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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 
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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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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), 

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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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 Gα, β, and γ 
subunits, dissociate from the GPCRs [37]. The Gα 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 MT2 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 

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; ↑: indicates increase 
in protein level or activity; ↓: indicates decrease in protein level or activity; →: indicates unchanged in protein level or activity
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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-β 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 (aMT6s), a key MT 
metabolite, are significantly elevated in patients with 
PCOS, while MT levels in FF are lower [61]. Additionally, 

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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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]. 

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 
Adenosine Monophosphate; PI3K: phosphatidylinositol-3 kinase; PKC: protein kinase C; Akt: protein kinase B; MAPK: mitogen-activated protein kinase; 
ERK: extracellular signal-regulated kinase; Bcl-2: B-cell lymphoma-2; Bax: Bcl-2-accociated X protein; IL-18: interleukin-18; TNF-α: tumor necrosis factor-α; 
NF-κB: nuclear factor kappa B; iNOS: inducible nitric oxide synthetase; NO: nitric oxide; NOX2: the oxidant-encoding gene (NADPH oxidase 2); MDA: malo-
ndialdehyde; SIRT1: NAD-dependent deacetylase sirtuin-1; PINK1: PTEN-induced kinase-1; FSH: follicle-stimulating hormone; LH: luteinizing hormone; 
T: testosterone; A: Aromatase activity; CYP19A1: cytochrome P450 family 19 subfamily A member 1; E2: 17β-estradiol; BMP: bone morphogenic protein; 
GDF: growth differentiation factor; LC 3B- II: light chain 3B-II; SOD: superoxide dismutase; GSH: glutathione; CAT: catalase; GPX: glutathione peroxidase; IR: 
Insulin resistance; HA: hyperinsulinemia;↑: indicates increase in protein level or activity; ↓: indicates decrease in protein level or activity
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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-α, 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 

components of the Hippo pathway include mammalian 
sterile 20-like (MST) 1/2, large tumor suppressor (LATS) 
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 YAP1, 
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 

[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 Gαi protein, and to a 
lesser extent with Gαq/11 and Gαs 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 Gαs 
and Gαq 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 Gα12/13, Gαq/11 or Gαi/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 Gαs, 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-κB inhibition, 
as the TAZ promoter is directly activated by NF-κB. 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 Gαs-mediated Hippo pathway.

Fig. 3 Disruption of the ovarian Hippo pathway through actin polymerization, resulting in increased nuclear YAP expression and contributing to PCOS 
formation. Abbreviations:↑ indicates increase in protein level or activity; ↓ indicates decrease in protein level or activity; YAP: Yes-associated protein; TAZ: 
PDZ-binding motif; MST 1/2: mammalian STE20-like protein kinase 1/2; SAV1: salvador homologue 1; LATS1/2: large tumor suppressor 1 and 2; MOB1A: 
MOB kinase activator 1
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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 β-cells and glucagon secretion from α-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 

Fig. 4 Melatonin-regulated GPCR signaling interacts with GPCR signal-regulated Hippo pathway. Abbreviations:↑ 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; Gαi: inhibitory guanine triphosphate-binding protein α-subunit; Gαs: stimulatory guanine triphosphate-binding 
protein α-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, WWTR1); NF-κB: nuclear factor-κB
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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 

modulating glucagon activity in pancreatic α cells [134]. 
As mentioned earlier, glucagon activates the Gαs 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).

Fig. 5 Interaction between melatonin, insulin, and the Hippo pathway. Abbreviations: Gαs: stimulatory guanine triphosphate-binding protein α-subunit; 
cAMP: cyclic adenosine monophosphate; cAMP: 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 

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.

Supplementary Information
The online version contains supplementary material available at  h t t p s :   /  / d o  i .  o r  
g  /  1 0  . 1 1   8 6  / s 1 3  0 4 8 -  0 2 5 - 0  1 6 4 2 - 1.

Supplementary Material 1

Acknowledgements
All authors are acknowledged for their contribution to the study.

Author contributions
Lijun Wang and Yuanyuan Jin were in charge of the conception, study 
design, and literature research. Zhenzhen Li and Meili Wang wrote the scripts 
manuscript and designed figures. Boda Wang, Lijun Wang, Yuanyuan Jin, 
Xinbo Wang and Yuanyuan Zhi contributed to editing the manuscript and 
designing Table 1. Xinbo Wang and Yuanyuan Zhi reviewed the manuscript 
and supervised the work. The authors read and approved the final manuscript.

Funding
Shandong Provincial Natural Science Foundation (No. ZR2024QH179) (Wang 
Lijun) and Shandong Medical and Health Technology Development Fund (No. 
202105010806) (Wang Xinbo).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Consent for publication
All authors have approved this submission and publication.

Competing interests
The authors declare no competing interests.

Received: 2 December 2024 / Accepted: 6 March 2025

References
1. Huddleston HG, Dokras A. Diagnosis and treatment of polycystic ovary 

syndrome. JAMA. 2022;327(3):274–5.
2. Tong C, Wu Y, Zhang L, Yu Y. Insulin resistance, autophagy and apoptosis in 

patients with polycystic ovary syndrome: association with PI3K signaling 
pathway. Front Endocrinol (Lausanne). 2022;13:1091147.

3. Alesi S, Ee C, Moran LJ, Rao V, Mousa A. Nutritional supplements and 
complementary therapies in polycystic ovary syndrome. Adv Nutr. 
2022;13(4):1243–66.

4. Vasey C, McBride J, Penta K. Circadian rhythm dysregulation and restoration: 
the role of melatonin. Nutrients. 2021;13(10):3480.

5. Boutin JA, Kennaway DJ, Jockers R. Melatonin: facts, extrapolations and clini-
cal trials. Biomolecules. 2023;13(6):943.

6. Ziaei S, Hasani M, Malekahmadi M, Daneshzad E, Kadkhodazadeh K, Heshmati 
J. Effect of melatonin supplementation on cardiometabolic risk factors, oxida-
tive stress and hormonal profile in PCOS patients: a systematic review and 
meta-analysis of randomized clinical trials. J Ovarian Res. 2024;17(1):138.

7. Lo Sardo F, Muti P, Blandino G, Strano S. Melatonin and Hippo pathway: is 
there existing Cross-Talk? Int J Mol Sci. 2017;18(9).

https://doi.org/10.1186/s13048-025-01642-1
https://doi.org/10.1186/s13048-025-01642-1


Page 16 of 18Wang et al. Journal of Ovarian Research          (2025) 18:101 

8. Clark KL, George JW, Przygrodzka E, Plewes MR, Hua G, Wang C, Davis JS. 
Hippo signaling in the ovary: emerging roles in development, fertility, and 
disease. Endocr Rev. 2022;43(6):1074–96.

9. Huang Z, Xu T, Liu C, Wu H, Weng L, Cai J, Liang N, Ge H. Correlation between 
ovarian follicular development and Hippo pathway in polycystic ovary 
syndrome. J Ovarian Res. 2024;17(1):14.

10. Qi MK, Sun TC, Yang LY, He JL, Guo YM, Wang HB, Wang HP. Therapeutic effect 
of melatonin in premature ovarian insufficiency: Hippo pathway is involved. 
Oxid Med Cell Longev. 2022;2022:3425877.

11. Patel S. Polycystic ovary syndrome (PCOS), an inflammatory, systemic, lifestyle 
endocrinopathy. J Steroid Biochem Mol Biol. 2018;182:27–36.

12. Siddiqui S, Mateen S, Ahmad R, Moin S. A brief insight into the etiology, 
genetics, and immunology of polycystic ovarian syndrome (PCOS). J Assist 
Reprod Genet. 2022;39(11):2439–73.

13. Teede HJ, Misso ML, Boyle JA, Garad RM, McAllister V, Downes L, et al. 
Translation and implementation of the Australian-led PCOS guideline: clinical 
summary and translation resources from the international Evidence-based 
guideline for the assessment and management of polycystic ovary syn-
drome. Med J Aust. 2018;209(S7):S3–8.

14. Lizneva D, Suturina L, Walker W, Brakta S, Gavrilova-Jordan L, Azziz R. Criteria, 
prevalence, and phenotypes of polycystic ovary syndrome. Fertil Steril. 
2016;106(1):6–15.

15. Ding H, Zhang J, Zhang F, Zhang S, Chen X, Liang W, et al. Resistance to the 
insulin and elevated level of Androgen: A major cause of polycystic ovary 
syndrome. Front Endocrinol (Lausanne). 2021;12:741764.

16. Yang J, Chen C. Hormonal changes in PCOS. J Endocrinol. 
2024;261(1):e230342.

17. Armanini D, Boscaro M, Bordin L, Sabbadin C. Controversies in the pathogen-
esis, diagnosis and treatment of PCOS: focus on insulin resistance, inflamma-
tion, and hyperandrogenism. Int J Mol Sci. 2022;23(8):4110.

18. Pawelczak M, Rosenthal J, Milla S, Liu YH, Shah B. Evaluation of the pro-
inflammatory cytokine tumor necrosis factor-α in adolescents with polycystic 
ovary syndrome. J Pediatr Adolesc Gynecol. 2014;27(6):356–9.

19. Escobar-Morreale HF, Luque-Ramírez M, González F. Circulating inflammatory 
markers in polycystic ovary syndrome: a systematic review and metaanalysis. 
Fertil Steril. 2011;95(3):1048–58. e1-2.

20. Abraham Gnanadass S, Divakar Prabhu Y, Valsala Gopalakrishnan A. Asso-
ciation of metabolic and inflammatory markers with polycystic ovarian 
syndrome (PCOS): an update. Arch Gynecol Obstet. 2021;303(3):631–43.

21. Borthakur A, Valsala Gopalakrishnan YDP. Role of IL-6 signalling in poly-
cystic ovarian syndrome associated inflammation. J Reprod Immunol. 
2020;141:103155.

22. Sanchez-Garrido MA, Tena-Sempere M. Metabolic dysfunction in polycystic 
ovary syndrome: pathogenic role of androgen excess and potential thera-
peutic strategies. Mol Metab. 2020;35:100937.

23. Kim JJ, Hwang KR, Oh SH, Chae SJ, Yoon SH, Choi YM. Prevalence of insulin 
resistance in Korean women with polycystic ovary syndrome according to 
various homeostasis model assessment for insulin resistance cutoff values. 
Fertil Steril. 2019;112(5):959–e661.

24. Sadeghi HM, Adeli I, Calina D, Docea AO, Mousavi T, Daniali M, Nikfar S, 
Tsatsakis A, Abdollahi M. Polycystic ovary syndrome: A comprehensive 
review of pathogenesis, management, and drug repurposing. Int J Mol Sci. 
2022;23(2):583.

25. Rosenfield RL, Ehrmann DA. The pathogenesis of polycystic ovary syndrome 
(PCOS): the hypothesis of PCOS as functional ovarian hyperandrogenism 
revisited. Endocr Rev. 2016;37(5):467–520.

26. Glueck CJ, Goldenberg N. Characteristics of obesity in polycystic ovary 
syndrome: etiology, treatment, and genetics. Metabolism. 2019;92:108–20.

27. Sirmans SM, Pate KA. Epidemiology, diagnosis, and management of polycys-
tic ovary syndrome. Clin Epidemiol. 2013;6:1–13.

28. Naderpoor N, Shorakae S, de Courten B, Misso ML, Moran LJ, Teede HJ. Met-
formin and lifestyle modification in polycystic ovary syndrome: systematic 
review and meta-analysis. Hum Reprod Update. 2015;21(5):560–74.

29. Diamanti-Kandarakis E, Katsikis I, Piperi C, Alexandraki K, Panidis D. Effect of 
long-term Orlistat treatment on serum levels of advanced glycation end-
products in women with polycystic ovary syndrome. Clin Endocrinol (Oxf ). 
2007;66(1):103–9.

30. van Zuuren EJ, Fedorowicz Z, Carter B, Pandis N. Interventions for hirsutism 
(excluding laser and photoepilation therapy alone). Cochrane Database Syst 
Rev. 2015;2015(4):Cd010334.

31. Escobar-Morreale HF, Carmina E, Dewailly D, Gambineri A, Kelestimur F, 
Moghetti P, et al. Epidemiology, diagnosis and management of hirsutism: 

a consensus statement by the androgen excess and polycystic ovary syn-
drome society. Hum Reprod Update. 2012;18(2):146–70.

32. Legro RS, Brzyski RG, Diamond MP, Coutifaris C, Schlaff WD, Casson P, et al. 
Letrozole versus clomiphene for infertility in the polycystic ovary syndrome. 
N Engl J Med. 2014;371(2):119–29.

33. Legro RS, Barnhart HX, Schlaff WD, Carr BR, Diamond MP, Carson SA, et al. Clo-
miphene, Metformin, or both for infertility in the polycystic ovary syndrome. 
N Engl J Med. 2007;356(6):551–66.

34. Donesky BW, Adashi EY. Surgically induced ovulation in the polycystic ovary 
syndrome: wedge resection revisited in the age of laparoscopy. Fertil Steril. 
1995;63(3):439–63.

35. Zhao D, Yu Y, Shen Y, Liu Q, Zhao Z, Sharma R, et al. Melatonin synthesis and 
function: evolutionary history in animals and plants. Front Endocrinol (Laus-
anne). 2019;10:249.

36. Wettschureck N, Offermanns S. Mammalian G proteins and their cell type 
specific functions. Physiol Rev. 2005;85(4):1159–204.

37. Birnbaumer L. Receptor-to-effector signaling through G proteins: roles for 
beta gamma dimers as well as alpha subunits. Cell. 1992;71(7):1069–72.

38. Tosini G, Owino S, Guillaume JL, Jockers R. Understanding melatonin receptor 
pharmacology: latest insights from mouse models, and their relevance to 
human disease. BioEssays. 2014;36(8):778–87.

39. Jockers R, Delagrange P, Dubocovich ML, Markus RP, Renault N, Tosini G, 
et al. Update on melatonin receptors: IUPHAR review 20. Br J Pharmacol. 
2016;173(18):2702–25.

40. Otsuka F. Interaction of melatonin and BMP-6 in ovarian steroidogenesis. 
Vitam Horm. 2018;107:137–53.

41. Olcese JM. Melatonin and female reproduction: an expanding universe. Front 
Endocrinol (Lausanne). 2020;11:85.

42. Kang JT, Koo OJ, Kwon DK, Park HJ, Jang G, Kang SK, et al. Effects of melatonin 
on in vitro maturation of Porcine oocyte and expression of melatonin recep-
tor RNA in cumulus and granulosa cells. J Pineal Res. 2009;46(1):22–8.

43. Hirshfield AN. Development of follicles in the mammalian ovary. Int Rev 
Cytol. 1991;124:43–101.

44. Gondos B. Granulosa cell-germ cell relationship in the developing rabbit 
ovary. J Embryol Exp Morphol. 1970;23(2):419–26.

45. Amireault P, Dubé F. Serotonin and its antidepressant-sensitive transport 
in mouse cumulus-oocyte complexes and early embryos. Biol Reprod. 
2005;73(2):358–65.

46. Itoh MT, Ishizuka B, Kuribayashi Y, Amemiya A, Sumi Y. Melatonin, its precur-
sors, and synthesizing enzyme activities in the human ovary. Mol Hum 
Reprod. 1999;5(5):402–8.

47. Reiter RJ, Tan DX, Manchester LC, Paredes SD, Mayo JC, Sainz RM. Melatonin 
and reproduction revisited. Biol Reprod. 2009;81(3):445–56.

48. Adriaens I, Jacquet P, Cortvrindt R, Janssen K, Smitz J. Melatonin has dose-
dependent effects on folliculogenesis, oocyte maturation capacity and 
steroidogenesis. Toxicology. 2006;228(2–3):333–43.

49. Cruz MH, Leal CL, da Cruz JF, Tan DX, Reiter RJ. Role of melatonin on produc-
tion and preservation of gametes and embryos: a brief review. Anim Reprod 
Sci. 2014;145(3–4):150–60.

50. Zhang L, Zhang Z, Wang J, Lv D, Zhu T, Wang F, Tian X, Yao Y, Ji P, Liu G. Mela-
tonin regulates the activities of ovary and delays the fertility decline in female 
animals via MT1/AMPK pathway. J Pineal Res. 2019;66(3):e12550.

51. Huang B, Qian C, Ding C, Meng Q, Zou Q, Li H. Fetal liver mesenchymal stem 
cells restore ovarian function in premature ovarian insufficiency by targeting 
MT1. Stem Cell Res Ther. 2019;10(1):362.

52. Nakamura Y, Tamura H, Takayama H, Kato H. Increased endogenous level of 
melatonin in preovulatory human follicles does not directly influence proges-
terone production. Fertil Steril. 2003;80(4):1012–6.

53. Tamura H, Takasaki A, Miwa I, Taniguchi K, Maekawa R, Asada H, et al. Oxida-
tive stress impairs oocyte quality and melatonin protects oocytes from free 
radical damage and improves fertilization rate. J Pineal Res. 2008;44(3):280–7.

54. Tan DX, Manchester LC, Liu X, Rosales-Corral SA, Acuna-Castroviejo D, Reiter 
RJ. Mitochondria and chloroplasts as the original sites of melatonin synthesis: 
a hypothesis related to melatonin’s primary function and evolution in eukary-
otes. J Pineal Res. 2013;54(2):127–38.

55. Acuña-Castroviejo D, Escames G, Venegas C, Díaz-Casado ME, Lima-Cabello 
E, López LC, et al. Extrapineal melatonin: sources, regulation, and potential 
functions. Cell Mol Life Sci. 2014;71(16):2997–3025.

56. Tan DX, Manchester LC, Hardeland R, Lopez-Burillo S, Mayo JC, Sainz RM, et 
al. Melatonin: a hormone, a tissue factor, an autocoid, a paracoid, and an 
antioxidant vitamin. J Pineal Res. 2003;34(1):75–8.



Page 17 of 18Wang et al. Journal of Ovarian Research          (2025) 18:101 

57. Cruz MH, Leal CL, Cruz JF, Tan DX, Reiter RJ. Essential actions of mela-
tonin in protecting the ovary from oxidative damage. Theriogenology. 
2014;82(7):925–32.

58. Tong J, Sheng S, Sun Y, Li H, Li WP, Zhang C, et al. Melatonin levels in follicular 
fluid as markers for IVF outcomes and predicting ovarian reserve. Reproduc-
tion. 2017;153(4):443–51.

59. Zheng M, Tong J, Li WP, Chen ZJ, Zhang C. Melatonin concentration in follicu-
lar fluid is correlated with antral follicle count (AFC) and in vitro fertilization 
(IVF) outcomes in women undergoing assisted reproductive technology 
(ART) procedures. Gynecol Endocrinol. 2018;34(5):446–50.

60. Jain P, Jain M, Haldar C, Singh TB, Jain S. Melatonin and its correlation 
with testosterone in polycystic ovarian syndrome. J Hum Reprod Sci. 
2013;6(4):253–8.

61. Luboshitzky R, Qupti G, Ishay A, Shen-Orr Z, Futerman B, Linn S. Increased 
6-sulfatoxymelatonin excretion in women with polycystic ovary syndrome. 
Fertil Steril. 2001;76(3):506–10.

62. Terzieva DD, Orbetzova MM, Mitkov MD, Mateva NG. Serum melatonin in 
women with polycystic ovary syndrome. Folia Med (Plovdiv). 2013;55(2):10–5.

63. Fang Y, Zhang J, Li Y, Guo X, Li J, Zhong R, et al. Melatonin-induced demeth-
ylation of antioxidant genes increases antioxidant capacity through RORα in 
cumulus cells of prepubertal lambs. Free Radic Biol Med. 2019;131:173–83.

64. Xie F, Zhang J, Zhai M, Liu Y, Hu H, Yu Z, et al. Melatonin ameliorates ovarian 
dysfunction by regulating autophagy in PCOS via the PI3K-Akt pathway. 
Reproduction. 2021;162(1):73–82.

65. Yi S, Zheng B, Zhu Y, Cai Y, Sun H, Zhou J. Melatonin ameliorates excessive 
PINK1/Parkin-mediated mitophagy by enhancing SIRT1 expression in granu-
losa cells of PCOS. Am J Physiol Endocrinol Metab. 2020;319(1):E91–101.

66. Zheng B, Meng J, Zhu Y, Ding M, Zhang Y, Zhou J. Melatonin enhances SIRT1 
to ameliorate mitochondrial membrane damage by activating PDK1/Akt in 
granulosa cells of PCOS. J Ovarian Res. 2021;14(1):152.

67. Guo R, Zheng H, Li Q, Qiu X, Zhang J, Cheng Z. Melatonin alleviates insulin 
resistance through the PI3K/AKT signaling pathway in ovary granulosa cells 
of polycystic ovary syndrome. Reprod Biol. 2022;22(1):100594.

68. Yu K, Wang RX, Li MH, Sun TC, Zhou YW, Li YY, et al. Melatonin reduces andro-
gen production and upregulates Heme Oxygenase-1 expression in granulosa 
cells from PCOS patients with hypoestrogenia and hyperandrogenia. Oxid 
Med Cell Longev. 2019;2019:8218650.

69. Rahman MM, Kwon HS, Kim MJ, Go HK, Oak MH, Kim DH. Melatonin supple-
mentation plus exercise behavior ameliorate insulin resistance, hypertension 
and fatigue in a rat model of type 2 diabetes mellitus. Biomed Pharmacother. 
2017;92:606–14.

70. Pai SA, Majumdar AS. Protective effects of melatonin against metabolic and 
reproductive disturbances in polycystic ovary syndrome in rats. J Pharm Phar-
macol. 2014;66(12):1710–21.

71. Nikmard F, Hosseini E, Bakhtiyari M, Ashrafi M, Amidi F, Aflatoonian R. The 
boosting effects of melatonin on the expression of related genes to oocyte 
maturation and antioxidant pathways: a polycystic ovary syndrome- mouse 
model. J Ovarian Res. 2022;15(1):11.

72. Nikmard F, Hosseini E, Bakhtiyari M, Ashrafi M, Amidi F, Aflatoonian R. Effects 
of melatonin on oocyte maturation in PCOS mouse model. Anim Sci J. 
2017;88(4):586–92.

73. Basheer M, Rai S, Ghosh H, Ahmad Hajam Y. Therapeutic efficacy of melatonin 
against polycystic ovary syndrome (PCOS) induced by letrozole in Wistar rat. 
Pak J Biol Sci. 2018;21(7):340–7.

74. Hansda SR, Haldar C. Uterine anomalies in cell proliferation, energy 
homeostasis and oxidative stress in PCOS hamsters, M. auratus: therapeutic 
potentials of melatonin. Life Sci. 2021;281:119755.

75. Seymen CM, Yar Sağlam AS, Elmazoğlu Z, Arık GN, Take Kaplanoğlu G. 
Involvement of endometrial IGF-1R/IGF-1/Bcl-2 pathways in experimental 
polycystic ovary syndrome: identification of the regulatory effect of melato-
nin. Tissue Cell. 2021;73:101585.

76. Lombardi LA, Mattos LS, Simões RS, Florencio-Silva R, Sasso G, Carbonel AAF 
et al. Melatonin may prevent or reverse polycystic ovary syndrome in rats. 
Rev Assoc Med Bras (1992). 2019;65(7):1008-14.

77. Tagliaferri V, Romualdi D, Scarinci E, Cicco S, Florio CD, Immediata V, et al. 
Melatonin treatment May be able to restore menstrual Cyclicity in women 
with PCOS: A pilot study. Reprod Sci. 2018;25(2):269–75.

78. Mousavi R, Alizadeh M, Asghari Jafarabadi M, Heidari L, Nikbakht R, Babaah-
madi Rezaei H, et al. Effects of melatonin and/or magnesium supplementa-
tion on biomarkers of inflammation and oxidative stress in women with 
polycystic ovary syndrome: a randomized, Double-Blind, Placebo-Controlled 
trial. Biol Trace Elem Res. 2022;200(3):1010–9.

79. Jamilian M, Foroozanfard F, Mirhosseini N, Kavossian E, Aghadavod E, 
Bahmani F, et al. Effects of melatonin supplementation on hormonal, inflam-
matory, genetic, and oxidative stress parameters in women with polycystic 
ovary syndrome. Front Endocrinol (Lausanne). 2019;10:273.

80. Shabani A, Foroozanfard F, Kavossian E, Aghadavod E, Ostadmohammadi 
V, Reiter RJ, et al. Effects of melatonin administration on mental health 
parameters, metabolic and genetic profiles in women with polycystic ovary 
syndrome: A randomized, double-blind, placebo-controlled trial. J Affect 
Disord. 2019;250:51–6.

81. Mokhtari F, Akbari Asbagh F, Azmoodeh O, Bakhtiyari M, Almasi-Hashiani 
A. Effects of melatonin administration on chemical pregnancy rates of 
polycystic ovary syndrome patients undergoing intrauterine insemination: A 
randomized clinical trial. Int J Fertil Steril. 2019;13(3):225–9.

82. Pacchiarotti A, Carlomagno G, Antonini G, Pacchiarotti A. Effect of myo-ino-
sitol and melatonin versus myo-inositol, in a randomized controlled trial, for 
improving in vitro fertilization of patients with polycystic ovarian syndrome. 
Gynecol Endocrinol. 2016;32(1):69–73.

83. Alizadeh M, Karandish M, Asghari Jafarabadi M, Heidari L, Nikbakht R, Babaah-
madi Rezaei H, et al. Metabolic and hormonal effects of melatonin and/or 
magnesium supplementation in women with polycystic ovary syndrome: 
a randomized, double-blind, placebo-controlled trial. Nutr Metab (Lond). 
2021;18(1):57.

84. Kala M, Shaikh MV, Nivsarkar M. Equilibrium between anti-oxidants and 
reactive oxygen species: a requisite for oocyte development and maturation. 
Reprod Med Biol. 2017;16(1):28–35.

85. He C, Wang J, Zhang Z, Yang M, Li Y, Tian X et al. Mitochondria Synthesize 
Melatonin to Ameliorate Its Function and Improve Mice Oocyte’s Quality 
under in Vitro Conditions. Int J Mol Sci 2016;17(6).

86. Reiter RJ, Tan DX, Rosales-Corral S, Galano A, Zhou XJ, Xu B. Mitochondria: 
Central Organelles for Melatonin’s Antioxidant and Anti-Aging Actions. 
Molecules. 2018;23(2).

87. Rodriguez C, Mayo JC, Sainz RM, Antolín I, Herrera F, Martín V, et al. Regula-
tion of antioxidant enzymes: a significant role for melatonin. J Pineal Res. 
2004;36(1):1–9.

88. Maliqueo M, Benrick A, Stener-Victorin E. Rodent models of polycystic ovary 
syndrome: phenotypic presentation, pathophysiology, and the effects of 
different interventions. Semin Reprod Med. 2014;32(3):183–93.

89. Collado-Fernandez E, Picton HM, Dumollard R. Metabolism through-
out follicle and oocyte development in mammals. Int J Dev Biol. 
2012;56(10–12):799–808.

90. Skinner MK. Regulation of primordial follicle assembly and development. 
Hum Reprod Update. 2005;11(5):461–71.

91. Kim MK, Park EA, Kim HJ, Choi WY, Cho JH, Lee WS, et al. Does supplementa-
tion of in-vitro culture medium with melatonin improve IVF outcome in 
PCOS? Reprod Biomed Online. 2013;26(1):22–9.

92. Karabulut S, Korkmaz O, Kutlu P, Gozel HE, Keskin I. Effects O follicular fluid 
oxidative status on human mural granulosa cells, oocyte competency and 
ICSI parameters. Eur J Obstet Gynecol Reprod Biol. 2020;252:127–36.

93. Dong J, Feldmann G, Huang J, Wu S, Zhang N, Comerford SA, et al. Elucida-
tion of a universal size-control mechanism in Drosophila and mammals. Cell. 
2007;130(6):1120–33.

94. Zhao B, Wei X, Li W, Udan RS, Yang Q, Kim J, et al. Inactivation of YAP oncop-
rotein by the Hippo pathway is involved in cell contact Inhibition and tissue 
growth control. Genes Dev. 2007;21(21):2747–61.

95. Harvey K, Tapon N. The Salvador-Warts-Hippo pathway - an emerging 
tumour-suppressor network. Nat Rev Cancer. 2007;7(3):182–91.

96. Huang J, Wu S, Barrera J, Matthews K, Pan D. The Hippo signaling pathway 
coordinately regulates cell proliferation and apoptosis by inactivating yorkie, 
the Drosophila homolog of YAP. Cell. 2005;122(3):421–34.

97. Maas K, Mirabal S, Penzias A, Sweetnam PM, Eggan KC, Sakkas D. Hippo sig-
naling in the ovary and polycystic ovarian syndrome. J Assist Reprod Genet. 
2018;35(10):1763–71.

98. Dos Santos EC, Lalonde-Larue A, Antoniazzi AQ, Barreta MH, Price CA, Dias 
Gonçalves PB, et al. YAP signaling in preovulatory granulosa cells is critical for 
the functioning of the EGF network during ovulation. Mol Cell Endocrinol. 
2022;541:111524.

99. Sun X, Niu X, Qin N, Shan X, Zhao J, Ma C, et al. Novel insights into the regula-
tion of LATS2 kinase in prehierarchical follicle development via the Hippo 
pathway in Hen ovary. Poult Sci. 2021;100(12):101454.

100. Ai A, Xiong Y, Wu B, Lin J, Huang Y, Cao Y, et al. Induction of miR-15a expres-
sion by tripterygium glycosides caused premature ovarian failure by sup-
pressing the Hippo-YAP/TAZ signaling effector Lats1. Gene. 2018;678:155–63.



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

101. Kawamura K, Cheng Y, Suzuki N, Deguchi M, Sato Y, Takae S, et al. Hippo 
signaling disruption and Akt stimulation of ovarian follicles for infertility treat-
ment. Proc Natl Acad Sci U S A. 2013;110(43):17474–9.

102. Borreguero-Muñoz N, Fletcher GC, Aguilar-Aragon M, Elbediwy A, Vincent-
Mistiaen ZI, Thompson BJ. The Hippo pathway integrates PI3K-Akt signals 
with mechanical and Polarity cues to control tissue growth. PLoS Biol. 
2019;17(10):e3000509.

103. Chen HJ, Wang CM, Wang TW, Liaw GJ, Hsu TH, Lin TH, et al. The Hippo 
pathway controls Polar cell fate through Notch signaling during Drosophila 
oogenesis. Dev Biol. 2011;357(2):370–9.

104. Hsueh AJW, Kawamura K. Hippo signaling disruption and ovarian follicle 
activation in infertile patients. Fertil Steril. 2020;114(3):458–64.

105. Papageorgiou K, Mastora E, Zikopoulos A, Grigoriou ME, Georgiou I, Michae-
lidis TM. Interplay between mTOR and Hippo signaling in the ovary: clinical 
choice guidance between different gonadotropin preparations for better IVF. 
Front Endocrinol (Lausanne). 2021;12:702446.

106. Dewailly D, Lujan ME, Carmina E, Cedars MI, Laven J, Norman RJ, et al. Defini-
tion and significance of polycystic ovarian morphology: a task force report 
from the androgen excess and polycystic ovary syndrome society. Hum 
Reprod Update. 2014;20(3):334–52.

107. Hsueh AJ, Kawamura K, Cheng Y, Fauser BC. Intraovarian control of early fol-
liculogenesis. Endocr Rev. 2015;36(1):1–24.

108. Hughesdon PE. Morphology and morphogenesis of the Stein-Leventhal 
ovary and of so-called hyperthecosis. Obstet Gynecol Surv. 1982;37(2):59–77.

109. Tsoi M, Morin M, Rico C, Johnson RL, Paquet M, Gévry N, et al. Lats1 and 
Lats2 are required for ovarian granulosa cell fate maintenance. Faseb J. 
2019;33(10):10819–32.

110. Li T, Zhao H, Zhao X, Zhang B, Cui L, Shi Y, et al. Identification of YAP1 as 
a novel susceptibility gene for polycystic ovary syndrome. J Med Genet. 
2012;49(4):254–7.

111. Jiang LL, Xie JK, Cui JQ, Wei D, Yin BL, Zhang YN, et al. Promoter methylation 
of yes-associated protein (YAP1) gene in polycystic ovary syndrome. Med 
(Baltim). 2017;96(2):e5768.

112. Chen ZJ, Zhao H, He L, Shi Y, Qin Y, Shi Y, et al. Genome-wide association 
study identifies susceptibility loci for polycystic ovary syndrome on chromo-
some 2p16.3, 2p21 and 9q33.3. Nat Genet. 2011;43(1):55–9.

113. Louwers YV, Stolk L, Uitterlinden AG, Laven JS. Cross-ethnic meta-analysis 
of genetic variants for polycystic ovary syndrome. J Clin Endocrinol Metab. 
2013;98(12):E2006–12.

114. Lv X, He C, Huang C, Wang H, Hua G, Wang Z, et al. Timely expression and 
activation of YAP1 in granulosa cells is essential for ovarian follicle develop-
ment. Faseb J. 2019;33(9):10049–64.

115. Jarzynka MJ, Passey DK, Ignatius PF, Melan MA, Radio NM, Jockers R, et al. 
Modulation of melatonin receptors and G-protein function by microtubules. 
J Pineal Res. 2006;41(4):324–36.

116. Pandi-Perumal SR, Trakht I, Srinivasan V, Spence DW, Maestroni GJ, Zisapel 
N, et al. Physiological effects of melatonin: role of melatonin receptors and 
signal transduction pathways. Prog Neurobiol. 2008;85(3):335–53.

117. Moroishi T, Hansen CG, Guan KL. The emerging roles of YAP and TAZ in cancer. 
Nat Rev Cancer. 2015;15(2):73–9.

118. Mi L, Kuang H. Melatonin regulates cisplatin resistance and glucose metabo-
lism through Hippo signaling in hepatocellular carcinoma cells. Cancer 
Manag Res. 2020;12:1863–74.

119. Zhao X, Sun J, Su W, Shan H, Zhang B, Wang Y et al. Melatonin protects 
against lung fibrosis by regulating the Hippo/YAP pathway. Int J Mol Sci. 
2018;19(4).

120. Shiu SY, Pang B, Tam CW, Yao KM. Signal transduction of receptor-medi-
ated antiproliferative action of melatonin on human prostate epithelial 
cells involves dual activation of Gα(s) and Gα(q) proteins. J Pineal Res. 
2010;49(3):301–11.

121. Yu FX, Zhao B, Panupinthu N, Jewell JL, Lian I, Wang LH, et al. Regulation 
of the Hippo-YAP pathway by G-protein-coupled receptor signaling. Cell. 
2012;150(4):780–91.

122. Hong AW, Meng Z, Guan KL. The Hippo pathway in intestinal regeneration 
and disease. Nat Rev Gastroenterol Hepatol. 2016;13(6):324–37.

123. Luo J, Yu FX. GPCR-Hippo signaling in Cancer. Cells. 2019;8(5).
124. Shiu SY, Leung WY, Tam CW, Liu VW, Yao KM. Melatonin MT1 receptor-induced 

transcriptional up-regulation of p27(Kip1) in prostate cancer antiproliferation 
is mediated via Inhibition of constitutively active nuclear factor kappa B (NF-
κB): potential implications on prostate cancer chemoprevention and therapy. 
J Pineal Res. 2013;54(1):69–79.

125. Cho HH, Shin KK, Kim YJ, Song JS, Kim JM, Bae YC, et al. NF-kappaB activation 
stimulates osteogenic differentiation of mesenchymal stem cells derived 
from human adipose tissue by increasing TAZ expression. J Cell Physiol. 
2010;223(1):168–77.

126. Qi MK, Sun TC, Yang LY, He JL, Guo YM, Wang HB, et al. Therapeutic effect of 
melatonin in premature ovarian insufficiency: Hippo pathway is involved. 
Oxid Med Cell Longev. 2022;2022:3425877.

127. Dapas M, Dunaif A. Deconstructing a syndrome: genomic insights into PCOS 
causal mechanisms and classification. Endocr Rev. 2022.

128. Wang J, Wu D, Guo H, Li M. Hyperandrogenemia and insulin resistance: the 
chief culprit of polycystic ovary syndrome. Life Sci. 2019;236:116940.

129. Karamitri A, Jockers R. Melatonin in type 2 diabetes mellitus and obesity. Nat 
Rev Endocrinol. 2019;15(2):105–25.

130. Gavi S, Shumay E, Wang HY, Malbon CC. G-protein-coupled receptors and 
tyrosine kinases: crossroads in cell signaling and regulation. Trends Endocri-
nol Metab. 2006;17(2):48–54.

131. Straßburger K, Tiebe M, Pinna F, Breuhahn K, Teleman AA. Insulin/
IGF signaling drives cell proliferation in part via Yorkie/YAP. Dev Biol. 
2012;367(2):187–96.

132. Wang C, Jeong K, Jiang H, Guo W, Gu C, Lu Y, et al. YAP/TAZ regulates 
the insulin signaling via IRS1/2 in endometrial cancer. Am J Cancer Res. 
2016;6(5):996–1010.

133. Hao F, Xu Q, Zhao Y, Stevens JV, Young SH, Sinnett-Smith J, et al. Insulin recep-
tor and GPCR crosstalk stimulates YAP via PI3K and PKD in pancreatic Cancer 
cells. Mol Cancer Res. 2017;15(7):929–41.

134. Peschke E, Bähr I, Mühlbauer E. Melatonin and pancreatic Islets: inter-
relationships between melatonin, insulin and glucagon. Int J Mol Sci. 
2013;14(4):6981–7015.

135. Xu H, Bao X, Kong H, Yang J, Li Y, Sun Z. Melatonin protects against Cyclo-
phosphamide-induced premature ovarian failure in rats. Hum Exp Toxicol. 
2022 Jan-Dec;41:9603271221127430.

136. Ramracheya RD, Muller DS, Squires PE, Brereton H, Sugden D, Huang GC, et al. 
Function and expression of melatonin receptors on human pancreatic Islets. 
J Pineal Res. 2008;44(3):273–9.

137. Picinato MC, Haber EP, Cipolla-Neto J, Curi R, de Oliveira Carvalho CR, 
Carpinelli AR. Melatonin inhibits insulin secretion and decreases PKA levels 
without interfering with glucose metabolism in rat pancreatic Islets. J Pineal 
Res. 2002;33(3):156–60.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	Effects of melatonin in polycystic ovary syndrome: is there Hippo pathway crosstalk?
	Abstract
	Introduction
	PCOS: an overview
	MT therapies in PCOS: review of the evidence
	MT participates in the normal physiological function of the ovary
	Experimental data on MT’s therapeutic potential in PCOS

	Relationship between Hippo pathway and PCOS
	The Hippo pathway and ovary
	Correlation between Hippo pathway and PCOS

	Relationship between Hippo pathway, MT, and PCOS
	The potential cross-talk between MT and Hippo pathway through the gas molecular (based on theoretical basis)
	Theoretical levels of MT antagonize the metabolic pathway of the Hippo pathway in PCOS

	Conclusions and perspectives
	References


