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Abstract

Many experimental and clinical studies published so far demonstrate that melatonin can be used with
success in the treatment of different types of human female infertility, improving oocyte
developmental competence and uterine receptivity for the implanting embro, preventing immune
rejection of the implanting embryo and spontaneous pregnancy loss, and alleviating symptoms of
endometriosis and adenomyosis. Yet, the use of melatonin in these indications still remains relatively
limited, despite its convincing safety profile. This may be partly due to the fact that pertinent data
are dispersed among different publication supports and thus do not easily reach the doctors treating
female infertility issues. This review focuses on recent data concerning molecular mechanisms of
action, clinical data and safety of this multifaceted biomolecule in the treatment of female infertility.
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1. Introduction

One in eight women of the world population aged 16-74 years had experienced infertility,
defined by unsuccessfully attempting pregnancy for a year or longer, during their life [1].

The treatment of female infertility has improved substantially over the last 80 years with the
advent of assisted reproduction. The main milestones in this continuous process were marked by the
discovery of ovarian stimulation [2,3], intrauterine insemination [4], ultrasound imaging of ovarian
follicles [5], in vitro fertilization (IVF) [6], and the development of micromanipulation-assisted
fertilization techniques [7,8]. Progressive improvements were also achieved in each of the above fields
across time. However, in spite of these achievements, the success rates of assisted reproduction still
remain relatively low [9].

The causes of female infertility may be associated with impaired function of the ovaries (ovarian
factor), the uterus (uterine factor), aberrant reaction of the immune system to the embryo
(immunological factor), and persistent chronic disease of the female genital tract, mainly
endometriosis and adenomyosis. Melatonin was first used to alleviate female infertility in the first
decade of this century, when it was reported to improve pregnancy rates when used as an adjuvant
in IVF treatment [10]. Subsequent review articles highlighted the possible role of melatonin in
different issues of the female reproductive function and its potential use for human infertility
treatment [11-21]. The present review is focused on the latest data, both from experimental animal
research and human clinical studies, to explain how melatonin could be used as a biomedicine to
improve human female fertility, while still acknowledging the pioneering articles published
previously.

2. Different Facets of Melatonin Action

Melatonin is a multifaceted agent combining different molecular mechanisms of actions in cells
and tissues. Actually, melatonin is a hormone acting at its complementary receptors in target cells, a
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direct antioxidant agent, and an immunomodulator influencing various aspects of the immune
system

2.1. Melatonin as a Hormone

Melatonin (N-acetyl-5-methoxytryptamine), first isolated in 1958 as a neuro-hormone mainly
synthesised and secreted from the pineal gland, is now known to be secreted by a number of other
cell types, including those of gastrointestinal tract, brain, eye, lungs, skin, kidney, liver, thyroid,
thymus, pancreas, immune system and reproductive organs (reviewed in Fernando and Rombauts
[10]) In mammals, melatonin acts at two types of receptors MT1 and MT2, located at the cell
membrane and using a G protein pathway for further signal transduction [22]. Since the melatonin
receptors are present in brain neurons, and its production is linked to the light/dark cycle, its most
notorious effect is associated with the regulation of circadian sleep-wake rhythm [23]. However, a
number of studies have shown that melatonin can act through its receptors in a variety of cell types,
producing various kinds of effects, in addition to acting as a direct antioxidant [24]. Hence, it is
sometimes difficult to distinguish between the receptor-mediated and direct actions of melatonin in
a particular condition (Figure 1).

Melatonin

Direct ROS
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4SOD 1 GPx
MT1 MT2
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Figure 1. Alternative modes of melatonin action in target cells. Melatonin can act via its specific receptors (MT1
and MT2) to activate the production of antioxidant enzymes, such as superoxide dismutase (SOD), glutathione
peroxidase (GPx) or catalase. In addition, as an amphiphilic molecules, it penetrates easily the cell membrane to

act as a direct scavenger of reactive oxygen species (ROS).

2.2. Melatonin as an Antioxidant

Owing to its amphiphilic nature, melatonin can easily penetrate into cells and exert effects
independently of its receptor-mediated action. Antioxidant effect is one of its utmost receptor-
independent actions. Unlike most of other antioxidant agents, melatonin does not switch between
the oxidation-preventing and oxidation-supporting actions because, once the antioxidant effect
executed, melatonin does not come back to its original condition in which it could be both the receptor
(antioxidant) and donor (pro-oxidant) of free oxygen radicals [25]. Consequently, melatonin does not
switch between the antioxidant and pro-oxidant actions, and it can be employed as an antioxidant in
combination with other molecules exerting the same effect (Figure 2).
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2.2. Melatonin as an Immunomodulator

In addition to its action as an antioxidant, melatonin also directly affects the immune system,
making it more “intelligent” and less invasive towards healthy cells, first mentioned in 2022 [26]. In
fact, as exposed in the above article, melatonin attenuates the “primitive” innate immune response,
destroying both affected cells and those unaffected in their neighbourhood, and favours a more
“intelligent” way of action by reprogramming the activity of the natural killer (NK) cells. This action
of melatonin is also important to mitigate symptoms of chronic diseases of the female genital tract
(see below).

3. Melatonin Use in Different Types of Female Infertility

Melatonin began to be used to treat human female infertility in the late 2000s (reviewed in
Tamura et al. [27], mainly in order to improve oocyte quality through its antioxidant action. Since
then, in addition to its usefulness in the treatment of the ovarian factor, melatonin has also proven
efficient in cases of the uterine factor, endometriosis and adenomyosis, and repeated implantation
failure and pregnancy loss due to incompatibility between the immune cells within the uterine cavity
and the antigenic status of the embryo to implant, and its usefulness also goes beyond the early
embryonic development, encompassing obstetrics issue and lactation [21].

3.1. Ovarian Factor

The original use of melatonin to treat the ovarian factor was directed to women with a low
ovarian reserve. In fact both the age-related and premature ovarian insufficiency are associated with
an increased production and/or decreased inactivation of reactive oxygen species (ROS) within the
cells of the ovarian follicles [28]. Both types of these cells, granulosa cells [29] and oocytes [30], express
the melatonin receptors (MT1 and MT2) on their surface and the binding of melatonin to these
receptors promotes the production of intracellular antioxidant enzymes, such as glutathione
peroxidase, superoxide dismutase and catalase [31,32] (Figure 1).

In addition, because of its amphiphilic nature, melatonin penetrates easily into these cells where
it acts as a direct ROS scavenger [25]. Studies have shown that melatonin not only improves oocyte
quantity and quality, but also is likely to slow down ovarian aging [21]. This latter action can be
explained by the fact that intrinsic melatonin production decreases with advancing age, and its
external administration can restore normal melatonin levels in blood and follicular fluid (Figure 2)
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Figure 2. Treatment options to counteract negative consequences of oxidative stress on oocyte quality.
Alternative modes of melatonin action in target cells. Melatonin can act as both direct (receptor-idependent) and
indirect (receptor-mediated) antioxidant and can be combined advantageously with other types of antioxidants

of both classes.

Interestingly, in addition to this action against ovarian aging, melatonin was also reported to
improve oocyte quality in young women with polycystic ovarian syndrome (PCOS) [33]. The
mechanism of this latter effect is less clear, but it may be related to the fact that melatonin stimulates
the production of growth hormone (GH) [34 ], and the clinical utility of GH in women with PCOS has
been clearly demonstrated [35].

3.2. Uterine Factor

The term uterine factor infertility is used for a wide range of conditions in which women fail
to get pregnant because of some issue(s) related to their uterus, ranging from its complete absence to
more or less subtle abnormalities of its structure and function. Understandably, this section only
deals with those abnormalitites that can be addressed by medical treatment, with a particular focus
to fostering embryo implantation and postimplantation development. The term “uterine receptivity”,
or “endometrial receptivity” is traditionally used to denote the intricate processes undertaken by the
internal lining of the uterine cavity (endometrium) and the uterine muscle (myometrium) to make
the uterus receptive for the upcoming embryo entry [36].

Among a number of molecular pathways controlling uterine receptivity, involving hormones,
adhesion molecules, cytokines, and growth factors, many are potential targets for melatonin action.
Experimental animal studies have shown that melatonin treatment enhances the process of
implantation, reflected by a higher number of implantation sites, implantation rate, pregnancy rate
and litter size compared to untreated females, reviewed in Li et al. [21]. As to data available for
melatonin use in humans, the observation that melatonin supplementation improves uterine function
has also been confirmed in women [37].

3.3. In-Vitro Embryo Development Issues

During the time period between fertilization and implantation, newly formed embryos display
an active metabolism generating a great amount of potentially harmful reactive oxygen species
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(ROS). Under in-vivo conditions, excess ROS are getting scavanged by intrinsic antioxidant enzymes
present in the female genital tract. In contrast, when preimplantation embryos are cultured in vitro,
these natural antioxidants are absent and have to be substituted by culture medium supplements
[20]. Owing to its dual mechanism of action (direct and receptor-mediated), melatonin appears to
hold promise as compared to other ROS scavengers under embryo in-vitro culture conditions.
Actually, independent in-vitro studies with human embryos demonstrated that melatonin improved
the quality of human day-3 embryos in patients with repeated poor-quality embryos in previous
attempts [38], and increased fertilization, cleavage, high-quality blastocyst development,
implantation, and clinical pregnancy rates [39].

3.4. Gynecological Pathologies and Pregnancy Complications

Endometriosis and adenomyosis are the main gynecological pathologies that can be treated with
success by melatonin. In spite of the distinct clinical manifestations, both of these pathologies share
a common denominator: a failure of the intrinsic mechanism of apoptosis, also called programmed
cell death (PCD), to help the organism get rid of the endometrial cells released during menstruation.
In the case of endometriosis, these cells undergo a retrograde migration across the oviduct and settle
on the surface of various intra-abdominal organs, manly the ovaries, whereas in adenomyosis these
cells migrate within the uterine wall towards the myometrium.

The immunological mechanisms underlying both of these pathologies are similar and involve
an imbalance between different types of immune cells (mainly lymphocytes and macrophages) and
their products (Figure 3), especially an increased T helper cell/T regulatory cell and pro-inflammatory
(M1)/anti-inflammatory (M2) ratios, along with a prevalence of pro-inflammatory cytokines over
anti-inflammatory ones [40]. In a controlled experimental study, melatonin was shown to revert this
anomaly in adenomyosis mice, in addition to improve pregnancy outcomes [41]. In addition to these
animal experimental data, melatonin was shown to revert this kind of immunological imbalance in
humans, too [42,43]. The well-demonstrated safety of melatonin medication in humans, even at much
higher doses than those sufficient to control endometriosis and adenomyosis [21,44], further supports
its use as the first noninvasive causal therapeutic agent for endometriosis and adenomyosis [45], and
in addition, this therapeutic action goes accompanied by other associated beneficial effects on female
infertility [21,37] and preventive action against respiratory viral diseases [46] and some types of
cancer [47].

Pro-inflammatory condition
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N
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Figure 3. Several gynecological syndromes, such as endometriosis and adenomyosis, are caused by a
dysregulation of the immune system. This is particularly marked by increased prevalence of T helper (Th)
lymphocyvte over T regulatory (Treg) lymphocytes, along with an increased ratio of M1/M2 macrophages in the
uterine cavity, with consequent prevalence of pro-inflammatory cytokines harmful to embryo implantation.

Melatonin treatment reverts these anomalies and restores the normal uterine receptivity state.

4. Conclusions

This review provides convincing evidence in favor of the use of melatonin to treat human female
infertility and to prevent a number of gynecological pathologies. By combining the actions of an
indirect (receptor-mediated) antioxidant action with that of a direct reactive oxygen species
scavenger, melatonin improves oocyte and preimplantation embryo quality as well as the uterine
receptivity for the implanting embryo. In addition, it modulates the immune system (mainly T
lymphocytes and macrophages) to make it more specific towards pathogenic agents and less
destructive for uninfected cells. By the same mechanisms, it relieves consequences of some
gynecological diseases, mainly endometriosis and adenomyosis. Taking into consideration its safety
and zero toxicity, melatonin is highly recommended as a first-line treatment in all types of female
infertility, and as an adjuvant treatment in cases in which the recourse to assisted reproduction
techniques is required.
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