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ABSTRACT

Melatonin (MT) is an endogenous hormone mainly synthesized by pineal cells, which has strong endogenous
effects of eliminating free radicals and resisting oxidative damages. Melatonin (MT) can not only regulate the
body’s seasonal and circadian rhythms; but also delay ovarian senescence, regulate ovarian biological rhythm,
promote follicles formation, and improve oocyte quality and fertilization rate. This review aimed to provide
evidence concerning the synthesis and distribution, ovarian function, and role of MT in development of follicles
and oocytes. Moreover, the role of MT as antioxidative, participating in biological rhythm regulation, was also
reviewed. Furthermore, the effects of MT on various ovarian related diseases were analyzed, particularly for
the ovarian aging and polycystic ovary syndrome (PCOS).

INTRODUCTION and fertilization rates. Animal studies have shown that
MT can improve age-related decline in fertility and

Melatonin (MT) is an endogenous indoleamine attenuate ovarian damages caused by oxidative stress

hormone secreted and synthesized mainly by the pineal [6]. The purpose of this review is to introduce the

gland in mammals. MT exists in the body fluid, which regulatory effects of MT on the ovarian physiological

regulates the circadian rhythm, behavior, immune functions, and to illustrate the research progress of MT

response, and reproductive function [1]. As an in the treatment of ovary-related diseases.

antioxidant, MT provides opportunities for the treat-

ment of various diseases, including the Alzheimer's MT synthesis and distribution

disease, cancers, immune disorders, diabetes, and viral

infections [2-4]. MT, with the chemical name of 5-methoxy-N-
acetyltryptamine, is mainly synthesized by the pineal

The main function of MT is to scavenge endogenous gland in mammals. MT can also be secreted in the retina,

free radicals, which can resist oxidation and prevent digestive tract, and ovary [7-9]. The pineal gland cells

cellular damages. Studies have shown that MT can use tryptophan in the blood as raw materials to produce

regulate the reproductive activities of photoperiod serotonin  (5-HT) through the hydroxylation and

animals [5], biological rhythms of oocytes and ovaries, decarboxylation of tryptophan hydroxylase (THP) and
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aromatic amino acid decarboxylase (AADC), and further
synthesize MT through the acetylation and methylation
of N-acetyltransferase (NAT) and oxindole-oxy-
methyltransferase (HIOMT) (Figure 1) [10].

HIOMT has recently been referred to as the acetyl
complex amine-O-methyltransferase (ASMT) in the
human genetic database [10]. The 5-HT can be
extracted from the mammal ovaries, with high
expression levels of NAT and ASMT [10]. Therefore, it
has been believed that the ovaries can directly
synthesize MT. MT in the ovary can be derived from
the systemic blood circulation, or synthesized by the
granular cells, including the cumulus granulosa cells
and oocytes [11]. MT can also diffuse and easily cross
the morphological and physiological barriers (such as
the placenta and blood-brain barrier), and then enter the
cells and affect the functions of various tissues [12].

The synthesis and secretion of MT is regulated by the
endogenous circadian clock in the suprachiasmatic
nucleus. The levels of MT synthesis and secretion are
high at night, while relatively low levels would be
observed during the day, with roughly sinusoidal
rhythm. The MT secretion presents a circadian rhythm
of low during day and high at night, which is the basis
for the physiological function of basis circadian
rhythm [13].
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In the process of MT biosynthesis, norepinephrine
secreted by the nerve endings of the superior cervical
ganglion stimulates the pineal cells through b-
adrenergic receptors, thereby accelerating the synthesis
of the second messenger cyclic AMP and inducing the
NAT activity [14]. This pathway is actually activated at
night because the nerve activity of the upper cervical
ganglia would be inhibited by the stimulation of light
[14]. Therefore, darkness represents the only condition
for the synthesis of MT.

In human beings, the MT secretion reaches its highest
level between the ages of 3 and 5 years old, which
begins to decrease from the beginning of puberty [11,
14]. The secretion of MT is rather stable before the age
of 3540 years. In older age, the level of MT would be
significantly diseased [15]. However, there are
significant differences in the MT rhythm amplitude
between individuals, and whether these differences
would affect the body health has not yet been
confirmed. The concentration of MT in the follicular
fluid (FF) of females undergoing in vitro fertilization is
significantly higher than in the peripheral blood [15],
with circadian rhythm and seasonal changes (that is, the
MT level in FF at night is higher than during day; and
the MT concentrations in FF in autumn and winter with
short sunshine are significantly higher than in the
seasons with long sunshine such as spring and autumn)
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Figure 1. Synthesis of melatonin (MT) in human whole body [10]. Abbreviations: NAT, serotonin-N-acetyl transferase; and HOMT,

hydroxyindole-O-methyltransferase.

www.aging-us.com

17931

AGING



[15, 16]. During the follicles development, the MT
concentrations in larger follicles are significantly higher
than in small follicles, and the MT concentrations in
pre-ovulation follicles are higher than that in serum,
suggesting that MT plays an important role in the
follicles development and ovulation [15, 16].

MT and ovarian functions
MT receptors in ovaries

The MT receptors could be divided into the membrane
and nuclear receptors, respectively [17]. The latter is
mainly related to the RZR/ROR superfamily of nuclear
receptors. There are three subtypes of membrane
receptors, i.e., the MT1, MT2 and MT3 receptors [17].
However, only the MT1 and MT2 receptor subtypes
exist in humans and other mammals, which are encoded
by the MTNR1A gene of g35-1 on chromosome 4 and
the MTNR1B gene of g21-q22 on chromosome 11,
respectively [18]. Based on the molecular structure, the
MT1 receptor is composed of 350 amino acids, while
the MT2 receptor is composed of 363 amino acids.
These two receptors share 60% sequence homology,
both belonging to the 7-transmembrane G protein-
coupled receptor family, with similar binding site
structure for MT [19].

MT binds to the MT1 and MT2 receptors, which
mediates a variety of physiological effects through
various signal transduction pathways, including the
adenylate cyclase (AC) - cAMP, mitogen-activated
protein kinase (MAPK) - extracellular signal-regulated
kinase (ERK), phosphatidylinositol 3 - kinase (PI-3-K)

l
PKA | ), Raf-1 / Raf-B
| o+)
MEK 1/2 ERK 1/2

CREB P-CREB .

/ Akt (protein kinase B), ERK-1/2 and c-Jun n-terminal
Kinase (JNK)-1/2, and Akt signaling pathways [20,
21]. In different tissues and organs, MT interacts with
the same receptor subtype, activating differential
second messengers. The binding of MT to MT1
receptor would down-regulate the intracellular PKA
activity and reduce the CREB phosphorylation, thereby
inhibiting the cAMP signal transduction cascade and
regulating the cell activities [22]. The activated MT1
receptor could also induce a transient increase in the
concentrations of cytosolic calcium ions and inositol
phosphate. In addition, studies have found that in the
mouse ovaries, MT can up-regulate the intracellular
AMPK signaling pathway through the MT1 receptor-
mediated pathways [23, 24]. The signals mediated by
MT2 receptors are related to multiple pathways
(including the activation of MT2 receptors to promote
the production of phosphoinositol, as well as the
inhibition of adenylate cyclase and guanylate cyclase),
thereby regulating the downstream pathways to exert
effects [23, 24]. MT participates in the regulation of
biological rhythms through a receptor-dependent
mechanism, and promotes the coordination of tissues
and organs [23, 24]. MT receptors exist in the human
brain, cardiovascular system, liver, breast, and
myometrium [17]. The mRNAs of the MT1 and MT2
receptors can be detected in human granulosa cells and
luteal cells (Figure 2) [25, 26].

MT can act on the hypothalamus-pituitary-ovarian axis
(HPO) by regulating the hypothalamic gonadotropins,
which can also directly bind to the ovarian granulosa
cells to exert effects on HPO [26, 27]. MT inhibits the
expressions of gonadotropin-releasing hormone (GnRH)
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Figure 2. Melatonin (MT) receptors and their pathways. Abbreviations: MT, melatonin; R, melatonin receptor; AC, Adenylyl Cyclase;
ATP, adenosine triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; CREB, responsive element binding protein;
PLC, phospholipase C; PIP2, phosphatidylinositol 4,5-bisphosphate; DAG, diacylglycerol; CG, guanylyl Cyclase; GTP, guanosine triphosphate;

and GMP, guanosine monophosphate [31].
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and GnRH receptors by up-regulating the LH receptor
MRNASs [28]. GnRH, in turn, controls the secretions of
the gonadotropin luteinizing hormone (LH) and follicle
stimulating hormone (FSH), which regulates the
reproductive function at the gonadal level and
participates in maintaining the level of the corpus
luteum during pregnancy [28, 29]. The wide
distribution of MT receptors is the basis for its
extensive biological effects. In addition, some of the
biological effects of MT are receptor-independent, such
as acting (as antioxidants) to prevent the oxidative
stress damages [30].

MT and antioxidation

In the ovary, oocytes and somatic cells produce the
reactive oxygen species (ROS) and reactive nitrogen
(RNS) in the follicular micro-environment. Active
substances highly react with complex cellular molecules
(such as the proteins, lipids, and DNA) and change their
functions. This process would cause molecular
damages, called oxidative stress. Mitochondria have
been considered to be the main source of intracellular
ROS and an important target for ROS supply [32]. The
ROS generated by the mitochondrial respiratory chain
would injure many substances, including the proteins,
lipids and mitochondrial DNA (mtDNA) [32].
Cumulative damages due to excessive ROS to mtDNA
may cause DNA strand breaks and lead to somatic
mtDNA mutations. Somatic mtDNA mutations may
cause damages to the activity of the respiratory chain
complex, further aggravating the increased ROS
production and mtDNA mutations [32, 33].

Oxidative stress causes the mitochondrial dysfunction
and increases the uptake of Ca?* by mitochondria. High
concentrations of Ca?* can inhibit the synthesis of ATP
by mitochondria. The lack of ATP would affect cell
growth and even lead to apoptosis [34]. In addition,
oxidative stress can also activate the cellular apoptosis
induced by caspase-3 [35]. Oxidative stress can damage
the oocytes, granulosa cells and mesenchymal cells in
the ovary, thereby accelerating the ovarian function
failure, possibly leading to malformations and changes
in the embryonic development [36, 37]. These changes
would increase the cell apoptosis in pregnancy,
significantly increasing the incidence of female fertility.

MT could scavenge the endogenous free radicals, which
can resist the oxidation and prevent the cell damages.
MT reduces the oxidative stress through various ways.
It can eliminate the endogenous ROS and RNS,
including the superoxide anions (O2~), hydroxyl
radicals, singlet oxygen (*O2), hydrogen peroxide
(H202), hypochlorous acid (HOCI), nitric oxide (NO-),
and peroxynitrite anion (ONOO™) [38-40]. In addition,

MT can eliminate the metabolites formed during the
interaction with oxidation products [41]. When
melatonin directly neutralizes the free radicals (through
the electronic donation), its derivatives are as effective
as melatonin in reducing oxidative stress [42].
Melatonin and its metabolites, such as AMK, can
directly scavenge the free radicals and toxic
metabolites, and then form an antioxidant cascade,
which plays a strong role in scavenging free radicals,
directly down-regulating the intracellular ROS level,
maintaining the intracellular redox balance, thus
maintaining the internal environment homeostasis [43].
MT captures ROS through the 5-methoxy group on the
indole ring, providing electrons to convert it into non-
oxidized substances, and changing itself into a low-
toxic intermediate product NZ1-acetyl-N2-formyl-5-
methoxy canine Uracamide, which has stronger
antioxidant properties than MT (removing a variety of
ROS) [44]. MT is amphiphilic, which can enter into
various organs and cells, thereby reducing the oxidative
and nitrosative damages in the lipid and liquid
environments. Therefore, compared with other classic
antioxidants, MT could more effectively protect the
oxidative damages [45].

MT is not only a direct free radical scavenger, but also
an indirect antioxidant, which can promote the
expression and activity of antioxidant enzymes [i.e.,
the superoxide dismutase (SOD), and the glutathione
peroxidase (GPX)], inhibiting the expression of the
oxidative enzyme nitric oxide synthase (NOS) [41].
SIRT3-a histone deacetylases are mainly located in the
mitochondrial matrix, which plays an important role in
protecting these organelles from oxidative stress [46].
MT can also enhance the activity of SIRT3, activate
the FoxO3a to undergo nuclear translocation, increase
the binding of FoxO3a to CAT and SOD2 promoters,
and lead to the transactivation of antioxidant genes,
thereby limiting the production of ROS in mito-
chondria and inhibiting the mitochondrial oxidative
damages [47]. In addition, MT reduces the expression
levels of the apoptotic genes (such as the Bax, p53 and
caspase-3), and increases the expression of the anti-
apoptotic factor Bcl-2, thereby reducing the cellular
apoptosis (Figure 3.) [7, 48].

Mitochondria are dynamic and plastic organelles that
produce ATP through oxidative phosphorylation, which
is key to connecting the oxidative stress and energy
metabolism. MT can maintain the mitochondrial
functions through the following ways: (1) by inhibiting
the opening of mitochondrial permeability transition
pore (MtPTP), stimulating the expression and activity of
SOD1 and Mn-SOD (SOD2) in the mitochondrial
matrix, regulating the mitochondrion electron flux, and
reducing the mitochondrial electron leakage; (2) by
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increasing the activity of uncoupling proteins (UCPs),
reducing the ATP production, and inhibiting the ROS
production; and (3) by promoting the mitochondrial
biosynthesis, and protecting the mitochondrial morpho-
logy and function [49].

Studies have shown that MT has antioxidant properties
on the HPG axis [50-52]. MT can reduce the oxidative
damages in the follicles, and increase the production of
progesterone during the luteal phase and the maturation
of oocytes [53]. Circulating MT can be absorbed by the
ovaries, but the ovarian follicles have the ability to
synthesize and secrete MT themselves [53]. Therefore,
MT has an important paracrine effects in the female
reproductive system [11, 53]. Evidence has shown that
MT can scavenge the toxic free radicals, and induce the
synthesis and activity of antioxidant enzymes, thus
preventing the induction of mitochondrial apoptosis,
and participating in the protection of granulosa cells and
oocytes [7, 11, 53].

Effects of MT on follicles and oocytes
The growth and development of follicles are rather

complicated, which needs to go through the stages of
primordial follicle, primary follicle, preantral follicle,
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antral follicle, and mature follicle. During the follicle
development, oxides such as ROS and RNS would be
produced. These oxides can regulate the molecular and
biochemical pathways in the process of follicle
formation [7, 11, 53], thus damaging the oocytes and
leading to the follicular atresia. MT in human follicular
fluid can attenuate oxidative stress, as well as protect
oocytes and granulosa cells [37, 54]. The ROS produced
by the follicles during maturation and ovulation will be
eliminated by MT, while the MT is significantly
reduced in the follicular fluid of elderly women [55].
When MT is used to treat infertility, it would increase
the concentrations of MT in the woman follicles, thus
reducing the oxidative damage sin the follicles, and
improving the fertilization rate and pregnancy rate [56].

MT seems to have different functions at different stages
of follicular development [56]. Some reports have
shown that MT is related to the follicle stimulating
hormone, which can promote the growth of goat
preantral follicles and increase the production of P and
androstenedione (A), in the mouse preantral follicles
[21, 57]. Some studies have also described the role of
MT in antral follicles, such as regulating the production
of sex steroids, the expression of LH mRNA, the
production of Bcl2 and Caspase3, and the activity of
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Figure 3. Antioxidant mechanism of MT in cells [7, 53]. Abbreviations: MT, melatonin; ROS, reactive oxygen species; mtPTP,
mitochondrial permeability transition pore; SOD, superoxide dismutase; Mn-SOD, Mn-superoxide dismutase; UCPs, uncoupling protein
gene; HO-1, heme oygenase-1; Nrf-2, nuclear factor erythroid-2-related factor-2; GPx, utathione peroxidase; and NOS, nitric oxide synthase.
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insulin-like growth factors and transforming the growth
factor B [58, 59]. The increase in the concentration of
FF MT in the growing human follicles has been
considered to be an important factor in avoiding
follicular atresia, because the FF MT can reduce the
apoptosis of key cells, making the follicles fully
developed before ovulation and providing the mature
eggs for ovulation [59].

MT increases the synthesis of glutathione in human
endothelial cells, and prevents the induction of
mitochondrial endogenous apoptosis pathways by
inducing the Bcl-2 expression and reducing the caspase-
3 activity [11]. Therefore, MT protects cells from
oxidative stress due to radical damages. The
administration of exogenous MT can significantly
reduce the oxidative damages in the follicle and the
oxidative damages of essential molecules, thereby
increasing the fertilization rate and pregnancy rate [11,
14]. MT regulates the responses of follicles to LH by
increasing the mRNA expression levels of LH receptors
in human granulosa cells [60]. In addition, MT-induced
progesterone production would be produced by
inhibiting CYP1 1A. CYP1 1A is a specific gene for
progesterone synthesis, which increases its secretion
through negative feedback, which is necessary for
follicular maturation and ovulation during the dominant
follicular phase [61].

In the process of mammalian reproduction, the
maturation of oocytes is a necessary prerequisite for
successful fertilization and embryo development [62].
As a powerful antioxidant, MT is beneficial to oocyte
maturation and embryo development [62]. Clinically,
oral administration of MT can reduce the level of
oxidative stress marker 8-OHdG in the oocytes of
infertile women, and increase the fertilization rate under
IVF-ET treatment [56]. Studies have shown that the
antioxidant function of melatonin helps to reduce the
rigidity of plasma membrane, which can promote the
maturation of human oocytes and early embryonic
development by enhancing the reticulin mediated
endocytosis (CME) [63]. MT can improve the
phenotype of oocyte defects caused by maternal obesity
through the SIRT3-SOD2-dependent mechanism,
prevent the spindle/chromosome abnormalities in
oocytes, and improve the development ability of early
embryos [64]. A randomized trial has been conducted to
study the application of melatonin in the assisted
reproductive technology (ART), which has shown that
MT can significantly improve the clinical pregnancy
rate of art cycle, and increase the number of mature
oocytes and the number of high-quality embryos [65].
The maturation of oocytes requires the participation of
progesterone (P), which can bind to the membrane
receptors of oocytes and induce the initiation of

maturation-promoting factors in the cytoplasm of
oocytes [66]. Under the action of the oocyte maturation
promoting  factor, the oocyte will undergo
morphological changes, including the blastocyst rupture
in the pre-deceleration division, which is a key step in
the oocyte maturation [66]. Studies have shown that MT
can accelerate the P action and stimulate the maturation-
inducing hormone (MIH), thereby stimulating the
initiation of oocyte maturation-promoting factors and
the rupture of blastocysts [58, 67, 68]. Melatonin can
significantly reduce the ROS levels in oocytes, improve
the oxidative stress state of oocytes, reduce the
early apoptosis of oocytes, repair the integrity of
mitochondria, improve the spindle assembly and
chromosome arrangement, and promote the meiotic
maturation [69]. The MT therapy may become a
beneficial treatment method to improve the ovarian
function, oocyte quality and embryo development in
infertile women, especially for those who cannot get
pregnant due to poor oocyte quality or are about to
come to the end of reproductive life (Figure 4) [70].

Other studies have shown that the combination of MT
and inositol has a positive effect on oocytes [71]. In a
randomized controlled trial, MT combined with inositol
and vitamin D treatment can improve the quality of
blastocysts and oocytes in women undergoing
intracytoplasmic sperm injection (ICSI), and the study
group has achieved the clinical pregnancy of 42% (vs
24% for the control group) [72]. A clinical trial has
studied the effect of inositol plus folic acid and MT on
the oocyte quality and pregnancy outcome in vitro
fertilization (IVF) cycles compared with inositol plus
folic acid. The study has shown that the average number
of mature oocytes in the MT combination treatment
group is significantly increased, and the clinical
pregnancy rate and implantation rate in the combination
treatment group has an increasing trend [73].

MT regulates ovarian biological rhythm

The suprachiasmatic  nucleus (SCN) of the
hypothalamus stimulates the biological rhythms. It can
receive light signals from the retina, and adjust the
circadian rhythms of the ovary and other organs through
humoral regulation and neuromodulation [75]. The
biological clock system plays an important role in the
physiological activities of the ovary, which is involved
in the regulation of ovulation, steroid hormone synthesis
and oocyte maturation [75]. Disturbance of the
biological clock can seriously affect the ovarian
function. SCN can regulate the secretion of MT by the
pineal gland, and the local granulosa cells and oocytes
of the ovary can also secrete MT [75]. There are MT
receptors in the granulosa cells of the ovary, which can
participate in the regulation of the ovarian clock.
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Studies have found that the loss-of-function mutations
of the circadian clock genes Perl and Per2 would
significantly reduce the number of follicles and litter
size in female mice, leading to depletion of ovarian
reserve and decreased fertility [76]. Conditional
knockout of the circadian clock gene Bmall in the
ovarian steroid synthesizing cells and follicular
membrane cells would result in decreased fertility and
litter size in mice [77].

MT rhythm is an important outgoing hormone signal
driven by an internal clock, and therefore it can be
used as an internal synchronizer [78]. MT can
regulate the circadian rhythm on the targets, which
can also directly act on the SCN to regulate the clock
[78]. Its rhythmic secretion can enhance the
biological clock signal based on SCN to peripheral
tissues [78, 79]. Giving exogenous MT at the same
time of the day can trigger physiological and
behavioral rhythms (such as body temperature and
rest-activity cycles) [80]. According to previous
reports, MT can regulate a variety of biological
functions, including the vision, neuroendocrine,

reproduction, neuroimmunity, and vascular
physiology [13, 81-84]. Since the MT secretion is
proportional to the night length, MT also presents a
regular seasonal change cycle. MT is indeed a key
parameter for photoperiod integration and induction
of specific physiological responses [13].

Rhythm genes are widely present in the hypothalamic-
pituitary-ovarian axis (HPO). In the cumulus-oocyte
complex (COC) of rats, the expression of MT-related
genes and rhythm genes could be detected. Rhythmic
genes (Clock, Bmall, Per2, and Cryl) are expressed in
the rat ovary, and during oocyte maturation, the Clock,
Per2, and Cryl in cumulus-oocyte complexes (COCs)
show the expression trend from high to low, along with
the MLT-related genes (such as Aanat and Asmt), while
the changes in the Bmall expression levels showing an
opposite trend [85]. Removal of the pineal gland can
change the expression of MT-related genes in COC, and
the MT treatment can restore the expression of rhythm
genes [85, 86]. These findings indicate that MT can
regulate the expression of rhythm genes at different
developmental stages of follicles, thereby regulating the
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ovarian function [68, 87]. In addition, studies have
shown that MT can increase the number of eggs and
high-quality embryos in patients with sleep disorders
[68, 88].

MT and ovarian aging

Ovarian senescence is characterized by gradually
declined number and quality of oocytes, which may
lead to infertility. Age-related decline in oocyte quality
is associated with non-integral increase and
immaturity of oocytes [89]. Along with the increasing
age, especially after the age of 38 vyears, the
progressive loss of human ovarian follicles will be
accelerated. Although the molecular mechanism of
reducing the number and quality of oocytes has not
been fully understood, the process of ovarian aging is
similar to the general aging mechanism [90]. Oxidative
stress caused by reactive oxygen species (ROS) has
been considered to candidate affecting factors for the
ovarian aging, followed by the telomere length and
sirtuins activity, as well as the quality of granulosa
cells [55]. Telomere is a special structure located at the
3'-end of DNA, whose main function is to maintain the
gene stability and protect the ends of chromosomes
from DNA damages caused by ROS [55]. The
regulation of telomere length is mainly achieved by
telomerase. The telomerase activity and telomere
length of mouse ovaries would be decreased along
with reproductive aging [91]. The expression of
sirtuins (SIRT1, SIRT3, and SIRT6) in the ovary is
positively correlated with ovarian reserve [92]. These
proteins may be potential markers for ovarian aging,
and target molecules for delaying the organ aging
SIRT1, SIRT3, and SIRT6. Studies have shown that
long-term application of MT can delay the ovarian
aging [6, 55]. A previous study has reported that the
long-term administration of MT to Kunming mice can
significantly reduce ovarian aging, as manifested by
significantly increased numbers of fetuses, follicular
pools, telomere length, as well as the number and
quality of oocytes [6].

MT treatment significantly prolongs the telomere
length of aged mice, which may attenuate the age-
related telomere shortening in oocytes [55]. The MT
treatment can activate the ovarian SIRT1 and SIRT3
mMRNA expression levels. Studies have shown that in
mice and human beings, the up-regulated expression
of SIRT1 induced by MT is related to the reduced
oxidative stress, activated antioxidant enzymes, and
anti-apoptosis effects [93, 94]. MT delays the
senescence of mouse oocytes after ovulation through
the SIRT1-MnSOD-dependent pathway [95]. MT also
inhibits the autophagic death of hepatocytes induced
by cadmium by enhancing the activities of human

SIRT3 and superoxide dismutase 2 (SOD2) [69].
Therefore, MT may protect ovarian cells and reduce
follicular atresia by activating SIRT1 and SIRT3
signals.

Ribosome-related genes are up-regulated in the
ovaries treated with MT, indicating that MT may
regulate its function by participating in the translation
process of ribosomes [69]. Accurate protein
translation and normal ribosomal function are crucial
in delaying cell senescence [96]. MT acts directly as
an antioxidants, scavenging free radicals, and
delaying the decline of oocyte quantity and quality
[69]. MT can also indirectly enhance the activity of
antioxidant enzymes, or reduce the oxidative stress
of the ovary by regulating the mitochondrial
function. In addition to the above pathways, MT
may also depend on the receptor-mediated binding
to MT1 and MT2 receptors, mediating multiple
physiological effects through various signal
transduction pathways, to fight against premature
ovarian failure [6, 91].

MT and polycystic ovary syndrome (PCOS)

Polycystic ovary syndrome (PCOS) is a common
endocrine disease in women of childbearing age. The
clinical symptoms are mainly manifested in
anovulatory infertility,  hyperandrogenism  and
polycystic ovarian diseases. The incidence rate has
been gradually increased in recent years, up to 6%-10%
[97]. PCOS is a multi-gene-related disease, which is
characterized by a complex genetic pattern, including
the hyperandrogenism, ovulation dysfunction and
polycystic ovary changes [98]. In addition, the
endocrine and metabolic abnormalities of PCOS
patients are also manifested as the increased serum
luteinizing hormone  (LH), decreased follicle
stimulating hormone (FSH), increased serum androgen
level, hyperinsulinemia, insulin resistance (IR), obesity
and dyslipidemia. The risks of hypertension and
cardiovascular  diseases would be significantly
increased [98].

Studies have shown that the MT levels in serum and
saliva of PCOS patients are higher than healthy
women, and the levels of urinary-6-hydroxysulfated
melatonin (aMT6s), an important metabolite of MT,
are also significantly increased, while the MT level
in follicular fluid is on the contrary [74, 99]. The
MT level in mature follicles before ovulation is
much higher than the immature follicles [100].
Therefore, it is suggested that the decreased MT
level in follicular fluid of PCOS patients is due to
decreased absorption and excessive follicular atresia
[75].
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MT has obvious influence on the clinical, endocrine
and metabolic characteristics of PCOS patients. MT
can inhibit androgen-estrogen conversion in granular
cells, leading to decreased estrogen levels, thereby
causing negative feedback release from the
hypothalamus-pituitary axis, and increasing the FSH
secretion through pituitary stimulation [101]. A study
has shown that after 6 months of MT treatment, the
androgen level and anti Mullerian hormone (AMH)
serum level of PCOS patients are significantly
decreased, while the FSH level is significantly
increased, and the parameters of blood glucose and
blood lipid (except low density lipoprotein) have no
significant change [102]. A randomized, double-
blind, placebo-controlled clinical trial has been
conducted in 56 patients with PCOS, and the results
show that MT significantly reduces hirsutism, serum
total testosterone, high-sensitivity C-reactive protein
(hs CRP), plasma malondialdehyde (MDA) levels,
and significantly increases the plasma levels of total
antioxidant capacity (TAC) and total glutathione
(GSH) [103]. MT supplementation can significantly
reduce the Pittsburgh sleep quality index, Beck
Depression scale index (BDI) and Beck Anxiety
Scale index, which can significantly reduce the
serum insulin, homeostasis model of insulin
resistance (HOMA-IR), serum total cholesterol and
LDL cholesterol levels, and significantly improve
the quantitative insulin sensitivity test index
(QUICKI) [104]. In addition, inhibiting aromatase
activity at the ovarian level can increase androgens
in the ovaries, thereby improving the follicular
sensitivity. MT could also exert the effects and
functions, as the selective estrogen enzyme
modulator (SEEM) and selective estrogen receptor
modulator (SERM) [99].

PCOS leads to anovulation in women of
childbearing age, which is one of the pathological
factors of in vitro fertilization (IVF) failure [105].
It is very important for PCOS patients to improve
the quality of oocytes. It has been shown that, MT
supplementation (3mg/day) can help improve the
pregnancy rate by reducing the concentration of
8-hydroxy-2'-deoxyguanosine during IVF [56]. A
double-blind randomized clinical trial has been
conducted in 198 PCOS patients undergoing
intrauterine insemination (IUIl), which indicates
that the MT (3mg/ml) treatment can improve the
quality of follicles and significantly increase the
chemical pregnancy rate [106]. MT promotes the
expression levels of CYP19A1 and HO-1 in human
ovarian GCS, reduces the level of IL-18, and
promotes the oocyte maturation in PCOS patients
with hyperandrogenemia [107]. In addition, MT

has been proved to effectively stimulate the nuclear
maturation of oocytes and improve the maturation
rate by regulating free radicals to a certain level
[37]. In a randomized double-blind trial of PCOS
patients, MT and inositol can synergistically
improve the ovarian response to gonadotropin
stimulation at the ovarian level, thereby improving
the quality of oocytes and embryos [108].

The application of conventional treatment to control
ovarian hyperstimulation in patients with PCOS
would lead to a higher risk of ovarian hyper-
stimulation syndrome (OHSS). Insulin resistance of
ovarian granulosa cells and over-expression of
vascular endothelial growth factor (VEGF) caused
by insulin stimulation have been considered to be
potential mechanisms underlying the adverse
clinical outcomes [109]. The combination of MT
supplement and exercise behavior may (through up-
regulating GLUT4 and PGC-1o and mitochondrial
biogenesis  mechanism) improve antioxidant
activity, hyperlipidemia, and inflammatory cyto-
kines, thereby improving IR [110].

Menstrual cycle disorder is one of the main
complications of PCOS, which seriously affects the
patients’ quality of life. The disorders of HPO axis
in PCOS patients lead to the disorder of follicle
maturation and ovulation, while IR and
hyperinsulinemia also lead to ovarian dysfunction,
leading to anovulation and menstrual cycle disorder
in PCOS. One study has investigated 40 PCOS
patients who took MT for 6 months, and 95% of
them had improved menstrual cycle [102]. So far,
however, there are few data about MT improving the
menstrual cycle of PCOS patients.

Summary

A large number of studies on mammalian MT have
made great progress in understanding the MT action
mechanism on ovarian function (Table 1). There is
evidence that MT acts through a variety of receptors,
or it can be directly used as a direct free radical
scavenger without receptor action. A large number of
experimental data show that MT can participate in the
ovarian  physiology, including the follicular
development, ovulation, oocyte maturation, and
ovarian biological rhythm. The lack of MT is one of
the causes of ovarian aging, polycystic ovary
syndrome and other diseases. In clinical application,
MT function has been explored and applied. Even if
the application of MT is limited, it provides a good
basis for future exploration.
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Table 1. References concerning melatonin (MT) improving ovarian function.

Animal/
people

Design

Melatonin regulation results

Year

Author/Reference

Follicle

Oocyte

Oocyte

Oocyte

Biorhythm

Ovarian
senescence

Ovarian
senescence

Ovarian
senescence

PCOS

PCOS
PCOS

PCOS
PCOS
PCOS

PCOS

PCOS

PCOS

Sheep

Carps

Mouse

mouse

Mouse

Mouse

Mouse

Mouse
people
people
people
mouse
people
people

people

people

people

vitro, IVM

vitro, IVM

vitro, IVM,
implantation

vitro, IVM

vitro, IVM

vitro, IVM

vitro, IVM

vitro, IVM
clinic
clinic

randomized

controlled
trial, vitro

vitro, IVM
clinic
clinic
clinic
clinic

clinic

The lowest MT level was seen in the small
follicles, but there was no significant difference
between medium follicles and large follicles
AANAT, HIOMT, MT1, and MT2 mRNA
expression levels in COCs were decreased with
increasing follicle diameter
GVBD?1, the histone H1 kinase activity in
oocytet, acceleration in histone H1
Phosphorylation?

Gss, Atp6, Atp 8, Tetl, Tet2, and Tet3 mMRNA
expression{ normal distribution rates of IP3R1,
CD9 protein, mitochondrial, CGs and ER, Juno
expression? the representative images of DNA
methylation analysis of promoters of CD9 and
Juno genes? two-pronuclear embryos rate,
cleavage and blastocyst ratesT Dnmt1 |,
DNMT1], TET11, the normal distribution rates
of?
proportion of PBE in BPA-exposed oocytes?
did not affect GVBD a majority of disorganized
spindle morphologies and misaligned
chromosomes was observed in BPA-exposed
oocytes restores the defective kinetochore-
microtubule attachment rates of fertilization,
sperm binding ability] ZP2 cleavage level,
rescues localization and protein level of
ovastacin? Junet, ROS|
clock genes (Clock, Bmall, Cryl, Cry2, Perl,
Per2) in COCs?

SIRT1, Bel21, ROS|

Counteracted age-related fertility decline,
oocytest, ovarian mitochondrial oxidative stress
and apoptosis|
SOD, CAT, MDA, SIRT1, Ac-Fox0O1, Ac-p53,
Ac-NF-xB, Bcl-21, Ac-FoxO1, Ac-p53, Ac-NF-
kB, Bax|

LH, FSH, testosterone?

MT levels were found to be positively
associated with increased testosterone
the effect of myo-inositol and MT improving in
vitro fertilization of patient with PCOS is better
than myo-inositol
LH, FSH, IVM? lower doses MT enhanced
maturation rate

MT treatment can restore menstrual cyclicity in
women with PCOS

The level of MT in serum and saliva of PCOS
patients was higher than that of healthy women

MT in urine of patients with PCOS, aMT6s?

Androgen, AMH ; FSH?, blood glucose and
blood lipid had no significant change; The
menstrual cycle was improved in 95% of the
subjects
Hirsutism, serum total testosterone, hs CRP,
MDA| TAC/GSH?

2012

2004

2018

2015

2015

2016

2015

2004

2013

2015

2017

2018

2013

2001

2018

2019

Xiao L [21]

Chattoraj A [65]

Zhao XM [68]

Zhang M [69]

Coelho LA [77]
Yang Y [111]
Song C [6]
Zhao L [93]
Luboshitzky R [102]
Jain P [97]
Pacchiarotti A [109]

Nikmard F [108]
Tagliaferri V [103]
Jain P [97]

Luboshitzky R [99]

Tagliaferri V [103]

Jamilian M [104]
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Pittsburgh sleep quality index, Beck Depression

PCOS people clinic

PCOS people clinic

PCOS people clinic

PCOS people clinic

scale index and Beck Anxiety Scale index;

2019  Shabani A [105]

QUICKI?T
Supplementation of 3 mg/day melatonin can

help improve the pregnancy rate by reducing the
concentration of 8-hydroxy-2'- deoxyguanosine

2019 Tamura H [55]

during IVF
Given 3 mg/ml melatonin treatment, can

improve the quality of follicles, improve the

2019 Mokhtari F [107]

pregnancy rate
The expression of CYP19A1 and HO-1 in GCs

wast; IL-18]; Promote the decrease of 1L-18
level, promote the oocyte maturation of PCOS

2019 Yu K [37]

patients with hyperandrogenemia
GLUT4, PGC-1 at; Improve mitochondrial

PCOS people clinic

mechanism, improve antioxidant activity,

2017 Rahman MM [112]

hyperlipidemia, inflammatory cytokines

Abbreviations: AANAT: arylalkylamine N-acetyltransferase; HIOMT: hydroxyindole-O-methyltransferase; COCs: cumulus—
oocyte complexes; E2: B-estradiol; A: androstenedione; P: progestin; MIH: maturation inducing hormone; GVBD: germinal
vesicle breakdown; CGs: cortical granules; ER: endoplasmic reticulum; Cat, Sod1, GPx: endogenous antioxidant genes, IP3R1
distribution and expression of CD9 and Juno: fertilization-related events, BPA (Bisphenol A), PBE: Polar Body Extrusion; GVBD:
Germinal Vesicle Breakdown); Hs CRP: high sensitivity C-reactive protein; MDA: plasma malondialdehyde, TAC: plasma total
antioxidant capacity; GSH: total glutathione; QUICKI: quantitative insulin sensitivity index.

ACKNOWLEDGMENTS

We are very grateful to Xi Qin and Yu Xie for helpful
suggestions during the drafting of this article.

CONFLICTS OF INTEREST

All coauthors have seen and agree with the contents of
the manuscript and there is no financial interest to claim.

FUNDING

This study was supported by National Key R&D
Program of China N0.2016YFC1000901 and the Non-
profit Central Research Institute Fund of National
Research Institute for Family Planning 2021GJZ08.

REFERENCES

1. Reiter RJ, Tan DX, Fuentes-Broto L. Melatonin: a
multitasking molecule. Prog Brain Res. 2010; 181:127-51.
https://doi.org/10.1016/50079-6123(08)81008-4
PMID:20478436

2. Pappolla MA, Chyan YJ, Poeggeler B, Frangione B,
Wilson G, Ghiso J, Reiter RJ. An assessment of the
antioxidant and the antiamyloidogenic properties of
melatonin: implications for Alzheimer's disease. J
Neural Transm (Vienna). 2000; 107:203-31.
https://doi.org/10.1007/s007020050018
PMID:10847561

3. Su SC, Hsieh MJ, Yang WE, Chung WH, Reiter RJ, Yang
SF. Cancer metastasis: Mechanisms of inhibition by
melatonin. J Pineal Res. 2017; 62:12370.

https://doi.org/10.1111/jpi.12370
PMID:27706852

. Bazyar H, Zare Javid A, Bavi Behbahani H, Moradi F,

Moradi Poode B, Amiri P. Consumption of melatonin
supplement improves cardiovascular disease risk
factors and anthropometric indices in type 2 diabetes
mellitus patients: a double-blind, randomized,
placebo-controlled trial. Trials. 2021; 22:231.
https://doi.org/10.1186/s13063-021-05174-2
PMID:33766084

. Claustrat B, Leston J. Melatonin: Physiological effects

in humans. Neurochirurgie. 2015; 61:77-84.
https://doi.org/10.1016/j.neuchi.2015.03.002
PMID:25908646

. Song C, Peng W, Yin S, Zhao J, Fu B, Zhang J, Mao T,

Wu H, Zhang Y. Melatonin improves age-induced
fertility decline and attenuates ovarian mitochondrial
oxidative stress in mice. Sci Rep. 2016; 6:35165.
https://doi.org/10.1038/srep35165

PMID:27731402

. Sun TC, Liu XC, Yang SH, Song LL, Zhou SJ, Deng SL, Tian

L, Cheng LY. Melatonin Inhibits Oxidative Stress and
Apoptosis in Cryopreserved Ovarian Tissues via Nrf2/
HO-1 Signaling Pathway. Front Mol Biosci. 2020; 7:163.
https://doi.org/10.3389/fmolb.2020.00163
PMID:32850957

. Liu XC, Sun TC, Li HY, Si LN, Wei M, Chen ZH, Cheng

LY, Yang SH. Antioxidative effect of melatonin on
cryopreserved ovarian tissue in mice. Cryobiology.
2020; 96:99-105.
https://doi.org/10.1016/j.cryobiol.2020.07.010
PMID:32738264

www.aging-us.com

17940

AGING


https://doi.org/10.1016/S0079-6123(08)81008-4
https://pubmed.ncbi.nlm.nih.gov/20478436
https://doi.org/10.1007/s007020050018
https://pubmed.ncbi.nlm.nih.gov/10847561
https://doi.org/10.1111/jpi.12370
https://pubmed.ncbi.nlm.nih.gov/27706852
https://doi.org/10.1186/s13063-021-05174-z
https://pubmed.ncbi.nlm.nih.gov/33766084
https://doi.org/10.1016/j.neuchi.2015.03.002
https://pubmed.ncbi.nlm.nih.gov/25908646
https://doi.org/10.1038/srep35165
https://pubmed.ncbi.nlm.nih.gov/27731402
https://doi.org/10.3389/fmolb.2020.00163
https://pubmed.ncbi.nlm.nih.gov/32850957
https://doi.org/10.1016/j.cryobiol.2020.07.010
https://pubmed.ncbi.nlm.nih.gov/32738264

10.

11.

12.

13.

14.

15.

16.

. Cheng LY, Sun TC, Liu XC, Yu H, Zhou SJ, Tian L, Yang

SH, Liu BX. Melatonin induction of HSP90 expression
exerts cryoprotective effect on ovarian tissue.
Cryobiology. 2021; 98:134-38.
https://doi.org/10.1016/j.cryobiol.2020.12.002
PMID:33279510

Cérdoba-Moreno MO, de Souza EDS, Quiles CL, Dos
Santos-Silva D, Kinker GS, Muxel SM, Markus RP,
Fernandes PA. Rhythmic expression of the
melatonergic  biosynthetic pathway and its
differential modulation in vitro by LPS and IL10 in
bone marrow and spleen. Sci Rep. 2020; 10:4799.
https://doi.org/10.1038/s41598-020-61652-5
PMID:32179854

Ezzati M, Velaei K, Kheirjou R. Melatonin and its
mechanism of action in the female reproductive
system and related malignancies. Mol Cell Biochem.
2021. [Epub ahead of print].
https://doi.org/10.1007/s11010-021-04151-z
PMID:33864572

Motta-Teixeira LC, Machado-Nils AV, Battagello DS,
Diniz GB, Andrade-Silva J, Silva S Jr, Matos RA, do
Amaral FG, Xavier GF, Bittencourt JC, Reiter RJ,
Lucassen PJ, Korosi A, Cipolla-Neto J. The absence of
maternal pineal melatonin rhythm during pregnancy
and lactation impairs offspring physical growth,
neurodevelopment, and behavior. Horm Behav. 2018;
105:146-56.
https://doi.org/10.1016/j.yhbeh.2018.08.006
PMID:30114430

Dragojevic Dikic S, Jovanovic AM, Dikic S, Jovanovic T,
Jurisic A, Dobrosavljevic A. Melatonin: a "Higgs
boson" in human reproduction. Gynecol Endocrinol.
2015; 31:92-101.
https://doi.org/10.3109/09513590.2014.978851
PMID:25377724

Cipolla-Neto J, Amaral FG, Soares-Jr JM, Gallo CC,
Furtado A, Cavaco JE, Gongalves |, Santos CRA,
Quintela T. The crosstalk between melatonin and sex
steroid hormones. Neuroendocrinology. 2021. [Epub
ahead of print].

https://doi.org/10.1159/000516148

PMID:33774638

Tamura H, Jozaki M, Tanabe M, Shirafuta Y, Mihara Y,
Shinagawa M, Tamura |, Maekawa R, Sato S, Taketani
T, Takasaki A, Reiter RJ, Sugino N. Importance of
Melatonin in Assisted Reproductive Technology and
Ovarian Aging. Int J Mol Sci. 2020; 21:1135.
https://doi.org/10.3390/ijms21031135
PMID:32046301

Reiter RJ, Tamura H, Tan DX, Xu XY. Melatonin and
the circadian system: contributions to successful
female reproduction. Fertil Steril. 2014; 102:321-28.

17.

18.

19.

20.

21.

22.

23.

24.

https://doi.org/10.1016/].fertnstert.2014.06.014
PMID:24996495

Sun TC, Li HY, Li XY, Yu K, Deng SL, Tian L. Protective
effects of melatonin on male fertility preservation
and reproductive system. Cryobiology. 2020; 95:1-8.
https://doi.org/10.1016/j.cryobiol.2020.01.018
PMID:32001217

Jockers R, Delagrange P, Dubocovich ML, Markus RP,
Renault N, Tosini G, Cecon E, Zlotos DP. Update on
melatonin receptors: IUPHAR Review 20. Br J
Pharmacol. 2016; 173:2702-25.
https://doi.org/10.1111/bph.13536

PMID:27314810

Reppert SM. Melatonin receptors: molecular biology
of a new family of G protein-coupled receptors. J Biol
Rhythms. 1997; 12:528-31.
https://doi.org/10.1177/074873049701200606
PMID:9406026

Dubocovich ML, Delagrange P, Krause DN, Sugden D,
Cardinali DP, Olcese J. International Union of Basic and
Clinical Pharmacology. LXXV. Nomenclature,
classification, and pharmacology of G protein-coupled
melatonin receptors. Pharmacol Rev. 2010; 62:343-80.
https://doi.org/10.1124/pr.110.002832
PMID:20605968

Xiao L, Hu J, Song L, Zhang Y, Dong W, Jiang Y, Zhang
Q, Yuan L, Zhao X. Profile of melatonin and its
receptors and synthesizing enzymes in cumulus-
oocyte complexes of the developing sheep antral
follicle-a potential estradiol-mediated mechanism.
Reprod Biol Endocrinol. 2019; 17:1.
https://doi.org/10.1186/s12958-018-0446-7
PMID:30606208

Zhao SQ, Gao Y, Zhang Y, Yang XP, Yang Z.
cAMP/PKA/CREB signaling pathway-mediated effects
of melatonin receptor genes on clock gene expression
in Bactrian camel ovarian granulosa cells. Domest
Anim Endocrinol. 2021; 76:106609.
https://doi.org/10.1016/j.domaniend.2021.106609
PMID:33636446

Mohamed DZ, El-Sisi AEE, Sokar SS, Shebl AM, Abu-
Risha SE. Targeting autophagy to modulate hepatic
ischemia/reperfusion injury: A comparative study
between octreotide and melatonin as autophagy
modulators through AMPK/PI3K/AKT/mTOR/ULK1
and Keapl/Nrf2 signaling pathways in rats. Eur J
Pharmacol. 2021; 897:173920.
https://doi.org/10.1016/].ejphar.2021.173920
PMID:33571535

Zhang L, Zhang Z, Wang J, Lv D, Zhu T, Wang F, Tian X,
Yao Y, Ji P, Liu G. Melatonin regulates the activities of
ovary and delays the fertility decline in female

www.aging-us.com

17941

AGING


https://doi.org/10.1016/j.cryobiol.2020.12.002
https://pubmed.ncbi.nlm.nih.gov/33279510
https://doi.org/10.1038/s41598-020-61652-5
https://pubmed.ncbi.nlm.nih.gov/32179854
https://doi.org/10.1007/s11010-021-04151-z
https://pubmed.ncbi.nlm.nih.gov/33864572
https://doi.org/10.1016/j.yhbeh.2018.08.006
https://pubmed.ncbi.nlm.nih.gov/30114430
https://doi.org/10.3109/09513590.2014.978851
https://pubmed.ncbi.nlm.nih.gov/25377724
https://doi.org/10.1159/000516148
https://pubmed.ncbi.nlm.nih.gov/33774638
https://doi.org/10.3390/ijms21031135
https://pubmed.ncbi.nlm.nih.gov/32046301
https://doi.org/10.1016/j.fertnstert.2014.06.014
https://pubmed.ncbi.nlm.nih.gov/24996495
https://doi.org/10.1016/j.cryobiol.2020.01.018
https://pubmed.ncbi.nlm.nih.gov/32001217
https://doi.org/10.1111/bph.13536
https://pubmed.ncbi.nlm.nih.gov/27314810
https://doi.org/10.1177/074873049701200606
https://pubmed.ncbi.nlm.nih.gov/9406026
https://doi.org/10.1124/pr.110.002832
https://pubmed.ncbi.nlm.nih.gov/20605968
https://doi.org/10.1186/s12958-018-0446-7
https://pubmed.ncbi.nlm.nih.gov/30606208
https://doi.org/10.1016/j.domaniend.2021.106609
https://pubmed.ncbi.nlm.nih.gov/33636446
https://doi.org/10.1016/j.ejphar.2021.173920
https://pubmed.ncbi.nlm.nih.gov/33571535

25.

26.

27.

28.

29.

30.

31

32.

33.

animals via MT1/AMPK pathway. J Pineal Res. 2019;
66:€12550.

https://doi.org/10.1111/jpi.12550

PMID:30597622

Niles LP, Wang J, Shen L, Lobb DK, Younglai EV.
Melatonin receptor mRNA expression in human
granulosa cells. Mol Cell Endocrinol. 1999; 156:107-10.
https://doi.org/10.1016/s0303-7207(99)00135-5
PMID:10612428

Kang JT, Koo OJ, Kwon DK, Park HJ, Jang G, Kang SK,
Lee BC. Effects of melatonin on in vitro maturation of
porcine oocyte and expression of melatonin receptor
RNA in cumulus and granulosa cells. J Pineal Res.
2009; 46:22-28.
https://doi.org/10.1111/j.1600-079X.2008.00602.x
PMID:18494781

Tamura H, Takasaki A, Taketani T, Tanabe M, Kizuka F,
Lee L, Tamura I, Maekawa R, Aasada H, Yamagata Y,
Sugino N. The role of melatonin as an antioxidant in
the follicle. J Ovarian Res. 2012; 5:5.
https://doi.org/10.1186/1757-2215-5-5
PMID:22277103

Rai S, Ghosh H. Modulation of human ovarian
function by melatonin. Front Biosci (Elite Ed). 2021;
13:140-57.

PMID:33048779

Chiang CH, Cheng KW, lIgarashi S, Nathwani PS,
Leung PC. Hormonal regulation of estrogen receptor
alpha and beta gene expression in human granulosa-
luteal cells in vitro. J Clin Endocrinol Metab. 2000;
85:3828-309.
https://doi.org/10.1210/jcem.85.10.6886
PMID:11061546

Karaaslan C, Suzen S. Antioxidant properties of
melatonin and its potential action in diseases. Curr
Top Med Chem. 2015; 15:894-903.
https://doi.org/10.2174/1568026615666150220120946
PMID:25697560

Dubocovich ML, Rivera-Bermudez MA, Gerdin MJ,
Masana MI. Molecular pharmacology, regulation and
function of mammalian melatonin receptors. Front
Biosci. 2003; 8:01093-108.
https://doi.org/10.2741/1089

PMID:12957828

Reiter RJ, Tan DX, Gitto E, Sainz RM, Mayo JC, Leon J,
Manchester LC, Vijayalaxmi, Kilic E, Kilic U.
Pharmacological utility of melatonin in reducing
oxidative cellular and molecular damage. Pol J
Pharmacol. 2004; 56:159-70.

PMID:15156066

Chuffa LGA, Lupi LA, Cucielo MS, Silveira HS, Reiter RJ,
Seiva FRF. Melatonin Promotes Uterine and Placental

34.

35.

36.

37.

38.

39.

40.

41.

Health: Potential Molecular Mechanisms. Int J Mol
Sci. 2019; 21:300.
https://doi.org/10.3390/ijms21010300
PMID:31906255

Xu D, Liu L, Zhao Y, Yang L, Cheng J, Hua R, Zhang Z, Li
Q. Melatonin protects mouse testes from palmitic
acid-induced lipotoxicity by attenuating oxidative
stress and DNA damage in a SIRT1-dependent
manner. J Pineal Res. 2020; 69:e12690.
https://doi.org/10.1111/jpi.12690

PMID:32761924

Moradi M, Goodarzi N, Faramarzi A, Cheraghi H,
Hashemian AH, Jalili C. Melatonin protects rats testes
against bleomycin, etoposide, and cisplatin-induced
toxicity via mitigating nitro-oxidative stress and
apoptosis. Biomed Pharmacother. 2021; 138:111481.
https://doi.org/10.1016/j.biopha.2021.111481
PMID:33752059

Reiter RJ, Sharma R. Central and peripheral actions of
melatonin on reproduction in seasonal and continuous
breeding mammals. Gen Comp Endocrinol. 2021;
300:113620.
https://doi.org/10.1016/j.ygcen.2020.113620
PMID:32950582

Yu K, Wang RX, Li MH, Sun TC, Zhou YW, Li YY, Sun LH,
Zhang BL, Lian ZX, Xue SG, Liu YX, Deng SL. Melatonin
Reduces Androgen Production and Upregulates Heme
Oxygenase-1 Expression in Granulosa Cells from PCOS
Patients with Hypoestrogenia and Hyperandrogenia.
Oxid Med Cell Longev. 2019; 2019:8218650.
https://doi.org/10.1155/2019/8218650
PMID:31772710

Lee HY, Back K. Melatonin induction and its role in
high light stress tolerance in Arabidopsis thaliana. J
Pineal Res. 2018; 65:e12504.
https://doi.org/10.1111/jpi. 12504

PMID:29770489

Jeelani R, Maitra D, Chatzicharalampous C,

Najeemuddin S, Morris RT, Abu-Soud HM. Melatonin
prevents hypochlorous acid-mediated cyanocobalamin
destruction and cyanogen chloride generation. J Pineal
Res. 2018; 64:10.1111/jpi.12463.
https://doi.org/10.1111/jpi.12463

PMID:29247550

Arora D, Bhatla SC. Melatonin and nitric oxide
regulate sunflower seedling growth under salt stress
accompanying differential expression of Cu/Zn SOD
and Mn SOD. Free Radic Biol Med. 2017; 106:315-28.
https://doi.org/10.1016/j.freeradbiomed.2017.02.042

PMID:28254544

Reiter RJ, Tan DX, Galano A. Melatonin reduces lipid
peroxidation and membrane viscosity. Front Physiol.
2014; 5:377.

www.aging-us.com

AGING


https://doi.org/10.1111/jpi.12550
https://pubmed.ncbi.nlm.nih.gov/30597622
https://doi.org/10.1016/s0303-7207(99)00135-5
https://pubmed.ncbi.nlm.nih.gov/10612428
https://doi.org/10.1111/j.1600-079X.2008.00602.x
https://pubmed.ncbi.nlm.nih.gov/18494781
https://doi.org/10.1186/1757-2215-5-5
https://pubmed.ncbi.nlm.nih.gov/22277103
https://pubmed.ncbi.nlm.nih.gov/33048779
https://doi.org/10.1210/jcem.85.10.6886
https://pubmed.ncbi.nlm.nih.gov/11061546
https://doi.org/10.2174/1568026615666150220120946
https://pubmed.ncbi.nlm.nih.gov/25697560
https://doi.org/10.2741/1089
https://pubmed.ncbi.nlm.nih.gov/12957828
https://pubmed.ncbi.nlm.nih.gov/15156066
https://doi.org/10.3390/ijms21010300
https://pubmed.ncbi.nlm.nih.gov/31906255
https://doi.org/10.1111/jpi.12690
https://pubmed.ncbi.nlm.nih.gov/32761924
https://doi.org/10.1016/j.biopha.2021.111481
https://pubmed.ncbi.nlm.nih.gov/33752059
https://doi.org/10.1016/j.ygcen.2020.113620
https://pubmed.ncbi.nlm.nih.gov/32950582
https://doi.org/10.1155/2019/8218650
https://pubmed.ncbi.nlm.nih.gov/31772710
https://doi.org/10.1111/jpi.12504
https://pubmed.ncbi.nlm.nih.gov/29770489
https://doi.org/10.1111/jpi.12463
https://pubmed.ncbi.nlm.nih.gov/29247550
https://doi.org/10.1016/j.freeradbiomed.2017.02.042
https://pubmed.ncbi.nlm.nih.gov/28254544

42.

43.

44,

45.

46.

47.

48.

49.

50.

https://doi.org/10.3389/fphys.2014.00377
PMID:25339906

Reiter RJ, Rosales-Corral S, Tan DX, Jou MJ, Galano A,
Xu B. Melatonin as a mitochondria-targeted
antioxidant: one of evolution's best ideas. Cell Mol
Life Sci. 2017; 74:3863-81.
https://doi.org/10.1007/s00018-017-2609-7
PMID:28864909

Reiter RJ, Rosales-Corral SA, Manchester LC, Tan
DX. Peripheral reproductive organ health and
melatonin: ready for prime time. Int J Mol Sci.
2013; 14:7231-72.
https://doi.org/10.3390/ijms14047231
PMID:23549263

Rodriguez C, Mayo JC, Sainz RM, Antolin I, Herrera F,
Martin 'V, Reiter RJ. Regulation of antioxidant
enzymes: a significant role for melatonin. J Pineal Res.
2004; 36:1-9.
https://doi.org/10.1046/j.1600-079x.2003.00092.x
PMID:14675124

Mayo JC, Sainz RM, Gonzdlez Menéndez P, Cepas V,
Tan DX, Reiter RJ. Melatonin and sirtuins: A "not-so
unexpected" relationship. J Pineal Res. 2017;
62:€12391.

https://doi.org/10.1111/jpi.12391

PMID:28109165

Tan DX, Manchester LC, Qin L, Reiter RJ. Melatonin: A
Mitochondrial ~ Targeting Molecule Involving
Mitochondrial Protection and Dynamics. Int J Mol Sci.
2016; 17:2124.
https://doi.org/10.3390/ijms17122124
PMID:27999288

Ali T, Rahman SU, Hao Q, Li W, Liu Z, Ali Shah F,
Murtaza |, Zhang Z, Yang X, Liu G, Li S. Melatonin
prevents neuroinflammation and relieves depression
by attenuating autophagy impairment through
FOXO3a regulation. J Pineal Res. 2020; 69:e12667.
https://doi.org/10.1111/jpi.12667

PMID:32375205

Tang J, Chen R, Wang L, Yu L, Zuo D, Cui G, Gong X.
Melatonin Attenuates Thrombin-induced Inflammation
in BV2 Cells and Then Protects HT22 Cells from
Apoptosis. Inflammation. 2020; 43:1959-70.
https://doi.org/10.1007/s10753-020-01270-5
PMID:32705396

Cruz MH, Leal CL, Cruz JF, Tan DX, Reiter RJ. Essential
actions of melatonin in protecting the ovary from
oxidative damage. Theriogenology. 2014; 82:925-32.
https://doi.org/10.1016/j.theriogenology.2014.07.011
PMID:25107629

Sciarra F, Franceschini E, Campolo F, Gianfrilli D,
Pallotti F, Paoli D, Isidori AM, Venneri MA. Disruption

51.

52.

53.

54.

55.

56.

57.

58.

of Circadian Rhythms: A Crucial Factor in the Etiology
of Infertility. Int J Mol Sci. 2020; 21:3943.
https://doi.org/10.3390/ijms21113943
PMID:32486326

Shi L, Li N, Bo L, Xu Z. Melatonin and hypothalamic-
pituitary-gonadal axis. Curr Med Chem. 2013;
20:2017-31.
https://doi.org/10.2174/09298673113209990114
PMID:23410151

Tyrovola JB. The "Mechanostat" Principle and the
Osteoprotegerin-OPG/RANKL/RANK System PART II.
The Role of the Hypothalamic-Pituitary Axis. J Cell
Biochem. 2017; 118:962—66.
https://doi.org/10.1002/jcb.25793

PMID:27862210

Tamura H, Takasaki A, Taketani T, Tanabe M, Kizuka F,
Lee L, Tamura I, Maekawa R, Asada H, Yamagata Y,
Sugino N. Melatonin as a free radical scavenger in the
ovarian follicle. Endocr J. 2013; 60:1-13.
https://doi.org/10.1507/endocrj.ej12-0263
PMID:23171705

Tamura H, Kawamoto M, Sato S, Tamura |, Maekawa
R, Taketani T, Aasada H, Takaki E, Nakai A, Reiter RJ,
Sugino N. Long-term melatonin treatment delays
ovarian aging. J Pineal Res. 2017; 62:e12381.
https://doi.org/10.1111/jpi.12381

PMID:27889913

Tamura H, Takasaki A, Miwa |, Taniguchi K, Maekawa R,
Asada H, Taketani T, Matsuoka A, Yamagata Y,
Shimamura K, Morioka H, Ishikawa H, Reiter RJ, Sugino
N. Oxidative stress impairs oocyte quality and melatonin
protects oocytes from free radical damage and improves
fertilization rate. J Pineal Res. 2008; 44:280-87.
https://doi.org/10.1111/j.1600-079X.2007.00524.x
PMID:18339123

Adriaens |, Jacquet P, Cortvrindt R, Janssen K, Smitz J.
Melatonin  has  dose-dependent effects on
folliculogenesis, oocyte maturation capacity and
steroidogenesis. Toxicology. 2006; 228:333—-43.
https://doi.org/10.1016/].tox.2006.09.018
PMID:17084011

Devine PJ, Perreault SD, Luderer U. Roles of reactive
oxygen species and antioxidants in ovarian toxicity.
Biol Reprod. 2012; 86:27.
https://doi.org/10.1095/biolreprod.111.095224
PMID:22034525

Tamura H, Nakamura Y, Terron MP, Flores LJ,
Manchester LC, Tan DX, Sugino N, Reiter RIJ.
Melatonin and pregnancy in the human. Reprod
Toxicol. 2008; 25:291-303.
https://doi.org/10.1016/j.reprotox.2008.03.005
PMID:18485664

www.aging-us.com

AGING


https://doi.org/10.3389/fphys.2014.00377
https://pubmed.ncbi.nlm.nih.gov/25339906
https://doi.org/10.1007/s00018-017-2609-7
https://pubmed.ncbi.nlm.nih.gov/28864909
https://doi.org/10.3390/ijms14047231
https://pubmed.ncbi.nlm.nih.gov/23549263
https://doi.org/10.1046/j.1600-079x.2003.00092.x
https://pubmed.ncbi.nlm.nih.gov/14675124
https://doi.org/10.1111/jpi.12391
https://pubmed.ncbi.nlm.nih.gov/28109165
https://doi.org/10.3390/ijms17122124
https://pubmed.ncbi.nlm.nih.gov/27999288
https://doi.org/10.1111/jpi.12667
https://pubmed.ncbi.nlm.nih.gov/32375205
https://doi.org/10.1007/s10753-020-01270-5
https://pubmed.ncbi.nlm.nih.gov/32705396
https://doi.org/10.1016/j.theriogenology.2014.07.011
https://pubmed.ncbi.nlm.nih.gov/25107629
https://doi.org/10.3390/ijms21113943
https://pubmed.ncbi.nlm.nih.gov/32486326
https://doi.org/10.2174/09298673113209990114
https://pubmed.ncbi.nlm.nih.gov/23410151
https://doi.org/10.1002/jcb.25793
https://pubmed.ncbi.nlm.nih.gov/27862210
https://doi.org/10.1507/endocrj.ej12-0263
https://pubmed.ncbi.nlm.nih.gov/23171705
https://doi.org/10.1111/jpi.12381
https://pubmed.ncbi.nlm.nih.gov/27889913
https://doi.org/10.1111/j.1600-079X.2007.00524.x
https://pubmed.ncbi.nlm.nih.gov/18339123
https://doi.org/10.1016/j.tox.2006.09.018
https://pubmed.ncbi.nlm.nih.gov/17084011
https://doi.org/10.1095/biolreprod.111.095224
https://pubmed.ncbi.nlm.nih.gov/22034525
https://doi.org/10.1016/j.reprotox.2008.03.005
https://pubmed.ncbi.nlm.nih.gov/18485664

59.

60.

61.

62.

63.

64.

65.

66.

Cruz MH, Leal CL, da Cruz JF, Tan DX, Reiter RJ. Role
of melatonin on production and preservation of
gametes and embryos: a brief review. Anim Reprod
Sci. 2014; 145:150-60.
https://doi.org/10.1016/].anireprosci.2014.01.011
PMID:24559971

Woo MM, Tai CJ, Kang SK, Nathwani PS, Pang SF, Leung
PC. Direct action of melatonin in human granulosa-
|uteal cells. J Clin Endocrinol Metab. 2001; 86:4789-97.
https://doi.org/10.1210/jcem.86.10.7912
PMID:11600542

Burnik Papler T, Vrtacnik Bokal E, Prosenc Zmrzljak U,
Stimpfel M, Lagana AS, Ghezzi F, Jancar N. PGR and
PTX3 gene expression in cumulus cells from obese
and normal weighting women after administration of
long-acting recombinant follicle-stimulating hormone
for controlled ovarian stimulation. Arch Gynecol
Obstet. 2019; 299:863-71.
https://doi.org/10.1007/s00404-018-5031-y
PMID:30607593

Li Y, Liu H, Wu K, Liu H, Huang T, Chen ZJ, Zhao S, Ma
J, Zhao H. Melatonin promotes human oocyte
maturation and early embryo development by
enhancing clathrin-mediated endocytosis. J Pineal
Res. 2019; 67:12601.
https://doi.org/10.1111/jpi.12601

PMID:31361919

Han L, Wang H, Li L, Li X, Ge J, Reiter RJ, Wang Q.
Melatonin  protects against maternal obesity-
associated oxidative stress and meiotic defects in
oocytes via the SIRT3-SOD2-dependent pathway. J
Pineal Res. 2017; 63:e12431.
https://doi.org/10.1111/jpi.12431

PMID:28658527

Hu KL, Ye X, Wang S, Zhang D. Melatonin Application
in Assisted Reproductive Technology: A Systematic
Review and Meta-Analysis of Randomized Trials.
Front Endocrinol (Lausanne). 2020; 11:160.
https://doi.org/10.3389/fendo.2020.00160
PMID:32292388

Chattoraj A, Bhattacharyya S, Basu D, Bhattacharya S,
Bhattacharya S, Maitra SK. Melatonin accelerates
maturation inducing hormone (MIH): induced oocyte
maturation in carps. Gen Comp Endocrinol. 2005;
140:145-55.
https://doi.org/10.1016/j.ygcen.2004.10.013
PMID:15639142

Reynhout JK, Smith LD. Studies on the appearance
and nature of a maturation-inducing factor in the
cytoplasm of amphibian oocytes exposed to
progesterone. Dev Biol. 1974; 38:394-400.
https://doi.org/10.1016/0012-1606(74)90016-5
PMID:4545456

67.

68.

69.

70.

71.

72.

73.

74.

Chattoraj A, Seth M, Maitra SK. Influence of serotonin on
the action of melatonin in MIH-induced meiotic
resumption in the oocytes of carp Catla catla. Comp
Biochem Physiol A Mol Integr Physiol. 2008; 150:301-06.
https://doi.org/10.1016/j.cbpa.2008.03.014
PMID:18455941

Zhao XM, Wang N, Hao HS, Li CY, Zhao YH, Yan CL,
Wang HY, Du WH, Wang D, Liu Y, Pang YW, Zhu HB.
Melatonin improves the fertilization capacity and
developmental ability of bovine oocytes by
regulating cytoplasmic maturation events. J Pineal
Res. 2018; 64:€12445.
https://doi.org/10.1111/jpi.12445

PMID:28833478

Zhang M, Dai X, Lu Y, Miao Y, Zhou C, Cui Z, Liu H,
Xiong B. Melatonin protects oocyte quality from
Bisphenol A-induced deterioration in the mouse. J
Pineal Res. 2017; 62:e12396.
https://doi.org/10.1111/jpi.12396

PMID:28178360

Ishizuka B, Kuribayashi Y, Murai K, Amemiya A, Itoh
MT. The effect of melatonin on in vitro fertilization
and embryo development in mice. J Pineal Res. 2000;
28:48-51.
https://doi.org/10.1034/j.1600-079x.2000.280107.x
PMID:10626601

Vitale SG, Rossetti P, Corrado F, Rapisarda AM, La
Vignera S, Condorelli RA, Valenti G, Sapia F, Lagana
AS, Buscema M. How to Achieve High-Quality
Oocytes? The Key Role of Myo-Inositol and
Melatonin. Int J Endocrinol. 2016; 2016:4987436.
https://doi.org/10.1155/2016/4987436
PMID:27651794

Wdowiak A, Filip M. The effect of myo-inositol,
vitamin D3 and melatonin on the oocyte quality and
pregnancy in in vitro fertilization: a randomized
prospective controlled trial. Eur Rev Med Pharmacol
Sci. 2020; 24:8529-36.
https://doi.org/10.26355/eurrev_202008 22649
PMID:32894558

Rizzo P, Raffone E, Benedetto V. Effect of the
treatment with myo-inositol plus folic acid plus
melatonin in comparison with a treatment with myo-
inositol plus folic acid on oocyte quality and pregnancy
outcome in IVF cycles. A prospective, clinical trial. Eur
Rev Med Pharmacol Sci. 2010; 14:555-61.
PMID:20712264

Tamura H, Nakamura Y, Korkmaz A, Manchester LC,
Tan DX, Sugino N, Reiter RJ. Melatonin and the ovary:
physiological and pathophysiological implications.
Fertil Steril. 2009; 92:328-43.
https://doi.org/10.1016/j.fertnstert.2008.05.016
PMID:18804205

www.aging-us.com

AGING


https://doi.org/10.1016/j.anireprosci.2014.01.011
https://pubmed.ncbi.nlm.nih.gov/24559971
https://doi.org/10.1210/jcem.86.10.7912
https://pubmed.ncbi.nlm.nih.gov/11600542
https://doi.org/10.1007/s00404-018-5031-y
https://pubmed.ncbi.nlm.nih.gov/30607593
https://doi.org/10.1111/jpi.12601
https://pubmed.ncbi.nlm.nih.gov/31361919
https://doi.org/10.1111/jpi.12431
https://pubmed.ncbi.nlm.nih.gov/28658527
https://doi.org/10.3389/fendo.2020.00160
https://pubmed.ncbi.nlm.nih.gov/32292388
https://doi.org/10.1016/j.ygcen.2004.10.013
https://pubmed.ncbi.nlm.nih.gov/15639142
https://doi.org/10.1016/0012-1606(74)90016-5
https://pubmed.ncbi.nlm.nih.gov/4545456
https://doi.org/10.1016/j.cbpa.2008.03.014
https://pubmed.ncbi.nlm.nih.gov/18455941
https://doi.org/10.1111/jpi.12445
https://pubmed.ncbi.nlm.nih.gov/28833478
https://doi.org/10.1111/jpi.12396
https://pubmed.ncbi.nlm.nih.gov/28178360
https://doi.org/10.1034/j.1600-079x.2000.280107.x
https://pubmed.ncbi.nlm.nih.gov/10626601
https://doi.org/10.1155/2016/4987436
https://pubmed.ncbi.nlm.nih.gov/27651794
https://doi.org/10.26355/eurrev_202008_22649
https://pubmed.ncbi.nlm.nih.gov/32894558
https://pubmed.ncbi.nlm.nih.gov/20712264
https://doi.org/10.1016/j.fertnstert.2008.05.016
https://pubmed.ncbi.nlm.nih.gov/18804205

75.

76.

77.

78.

79.

80.

81.

82.

83.

Sellix MT. Circadian clock function in the mammalian
ovary. J Biol Rhythms. 2015; 30:7-19.
https://doi.org/10.1177/0748730414554222
PMID:25367899

Mereness AL, Murphy ZC, Forrestel AC, Butler S, Ko C,
Richards JS, Sellix MT. Conditional Deletion of Bmall
in Ovarian Theca Cells Disrupts Ovulation in Female
Mice. Endocrinology. 2016; 157:913-27.
https://doi.org/10.1210/en.2015-1645
PMID:26671182

Coelho LA, Peres R, Amaral FG, Reiter RJ, Cipolla-Neto
J. Daily differential expression of melatonin-related
genes and clock genes in rat cumulus-oocyte
complex: changes after pinealectomy. J Pineal Res.
2015; 58:490-99.

https://doi.org/10.1111/jpi.12234

PMID:25807895

Reiter RJ, Rosales-Corral S, Sharma R. Circadian
disruption, melatonin rhythm perturbations and their
contributions to chaotic physiology. Adv Med Sci.
2020; 65:394-402.
https://doi.org/10.1016/j.advms.2020.07.001
PMID:32763813

Dmitrzak-Weglarz M, Reszka E. Pathophysiology of
Depression: Molecular Regulation of Melatonin
Homeostasis - Current Status. Neuropsychobiology.
2017; 76:117-29.

https://doi.org/10.1159/000489470

PMID:29898451

Onaolapo 0J, Onaolapo AY. Melatonin in drug
addiction and addiction management: Exploring an
evolving multidimensional relationship. World J
Psychiatry. 2018; 8:64—74.
https://doi.org/10.5498/wip.v8.i2.64
PMID:29988891

Martinez-Aguila A, Martin-Gil A, Carpena-Torres C,
Pastrana C, Carracedo G. Influence of Circadian
Rhythm in the Eye: Significance of Melatonin in
Glaucoma. Biomolecules. 2021; 11:340.
https://doi.org/10.3390/biom11030340
PMID:33668357

Munley KM, Trinidad JC, Deyoe JE, Adaniya CH,
Nowakowski AM, Ren CC, Murphy GV, Reinhart JM,

Demas GE. Melatonin-dependent changes in
neurosteroids are associated with increased
aggression in a seasonally breeding rodent. J

Neuroendocrinol. 2021; 33:e12940.
https://doi.org/10.1111/jne.12940
PMID:33615607

Hussein MT, Mokhtar DM, Hassan AHS. Melatonin
activates the vascular elements, telocytes, and
neuroimmune communication in the adrenal gland of

84.

85.

86.

87.

88.

89.

90.

91.

Soay rams during the non-breeding
Protoplasma. 2020; 257:353-69.
https://doi.org/10.1007/s00709-019-01441-8
PMID:31637525

Alshanwani AR, Shaheen S, Faddah LM, Alhusaini AM,
Ali HM, Hasan |, Hagar H, Ahmed R, Alharbi FMB,
AlHarthii A. Manipulation of Quercetin and Melatonin
in the Down-Regulation of HIF-1a, HSP-70 and VEGF
Pathways in Rat's Kidneys Induced by Hypoxic Stress.
Dose Response. 2020; 18:1559325820949797.
https://doi.org/10.1177/1559325820949797
PMID:32922227

Wan L, Shi XY, Ge WR, Sun YL, Zhang S, Wang J, Hu LY,
Zou LP, Yang G. The Instigation of the Associations
Between Melatonin, Circadian Genes, and Epileptic
Spasms in Infant Rats. Front Neurol. 2020; 11:497225.
https://doi.org/10.3389/fneur.2020.497225
PMID:33192961

season.

Renthlei Z, Trivedi AK. Effect of urban environment on
pineal machinery and clock genes expression of tree
sparrow (Passer montanus). Environ Pollut. 2019;
255:113278.
https://doi.org/10.1016/j.envpol.2019.113278
PMID:31574394

Genario R, Morello E, Bueno AA, Santos HO. The
usefulness of melatonin in the field of obstetrics and
gynecology. Pharmacol Res. 2019; 147:104337.
https://doi.org/10.1016/j.phrs.2019.104337
PMID:31276773

Peluso C, Oliveira R, Laporta GZ, Christofolini DM, Fonseca
FLA, Lagana AS, Barbosa CP, Bianco B. Are ovarian reserve
tests reliable in predicting ovarian response? Results from
a prospective, cross-sectional, single-center analysis.
Gynecol Endocrinol. 2021; 37:358-66.
https://doi.org/10.1080/09513590.2020.1786509
PMID:32613875

Yang L, Liu X, Song L, Su G, Di A, Bai C, Wei Z, Li G.
Inhibiting  repressive  epigenetic  modification
promotes telomere rejuvenation in somatic cell
reprogramming. FASEB J. 2019; 33:13982-97.
https://doi.org/10.1096/fj.201901486RR
PMID:31645134

Hou HY, Wang X, Yu Q, Li HY, Li SJ, Tang RY, Guo ZX,
Chen YQ, Hu CX, Yang ZJ, Zhang WK, Qin Y. Evidence
that growth hormone can improve mitochondrial
function in oocytes from aged mice. Reproduction.
2018; 157:345-58.
https://doi.org/10.1530/REP-18-0529
PMID:30668522

Kinugawa C, Murakami T, Okamura K, Yajima A.
Telomerase activity in normal ovaries and premature
ovarian failure. Tohoku J Exp Med. 2000; 190:231-38.

www.aging-us.com

17945

AGING


https://doi.org/10.1177/0748730414554222
https://pubmed.ncbi.nlm.nih.gov/25367899
https://doi.org/10.1210/en.2015-1645
https://pubmed.ncbi.nlm.nih.gov/26671182
https://doi.org/10.1111/jpi.12234
https://pubmed.ncbi.nlm.nih.gov/25807895
https://doi.org/10.1016/j.advms.2020.07.001
https://pubmed.ncbi.nlm.nih.gov/32763813
https://doi.org/10.1159/000489470
https://pubmed.ncbi.nlm.nih.gov/29898451
https://doi.org/10.5498/wjp.v8.i2.64
https://pubmed.ncbi.nlm.nih.gov/29988891
https://doi.org/10.3390/biom11030340
https://pubmed.ncbi.nlm.nih.gov/33668357
https://doi.org/10.1111/jne.12940
https://pubmed.ncbi.nlm.nih.gov/33615607
https://doi.org/10.1007/s00709-019-01441-8
https://pubmed.ncbi.nlm.nih.gov/31637525
https://doi.org/10.1177/1559325820949797
https://pubmed.ncbi.nlm.nih.gov/32922227
https://doi.org/10.3389/fneur.2020.497225
https://pubmed.ncbi.nlm.nih.gov/33192961
https://doi.org/10.1016/j.envpol.2019.113278
https://pubmed.ncbi.nlm.nih.gov/31574394
https://doi.org/10.1016/j.phrs.2019.104337
https://pubmed.ncbi.nlm.nih.gov/31276773
https://doi.org/10.1080/09513590.2020.1786509
https://pubmed.ncbi.nlm.nih.gov/32613875
https://doi.org/10.1096/fj.201901486RR
https://pubmed.ncbi.nlm.nih.gov/31645134
https://doi.org/10.1530/REP-18-0529
https://pubmed.ncbi.nlm.nih.gov/30668522

92.

93.

94,

95.

96.

97.

98.

99.

https://doi.org/10.1620/tjem.190.231
PMID:10778807

Tatone C, Di Emidio G, Barbonetti A, Carta G, Luciano
AM, Falone S, Amicarelli F. Sirtuins in gamete biology
and reproductive physiology: emerging roles and
therapeutic potential in female and male infertility.
Hum Reprod Update. 2018; 24:267-89.
https://doi.org/10.1093/humupd/dmy003
PMID:29447380

Zhao L, An R, Yang Y, Yang X, Liu H, Yue L, Li X, Lin Y,
Reiter RJ, Qu Y. Melatonin alleviates brain injury in
mice subjected to cecal ligation and puncture via
attenuating inflammation, apoptosis, and oxidative
stress: the role of SIRT1 signaling. J Pineal Res. 2015;
59:230-39.

https://doi.org/10.1111/jpi.12254

PMID:26094939

Yang Q, Dai S, Luo X, Zhu J, Li F, Liu J, Yao G, Sun Y.
Melatonin attenuates  postovulatory  oocyte
dysfunction by regulating SIRT1 expression.
Reproduction. 2018; 156:81-92.
https://doi.org/10.1530/REP-18-0211
PMID:29752296

Kobayashi T. Ribosomal RNA gene repeats, their
stability and cellular senescence. Proc Jpn Acad Ser B
Phys Biol Sci. 2014; 90:119-29.
https://doi.org/10.2183/pjab.90.119

PMID:24727936

Simon SL, McWhirter L, Diniz Behn C, Bubar KM, Kaar
JL, Pyle L, Rahat H, Garcia-Reyes Y, Carreau AM,
Wright KP, Nadeau KJ, Cree-Green M. Morning
Circadian Misalignment Is Associated With Insulin
Resistance in Girls With Obesity and Polycystic
Ovarian Syndrome. J Clin Endocrinol Metab. 2019;
104:3525-34.
https://doi.org/10.1210/jc.2018-02385
PMID:30888398

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; 6:253-58.
https://doi.org/10.4103/0974-1208.126295
PMID:24672165

Zehravi M, Magbool M, Ara I. Polycystic ovary
syndrome and reproductive health of women: a
curious association. Int J Adolesc Med Health.
2021. [Epub ahead of print].
https://doi.org/10.1515/ijamh-2021-0031
PMID:33878255

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; 76:506-10.

100.

101.

102.

103.

104.

105.

106.

https://doi.org/10.1016/s0015-0282(01)01930-6
PMID:11532473

Nakamura Y, Tamura H, Takayama H, Kato H.
Increased endogenous level of melatonin in
preovulatory human follicles does not directly
influence progesterone production. Fertil Steril. 2003;
80:1012-16.
https://doi.org/10.1016/s0015-0282(03)01008-2
PMID:14556825

Bedaiwy MA, Elnashar SA, Goldberg JM, Sharma R,
Mascha EJ, Arrigain S, Agarwal A, Falcone T. Effect of
follicular fluid oxidative stress parameters on
intracytoplasmic sperm injection outcome. Gynecol
Endocrinol. 2012; 28:51-55.
https://doi.org/10.3109/09513590.2011.579652
PMID:21714695

Luboshitzky R, Herer P, Shen-Orr Z. Urinary 6-
sulfatoxymelatonin excretion in hyperandrogenic
women: the effect of cyproterone acetate-ethinyl
estradiol treatment. Exp Clin Endocrinol Diabetes.
2004; 112:102-07.
https://doi.org/10.1055/s-2004-815765
PMID:15031776

Tagliaferri V, Romualdi D, Scarinci E, Cicco S, Florio
CD, Immediata V, Tropea A, Santarsiero CM, Lanzone
A, Apa R. Melatonin Treatment May Be Able to
Restore Menstrual Cyclicity in Women With PCOS: A
Pilot Study. Reprod Sci. 2018; 25:269-75.
https://doi.org/10.1177/1933719117711262
PMID:28558523

Jamilian M, Foroozanfard F, Mirhosseini N, Kavossian
E, Aghadavod E, Bahmani F, Ostadmohammadi V, Kia
M, Eftekhar T, Ayati E, Mahdavinia M, Asemi Z. Effects
of Melatonin Supplementation on Hormonal,
Inflammatory, Genetic, and Oxidative Stress
Parameters in Women With Polycystic Ovary
Syndrome. Front Endocrinol (Lausanne). 2019;
10:273.

https://doi.org/10.3389/fendo.2019.00273
PMID:31139144

Shabani A, Foroozanfard F, Kavossian E, Aghadavod E,
Ostadmohammadi V, Reiter RJ, Eftekhar T, Asemi Z.
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; 250:51-56.
https://doi.org/10.1016/].jad.2019.02.066
PMID:30831541

Di Paola R, Garzon S, Giuliani S, Lagana AS, Noventa
M, Parissone F, Zorzi C, Raffaelli R, Ghezzi F, Franchi
M, Zaffagnini S. Are we choosing the correct FSH
starting dose during controlled ovarian stimulation

www.aging-us.com

17946

AGING


https://doi.org/10.1620/tjem.190.231
https://pubmed.ncbi.nlm.nih.gov/10778807
https://doi.org/10.1093/humupd/dmy003
https://pubmed.ncbi.nlm.nih.gov/29447380
https://doi.org/10.1111/jpi.12254
https://pubmed.ncbi.nlm.nih.gov/26094939
https://doi.org/10.1530/REP-18-0211
https://pubmed.ncbi.nlm.nih.gov/29752296
https://doi.org/10.2183/pjab.90.119
https://pubmed.ncbi.nlm.nih.gov/24727936
https://doi.org/10.1210/jc.2018-02385
https://pubmed.ncbi.nlm.nih.gov/30888398
https://doi.org/10.4103/0974-1208.126295
https://pubmed.ncbi.nlm.nih.gov/24672165
https://doi.org/10.1515/ijamh-2021-0031
https://pubmed.ncbi.nlm.nih.gov/33878255
https://doi.org/10.1016/s0015-0282(01)01930-6
https://pubmed.ncbi.nlm.nih.gov/11532473
https://doi.org/10.1016/s0015-0282(03)01008-2
https://pubmed.ncbi.nlm.nih.gov/14556825
https://doi.org/10.3109/09513590.2011.579652
https://pubmed.ncbi.nlm.nih.gov/21714695
https://doi.org/10.1055/s-2004-815765
https://pubmed.ncbi.nlm.nih.gov/15031776
https://doi.org/10.1177/1933719117711262
https://pubmed.ncbi.nlm.nih.gov/28558523
https://doi.org/10.3389/fendo.2019.00273
https://pubmed.ncbi.nlm.nih.gov/31139144
https://doi.org/10.1016/j.jad.2019.02.066
https://pubmed.ncbi.nlm.nih.gov/30831541

107.

108.

109.

for intrauterine insemination cycles? Potential
application of a nomogram based on woman's age
and markers of ovarian reserve. Arch Gynecol Obstet.
2018; 298:1029-35.
https://doi.org/10.1007/s00404-018-4906-2
PMID:30242498

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 ) Fertil Steril. 2019; 13:225-29.
https://doi.org/10.22074/ijfs.2019.5717
PMID:31310077

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;
88:586-92.

https://doi.org/10.1111/asj.12675

PMID:27530294

Pacchiarotti A, Carlomagno G, Antonini G,
Pacchiarotti A. Effect of myo-inositol and melatonin
versus myo-inositol, in a randomized controlled trial,
for improving in vitro fertilization of patients with
polycystic ovarian syndrome. Gynecol Endocrinol.
2016; 32:69-73.
https://doi.org/10.3109/09513590.2015.1101444
PMID:26507336

110.

111.

112.

Doronzo G, Russo |, Mattiello L, Anfossi G, Bosia A,
Trovati M. Insulin activates vascular endothelial
growth factor in vascular smooth muscle cells:
influence of nitric oxide and of insulin resistance. Eur
J Clin Invest. 2004; 34:664—73.
https://doi.org/10.1111/j.1365-2362.2004.01412.x
PMID:15473891

Yang Y, Jiang S, Dong Y, Fan C, Zhao L, Yang X, Li J, Di
S, Yue L, Liang G, Reiter RJ, Qu Y. Melatonin prevents
cell death and mitochondrial dysfunction via a SIRT1-
dependent mechanism during ischemic-stroke in
mice. J Pineal Res. 2015; 58:61-70.
https://doi.org/10.1111/jpi.12193

PMID:25401748

Rahman MM, Kwon HS, Kim MJ, Go HK, Oak MH, Kim
DH. Melatonin supplementation plus exercise
behavior ameliorate insulin resistance, hypertension
and fatigue in a rat model of type 2 diabetes mellitus.
Biomed Pharmacother. 2017; 92:606—-14.
https://doi.org/10.1016/].biopha.2017.05.035
PMID:28578257

www.aging-us.com

17947

AGING


https://doi.org/10.1007/s00404-018-4906-2
https://pubmed.ncbi.nlm.nih.gov/30242498
https://doi.org/10.22074/ijfs.2019.5717
https://pubmed.ncbi.nlm.nih.gov/31310077
https://doi.org/10.1111/asj.12675
https://pubmed.ncbi.nlm.nih.gov/27530294
https://doi.org/10.3109/09513590.2015.1101444
https://pubmed.ncbi.nlm.nih.gov/26507336
https://doi.org/10.1111/j.1365-2362.2004.01412.x
https://pubmed.ncbi.nlm.nih.gov/15473891
https://doi.org/10.1111/jpi.12193
https://pubmed.ncbi.nlm.nih.gov/25401748
https://doi.org/10.1016/j.biopha.2017.05.035
https://pubmed.ncbi.nlm.nih.gov/28578257

