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Abstract

Objective Polycystic ovary syndrome (PCOS) is a prevalent endocrine disorder among reproductive women,
characterized by hyperandrogenism, oligo-ovulation and polycystic ovarian morphology. Incorporating
complementary medicine alongside traditional lifestyle therapies for PCOS may offer additional benefits for affected
women. Melatonin (MT), a hormone secreted by the pineal gland, has emerged as a potential treatment for
regulating ovarian function in PCOS. However, the specific effects and underlying mechanisms of MT on PCOS need

to be elucidated.

Methods This review consolidates evidence from randomized controlled trials, original research articles, systematic
reviews, and meta-analyses regarding MT supplementation in PCOS, with a particular focus on its interaction with the
Hippo pathway, to provide a comprehensive overview of current knowledge.

Results Current evidence suggests that MT plays a role in modulating PCOS through various mechanisms and is
associated with the Hippo pathway. However, several uncertainties and key limitations in the existing literature must
be addressed before these treatments can be integrated into standard clinical practice.
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Introduction

Polycystic ovary syndrome (PCOS) is an endocrine dis-
order affecting approximately 1 in 5 women of reproduc-
tive age by hyperandrogenism, ovulatory dysfunction,
and polycystic ovarian morphology (PCOM) [1]. Women
with PCOS may experience symptoms such as infertil-
ity, metabolic dysfunction, and insulin resistance, with
an increased risk of cardiovascular disease, mood dis-
orders, and endometrial cancer in post-menopause [2].
Although clomiphene citrate, metformin, and tamoxifen
are widely used in the treatment of PCOS, these conven-
tional therapies often prove insufficient and can cause
side effects due to the multifaceted nature of the disor-
der. Thus, identifying more effective treatment options
and alternative therapies to reduce adverse effects is criti-
cal. Recent research has increasingly focused on whether

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-5613-2382
https://orcid.org/0009-0000-2718-7774
http://crossmark.crossref.org/dialog/?doi=10.1186/s13048-025-01642-1&domain=pdf&date_stamp=2025-5-5

Wang et al. Journal of Ovarian Research (2025) 18:101

supplementation with vitamins, vitamin-like nutrients,
minerals, and complementary medicines (CM) can con-
tribute to favorable health outcomes in PCOS [3].

Melatonin (MT), an endogenous indoleamine hormone
primarily produced by pinealocytes, regulates circadian
rhythms, behavior, immune responses, and reproductive
functions [4]. Additionally, MT influences body tempera-
ture and reproductive hormone secretion and is recog-
nized for its potent antioxidant and anti-inflammatory
properties [5]. Evidence suggests that MT directly affects
ovarian function and may help ameliorate the patho-
physiology of PCOS [6]. Further studies indicate that MT
could regulate ovarian function via the Hippo pathway
[7]. The Hippo pathway has been implicated in primor-
dial follicle development, oocyte maturation, and granu-
losa cell (GC) proliferation [8]. Recent findings highlight
the role of YAP1 in ovarian GC proliferation, suggesting
a link between YAP1 dysregulation and PCOS pathogen-
esis [9]. These insights deepen our understanding of the
Hippo pathway’s involvement in PCOS. Notably, emerg-
ing evidence points to a potential interaction between
MT and the Hippo pathway across various cell types [10].

This review summarizes recent findings from original
research articles, systematic reviews, and meta-analyses
regarding the efficacy of MT supplementation in man-
aging PCOS, alongside the critical role of the Hippo
pathway in treatment strategies. It also addresses the
limitations and knowledge gaps that must be overcome
before these therapies can be effectively integrated into
clinical practice.

PCOS: an overview

PCOS was first described by Stein and Leventhal in 1935
[11]. According to the Rotterdam criteria for diagnosing
PCOS, established in 2003, the condition is characterized
by at least two of the following three features: oligo- or
anovulation, clinical or biochemical hyperandrogenism,
and polycystic ovarian morphology (PCOM) detected via
ultrasound. Additionally, certain exclusion criteria must
be considered, including follicular membrane cell hyper-
plasia, hyperprolactinemia, adrenal cortical hyperplasia,
ovarian masculinized tumors and acanthosis nigricans,
etc [12, 13].

The complex pathophysiology of PCOS remains an
area of active investigation, with hyperandrogenism (HA)
and insulin resistance (IR) playing key roles in initiat-
ing and exacerbating the disorder. Insulin dysregulation
impacts ovarian function; excessive insulin levels reduce
the hepatic production of sex hormone-binding globu-
lin (SHBG) while increasing luteinizing hormone (LH)
secretion in the ovaries. This results in ovarian andro-
gen production, which contributes to anovulation [14,
15]. Clinically, PCOS is characterized by dysfunction
in the hypothalamus-hypophysis-ovary axis (HHOA),
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with an elevated frequency of gonadotropin-releasing
hormone (GnRH) pulses and increased LH levels, while
follicle-stimulating hormone (FSH) remains relatively
unchanged. Elevated GnRH levels stimulate ovarian
theca cells (TC) to secrete higher amounts of andro-
gens [12]. Furthermore, HA diminishes the sensitiv-
ity of hypothalamic gonadotropin cells to estradiol (E)
and progesterone (P), which exacerbates GnRH and LH
hypersecretion [16]. Ovarian hyperandrogenism, IR, and
disrupted intraovarian paracrine signaling, particularly in
the context of hyperinsulinemia, impair follicular devel-
opment in PCOS. This leads to follicular arrest, anovu-
lation, irregular menstrual cycles, and the accumulation
of small antral follicles, giving the ovaries a polycystic
appearance [11] (Fig. 1). Recent studies have suggested
that inflammation may also contribute to the pathogen-
esis of PCOS [17, 18]. Elevated levels of inflammatory
markers, including C-reactive protein (CRP), high-sensi-
tivity CRP (hs-CRP), interleukin-18 (IL-18), and interleu-
kin-6 (IL-6), have been observed in patients with PCOS
[19, 20]. Targeting these inflammatory mediators could
provide a promising therapeutic strategy, as chronic
inflammation may drive metabolic complications associ-
ated with the disorder [21].

Mounting evidence suggests that PCOS cannot be
attributed to a single genetic factor or cause [22, 23].
Rather, it is associated with a complex interplay of intrin-
sic mechanisms, including genetic predispositions, envi-
ronmental factors, and in utero influences [24]. Given
that PCOS manifests with reproductive, metabolic, and
psychological features, a range of complications can
arise, including obesity, gynecological and obstetrical
issues (such as infertility, subfertility, endometrial cancer,
preeclampsia, and preterm birth), metabolic dysfunction,
and mood disorders [25, 26] (Fig. 1).

Due to the multifactorial nature of PCOS, a univer-
sally effective treatment plan remains elusive, despite
considerable progress in understanding its mechanisms
and therapeutic options in recent decades. International
evidence-based guidelines emphasize lifestyle modifica-
tions-such as diet and exercise-as a primary approach to
achieving various health outcomes [27]. When lifestyle
changes prove insufficient, pharmacological interven-
tions or ovarian surgery may be considered. Several treat-
ment options have been explored, with selected therapies
proposed to improve reproductive outcomes in patients
with PCOS. These include metformin, orlistat (a lipase
inhibitor), spironolactone (androgen receptor blocker),
clomiphene or letrozole (selective estrogen receptor
modulators), hormone replacement therapy (HRT), and
ovarian surgery (such as ovarian wedge resection or lapa-
roscopic ovarian drilling). While these strategies effec-
tively alleviate symptoms, they come with significant
limitations [28-34]. Therefore, there is a clear need for
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Fig. 1 Schematic representation of the pathophysiological mechanisms, risk factors, and complications associated with PCOS. Insulin resistance (IR)
and the hyperinsulinemia (HA) are central mechanisms that perpetuate anovulation. Abbreviations: HHOA: hypothalamus-hypophysis-ovary axis; GnRH:
gonadotropin-releasing hormone; FSH: follicle-stimulating hormone; LH: luteinizing hormone; SHBG: sex hormone-binding globulin; 1: indicates increase
in protein level or activity; |: indicates decrease in protein level or activity; —: indicates unchanged in protein level or activity

the development of novel pharmacological therapies that
can offer additional benefits to patients with PCOS.

MT therapies in PCOS: review of the evidence

MT participates in the normal physiological function of the
ovary

MT (N-acetyl-5-methoxytryptamine), is an indoleamine,
primarily released at night by the pineal gland, located in
the posterior wall of the third ventricle, which is known
as the “sleep hormone” [35]. MT exhibits a rhythmic
synthesis and release pattern, regulated by a central cir-
cadian pacemaker in the suprachiasmatic nucleus (SCN)
of the hypothalamus. This rhythm aligns with the envi-
ronmental light-dark cycle, with retinal receptors trans-
mitting light/dark signals to the SCN, thereby influencing
sexual activity and reproductive function in response to
changes in environmental conditions [36]. MT receptors
are classified into nuclear and membrane-bound types.
Nuclear receptors belong to the RZR/ROR superfam-
ily, while membrane receptors are further divided into
three subtypes: MT1, MT2, and MT3 [36]. In humans

and other mammals, only two high-affinity, 7-transmem-
brane G protein-coupled receptors (GPCRs) -MT1 and
MT2- are present. Upon agonist binding, the cytoplas-
mic heterotrimeric G proteins, comprising Ga, 3, and y
subunits, dissociate from the GPCRs [37]. The Ga sub-
units then sequentially activate specific effectors, such as
adenylate cyclase (AC), phospholipase C (PLC), or ion
channels, influencing second messenger levels like cyclic
adenosine monophosphate (cAMP) and inositol trispho-
sphate (IP3) [38, 39]. Numerous studies have shown
that both MT1 and MT2 receptors are co-expressed in
various components of the female reproductive system,
including the ovary, uterus, and placenta, making these
cells potential targets for MT action [40, 41]. Further-
more, recent research has revealed that mRNAs for MT1
and MT?2 receptors are detectable on the membranes of
human GCs and luteal cells, whose activity is synchro-
nized with the MT cycle [42].

Follicles serve as the functional units of the ovary. As
follicles progress from the primary to secondary stage,
the surrounding GCs continue to proliferate and expand
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[43, 44]. Recent studies have demonstrated that MT is
produced in peripheral reproductive tissues, including
the whole ovary, GCs, cumulus cells, and oocytes. These
cells contribute MT to follicular fluid (FF), alongside
blood-derived MT [45, 46]. Interestingly, the concentra-
tion of MT in the fluid collected from human follicles
exceeds that found in blood samples, suggesting a prefer-
ential uptake of circulating MT by the ovary [47]. More-
over, MT appears to play distinct roles at various stages
of follicular development [48]. For example, it regulates
steroidogenesis, LH mRNA expression, as well as the
expression of Bcl-2 and Caspase-3, and modulates the
activity of insulin-like growth factor (IGF) and TGF-p in
antral follicles [49]. Additionally, MT administration has
been shown to delay ovarian aging via the MT1 receptor
and the Mice/ AMP-AMPK pathway [50]. Studies indicate
that MT preserves ovarian function and increases oocyte
number and quality, resulting in a larger litter size com-
pared to naturally aging ovaries [50]. Other research has
reported that MT delays ovarian aging, regulates ovarian
biorhythms, promotes follicle formation, and improves
oocyte quality and fertilization rates [51].

On the other hand, MT functions as a potent free radi-
cal scavenger, protecting oocytes from oxidative damage,
particularly during ovulation [52, 53]. Recent studies sug-
gest that mitochondria, rather than just pineal cells, serve
as the site of MT synthesis in all cells [54]. Since every
cell contains mitochondria, it is hypothesized that all
cells may produce MT locally for self-protection against
oxidative stress [55]. Ovarian cells, in particular, do not
release MT into the systemic circulation but rather uti-
lize it as an antioxidant to benefit themselves and neigh-
boring cells, similar to other extragonadal organs that
synthesize MT [56]. Given its antioxidant effects on the
hypothalamic-pituitary-gonadal (HPG) axis, MT can
mitigate oxidative damage within the follicle, enhanc-
ing luteal phase progesterone production and oocyte
maturation [57]. Tong et al. found a positive correla-
tion between follicular MT levels and markers of ovar-
ian reserve, including baseline FSH levels, in 61 women
undergoing assisted reproductive therapy (ART) [58].
Similarly, there was a significant positive correlation was
observed between FF MT concentrations and antral fol-
licle counts in women undergoing in vitro fertilization
(IVF) [59], supporting the notion that “MT has a protec-
tive effect on ovarian cycle progression” (Fig. 2).

Experimental data on MT’s therapeutic potential in PCOS

The levels of MT in the serum and saliva of women with
PCOS are higher than in healthy controls [60]. A con-
trolled prospective study further revealed that urinary
levels of 6-hydroxysulfate melatonin (aMTé6s), a key MT
metabolite, are significantly elevated in patients with
PCOS, while MT levels in FF are lower [61]. Additionally,
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women with PCOS exhibit altered MT secretion pat-
terns, with diminished nocturnal variation compared to
healthy women, which may influence body weight and
metabolism [62]. Although the exact etiology of PCOS
remains unclear, numerous studies suggest that MT sup-
plementation could offer therapeutic benefits [63]. By
modulating key pathways implicated in PCOS, such as
insulin signaling, IR, and lipid metabolism, MT supple-
mentation may alleviate the symptoms and severity of the
disorder (Fig. 2).

As outlined in Table 1 and detailed below, this study
synthesized recent research from molecular studies, ani-
mal models, and randomized controlled trials (RCTs)
(Materials and Methods are available in Supplementary
File 1) to summarize the current evidence on the effi-
cacy of MT supplementation in improving health out-
comes in PCOS (Table 1). Due to ethical limitations in
human trials, in vitro experiments and animal models
of PCOS have been developed. Five studies over the past
decade that examine the effects of MT on GCs in vitro
were reviewed (Table 1, No.1-5). These studies show
that MT mediates various physiological effects through
various signaling pathways, such as AC-cAMP, phos-
phatidylinositol 3-kinase (PI3K)/Akt (protein kinase B),
mitogen-activated protein kinase (MAPK)-extracellular
signal-regulated kinase (ERK), and Akt. MT also regu-
lates hormone levels, exerts anti-inflammatory and anti-
apoptotic effects, reduces oxidative stress, and improves
mitochondrial dysfunction in patients with PCOS
[64—68].

Additionally, reactive oxygen species (ROS) play a sig-
nificant role in reproductive health, but excessive ROS
due to oxidative stress can impair oocyte function, lead-
ing to infertility [84, 85]. Studies have demonstrated that
MT protects oocytes by reducing free radical levels,
including nitric oxide (NO), ROS, and other markers
like iNOS, NOX2, and MDA in the follicles [68]. MT’s
antioxidative actions-both receptor-mediated and direct
scavenging of ROS and reactive nitrogen species (RNS)-
suggest its potential for improving oocyte development
in PCOS [86, 87]. Furthermore, MT is detected in both
FF and oocytes, and its administration has shown prom-
ising results in mitigating oxidative damage, enhancing
oocyte maturation, follicular development, and embry-
onic progression in PCOS.

The research articles reviewed highlight the progress
of MT in treating PCOS using animal models (Table 1,
No.6-13). A total of eight studies were analyzed, includ-
ing seven PCOS models and one T2DM model [69]. The
PCOS models consisted of three using androgen-induced
PCOS-like syndrome (T/DHEA) [70-72], three employ-
ing aromatase inhibitors (letrozole) [73-75], and one
involving continuous light exposure to induce the PCOS-
like phenotype [76]. The inclusion of a T2DM model
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Fig. 2 Schematic representation of Melatonin ameliorates ovarian dysfunction in PCOS. Abbreviations: MT: melatonin; MT 1, 2: melatonin receptor 1,
2; G: G-protein coupled receptor; ROS: reactive oxygen species; AC: adenylyl cyclase; PLC: phospholipase C; ATP: adenosine triphosphate; cAMP: cyclic
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aimed to further elucidate MT’s role, underscoring the
need to differentiate between IR in PCOS and IR as a dis-
tinct condition. These studies, all conducted on rodents,
examined MT’s effects on pubertal animals, showing its
ability to regulate hormone levels, reduce inflammation,
prevent apoptosis, combat oxidative stress, and improve
mitochondrial dysfunction. Notably, MT was found to
protect oocytes from apoptosis, increasing Bcl-2 expres-
sion while reducing Bax levels [71]. Additionally, MT
influenced hypertension, IR, and oocyte maturation in
PCOS animal models. Pai SA’s findings indicated that
MT'’s impact on reducing intraabdominal fat (IAF), insu-
lin, and CRP was comparable to that of metformin in
PCOS treatment [70]. Other studies revealed that MT
decreased the expression of IGF-1R/IGF-1, Bcl-2, and

PCNA, restoring ovarian morphology. MT also regulated
the increased expression of IGF-1R/IGF-1/Bcl-2, and
PCNA pathways in the endometrium of PCOS models
[75]. Furthermore, Nikmard F observed that MT upreg-
ulated GDF-9 and BMP-15, enhancing oocyte matura-
tion, while also boosting antioxidant activity through the
upregulation of GPX and SOD1 in PCOS [71, 72].
Collectively, these studies suggest that MT can aid in
repairing PCOS in animal models. However, while rodents
offer advantages, such as a stable genetic background,
short reproductive lifespan, and a brief estrous cycle, their
use in reproductive studies has limitations. While rodents
and humans share a similar hypothalamic-pituitary-ovar-
ian (HPO) axis, rodents are monoovulatory, resulting in
different follicle selection processes driven by FSH [88].
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Additionally, differences in follicle growth regulation and
timing between rodents and humans must be considered,
limiting the direct applicability of rodent-based findings to
human conditions [89, 90].

To further explore MT’s regulatory effect on PCOS, we
reviewed human RCT studies [77-83] (Table 1, No.14-20).
A prospective cohort study showed a significant reduction
in serum AMH levels and an increase in FSH in patients
with PCOS, with six months of MT supplementation
restoring menstrual cycles and normalizing androgen lev-
els [77]. A recent clinical trial involving 56 patients with
PCOS demonstrated significant reductions in hirsutism,
serum TT, hs-CRP, TNF-a, and plasma MDA, alongside
increases in plasma TAC and total GSH following 12 weeks
of MT supplementation [79]. Another study reported
improvements in the Pittsburgh Sleep Quality Index, Beck
Depression and Anxiety Inventories, serum insulin, and the
quantitative insulin sensitivity test index (QUICKI) after 12
weeks of MT [80]. Similarly, Alizadeh M’s study confirmed
that MT supplementation improved sleep quality, reduced
testosterone, insulin levels, homeostasis model of insulin
resistance (HOMA-IR), and serum total cholesterol and
LDL levels [83]. Overall, MT administration showed ben-
eficial effects on menstrual disorders, ovarian function,
glycemic control, lipid profiles, mental health, and related
gene expression in women with PCOS.

PCOS often leads to anovulation, contributing to IVF
failure. To improve oocyte quality, a double-blind RCT
with 198 patients with PCOS undergoing intrauterine
insemination (IUI) found that MT (3 mg/day) signifi-
cantly improved follicle quality, endometrial thickness
(ET), and the chemical pregnancy rate [81]. Another RCT
involving 526 patients with PCOS undergoing Intra-Cyto-
plasmic Sperm Injection (ICSI) demonstrated that MT
supplementation was a strong predictor of positive IVF
outcomes, correlating with higher oocyte and embryo
quality [82]. Additional evidence supports the benefit
of MT supplementation, with higher implantation rates
observed in MT-supplemented groups compared to non-
supplemented controls when using a human chorionic
gonadotropin initiation regimen. This suggests that MT
may improve cytoplasmic maturation and subsequent
clinical outcomes in human immature oocytes [91, 92].

In summary, current clinical trials suggest that MT
improves oocyte maturation, quality, and chemical
pregnancy rates in women with PCOS. Despite its lim-
ited applications, MT presents a promising therapeutic
option and warrants further investigation.

Relationship between Hippo pathway and PCOS
The Hippo pathway and ovary

The Hippo pathway, initially discovered in Drosoph-
ila, regulates organ size during development and is
evolutionarily conserved [93]. In mammals, the core
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components of the Hippo pathway include mammalian
sterile 20-like (MST) 1/2, large tumor suppressor (LATYS)
1/2, transcriptional activator Yes-associated protein
(YAP), and transcriptional co-activator with PDZ-bind-
ing motif (TAZ) [94]. The pathway is primarily governed
by a kinase cascade: MST1/2 phosphorylate the Salvador
homolog (Sav) 1, which activates LATS1/2. LATS1/2, in
turn, phosphorylate and inactivate YAP. Phosphorylated
YAP binds to the cytoplasmic scaffold protein 14-3-3,
preventing its nuclear translocation. When unphos-
phorylated, YAP enters the nucleus and interacts with
transcriptional enhanced associate domain (TEAD) tran-
scription factors to regulate downstream target genes
such as cystein-rich 61 (CYR61) and connective tissue
growth factor (CTGF) [95, 96]. Activation of YAP and
TAZ in the nucleus promotes gene expression linked to
cell proliferation, tissue growth, and organ size, particu-
larly when the Hippo pathway is inactivated.

Components of the Hippo pathway, including
MST1/2, LATS1/2, YAP1, and phosphorylated YAPI,
are expressed throughout all stages of folliculogenesis in
oocytes, GCs, and TCs, and in atretic follicles and corpus
luteum [9, 97-100]. Studies have shown that disruption
of the Hippo pathway in ovarian cells leads to increased
nuclear YAP, stimulating the expression of downstream
growth factors and promoting follicle growth, resulting
in the generation of mature oocytes [20, 101]. Inhibi-
tion of YAP1 using verteporfin, a specific Hippo pathway
inhibitor, further confirms the role of this pathway in
regulating follicular development [101]. Moreover, dis-
ruption of the Hippo pathway enhances the secretion of
CCN (cellular communication network) growth factors,
which also promote follicle growth [21].

Comprehensive studies of drosophila ovaries have
shown that the Hippo pathway interacts with several
pathways, including PI3K-Akt and Notch, to regulate
ovarian development and function [102, 103]. Disrup-
tion of the Hippo pathway, along with Akt activation,
promotes follicle growth and oocyte maturation, offering
potential applications in infertility treatments [97, 101,
104]. Recent research suggests that PI3K pathway activa-
tion is essential for follicular growth, particularly during
the primordial and primary stages. While the Hippo and
PI3K/Akt/mTOR pathways have opposing effects during
the gonadotropin-independent phase of follicular devel-
opment, they work synergistically during the gonado-
tropin-dependent phase to support follicle maturation,
particularly the development of GCs and oocytes in pre-
ovulatory follicles. This coordination ensures proper fol-
licle activation and oocyte quality [105].

Correlation between Hippo pathway and PCOS
In patients with PCOS, the ovaries are enlarged, with a
thickened sclerotic capsule containing numerous small
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antral follicles but no pre-ovulatory follicles. PCOS
affects 5-10% of women of childbearing age and is a
common cause of infertility [106]. Although the factors
influencing ovarian response to invasive procedures like
wedge resection or laparoscopic ovarian drilling (LOD)
remain unclear, changes in actin polymerization and the
Hippo pathway may play a pivotal role [107]. The mecha-
nism of the Hippo pathway in PCOS has been briefly
described. Normally, as follicles enlarge and enter the
softer cortical regions, the Hippo pathway is reactivated,
slowing follicular growth, and maintaining physiological
ovarian androgen secretion and normal LH/FSH ratios.
However, in the classic PCOS phenotype described by
Stein and Leventhal, increased cortical collagen and
stromal hypertrophy result in an abnormally rigid, scle-
rotic cortex [108]. This may be linked to defects in actin
polymerization, leading to the increased F-actin content
and/or the abnormal extracellular matrix protein bio-
synthesis. The hardened cortical layer exhibits increased
polymerized actin, leading to an enhancement in the ten-
sile strength of the matrix tissue (elevated F-actin levels),
potentially disrupting the local Hippo pathway [12]. This
disruption causes excessive YAP activity in stromal and
follicular cells, which in turn increases CCN growth fac-
tor secretion, promoting the proliferation of stromal cells,
follicular membrane cells, and GCs, leading to the growth
of multiple early antral follicles. The proliferation of TCs
and increased androgen production may elevate LH
secretion from the pituitary, contributing to a higher LH/
FSH ratio. Stromal and thecal hyperplasia leads to exces-
sive androgen biosynthesis, follicular arrest, and ovarian
enlargement, characteristic of PCOS [12, 107]. In sum-
mary, while the Hippo pathway supports proper follicu-
lar development, its dysregulation—through increased
YAP1 expression—can result in ovarian enlargement and
cyst formation, hallmark features of PCOS [109].

As discussed earlier, IR, hyperinsulinemia, and hor-
monal imbalances, particularly elevated serum tes-
tosterone (T) levels, are key characteristics of PCOS.
Hyperinsulinemia contributes to ovarian hyperandrogen-
ism by stimulating follicular membrane cells to produce
androgens. Recent evidence in murine GCs suggests
that YAP1 is critical for GC proliferation, and ovar-
ian androgens can increase YAP1 expression in human
GCs. Specifically, T has been shown to enhance both the
expression and activity of YAP1. Acute hyperandrogen-
ism disrupts LH actions and induces oligo-ovulation
by activating YAP1, linking YAP1 dysregulation to the
pathogenesis of PCOS [9]. Genomic and genetic stud-
ies further highlight the pivotal role of YAP1 in PCOS
phenotype and metabolic disorders. Genome-wide
association studies (GWAS) have identified three SNPs
(rs11225138, rs11225161, and rs11225166) in the YAP
gene, associated with increased susceptibility to PCOS
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[110]. Additionally, low methylation of the YAP promoter
and elevated YAP expression have been observed in GCs
of patients with PCOS, which may influence follicular
growth [111].

Defects in Hippo pathway genes are linked to PCOS,
ovarian reserve, and infertility in mice. GWAS in diverse
populations have also shown that YAP, as a Hippo effec-
tor, is associated with PCOS [112, 113]. Moreover, the
specific loss of YAP in mice results in increased GC
apoptosis, reduced corpora lutea, and subfertility [114].
Overall, understanding the intraovarian mechanisms
through which the Hippo pathway operates could pave
the way for novel therapeutic strategies for patients with
PCOS (Fig. 3).

Relationship between Hippo pathway, MT, and
PCOS

The potential cross-talk between MT and Hippo pathway
through the gas molecular (based on theoretical basis)

MT exerts its effects through the MT1 and MT2 GPCRs,
which interact primarily with the Gai protein, and to a
lesser extent with Gaq/11 and Gas proteins [115]. The
signaling pathways activated by MT receptors are cell
type- and tissue-specific, leading to distinct cellular
responses and suggesting potential crosstalk with other
signaling networks [116]. As previously discussed, the
Hippo pathway regulates organ development and growth,
and its dysregulation in patients with PCOS may contrib-
ute to the disease’s multifactorial etiology. YAP and TAZ
are key targets of the Hippo pathway, and GPCRs have
been shown to act as upstream regulators of this pathway
[117]. Evidence indicates that MT inhibits hepatocellular
carcinoma (HCC) cell proliferation and glucose metabo-
lism by suppressing YAP expression and its downstream
targets Bcl-2 and GLUT-3, thereby promoting cisplatin-
induced apoptosis [118]. Further studies have demon-
strated that MT can prevent bleomycin(BLM)-induced
pulmonary fibrosis by inhibiting YAP translocation from
the cytoplasm to the nucleus, both in vivo and in vitro
[119]. These findings suggest potential crosstalk between
MT and the Hippo pathway, revealing possible mecha-
nisms of action.

Shiu SY demonstrated that the dual activation of Gas
and Gaq proteins is involved in the signal transduction of
the anti-proliferative effect of MT1 (MTNR1A) recepto on
human prostate cancer cells [120]. This activation leads to
an increase in intracellular cAMP, which in turn activates
protein kinase A (PKA) and protein kinase C (PKC) in par-
allel. GPCR-mediated signals can either positively or nega-
tively regulate YAP/TAZ activity, depending on the signal
properties, receptor type, and associated adaptor proteins.
For instance, serum-borne lysophosphatidic acid (LPA)
and sphingosine 1-phosphate (S1P) inhibit the kinase
Lats1/2 kinase through Ga12/13, Gaq/11 or Gai/o coupled
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receptors, thus activating YAP and TAZ, which play a role
in LPA-induced gene expression, cell migration, and pro-
liferation. In contrast, signals from glucagon, epinephrine,
and dobutamine, through Gas, lead to increased intracellu-
lar cAMP and activation of PKA. This subsequently inhib-
its RhoA GTPase activity (thereby suppressing F-actin) and
activates LATS1/2, resulting in YAP/TAZ phosphorylation.
Phosphorylated YAP/TAZ are retained in the cytoplasm by
14-3-3 proteins, reducing their nuclear activity and inhib-
iting the expression of genes involved in cell proliferation,
migration, and anti-apoptotic processes [121, 122]. This
suggests that MT may inhibit the oncogenic functions of
YAP/TAZ by enhancing LATS1/2 activity following PKA
and PKC activation [123]. Other studies indicate that MT
may also suppress YAP/TAZ’s carcinogenic activity by
reducing TAZ transcription through NF-«B inhibition,
as the TAZ promoter is directly activated by NF-kB. This

inhibition may reduce cell proliferation and aggressiveness
in AR-positive cells [7, 124—126] (Fig. 4).

Genetic and experimental studies have highlighted the
critical role of the Hippo pathway in PCOS development.
A defect in actin polymerization (increased F-actin) dis-
rupts the Hippo pathway, leading to reduced YAP phos-
phorylation and elevated nuclear YAP levels. Nuclear
YAP, in conjunction with TEAD, activates the transcrip-
tion of downstream CCN growth factors, contributing
to PCOS pathogenesis [101, 107]. Increased nuclear YAP
is closely associated with excessive androgen produc-
tion, exacerbating PCOS. MT has the potential to reduce
nuclear YAP expression by inhibiting F-actin polymeriza-
tion or through GPCR signaling, offering a mechanism
through which MT may mitigate the symptoms of PCOS.
This suggests that MT could improve PCOS outcomes by
modulating the Gas-mediated Hippo pathway.



Wang et al. Journal of Ovarian Research

(2025) 18:101

cAMP

-

PKC

-
.
-
-
-
-
-

Page 13 of 18

glucagon,
CPCRSs epinephrine
» dobutamine

AC

Rho
,\ GTPase

LATS1/2 e YAP/TAZ
- Cytoplasmic retention
i 1433
J—
YAP/TAZ \L

® 0
® ® O Protein degradation
L N

Nucleus

Gene Transcription
Tumorgenesis

Fig. 4 Melatonin-regulated GPCR signaling interacts with GPCR signal-regulated Hippo pathway. Abbreviations:1 indicates increase in protein level
or activity; | indicates decrease in protein level or activity; - : indicates inhibition in protein level or activity; MT: melatonin; MT 1: melatonin receptor
1; GPCR: G-protein coupled receptor; Gai: inhibitory guanine triphosphate-binding protein a-subunit; Gas: stimulatory guanine triphosphate-binding
protein a-subunit; CAMP: cyclic adenosine monophosphate; AC: adenylyl cyclase; PKC: protein kinase C; PKA: Protein Kinase A; LATS1/2: large tumor sup-
pressor 1 and 2; MOB1A: MOB kinase activator 1; TEAD: TEA domain family member; YAP: Yes-associated protein; TAZ: PDZ-binding motif (also known as

WW domain-containing transcription regulator protein 1, WWTRT1); NF-kB: nuclear factor-kB

Theoretical levels of MT antagonize the metabolic pathway
of the Hippo pathway in PCOS
PCOS presents with a range of phenotypes, including
reproductive, endocrine, and metabolic disturbances.
Beyond the reproductive system, its extra-reproductive
manifestations encompass IR, metabolic syndrome (MS),
low-grade chronic inflammation, anovulatory infertility,
and type 2 diabetes (T2D) [127]. IR, along with glucose
metabolism disorders, plays a pivotal role in the pathogen-
esis of PCOS. It induces compensatory hyperinsulinemia,
which not only directly enhances ovarian androgen synthe-
sis but also stimulates LH secretion [128].
The transmembrane variants MT1 and MT2 are

expressed in Langerhans cells, where they regulate insulin

secretion from B-cells and glucagon secretion from o-cells.
Research has consistently highlighted the critical role of
MT-insulin interactions in glucose metabolism [129]. Addi-
tionally, extensive studies have emphasized the importance
of crosstalk between insulin/IGF-1 receptors and GPCR
signaling in regulating both normal and pathological func-
tions in patients with T2DM [130]. Guo R demonstrated
that MT significantly upregulates IRS-1 and GLUT4 expres-
sion, downregulates p-IRS-1 (Ser307), and enhances glucose
uptake in patients with PCOS [67]. Moreover, MT influences
the expression of endometrial IGF-1R/IGF-1/Bcl-2 and
PCNA pathways in individuals with PCOS [79]. PI3K/Akt
serves as a central mediator of insulin/IGF-1 signaling. Guo
R further found that MT mitigates IR in PCOS cells through
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the PI3K/Akt pathway [67]. Similarly, Xie F reported that
MT protects ovarian function by modulating autophagy in
PCOS, likely via the PI3K-Akt pathway [64]. YAP and TAZ
have emerged as novel insulin sensors, with YAP playing a
pivotal role in insulin/IGF signaling. The Hippo pathway, a
key downstream effector of both PI3K and GPCR signaling,
is integral to this process [131]. Wang C identified the most
significant insulin resistance-related (IRR) gene as a major
contributor to IR by comparing IRS1/2 expression levels
between obese and non-obese patients. In patients with
endometrial cancer (EC), IRS1/2 expression was positively
correlated with YAP/TAZ [132]. Hao F explored the posi-
tive crosstalk between insulin/IGF-I receptors and GPCR
signaling, noting that GPCR signaling synergizes with the
IRS-1 pathway to promote YAP nuclear translocation [133].
Additionally, MT helps maintain glucose homeostasis by

pancreatic pB-cells
Insulin
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modulating glucagon activity in pancreatic a cells [134].
As mentioned earlier, glucagon activates the Gas protein,
leading to increased cAMP levels, which in turn activates
LATS1/2 kinase activity, resulting in YAP/TAZ phosphory-
lation and subsequent inhibition of YAP function [121].

Xu H proposed a potential mechanism by which MT
activates the Hippo pathway in POF rats, showing that
MT inhibits LATS1, MOB1 and YAP phosphorylation,
thereby activating the Hippo pathway and promoting its
downstream targets, CYR61 and CTGF [135]. This sug-
gests that MT and the Hippo pathway may interact at var-
ious levels. Taken together, this body of evidence indicates
a possible interplay between MT, the Hippo pathway, and
insulin signaling, aligning with prior studies. It is pro-
posed that MT could ameliorate PCOS through metabolic
pathways that antagonize the Hippo pathway (Fig. 5).

pancreatic a-cells
glucagon

)

Nucleus

YAP/TAZ

TEAD

AVONININY

LATS1/2

Fig. 5 Interaction between melatonin, insulin, and the Hippo pathway. Abbreviations: Gas: stimulatory guanine triphosphate-binding protein a-subunit;
cAMP: cyclic adenosine monophosphate; cCAMP: cyclic guanosine monophosphate; LATS1/2: large tumor suppressor 1 and 2; YAP: Yes-associated protein;

IGF-I: insulin-like growth factor; IRS-1: insulin receptor substrate-1
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Conclusions and perspectives

Currently, MT supplementation shows promise in miti-
gating some of the adverse health outcomes associ-
ated with PCOS. However, the underlying etiology and
mechanisms of PCOS remain incompletely understood.
This review summarizes current evidence on the etiol-
ogy of PCOS and explores the effects of MT, which has
been investigated in recent studies involving experimen-
tal models, animal trials, and human subjects. Various
methods, such as androgen administration, non-steroi-
dal aromatase inhibitors, and continuous light exposure,
have been employed to induce PCOS-like phenotypes in
these studies. Serum hormone levels, hyperandrogen-
ism, IR, ovarian histopathology, and PCOS symptoms
were assessed before and after MT treatment. Most
studies reported positive outcomes, suggesting that MT
may be effective in treating PCOS. Given its antioxidant
properties and role as a hormone modulator, MT supple-
mentation holds therapeutic and preventive potential in
obstetrics and gynecology. Additionally, ovarian stiffness
and fibrosis, potentially mediated through the Hippo sig-
naling pathway, may contribute to PCOS pathogenesis,
and approaches to alleviate fibrosis could improve fer-
tility. Consequently, targeting the Hippo pathway with
pharmacological agents may offer non-surgical therapeu-
tic options for PCOS.

Despite the promising preliminary data on MT’s poten-
tial to alleviate PCOS-related complications, several limi-
tations need to be addressed before these therapies can
be widely implemented in clinical practice. First, there is
significant variability in the MT dosages and intervention
durations studied, making it difficult to draw definitive
conclusions (Table 1). With varying dosages and treat-
ment timelines, it remains unclear what the optimal dose
for PCOS is, leading to possible overestimation or under-
estimation of the therapeutic benefits. Second, while this
review highlights MT’s potential therapeutic effects, the
quality of the supporting evidence varies, ranging from
robust RCTs to single retrospective observational studies.
Some studies are limited by small sample sizes, with par-
ticipant numbers under 100, reducing the strength of the
conclusions (Table 1). Third, discrepancies in receptor
functions between humans and rodents complicate the
translation of findings. For instance, MT has been shown
to increase insulin secretion in isolated human pan-
creatic islets, whereas other studies found a decrease in
rodent pancreatic islet insulin secretion [136, 137]. This
difference may be attributed to the circadian differences
in MT release, with nocturnal species like rats peaking
in MT during active hours, while in humans, peak MT
release coincides with rest and sleep periods.

This review also discusses the potential role of MT in
promoting follicle recovery in PCOS, the involvement of
the Hippo pathway in follicle growth, and the possibility
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of an interaction between MT and the Hippo pathway.
Evidence supporting MT’s regulation of PCOS through
the Hippo pathway is also examined. Future research
should focus on developing preventive strategies to mini-
mize the onset of metabolic dysfunction in adolescent
girls. Although MT’s application remains limited, it lays a
strong foundation for future investigation.
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