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A B S T R A C T   

Melatonin, mostly released by the pineal gland, is a circadian rhythm-regulated and multifunctional hormone. 
Great advances in melatonin research have been made, including its role in rhythms of the sleep-wake cycle, 
retardation of ageing processes, as well as antioxidant or anti-inflammatory functions. Melatonin can scavenge 
free radicals such as reactive oxygen species (ROS), a key factor in reproductive functions. Melatonin plays an 
important role in oocyte maturation, fertilization and embryonic development as well. The concurrent use of 
melatonin increases the number of mature oocytes, the fertilization rate, and number of high-quality embryos, 
which improves the clinical outcome of assisted reproductive technology (ART). This review discusses the 
relationship between melatonin and human reproductive function, and potential clinical applications of mela-
tonin in the field of reproductive medicine.   

1. Introduction 

Reproduction is a complex and delicate process. In the natural state, 
human reproduction mainly includes gamete production and trans-
portation, fertilization, and intrauterine development. Any abnormality 
in the reproductive process may affect individual’s reproductive ability 
and leads to infertility. Infertility is a major health problem worldwide 
and is estimated affecting 8–12% of couples in the reproductive age 
group [1]. A Global Burden of Disease survey reported that between 
1990 and 2017, the age-standardized prevalence of infertility increased 
annually by 0.370% in women and by 0.291% in men [2]. The appli-
cation of assisted reproductive technology (ART), a technology for 
obtaining new life by manipulating gametes, embryos or genetic mate-
rial in vivo and in vitro, including artificial insemination (AI), in vitro 
fertilization-embryo transfer (IVF-ET) and its derivative technologies, 
has substantially improved the ability of couples with infertility to have 
biological children [3]. 

Produced by the pineal gland, melatonin is an ancient molecule that 
has been retained throughout the evolution of all organisms [4,5]. In 
animals, tryptophan is initially hydroxylated to 5-hydroxytryptophan 
which is then decarboxylated with the formation of serotonin. Seroto-
nin is either acetylated to N-acetylserotonin or it is methylated to form 

5-methoxytryptamine; these products are either methylated or acety-
lated, respectively, to produce melatonin [6]. Melatonin has a wide 
range of physiological effects, which are related to the high lipophilicity 
of melatonin itself. It has a direct or indirect physiological regulatory 
effect on the central nervous system and a protective effect on nerve 
cells. It not only affects the growth and development of immune organs, 
but also regulates humoral immunity, cellular immunity and cytokines. 
It has effects on pulmonary resistance, compliance, bronchial and res-
piratory rhythms. It has regulatory effects on urine formation, renal 
tubular concentration and dilution, electrolyte excretion and reabsorp-
tion, and renin secretion. It affects the function of the digestive tract, 
gastrointestinal motility and the digestion and absorption of cholesterol. 
It also regulates the endocrine system, cardiovascular system and 
metabolic system [7–15]. It can quickly enter various body fluids of the 
organism and directly play a role [16]. In addition, there are melatonin 
receptors in many cells, such as melatonin receptor type 1 (MT1) and 
melatonin receptor type 2 (MT2), and melatonin can also function 
through its receptors [17–24]. However, recent findings on melatonin 
functions in the field of reproductive medicine has not received much 
attention. In this review, our aim is to summarize and discuss roles of 
melatonin in the field of reproductive medicine. 
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2. Antioxidative effects of melatonin 

Oxygen free radicals are produced in the process of energy meta-
bolism in all cells. If the host lacks an adequate defense system to remove 
its toxicity, accumulated free radicals will cause widespread cell death. 
In 1993, melatonin was discovered as a very potent and efficient 
endogenous radical scavenger [25,26]. The fact that not only melatonin 
but many of its related metabolites likely work in sequence or in concert 
to neutralize ROS/RNS, making this group of molecules highly efficient 
in reducing oxidative stress [27–30]. The antioxidative actions of 
melatonin and its metabolites are extremely wide, including the ability 
to neutralize superoxide anion (O2

•− ), hydroxyl radical (•OH), single 
oxygen (1O2), hydrogen peroxide (H2O2), hypochlorous acid (HOCl), 
nitric oxide (NO), and peroxynitrite anion (ONOO− ) [31,32]. Cyclic 
3-hydroxymelatonin (C3OHM) is the main product of the melatonin 
reaction with two ȮH, and it has been identified as a product of the 
reactions between melatonin and other oxidants [33–35]. Further 
transformation of C3OHM yields N1-acetyl-N2-formyl-5-methox 
ykynuramine (AFMK) and N1-acetyl-5-methoxykynuramine (AMK) 
[36,37]. 

3. Reactive oxygen species (ROS) and reproduction 

ROS is a natural metabolic product in the body, including superoxide 
anion (O2

-), hydrogen peroxide (H2O2), hydroxyl radical (•OH), hypo-
chlorous acid, and peroxynitrite (ONOO− ). As an essential factor in 
regulating a variety of physiological functions of living organisms, the 
intrinsic biochemical properties of ROS underlie the mechanisms 
necessary for the growth, fitness, or aging of living organisms [38–42]. 
Several reports show that ROS affect the maturation and quality of the 
oocytes (Table 1). On the other hand, ROS is a double-edged sword. 
Excessive ROS are considered to be a common cause of poor oocyte 

quality and poor reproductive results. Mitochondria are a vulnerable 
target of ROS. Attack originated from free oxygen radicals can damage 
the mitochondrial DNA of oocytes and then leads to the loss of their 
intrinsic mitochondrial function, which plays a major role in controlling 
fertility aging [56,57]. By accumulating ROS in porcine oocytes, per-
oxynitrite leads to the obstruction of spindle assembly, actin depoly-
merization, and decreased polar body extrusion, which greatly inhibits 
the oocyte maturation [58]. Studies have shown that the accumulation 
of ROS in the ovary decreases the quality of oocytes, causes granular cell 
(GC) apoptosis, and accelerates degeneration of the corpus luteum. In 
addition, it weakens the interaction between oocytes and GCs and affects 
the maturation of oocytes before ovulation. Ovarian oxidative damage is 
generally caused by the lipid peroxidation cascade, which severely af-
fects follicular development, meiosis and ovulation, and ultimately af-
fects reproductive function [59–65]. 

4. Melatonin and the reproductive function 

The pineal gland affects the reproductive function of many species 
through the release of melatonin. The regulating effect of melatonin on 
reproductive function varies greatly among different species, and is 
related to factors such as age, light cycle and menstrual cycle. In some 
animals, the change in melatonin secretion is a key point in mediating 
reproductive activities. For example, in the seasonal reproductive ani-
mal hamster, a longer night time (increased melatonin secretion) can 
inhibit reproductive function, thereby causing the male hamster’s tes-
ticles to degenerate, and the female hamster is in the autistic phase [66]. 
Although humans do not reproduce seasonally, there are seasonal dif-
ferences in human reproduction. Environmental factors also affect 
human conception, among which photoperiod and temperature are 
more important. Like other mammals, melatonin affects human repro-
duction and plays an important role in determining conception. Increase 
of light exposure to women with extremely irregular menstrual cycles at 
the expected ovulation time can regulate their ovulation cycle and 
promote ovulation. Since melatonin has the ability to affect the synthesis 
and secretion of pituitary and gonadal hormones, gonadotropins and 
gonadal steroid hormones change significantly during the human men-
strual cycle [67,68]. 

Studies on the role of melatonin in the reproductive process has 
mainly focused on its direct role in the ovaries. Melatonin can penetrate 
all cell membranes and enter all tissues because of its lipophilic nature, 
but once entering the system, melatonin is particularly concentrated in 
the ovaries [69,70]. It is reported that the melatonin concentrations in 
follicular fluid (FF) in the morning (58.9 ± 3.8 pmol/L) was signifi-
cantly higher (P less than 0.005) than that in the daytime (23.2 ± 0.8 
pmol/L), but its concentrations in morning were not different between 
the light and the dark seasons of the year, whereas the daytime values 
were higher (P less than 0.005) during the dark season (27.1 ± 2.1 
pmol/L) than that during the light season (21.1 ± 2.1 pmol/L), indi-
cating that melatonin interferes with the regulation of reproductive 
functions in humans at the follicular level. [71]. Studies have shown that 
the beneficial effects of melatonin on oocytes are mediated through the 
MT1 receptor and AMPK pathway. After that, MT1 knockout (MT1-KO) 
was produced, and the number of oocytes and litter size were signifi-
cantly reduced. The expression of SIRT 1, C-myc and CHOP was 
down-regulated in the ovaries of MT1-KO mice, while the protein levels 
of SIRT 1 and p-NF-kB increased due to the disorder of redox balance, 
suggesting that melatonin may delay ovarian aging through the 
MT1/AMPK pathway and improves the fertility [72,73]. 

5. The clinical application of melatonin in the field of 
reproductive medicine 

Melatonin, a neuroendocrine hormone secreted by the pineal gland, 
transmits information about the environmental light cycle (circadian 
rhythm and seasonal rhythm) to related tissues and organs in the body 

Table 1 
Roles of reactive oxygen species in the maturation and development of oocytes.  

Authors Subjects Results Reference 

Blondin et al. 
1997 

bovine 
oocytes 

ROS may be beneficial to gamete 
function under specific conditions 

[43] 

Attaran et al. 
2000 

humans Pregnant women had a high ROS 
level in their follicular fluid 

[44] 

Oyawoye 
et al.2003 

humans ROS play a role in female 
reproductive function 

[45] 

Iwata et al. 
2003 

oocytes It was beneficial for embryo 
production to use antioxidants at 
oocyte aspiration 

[46] 

Kitagawa et al. 
2004 

porcine 
embryos 

A low O2 concentration improved 
developmental ability 

[47] 

Dalvit et al. 
2005 

bovine 
embryos 

A gradual increase in ROS 
production was observed up to the 
late morula stage 

[48] 

Poleszczuk 
et al. 2007 

bovine 
embryos 

A physiological role of melatonin in 
embryo protection. 

[49] 

Goud et al. 
2008 

mice 
oocytes 

O2− , H2O2, and HOCl each augment 
oocyte aging 

[50] 

Koo et al. 2008 porcine 
embryos 

A combination of electrical 
activation with antioxidant could be 
used to improve development of 
porcine embryos 

[51] 

Stanley et al. 
2013 

rat Lactational exposure accelerated 
follicular atresia by altering the 
ratio of ROS in the ovary 

[52] 

Tiwari and 
Chaube. 
2016 

rat A moderate increase of ROS in the 
ovary is beneficial for meiotic 
resumption 

[53] 

Xu et al. 2019 bovine 
Oocytes 

SIRT2 regulated ROS levels by 
activating the FoxO3a–Sod2/Cat 
axis 

[54] 

Li et al. 2021 porcine 
Oocytes 

Meiotic defects caused by SIRT6 
inhibition might result from the 
excessive ROS 

[55]  
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by changing the secretion level, so that their functional activities can 
adapt to external changes. It is mainly used in sedation, hypnosis, im-
mune stimulation, anti-tumor, and anti-oxidation. It has not received 
much attention in the field of reproductive medicine. However, a 
growing number of studies have shown that it has great potential in 
reproductive medicine. 

5.1. Melatonin in assisted reproductive technology (ART) 

Due to many factors, such as environment, lifestyle and age, the 
number of infertility patients is increasing. The emergence of assisted 
reproductive technology (ART) has brought dawn to many infertile 
families. With the continuous improvement of ART, the global ART birth 
population has exceeded 6 million. In some developed countries, the 

population of ART children born every year accounts for 1%− 3% of all 
newborns. The success of ART depends largely on the quality and 
quantity of oocytes [32,73]. ART is a technology that uses medical aids 
to make infertile couples pregnant, containing artificial insemination 
(AI), in vitro fertilization-embryo transfer (IVF-ET) and its derivative 
technologies. IVE-ET, commonly known as "test-tube baby technology", 
takes out eggs from the woman’s ovary, combines it with her husband’s 
sperm in vitro and fertilizes it for a certain period of time, and then 
embryos that have developed to a certain period are transplanted into 
the woman’s uterine cavity to develop into a fetus (Fig. 1). 

Tamura et al. found that with 56 patients using melatonin treatment 
(3 mg/day) and 59 patients using no melatonin treatment, the fertil-
ization rate in the melatonin treated subjects was approximately 50% 
(vs. approximately 20% for the control group) and the pregnancy rate 

Fig. 1. The process of IVF-ET includes: Step1. 
After taking drugs to induce the development of 
multiple follicles, the puncture needle is inser-
ted into the follicles to collect the eggs under 
the guidance of vaginal ultrasound. Step2. 
Screen out sperm with good quality and high 
activity from the sperm provided by the male 
partner. Step3. 4–6 h after egg retrieval, the 
sperm is cultured together with the egg, and 
then sperm enters the egg to form a fertilized 
egg. Step 4, Fertilized eggs can develop into 
8–16-cell stage embryos after 48–72 h in vitro 
culture. At this time, the number of embryos to 
be transferred is determined according to the 
age of the patient, whether they have been 
pregnant or not, and the quality of the embryos. 
The excess embryos can be frozen and stored. 
Step5. Transplant the embryos that have 
developed to a certain period into the woman’s 
uterine cavity to make them implant and 
develop into a fetus.   
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was roughly 20% (vs. approximately 10% for the control group), sug-
gesting that melatonin is able to increase the success rate of IVF-ET [74]. 
In a systematic review and meta-analysis, it was found that melatonin 
treatment significantly increases the clinical pregnancy rate and in-
creases the number of oocyte collected, maturated oocyte, and good 
quality embryo [75]. Other reports have also found that by increasing 
the number of mature oocytes, the fertilization rate, and the number of 
high-quality embryos, melatonin treatment can improve the clinical 
results of IVF-ET [76–81]. Therefore, it is reasonable to recommend 
patients to take melatonin in order to improve the outcome of IVF-ET. 

5.2. Melatonin and oocyte maturation 

Oocyte maturation is a multi-factor regulated process and has always 
been a focus in the research of female reproductive development. During 
the development of oocytes into mature eggs with fertilization ability, 
oocytes undergo the following key steps: First, they enter meiosis during 
the embryonic period and are blocked in the double-line phase of the 
first meiosis. Second, after the follicle is activated, the oocyte starts to 
grow. Third, when the oocyte grows to its full size, it undergoes meiosis 
recovery and re-arrest before and after ovulation, and fertilizes to form a 
zygote after the final ovulation (Fig. 2a). The oocytes in the primordial 
follicles are blocked in the prophase of the first meiosis and form 

Fig. 2. Melatonin and Oocyte Maturation.a. The process of oocyte maturation includes germinal vesicle (GV), germinal vesicle breakdown (GVBD), prometaphase I, 
Metaphase I, Anaphase I and Metaphase II. b. The mechanism underlying the effect of melatonin on oocyte maturation is that the melatonin can reduce the 
intracellular level of cyclic adenosine monophosphate (cAMP) in oocytes via promoting the generation of luteinizing hormone (LH). 
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primary oocytes. When the oocyte grows to a certain size, it gains the 
ability to restore meiosis. At this time, the oocyte has a large nucleus, 
highly loose chromatin, and complete nuclear membrane, which is 
called germinal vesicle (GV). If fully grown oocytes are out of the control 
of the follicles, spontaneous meiotic recovery can occur, which is called 
germinal vesicle breakdown (GVBD). After the occurrence of GVBD, the 
oocyte completes the first meiosis, homologous chromosomes are 
separated, and then the first body is discharged. Subsequently, the 
spindle is assembled again and the oocyte enters the second metaphase 
of meiosis until fertilization [82–86]. 

Melatonin promotes oocyte maturation, but the mechanism is not 
fully understood. Since melatonin reduces reactive oxygen species and 
oxidative stress due to its direct antioxidant function, it benefits oocyte 
maturation and embryo development [59,60,62,64]. Another possibility 
is the potential involvement of melatonin in regulation of certain 
cellular signaling pathways which positively affects the maturation of 
oocytes (Fig. 2b). MT1 is the mediator of melatonin activity. Melatonin 
can reduce the intracellular level of cyclic adenosine monophosphate 
(cAMP) in oocytes and promote the generation of luteinizing hormone 
(LH), which can lower the concentration of cAMP within the oocyte by 
acting on MT1 in oocytes [87]. The effect of melatonin on oocyte 
maturation may also relates to mitochondrial function, antioxidative 
enzymes, apoptosis, cumulus cell expansion, oocyte maturation factors, 
DNA methylation and histone acetylation [88–99]. 

In recent years, with the development of cryobiology, embryo vitri-
fication technology has gradually attracted attention. This technology is 
simple to operate, does not require expensive equipment, has a high 
freezing success rate, and the effect is significantly better than slow 
freezing. However, the blastocyst rate and the clinical pregnancy rate of 
cryopreserved oocytes are still lower than those of the fresh oocytes. 
Zhang et al. found that melatonin can improve the effect of cryopres-
ervation on human oocytes by suppressing oxidative stress and main-
taining the permeability of the oolemma, indicating that melatonin may 
be used as a cryoprotectant additive for the cryopreservation of human 
oocytes [100]. In conclusion, melatonin can be added to in vitro culture 
to promote oocyte maturation. 

5.3. Melatonin and ovarian aging 

Not only the ovary can secrete sex hormones to promote and main-
tain women’s secondary sexual characteristics, but also has functions in 
gamete production and reproduction of offspring. Ovaries are directly 
controlled by hypothalamus and pituitary to form a mutually restrictive 
hypothalamic-pituitary-ovarian axis; it secretes sex hormones to regu-
late the cyclical physiological changes of the uterus, vagina, fallopian 
tubes and breasts. Therefore, routine activities of women’s reproductive 
organs are carried out under the control of the ovaries. If ovarian 
dysfunction or disease occurs, it will undoubtedly lead to other parts of 
women’s reproductive organs and even systemic physical or psycho-
logical disorders, and ovary aging is an important factor affecting the 
normal function of the ovary. Ovarian aging occurs earlier than the 
aging of most other organs such as the uterus, the pituitary gland or 
pancreas, which is also the major contributor to infertility and failure in 
ART [101]. 

Current understanding of mechanisms of ovarian aging includes the 
theory of free radicals, apoptosis, telomere shortening, mitochondrial 
dysfunction, and inflammation [102–112]. Free radical theory believes 
that oxidative stress caused by elevated ROS levels is the most important 
factor leading to aging of mammalian cells. Telomeres are most 
vulnerable to oxidative damage, and oxidative stress is considered to be 
the main cause of telomere shortening. Mitochondrial DNA damage and 
mutagenesis are directly responsible for a gradual impairment of the 
respiratory chain function and thus increase electron leakage. ROS may 
induce the activation of nuclear factor kappa B, a crucial mediator of 
inflammatory responses and the inflammatory agents interferon (IFN)-γ 
and lipopolysaccharides (LPS) synergistically increase ROS production. 

Other possible mechanisms are summarized in Table 2. Based on these 
notions, alleviating oxidative stress in the ovaries is of great importance 
to improve ovarian aging. Given that melatonin can effectively defend 
against oxidative stress, melatonin has great potential to delay ovarian 
aging. 

5.4. Melatonin and early embryonic development 

The development of mammalian early embryo, which includes the 
stages from zygote to blastocyst and undergo important morphological 
changes such as cell proliferation, compaction and blastocyst formation, 
is a complex and orderly biological process. And the quality of early 
embryo development is one of the prerequisites for the success of em-
bryo implantation. Until now, the role of melatonin in earlier embryonic 
development has began to be investigated. Studies show that the direct 
free radical scavenging activity, the enhancement of endogenous 
glutathione levels, and the anti-apoptotic capacity of melatonin may 
account for its protective effects on vitrified embryonic development 
[117]. It also has been reported that melatonin supplementation could 
significantly ameliorate zearalenone-induced oxidative stress, aberrant 
mitochondria distribution and DNA damage during early porcine em-
bryonic development [118,119]. Qu et al. found that melatonin 
ameliorated DNA methylation reprogramming; rescued the disrupted 
gene expression patterns, nuclear remodeling, and apoptosis; and 
resulted in the high developmental competence and quality of cloned 
embryos [120]. Niu et al. found that the beneficial effects of melatonin 
on early porcine embryos are dependent on two key aspects. Melatonin 
decreased oxidative stress, preventing excess mitochondrial biogenesis 
induced by a high-oxygen environment in sub-physiological conditions. 
On the other hand, beyond its antioxidant properties, melatonin pro-
moted mitochondrial biogenesis by activating the SIRT1/PGC-1α 
pathway to compensate for the mitochondrial depletion and energy 
deficiency due to environmental toxin exposure, indicating that mela-
tonin can be used to rescue early embryonic development from mito-
chondrial deficiency conditions [121]. Overall, melatonin, largely by 
reducing apoptosis, saving mitochondrial damage and enhancing DNA 
methylation reprogramming, is beneficial to the development of early 
embryonic. 

Table 2 
Possible mechanisms related to the anti-ovarian aging effects by melatonin.  

Authors Subjects Mechanisms* Reference 
Tamura et al. 

2017 
mice elongated the telomere length; reduced 

follicle atresia through the activation of 
SIRT1 and SIRT3 signaling; contributed 
to the translational process by 
regulating ribosomal function; 
enhanced indirect action of enhancing 
the antioxidant enzyme activity; bound 
to G protein-coupled membrane 
receptors which mediates numerous 
physiological effects via several signal 
transduction pathways 

[113] 

Zhang et al. 
2019 

mice via MT1/AMPK pathway [73] 

Batnasan 
et al. 2020 

humans prevented protein PARylation and 
translocation of AIF into the nucleus 

[114] 

Hao 
et al.2020 

hens activated the mTOR pathway of 
mTORC1 

[115] 

Yang et al. 
2021 

mice inhibited the activation, growth, and 
atresia of follicles in PreOR and DOR 

[116] 

* SIRT1, SIRT3: aging-related sirtuin genes; PAR: poly [ADP-ribose]; AIF: 
apoptosis-inducing factor; mTOR: the signal pathway of mammalian target of 
rapamycin; MT1: melatonin membrane receptor 1; AMPK: AMP-activated pro-
tein kinase; PreOR: pre-established ovarian follicle reserve; DOR: dynamic 
ovarian follicle reserve. 
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6. Conclusion 

A growing number of evidence has suggested that melatonin plays an 
important role in in the field of reproductive medicine. These recent 
findings indicate that it is beneficial for patients to take melatonin to 
improve outcomes for IVF-ET and delay ovarian aging. In addition, 
melatonin can be added to in vitro culture to promote oocyte matura-
tion. New findings also reveal that melatonin can protect against mito-
chondrial injury in granulosa cells of polycystic ovary syndrome (PCOS) 
[122,123]. Hence, melatonin has great potential to become a magic 
weapon in treating reproductive diseases. 
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[76] A.S. Batıoğlu, U. Sahin, B. Gürlek, N. Oztürk, E. Unsal, The efficacy of melatonin 
administration on oocyte quality, Gynecol. Endocrinol.: Off. J. Int. Soc. Gynecol. 
Endocrinol. 28 (2) (2012) 91–93, https://doi.org/10.3109/ 
09513590.2011.589925. 

[77] O.G. Eryilmaz, A. Devran, E. Sarikaya, F.N. Aksakal, L. Mollamahmutoğlu, 
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