokines exert substantial influence over the HPO axis, a
crucial regulatory pathway in the context of reproductive func-
tions. Leptin, a key player among these adipokines, orchestrates
the regulation of hypothalamic Gonadotropin-Releasing Hor-
mone (GnRH) and the secretion of Follicle-Stimulating Hormone
(FSH) and Luteinizing Gormone (LH) from the adenohypophysis.
In parallel, adiponectin enhances insulin sensitivity and impacts
ovarian sex hormone synthesis [26]. These adipokines, particu-
larly leptin and adiponectin, act as vital markers of the body's
energy status, establishing a pivotal link between energy status
and reproductive competence. Their intricate control over the
HPO axis encompasses various aspects of female reproduction,
influencing hormone production, folliculogenesis, oocyte matu-
ration, steroidogenesis, and other critical processes, all signifi-
cantly shaped by prevailing energy status (Figure 1) [27,28].

The regulation of the HPG axis involves the central partici-
pation of the hypothalamus and pituitary as neuroendocrine
organs, overseeing ovarian functions [29,30]. Adipokines, in
synergy with insulin, finely modulate ovarian functions by in-
fluencing gonadotropins (LH and FSH) [31,32]. This intricate
hormonal interplay further regulates the secretion of pituitary
gonadotropins and modulates sex steroids, including testoster-
one (T) and estradiol (E2), ultimately shaping ovarian functions
[33]. The hypothalamus, as a central regulator, not only governs
reproduction but also plays multifaceted roles in various physi-
ological processes beyond reproduction [34]. It regulates appe-
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Figure 1: Schematic diagram shows the effect of altered adipokines
secretion on the hypothalamus-pituitary-ovarian axis in obese con-
dition. The red upper arrows indicate stimulatory effects. The red
down arrows indicate down-regulation.
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Figure 2: Signaling pathways show the interaction of leptin and
adiponectin and their downstream signaling pathways in the ova-
ry in the obese condition. Red upward-pointing arrows indicate
stimulatory effects, while red downward-pointing arrows signify a
decrease or inhibitory effect. Leptin exerts its stimulatory effects
in obesity through multiple signaling pathways upon binding to
its receptor. The JAK-STAT3 pathway involves phosphorylation of
LepR, leading to STAT3 activation. Leptin also inactivates FoxO1 by
sequestering it in the cytoplasm, activating the PI3K pathway by
recruiting IRS proteins and triggering the ERK pathway. In contrast,
adiponectin downregulates signaling through AdipoR1 receptors,
initiating phosphorylation of AMPK, activation of MAPK pathways
like ERK1/2, and the induction or repression of target gene expres-
sion. Additionally, adiponectin’s signal transduction may involve
the translocation of APPL1 to the nucleus, where it interacts with
chromatin-remodeling complexes, influencing transcription pro-
cesses. These intricate pathways mediate the biological effects of
leptin and adiponectin in various physiological processes.

tite by orchestrating food intake reduction and increased en-
ergy expenditure through the activation of anorexigenic factors
and the suppression of orexigenic neuropeptides. Additionally,
the hypothalamus oversees bone mass regulation, hypothalam-
ic-pituitary-adrenal hormone secretion, basal metabolism, pan-
creatic B-cell function, insulin secretion, endothelial cell angio-
genesis, and influences innate and adaptive immunity [34-39].
The complex modulation of nutrient absorption and induction
of satiety by the hypothalamus is achieved through the activa-
tion of POMC neurons, resulting in the release of anorexigenic
peptides, while hyperpolarization inhibits NPY neurons, leading
to the release of orexigenic peptides [40]. Furthermore, in the
intestine, enterocytes employ mechanisms to reduce glucose
absorption, involving the activation of PKC and subsequent sig-
naling pathways like p38, PI3K, and ERK, ultimately inhibiting
glucose uptake [38].

a) Leptin Regulation of HPO Axis

Leptin exerts regulatory control over all levels of the HPO
axis, including the hypothalamus, pituitary gland, and ovaries.
While leptin does not directly interact with GnRH due to the
absence of its receptor on GnRH neurons, it exerts its influence
indirectly through intermediaries that bridge the gap between
metabolic status and reproduction [41]. Key players in this inter-
action include kisspeptin, NPY, AgRP, and GALP, which modulate
metabolic cues and reproductive functions [42]. NPY, originat-
ing from POMC, serves a dual role by stimulating food intake
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and negatively regulating reproduction, including the inhibition
of LH secretion [43]. NPY is also associated with the production
of the pre-ovulatory surge of LH [44].

Kisspeptin neurons, highly sensitive to energy status and
metabolic signals, act as downstream mediators of leptin's posi-
tive impact on gonadotropin secretion, making them crucial in
coordinating nutritional and reproductive axes [45]. Studies
in ob/ob mice, characterized by low Kiss1 mRNA levels, have
shown that leptin treatment can increase Kiss1 expression [46].
Deletion of kisspeptin and its receptor (GPR54) in mice results
in infertility and abnormal sexual maturation [48,49]. Addition-
ally, kisspeptin administration stimulated reproductive axis
maturation in hyperleptinemic prepubertal rats and leptin re-
ceptor (LEPR)-mutated fa/fa Zucker rats [50]. While transgenic
GPR54 expression in LEPR-deficient mice did not induce steril-
ity, these findings support the kisspeptin-leptin intermediate
hypothesis. Leptin's actions extend beyond the hypothalamus
to extra-hypothalamic brain regions, contributing to Selective
Leptin Resistance (SLR), particularly in Diet-Induced Obese
(DIO) mice within the Arcuate nucleus (ARC) [51-53]. Further
research is needed to elucidate the precise mechanisms under-
lying leptin's effects on the ARC, NPY, and POMC in the context
of obesity in females.

Leptin receptors are indeed present in the pituitary gland,
highlighting the hormone's involvement in regulating reproduc-
tive processes [54]. Evidence demonstrates that leptin plays a
crucial role in promoting reproductive permissiveness. Mice un-
able to produce leptin (Lep/Lep) are known to be infertile [55].
Furthermore, when the signaling portion of LEPR is specifically
deleted in gonadotrophs, it reduces fertility in female mice.
Leptin is a pulsatile hormone whose variations are linked to
changes in LH and E2 levels. During fasting, LH pulsatility is sup-
pressed, but leptin restores it, indicating its hypothalamic site
of action since LH is controlled by GnRH [56]. Targeting leptin
in obesity can potentially restore hormonal balance within the
Hypothalamic-Pituitary-Gonadal (HPG) axis, thereby improving
reproductive health. Leptin's regulatory influence extends to
the ovaries, where it acts through its own receptors located in
the ovary. Leptin is involved in regulating key aspects of ovar-
ian function, including the menstrual cycle, ovulation, oocyte
maturation, and ovarian steroidogenesis in granulosa and the-
cal cells, all of which are essential for fertility. Leptin stimulates
ovarian 17-hydroxylase activity, a crucial enzyme in ovarian
steroidogenesis [56]. Despite adipose tissue being the primary
source of leptin, the ovary also produces it locally. Studies sug-
gest that LEPR plays a direct role in normal ovarian function,
particularly in ovulation [57]

b) Adiponectin Regulation of HPO Axis

Adiponectin, exerts a significant influence on the neuro-
endocrine reproductive axis, impacting all three pillars of the
HPO axis: the hypothalamus, pituitary gland, and ovaries. Both
adiponectin receptors, AdipoR1 and AdipoR2, are expressed in
these key reproductive organs, indicating their involvement in
the regulation of reproductive processes [58-59]. In the hypo-
thalamus, AdipoR1 is located in the arcuate and lateral nuclei,
suggesting adiponectin-mediated modulation of the neuroen-
docrine reproductive axis [60-61]. Evidence supports the idea
that adiponectin can inhibit GnRH secretion through AMPK ac-
tivation in hypothalamic GT1-7 cell lines [62].

Within the pituitary gland, somatotrophs and gonadotrophs
express AdipoR1 and AdipoR2, indicating the presence of a reg-

ulatory system for adiponectin. Adiponectin has been shown to
regulate somatotroph cell function, inhibiting basal GH release
in rats while simultaneously increasing the expression of GHS-R
and GHRH-R mRNA [63]. This dual short-term action, reducing
hormone secretion while enhancing key stimulatory receptors
in somatotrophs, underscores the complexity of adiponectin's
effects [64]. However, these stimulatory effects were not ob-
served in gonadotropic GnRHR expression [65]. Adiponectin
also regulates its own receptor expression (AdipoR1 and Adi-
poR2) within the pituitary [63].

Adiponectin significantly impacts ovarian functions, influ-
encing steroidogenesis either independently or in synergy with
gonadotropins through cross-talk mechanisms [62]. AdipoR1 is
found in various ovarian components, including follicular fluid,
oocytes, corpus luteum, GCs, and theca cells, highlighting its
broad influence on ovarian steroidogenesis and oocyte matura-
tion [66]. Adiponectin also acts as an insulin sensitizer, enhanc-
ing insulin action and lowering glucose production. Obesity-
related conditions can lead to a reduction in oocyte quality and
maturity, potentially contributing to infertility due to abnormal
adiponectin production [67,68].

Adiponectin's effects extend to steroid hormone secretion.
It has been observed to increase progesterone and estradiol se-
cretion in rat and human GCs in response to Insulin-Like Growth
Factor-1 (IGF-1), likely through the activation of the IGF-1 recep-
torandincreased aromatase expression [62,69]. AdipoR2, onthe
other hand, plays a role in steroidogenesis in human GCs [70]. In
vitro studies have demonstrated that adiponectin increases the
expression of ovulation-related molecules such as COX2, PGE2,
and EGF in GCs and enhances embryo development [71]. Con-
versely, adiponectin suppresses androstenedione production in
ovarian theca cells by reducing the expression of LHR and the
steroidogenic enzymes CYP11A1 and CYP17A1 [72]. Knockdown
of AdipoR1 and AdipoR2 genes has revealed increased andro-
stenedione secretion [73]. The elevation of adiponectin levels
in ovarian follicular fluid in response to recombinant LH further
emphasizes its role in the regulation of ovarian functions [74].
While numerous studies have explored the influence of adipo-
nectin on various physiological processes, its direct impact on
the HPO axis remains an active and expanding area of research.

Adipokines: Key Players in Obesity and Reproduction

Adipokines are a diverse group of hormones and signaling
molecules secreted by adipose tissue, collectively exerting sub-
stantial influence over the body's physiological processes, in-
cluding inflammation and metabolism. These adipose-derived
molecules operate both locally and systemically, contributing
significantly to overall health. Leptin, a well-established adipo-
kine, serves as a critical messenger to the brain, regulating ap-
petite and energy balance, thus playing a pivotal role in weight
regulation [75]. Adiponectin, another significant adipokine, is
known for its anti-inflammatory properties and ability to en-
hance insulin sensitivity, aiding blood glucose control and re-
ducing the risk of type 2 diabetes [76]. Resistin, while still un-
dergoing research, is suspected of possessing pro-inflammatory
characteristics and potential connections to metabolic disor-
ders. These multifaceted adipokines exemplify the intricate
orchestration of biochemical signals originating from adipose
tissue, governing essential aspects of metabolic and immune
regulation within the body [77].

Furthermore, several other adipokines, such as TNF-q, IL-6,
RBP-4, Visfatin, Omentin, Apelin, and FGF21, play distinctive
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roles in various physiological processes. For instance, TNF-a, a
pro-inflammatory adipokine, contributes to insulin resistance
and chronic low-grade inflammation in obesity, linking it to
metabolic dysfunction [78]. IL-6, produced by adipose tissue,
exhibits dual functions, promoting inflammation while also hav-
ing anti-inflammatory effects within adipose tissue. Elevated
IL-6 levels are associated with chronic inflammation, underpin-
ning metabolic disorders [79]. RBP-4, secreted by adipocytes,
is implicated in insulin resistance, elevating the risk of type 2
diabetes by impairing insulin sensitivity [80].

Visfatin initially considered an insulin-mimicking adipokine,
is still under scrutiny for its precise metabolic role [81]. In con-
trast, Omentin stands as an anti-inflammatory adipokine, po-
tentially enhancing insulin sensitivity and cardiovascular health
by reducing inflammation [82]. Apelin influences blood pres-
sure, fluid balance, and energy metabolism, with a role in car-
diovascular function and appetite regulation [83]. Lastly, FGF21
is a key player in regulating glucose and lipid metabolism, aiding
in fasting adaptation and maintaining energy balance and body
weight [84]. Beyond these, other adipokines like Chemerin,
FABP, and PAI-1 have specific roles in glucose metabolism, vita-
min A transport, blood pressure regulation, adipocyte function,
and cardiovascular health. Adipokines exert significant control
over various aspects of female reproductive health, ranging
from hormone regulation and ovarian function to inflammation
and metabolic factors. Dysregulation of adipokine levels, often
observed in obesity, can disrupt the delicate neuroendocrine
balance essential for female reproduction, leading to a range of
reproductive disorders and fertility challenges. Understanding
the role of adipokines in this context is crucial for diagnosing
and managing reproductive issues in women, especially those
with obesity-related complications.

a) Leptin: Structure and Function

Leptin, often referred to as the "satiety hormone," plays a vi-
tal role in regulating energy balance and controlling appetite by
signaling a sense of fullness to the brain. Elevated levels of leptin
are frequently observed in individuals with a higher amount of
adipose tissue. In terms of its structure, leptin is a hormone
synthesized by adipocytes and is encoded by the human leptin
gene located on chromosome 7 [75]. Its discovery was facili-
tated through the positional cloning of ob/ob mice [85]. Leptin
exerts its effects by interacting with its receptor, ObR or LEPR,
found in both peripheral tissues and the brain. The leptin recep-
tor generates multiple isoforms through alternative splicing, in-
cluding LEPR-a, LEPR-b, LEPR-c, LEPR-d, LEPR-e, and LEPR-f [86].
Among these isoforms, LEPRD, the long leptin receptor isoform,
is the most crucial and efficient for signaling [87]. It is highly ex-
pressed in the hypothalamus, a pivotal brain region responsible
for regulating energy balance and neuroendocrine functions
[88-90]. Conversely, the ObRa isoform, the short leptin recep-
tor isoform, is believed to facilitate leptin transport across the
blood-brain barrier [91]. This complex leptin-receptor system
underscores its critical role in appetite regulation and the main-
tenance of energy homeostasis.

Role of Leptin in Energy and Metabolism Regulation

Leptin, a pivotal neurohormone, plays a multifaceted role in
regulating the body's energy status and metabolism. Extensive
research, predominantly in rodent models, has underscored the
correlation between leptin levels and fat mass, emphasizing its
significance as a metabolic signal [92-93]. Beyond its metabolic
functions, leptin is intricately intertwined with reproductive

maturation and fertility, as evidenced by studies involving ob/
ob mice and normal mice [41]. The interplay between leptin,
growth, energy homeostasis, and reproductive processes is
highly intricate [44]. A reduced leptin signal can disrupt ener-
getically demanding reproductive events like pregnancy and
lactation [55]. The interaction of circulating leptin with brain re-
ceptors initiates signaling pathways that suppress appetite and
enhance energy expenditure [94-96]. Mutations affecting the
leptin gene or its regulatory regions can result in severe obe-
sity and morbid obesity in humans, often accompanied by hy-
pogonadism [97]. Moreover, leptin's biological functions have
expanded beyond combating obesity to encompass various ef-
fects on reproduction, hematopoiesis, angiogenesis, bone mass
maintenance, T lymphocyte systems, lymphoid organ homeo-
stasis, and blood pressure regulation.

Leptin and Female Reproductive Abnormalities

Elevated leptin levels have been linked to various repro-
ductive abnormalities, including infertility, polycystic ovarian
syndrome (PCOS), disruptions in the menstrual cycle, and hy-
perinsulinemia [98-101]. Leptin can inhibit hCG-stimulated
steroidogenesis by interfering with the stimulatory action of
gonadotropins [102]. It negatively impacts ovarian steroido-
genesis, inhibiting progesterone production by decreasing StAR
(Steroidogenic Acute Regulatory) protein expression [103].
Leptin also binds to its receptor on granulosa cells (GCs) and
inhibits cAMP-stimulated steroidogenesis by activating the sig-
naling pathway [103]. Notably, in obese animals, leptin inhibits
progesterone production in GCs when leptin levels exceed a
certain threshold, typically around 100 ng/ml [104]. These find-
ings emphasize the intricate role of leptin in regulating ovarian
function and its potential impact on reproductive health in dif-
ferent physiological and pathological contexts.

The influence of leptin on ovarian function varies depending
on dosage and context. Acute leptin treatment has been ob-
served to inhibit the ovulatory process, reducing the expression
of the P450scc enzyme in the ovary, while not affecting StAR
or 3BHSD. In contrast, daily leptin treatment can induce ovu-
lation and elevate 3BHSD levels without significantly affecting
other components of the steroidogenic apparatus [105]. Physi-
ologically normal leptin levels tend to increase P450scc and
3BHSD expression, whereas an increase in leptin levels results
in decreased 3BHSD expression [106]. Moreover, disrupting the
LEPR in GCs diminishes leptin's ability to inhibit CAMP-stimu-
lated progesterone production [107]. Leptin has a documented
role in reducing estradiol and progesterone production in ovar-
ian GCs [108]. In women with PCOS, leptin is found in the walls
of polycystic follicles, and hormonal dysregulation in GCs is
thought to contribute to their reduced pregnancy rates [109].
Obesity-related dysregulation of leptin signaling can lead to
hormonal abnormalities, resulting in menstrual irregularities,
anovulation, and infertility. Targeting leptin may offer a poten-
tial avenue to restore hormonal balance within the HPO axis,
ultimately enhancing reproductive health.

Role of Leptin in Obesity

Leptin's role as a messenger for maintaining Body Mass
Index (BMI) primarily involves communication with the hypo-
thalamus [110]. In mice, a polymorphism in the leptin gene has
been discovered to hinder functional leptin protein production
[111]. Leptin's activity hinges on its interaction with the LEPR,
particularly LEPR-b, which is crucial for robust signaling [112].
Dysfunctional leptin signaling is a major driver of severe obesity
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(Figure 2) [87]. Missense mutations in the LEPR can disrupt LEPR
signaling and are linked to human obesity [113]. Experimental
studies with obese mice have also demonstrated that polymor-
phisms in the ob gene can alter leptin protein function, leading
to morbid obesity [114-115], and similar polymorphisms in the
LEP-R gene can induce obesity in mice [90, 116]. In humans,
a single-nucleotide polymorphism in the leptin gene (LEP-2548
G/A polymorphism) is associated with obesity. Additionally, re-
search has explored genetic and epigenetic factors influencing
leptin expression, including the distant Leptin Enhancer 1 (LE1)
sequence, critical for fat-regulated expression [117].

Non-coding RNAs have emerged as vital contributors to obe-
sity, including hypothalamic leptin insensitivity, where the brain
becomes less responsive to leptin signaling [118]. Leptin itself
influences the expression of microRNAs targeting Pro-Opiomel-
anocortin (POMC) mRNA, a neuropeptide involved in appetite
regulation [119]. These findings emphasize the intricate molec-
ular mechanisms governing energy balance and metabolism. In
the context of female health, obesity is closely linked to PCOS,
a reproductive condition characterized by elevated androgen
levels, menstrual irregularities, and ovarian cysts [120]. Leptin
plays a pivotal role in PCOS by regulating gonadotropin produc-
tion, promoting ovarian androgen synthesis, and influencing in-
sulin resistance. Leptin resistance, often observed in obesity, is
a common feature in PCOS patients, potentially contributing to
its pathogenesis. Elevated leptin levels in the presence of insu-
lin resistance further exacerbate hormonal imbalances associ-
ated with PCOS-related symptoms [121]. Leptin's involvement
in obesity extends to reproductive diseases like PCOS, highlight-
ing its significance in understanding and addressing the com-
plexities of obesity-related health conditions, particularly those
affecting female reproductive health.

b)  Adiponectin: Structure and Function

Adiponectin, a multifaceted adipokine, holds a central posi-
tion in regulating metabolic homeostasis and insulin sensitivity.
Its structural diversity, including trimeric (67 kDa), hexameric (a
complex of two trimers, 130 kDa), and high molecular weight
complexes (300 kDa), plays a significant role in determining its
biological activity. The globular domain of adiponectin shares
structural homology with various proteins, underscoring its
versatility in interacting with different receptors and molecular
partners [122]. Genetic mutations affecting the gene responsi-
ble for adiponectin production can lead to adiponectin deficien-
cy. Intriguingly, there are multiple alternatively spliced variants
of this gene, all encoding the same protein [123]. The adipo-
nectin protein itself comprises a secretory signal sequence, a
collagenous region featuring Gly-X-Y repeats, and a globular do-
main. Notably, the globular domain shares structural similari-
ties with complement factor Clq, collagen alpha 1(X), and the
brain-specific factor cerebellin [124]. Adiponectin, known by
various aliases such as ACRP30, GBP28, ADIPOQ, and apM1, is a
pivotal regulator of glucose metabolism and a crucial enhancer
of insulin sensitivity [125]. Its profound properties play a critical
role in sensitizing the body to insulin and mitigating inflamma-
tion. Research consistently demonstrates a strong link between
reduced adiponectin levels and insulin resistance in the context
of obesity. Adiponectin's structural complexity underscores its
multifaceted role in glucose metabolism regulation and its po-
tential significance in addressing insulin resistance-related con-
ditions.

Adiponectin Signaling Pathways and Physiological Effects

Adiponectin is subject to the influence of numerous factors
and physiological processes. The human adiponectin gene fea-
tures binding sites for various transcription factors, including
PPARYy and its coactivator PGC1, C/EBPa, LRH-1, FoxO1, SREBP-
1c, ATF3, NFATc4, Id3, STATS5, CLOCK, and BMAL1 [126-134]. The
regulation of these transcription factors by endogenous and
exogenous signals initiates various signaling pathways within
adiponectin-secreting cells. Upon binding to its specific recep-
tors, adiponectin triggers multiple signaling pathways, includ-
ing MAPKs (p38, ERK1/2), Akt, AMPK, and phosphorylation of
PPAR-a [135]. Adiponectin exhibits several beneficial proper-
ties, such as anti-diabetic, anti-atherogenic, and anti-inflamma-
tory effects. It enhances glucose utilization and fatty acid com-
bustion through AMPK activation [136]. Additionally, it inhibits
pro-inflammatory cytokine TNF-a expression and interferes
with endothelial NF-kappa-B signaling [137]. Adiponectin also
inhibits gluconeogenic enzymes and fatty acid oxidation in the
liver, contributing to glucose and lipid metabolism regulation
[138].

Adiponectin Role in Glucose and Lipid Metabolism Regula-
tion

AdipoR1, an adiponectin receptor, is expressed not only in
adipose tissue but also in pancreatic islet cells. Adiponectin's
impact on insulin production in islet cells varies, particularly
in insulin-resistant states. It enhances fatty acid oxidation in
the liver and reduces CD36 expression, ultimately reducing
fatty acid circulation and hepatic triglyceride levels. In skeletal
muscle, adiponectin reduces triglyceride accumulation and
promotes energy dissipation [139-141]. Post-receptor signaling
pathways involving AMPK, ACC, p38 MAPK, and PPAR-a have
been identified in various tissues, contributing to glucose and
lipid metabolism regulation [74, 142-143]. Clinical studies con-
sistently show that elevated Adiponectin levels are negatively
associated with insulin resistance and the development of Type
2 Diabetes Mellitus (T2DM), especially when adjusted for BMI
[144]. Reduced plasma Adiponectin levels are strongly linked to
T2DM progression. Adiponectin enhances insulin sensitivity by
reducing free fatty acid concentrations, particularly evident in
lipoatrophic mice and animal obesity models. It may also acti-
vate AMPK [145].

Insulin resistance triggers endoplasmic reticulum stress, sup-
pressing Adiponectin synthesis. Inflammation and oxidative
stress in obesity hinder Adiponectin maturation [123]. Thiazoli-
dinediones, a class of anti-diabetic drugs, elevate Adiponectin
levels [145]. The Prol2Ala PPAR gene variant, known for its
protective effect against T2DM, is associated with higher Adi-
ponectin levels, while PPAR mutants with a dominant negative
effect are linked to reduced Adiponectin levels, especially in
diabetes, insulin resistance, and hypertension [146]. Adiponec-
tin deficiency is consistently associated with insulin resistance
and increased atherosclerosis susceptibility in animal models.
Conversely, administering Adiponectin improves insulin resis-
tance, especially in lipodystrophic or obese mice [147]. Poly-
morphisms in the Adiponectin gene have been identified as
factors contributing to insulin resistance and an elevated risk of
T2DM by altering Adiponectin expression [148]. Genetic studies
support the role of reduced Adiponectin levels in increasing the
risk of T2DM, emphasizing its significance in insulin resistance,
T2DM, and cardiovascular pathologies [149-150].
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Adiponectin and Female Reproductive Abnormalities

Adiponectin has garnered significant attention in the context
of obesity and its intricate relationship with female reproduc-
tive health. Molecular studies have elucidated various mecha-
nisms through which adiponectin is intricately involved in the
pathophysiology of metabolic disorders, particularly in the
context of female reproductive health. The presence of adipo-
nectin receptors in ovarian tissues and their roles in modulating
steroidogenesis, ovulation-related processes, and the impact of
obesity-related conditions underscore the significance of adipo-
nectin in maintaining reproductive homeostasis [151]. Adipo-
nectin receptors, notably AdipoR1, are abundantly expressed in
various ovarian components, including GCs, theca cells, follicu-
lar fluid, oocytes, and the corpus luteum [152]. This widespread
receptor distribution underscores the broad influence of adipo-
nectin on ovarian steroidogenesis and oocyte maturation, two
crucial determinants of fertility.

Molecular studies have delved into the specific mechanisms
through which adiponectin impacts ovarian function. Notably,
adiponectin has been shown to modulate steroidogenesis in
GCs by regulating key enzymes such as Cytochrome P450 (CYP)
family members, including CYP11A1 and CYP17A1 [153]. Ad-
ditionally, it can influence the expression of the LHR, a pivotal
component of the reproductive axis. These findings emphasize
the intricate role of adiponectin in fine-tuning the hormonal
milieu necessary for successful reproduction. Furthermore, mo-
lecular investigations have revealed that adiponectin can regu-
late the expression of ovulation-related molecules within GCs,
including COX2, PGE2, and EGF [154-155]. This suggests that
adiponectin may play a role in facilitating the ovulatory process,
which is critical for fertility. Further research in this field prom-
ises to provide valuable insights into potential therapeutic inter-
ventions for obesity-related female reproductive abnormalities.

Adiponectin in Obesity

Studies have shown that obesity can lead to reduced expres-
sion of the Adiponectin gene (ADIPOQ) in adipose tissue. This
downregulation is associated with increased fat mass and insu-
lin resistance. Epigenetic modifications, such as DNA methyla-
tion and histone acetylation, have been implicated in the regula-
tion of ADIPOQ expression in obesity [156]. Obesity can disrupt
the equilibrium between different Adiponectin multimers, fa-
voring the formation of lower molecular weight isoforms over
high molecular weight multimers. This shift in multimerization
is closely associated with insulin resistance and metabolic dys-
function [157]. Molecular studies have highlighted the signifi-
cance of post-translational modifications, such as glycosylation,
in Adiponectin biology. Alterations in glycosylation patterns in
obesity can impact the bioactivity of Adiponectin isoforms, af-
fecting their ability to modulate insulin sensitivity [158]. The
downstream signaling pathways initiated upon Adiponectin
binding to its receptors, AdipoR1 and AdipoR2, and activating
the AMPK pathway, are central to the regulation of glucose and
lipid metabolism. Obesity-related alterations in these signaling
cascades contribute to insulin resistance [159]. Obesity-induced
changes in Adiponectin production and function also have sig-
nificant implications for inflammation. Decreased Adiponectin
levels are associated with increased production of pro-inflam-
matory cytokines, exacerbating metabolic dysfunction and in-
sulin resistance [160]. In the context of obesity-related repro-
ductive abnormalities, such as PCOS, molecular studies have
unveiled alterations in adiponectin signaling. Reduced expres-
sion of AdipoR1 and AdipoR2, along with disrupted intracellu-

lar signaling pathways, has been observed in ovarian tissues of
individuals with PCOS, particularly those who are obese [161].
These findings highlight the potential impact of obesity-induced
disruptions in adiponectin signaling on the hormonal dysregula-
tion commonly associated with PCOS.

Clinical Implications and Therapeutic Potential

Understanding the regulation of the neuroendocrine regu-
lation of reproduction by adipokines in the context of obesity
holds paramount clinical relevance. It serves as a critical win-
dow for early diagnosis and risk assessment, allowing health-
care providers to identify individuals at higher risk of metabolic
and reproductive disorders. Tailored interventions can then be
designed based on a patient's specific adipokine profile, ad-
dressing the root causes of their reproductive issues. This per-
sonalized approach not only enhances fertility management but
also minimizes the emotional and financial burdens associated
with infertility treatments. Furthermore, leveraging the protec-
tive effects of adipokines like adiponectin during pregnancy can
help prevent complications such as gestational diabetes and
preeclampsia, improving maternal and fetal health outcomes.
Individualized treatment plans based on adipokine regulation
pave the way for more effective interventions, while ongo-
ing monitoring of adipokine levels allows for real-time adjust-
ments, optimizing treatment efficacy. Ultimately, this compre-
hensive understanding of adipokine-mediated neuroendocrine
regulation in obesity-related reproductive issues translates into
improved long-term health outcomes by addressing the intri-
cate interplay between obesity, adipokines, and reproductive
health.

Mitigating disruptions in obesity-related reproductive is-
sues necessitates a comprehensive approach that addresses
the complex interplay of metabolic and hormonal factors. Life-
style modifications are foundational, emphasizing weight man-
agement through a balanced diet and regular physical activity.
Behavioral interventions can help individuals overcome psycho-
logical barriers to healthy habits. In cases of insulin resistance,
medications like metformin may be prescribed, while hormonal
treatments can regulate menstrual cycles and improve fertility.
Bariatric surgery offers a viable option for severe obesity. Mul-
tidisciplinary care, including nutrition counseling and psycho-
logical support, plays a pivotal role in long-term success. Future
prospects involve potential therapies targeting adipokines and
continued research into personalized interventions. Ultimately,
understanding the clinical relevance of adipokine regulation
and implementing tailored therapeutic strategies are essential
for restoring reproductive health in individuals with obesity-
related issues.

Future Directions and Research Gaps

Future research in the study of obesity-related adipokines
and their impact on the neuroendocrine control of female fer-
tility holds substantial promise and presents several important
avenues for exploration. Understanding the intricate mecha-
nisms underlying adipokine dysregulation in obesity, including
the role of inflammation, oxidative stress, and genetic factors,
is essential for devising effective therapeutic strategies. Investi-
gating the intracellular signaling pathways triggered by adipo-
kine receptors, particularly in reproductive tissues, can reveal
novel targets for intervention. Epigenetic modifications and
their influence on adipokine-related genes should be further
examined to comprehend how environmental factors affect
fertility. The bidirectional relationship between the gut micro-
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biome and adipokines in the context of reproductive health is
an emerging field with significant potential. Precision medicine
approaches that tailor interventions based on an individual's
adipokine profile and genetic background may enhance treat-
ment outcomes. Long-term health implications for offspring
born to obese mothers require extensive investigation, encom-
passing metabolic health, neurodevelopment, and the risk of
obesity-related conditions. Additionally, studying the role of
adipokines in male fertility within the context of obesity is war-
ranted. Clinical trials assessing therapeutic interventions target-
ing adipokine pathways in obese individuals with fertility issues
should be prioritized, and interdisciplinary collaboration across
various fields is essential for a comprehensive understanding of
this multifaceted issue. In sum, future research endeavors have
the potential to deepen our understanding of obesity-related
adipokines and female fertility, leading to innovative diagnos-
tic and therapeutic advancements to improve the reproductive
health of affected individuals.

Conclusion

Adipokines are critical to normal reproductive physiology
and are directly associated with obesity, a disease of global
health concern. Adipokines possess complex interactions at
all levels of the reproductive neuroendocrine axis or hypothal-
amus-pituitary-ovary axis. Numerous studies have witnessed
that the deficiency, resistance, or excess of adipokines leads to
reproductive abnormalities, such as PCOS, endometriosis, and
female infertility in obese individuals. Thus, the current dis-
cussion infers that the adipokines-mediated neuroendocrine
regulation of reproductive functions in obesity is essential for
understanding the mechanisms underlying female reproductive
disorders.

Adipokines and reproductive hormones interact within the
HPO axis, and studying this interaction could reveal complex
regulatory mechanisms and give insight into metabolic signaling
and reproduction. In addition, adipokine profiles or signaling
pathways may help in the identification of obesity-associated
reproductive failure on adipokines-mediated regulation of the
HPO axis, and this information may be used to develop person-
alized treatment action plans against reproductive diseases.
Moreover, it could also be possible to discover novel biomark-
ers for diagnosing reproductive diseases in obese individuals.
The development of new therapeutics could also be a choice by
targeting the adipokine signaling pathway which may resolve
the reproductive issues by positively enhancing the fertility out-
comes.
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