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Melatonin and its protective role against male reproductive toxicity
induced by heavy metals, environmental pollutants, and
chemotherapy: A review
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Abstract: Melatonin, as a ubiquitous indoleamine hormone, is synthesized primarily by the pineal gland. It has diverse
biological effects through quite complex mechanisms. More recently, studies have focused on the mechanism of
melatonin in anti-reproductive toxicity/damage. Since melatonin possesses strong antioxidant and anti-apoptotic
properties, researchers have examined its potential role in protecting against male reproductive toxicity/damage,
which may be induced by chemotherapy or environmental toxicants and can lead to male infertility. In this article,
recent progress regarding the protective effects of melatonin on male reproductive toxicity/damage is reviewed.

Introduction
Spermatogenesis is a series of cellular processes that result in
the production of mature spermatozoa in testis. It occurs in
the seminiferous tubules and under the structural and
nutritional support of Sertoli cells and the precise regulation
of many endocrine factors, including testosterone, folliclestimulating hormone (FSH), luteinizing hormone (LH), and
estrogen (Clermont, 1967; Hess and França, 2008; Rey, 2003).
There are two main types of spermatogenic epithelium:
Sertoli cells and germ cells. Sertoli cells are polarized
epithelial cells extending from the base of seminiferous
tubules to the lumen. They can provide structural and
nutritional support to germ cells. Development of germ cells
begins with type A spermatogonia, which have self-renewal
ability and can differentiate into mature spermatozoa through
mitosis and meiosis. Therefore, under normal physiological
conditions, endocrine factors, Sertoli cells, germ cells, and
other cells work together to maintain mammalian
spermatogenesis (Greenbaum et al., 2011; Mruk and Cheng,
2015; Review, 1994).
The testis is one of the most sensitive organs in the body
due to its rapidly dividing germinal epithelium through
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mitosis and meiosis (Lambertini and Fontanella, 2018).
Factors that may cause damage to the testis can eventually
lead to male infertility. Many drugs, environmental
toxicants, and heavy metals or other hazardous factors have
been shown to have gonadal toxicity. For example,
bisphenol A (BPA), as an environmental toxicant, is one of
the endocrine disruptors that probably represents a key
point in testis functional alteration (Cheng et al., 2011). The
germ cell loss is aggravated by Cadmium (Cd2+) in the
seminiferous epithelium and blood–testis barrier (BTB)
disruption (Wong et al., 2004; Wong et al., 2005).
Melatonin
(N-acetyl-5-methoxytryptamine)
is
an
endogenous indoleamine secreted by the pineal gland, which is
involved in many biological activities, including circadian
rhythm, redox homeostasis, anti-inﬂammatory, epigenetic
regulation, reproductive physiology, and fetal development
(Hardeland et al., 2009; Korkmaz and Reiter, 2007; Tain et al.,
2014; Voiculescu et al., 2014). Melatonin is a free-radical
scavenger and broad-spectrum antioxidant. It can pass through
the blood–testis barrier and enter testis cells (Karaaslan and
Suzen, 2015). It exerts its effects via non-receptor activities or
receptor-mediated pathways (Reppert, 1997; Reiter et al., 2007).
Numerous studies have shown that melatonin plays roles in
spermatogenesis and testicular toxicity/damage, highlighting its
importance in the male reproductive system (Aitken, 1999;
Deng et al., 2018; Navid et al., 2017a; Navid et al., 2017b;
www.techscience.com/journal/biocell
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Reiter, 1991; Dragojevic Dikic et al., 2015; VakifahmetogluNorberg et al., 2017; Zhang et al., 2019a).
Male reproductive health and fertility decline may be
related to the presence of toxic chemicals in the
environment. Melatonin has become a common reagent for
the protection of male fertility, which can prevent the male
reproductive toxicity/testis damage caused by environmental
pollutants, such as heavy metals. Here, we review the
ﬁndings of melatonin on male reproductive toxicity/testis
damage, and, in particular, on its protection against
reproductive toxicity induced by factors such as heavy
metals, environmental toxicants, and chemotherapy.
The Roles and Functions of Melatonin in Male Reproduction
Introduction of melatonin on male and female reproduction
Melatonin has important effects on the male and female
reproductive systems, including both spermatogenesis and
folliculogenesis (Dragojevic Dikic et al., 2015). In the male
reproductive system, melatonin mainly affects reproductivity
in three ways (Fig. 1). First, it regulates the secretion of
gonadotropin-releasing hormone (GnRH) and LH
hormones through the hypothalamic–pituitary–gonadal axis.
Second, it regulates testosterone synthesis and testicular
maturation. Third, as a free radical scavenger, it can prevent
testicular damage caused by environmental toxins, heavy
metals, or inﬂammation (Yu et al., 2018).
The molecular mechanism of melatonin and its receptor
Melatonin receptor is widely distributed in the body,
including the immune and endocrine systems,
cardiovascular tissues, male reproductive system, and even
the gastrointestinal tract and skin (Slominski et al., 2012). In
different cell types of animal and human, melatonin has
speciﬁc receptors and intracellular targets, which can then
regulate many physiological functions and modify the
activities of adenylate cyclase, guanylate cyclase, and
phospholipase C. Speciﬁcally, membrane melatonin
receptors 1 (MT1) and 2 (MT2) have speciﬁc short amino
acid sequences (Drew et al., 2001; Ekmekcioglu, 2006). Both
receptors show high amino acid sequence homology and
can inhibit cyclic AMP production. Except for MT1 and
MT2, retinoid acid receptor-related orphan receptor A
(ROR) has been identiﬁed in various cell types of animal
and human (Sanchez-Barcelo et al., 2016). In addition,
MT3, a quinone reductase 2, plays an important role in

FIGURE 1. The main roles and functions of melatonin in male
reproduction (Li and Zhou, 2015; Yu et al., 2018).
GnRH: gonadotropin-releasing hormone; LH: luteinizing hormone.
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scavenging free radicals in various tissues of hamster and
rabbit. However, MT3 has not been found in humans
(Smirnov, 2001).
The multiple and complex physiological effects of
melatonin are mediated by interaction with membrane
MT1, MT2 and MT3 receptors or indirectly with nuclear
orphan receptors of the ROR alpha/RZR family (Slominski
et al., 2012). For example, the MT1 receptor modulates
reproductive and metabolic functions in Leydig cells
(Dubocovich and Markowska, 2005; Slominski et al., 2012).
Usually, the MT1 receptor and its physiological functions
are combined with MT2, which has been detected in
testicular tissue (Dubocovich, 2007; Dubocovich and
Markowska, 2005). Melatonin can also bind to ROR
(RORα1 and RORα2) and RZR, which are involved in
several biological processes, including cell proliferation
(such as that of spermatogonial stem cells) and
differentiation (such as the differentiation of spermatogonia
into spermatids) in seminiferous tubules (Evans, 2005;
Reiter et al., 2010; Yu et al., 2018).
The functions of melatonin in male reproductive system
In the male reproductive system, reactive oxygen species
(ROS) and reactive nitrogen species (RNS) play important
roles in spermatogenesis. However, overproduction of ROS
and RNS affects spermatogenesis and hormone secretion
(Allegra et al., 2010). Melatonin acts as an anti-oxidant and
anti-apoptotic agent and reduces the production of ROS and
RNS via non-receptor-mediated pathways (Bałabusta et al.,
2016; Fischer et al., 2013; Galano et al., 2011; Bejarano et al.,
2015; Karbownik et al., 2001; Reiter et al., 2016).
Furthermore, melatonin scavenges excessive ROS and RNS
via melatonin receptor-independent mechanisms (Salehi et
al., 2019).
Current research status and application prospect of melatonin
in anti-reproductive toxicity
The effects of MLT on the male reproductive system have
been previously reviewed, it is recognized to affect male
reproductive toxicity induced by heavy metals,
environmental pollutants, and chemotherapy.
Melatonin and heavy metal-induced reproductive toxicity
Heavy metals, such as Cd2+ and lead (Pb), are widely used in
industrial and agricultural practices and can cause
reproductive toxicity (Fig. 2) (Ding et al., 2018). Cd2+ is a
non-biodegradable metal that is harmful to human health. It
can accumulate in tissues and organs, increase FSH and LH
levels, and disrupt the male reproduction system (Szczerbik
et al., 2006). Melatonin, as an antioxidant and free radical
scavenger, reduced Cd2+-induced changes in the
reproductive system (Drąg-Kozak et al., 2018). Another
study demonstrated that melatonin ameliorated Cd2+
-induced DNA damage and inhibited autophagy in
spermatozoa through the ATM/AMPK/mTOR signaling
pathway (Li et al., 2017). With the development of the
global food industry, Pb toxicity has become a major
international public health problem. Pb can induce lipid
peroxidation, decreased levels of superoxide dismutase,
catalase, peroxidase, and glutathione peroxidase. However,
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FIGURE 2. Role of melatonin in heavy metal-induced and environmental toxicant-induced reproductive toxicity (Bazrgar et al., 2015; Park
et al., 2018; Wu et al., 2013; Zhang et al., 2019a).
Cd2+: cadmium; Pb: lead; DBP: dibutyl phthalate; BPA: bisphenol A; SOD: superoxide dismutase; CAT: catalase; POD: peroxidase; ROS:
reactive oxygen species; ER: Endoplasmic reticulum; mito: mitochondria; AMPK: AMP-activated protein kinase; PERK: protein kinase
RNA (PKR)-like ER kinase; Nrf2: nuclear factor erythroid 2-related factor 2; ARE: antioxidant response element.

melatonin was found to reduce the oxidative damage induced
by maternal Pb exposure (Bazrgar et al., 2015). Pb also causes
male gonadotoxicity through oxidative stress and endocrine
mechanisms, and melatonin can improve semen parameters
and some biochemical markers in Pb-exposed males
(Olayaki et al., 2018).
Melatonin and environmental toxicant-induced reproductive
toxicity
Many environmental toxicants, such as dibutyl phthalate
(DBP), are found to increase germ cell apoptosis and induce
male reproductive toxicity (Fig. 2) (Zhang et al., 2016). DBP
is shown to stimulate intracellular ROS production
associated with mitochondria-related damage, endoplasmic
reticulum stress, and mitochondrial-dependent apoptosis
(Zhang et al., 2019a). Melatonin can protect against the
DBP-induced ROS-related mitochondrial damage and
apoptosis through phosphorylated ERK and the Nrf2 (NFE2 related factor 2)/ARE (antioxidant response element)
antioxidant pathway (Zhang et al., 2019a). BPA is a wellknown endocrine-disrupting chemical that has a widespread
distribution in humans. The possible genotoxicity of BPA
has been reviewed (Wu et al., 2013). Due to its chemical
similarity to diethylstilbestrol, BPA may induce the
accumulation of DNA damage in germ cells via oxidative
stress (Wu et al., 2013). Melatonin therapy may be the most
effective way to prevent the potential genotoxicity caused by
occupational or environmental exposure to BPA (Park et al.,
2018; Wu et al., 2013). Declined male fertility is also
suggested to be related to electromagnetic ﬁelds.

Electromagnetic ﬁeld exposure may reduce the melatonin
levels and have deleterious effects on the reproductive
system (Kumar et al., 2012). Ochratoxin A exhibits toxic
effects on testes, and melatonin provides a degree of
protection against its toxic effects in rats (Malekinejad et al.,
2011). Air pollution has been clearly demonstrated to be
associated with male fertility (Jeng and Yu, 2008; Santi et al.,
2018). Air pollutants (PM2.5, PM10, SO2, NOx, O3, and
PAHs) may impact semen parameters, DNA fragmentation,
telomere length, sperm aneuploidy, and the level of
reproductive hormones (Jurewicz et al., 2018; Miri et al.,
2019; Santi et al., 2018). Melatonin may play a crucial role
in preventing the potential reproductive toxicity caused by
air pollutants (Ji et al., 2018).

Melatonin and chemotherapy-induced reproductive toxicity
At present, cancer is one of the major diseases affecting
human health (Ferlay et al., 2015). Unfortunately, many
anti-cancer drugs have adverse effects on the reproductive
system. In particular, chemotherapy can alter the levels of
hormones and sperm quality, leading to reduced fertility or
infertility (Haghi-Aminjan et al., 2017). Melatonin may have
protective roles in busulfan-induced testicular damage and
testicular torsion, suggesting that melatonin may provide
effective therapy for cancer patients receiving chemotherapy
(Deng et al., 2018; Mohammadghasemi et al., 2010).
Melatonin also directly regulates testicular androgen
production and secretion by binding to the MT1 receptor in
testes (Deng et al., 2018; Reiter, 1991).
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Previous studies have shown that melatonin plays an
important role in the regulation of testicular development
and male reproduction (Alagbonsi et al., 2016; Mirhoseini
et al., 2014). Melatonin protects testicular damage by
improving the antioxidant capacity and inhibiting the
inﬂammatory response via Nrf2/hemeoxygenase-1 and
nuclear factor-κB/inducible nitric oxide synthase pathways
(Guo et al., 2017; Wang et al., 2018). It has radioprotective
effects against 60 Co γ-ray-induced testicular injury,
indicating that it may beneﬁt the male reproductive system
during radiotherapy (Khan et al., 2015). Cyclophosphamide
is an anticancer drug with side effects of testicular injury
that can cause infertility. Melatonin is reported to have
protective effects on the diameters of seminiferous tubules
and the Johnsen’s Testicular Score (Torabi et al., 2017).
Many studies have examined the effect of melatonin on
reproductive
systems
during
chemotherapy-induced
reproductive toxicity. Melatonin serves as a safe natural
compound that can be used as an adjuvant drug to protect
patients from such reproductive toxicity (Ghobadi et al.,
2017). One study reported that melatonin effectively
protected spermatogonia from chemotherapy and oxidative
stress via the reduction of ROS (Fig. 3) (Zhang et al.,
2019b). In vitro experiments also showed that melatonin
strongly attenuated chemotherapy-induced cytotoxicity and
apoptosis via the MT3 receptor (Pariente et al., 2017).
Understanding the mechanisms and properties of melatonin
may provide important means for the protection of male
fertility in the clinical setting. However, it has been generally
accepted that melatonin has bilateral effects on reproductive
cells. For example, although melatonin protects many cells

FIGURE 3. Model for melatonin-induced protection of
spermatogonia during chemotherapy (Zhang et al., 2019b).
CAT: catalase; SOD: superoxide dismutase; Gpx: glutathione
peroxidase; p-ATM: ATM serine/threonine kinase.

and the reproductive system via reducing oxidative stress
and apoptosis, and regulating mitochondrial function, and
sexual hormone (FSH, LH, and testosterone) levels, it also
causes anti-proliferative effects (Haghi-Aminjan et al., 2017).

TABLE 1
Effect of melatonin on male reproductive system
Types

Species/
cells

Melatonin effects

Melatonin and heavy metals on
reproductive toxicity

Fish

on ﬁsh reproduction induced by environmental Cd2+ contamination (Drąg-Kozak et al.,
2018)

Mouse

ameliorated DNA damage, and inhibited autophagy induced by Cd2+ (Li et al., 2017)

Rat

increased sperm parameters and some biochemical markers in lead (Olayaki et al.,
(Pb)-exposed male system
2018)

Rat/
Porcine

may be the most effective way to prevent potential genotoxicity of
BPA occupational or environmental exposure

(Park et al., 2018;
Wu et al., 2013)

Human

electromagnetic ﬁeld exposure also reduced the level of melatonin

(Kumar et al.,
2012)

Pigs

plays a crucial role for preventing the potential reproductive toxicity (Ji et al., 2018)
caused by air pollutants

Human

effectively protects spermatogonia from the stress of chemotherapy
and oxidation via eliminating reactive oxidative species

(Zhang et al.,
2019b)

HeLa
cells

strongly enhances chemotherapeutic-induced cytotoxicity and
apoptosis

(Pariente et al.,
2017)

Human

protects people undergoing cyclophosphamide-induced testicular
toxicity against reproductive toxicity

(Ghobadi et al.,
2017)

Melatonin and environmental
toxicants on reproductive toxicity

Melatonin and chemotherapyinduced reproductive toxicity

Human/ has bilateral effects on reproductive cells
animals
Note: Cd2+: cadmium; Pb: Lead; BPA: bisphenol A; EMF: electromagnetic ﬁelds.
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(Haghi-Aminjan et
al., 2017)
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Conclusions
Melatonin is extremely beneﬁcial in protecting male
reproduction from environmental toxicants (e.g., DBP and
BPA) as well as from reproductive toxicity caused by
chemotherapy and air pollutants. Melatonin also directly
regulates the normal testicular function and the secretion of
testosterone by binding to its speciﬁc receptors.
Collectively, the literature reports the crucial roles of
melatonin in preventing testicular damage and reproductive
toxicity (Tab. 1). Therefore, further studies are needed to
understand the more detailed interaction mechanisms
between melatonin and the male reproductive system and to
clarify the beneﬁcial effects of anti-reproductive toxicity/
damage in clinical practice.
Acknowledgement: The authors are grateful to our
colleagues. We also thank editors from Liwen Bianji, for
editing the English text of a draft of this manuscript. We
apologize to some authors for not citing their interesting
work. Our choice was not intended to be exclusive.
Availability of Data and Materials: The datasets used or
analyzed during the current study are available from the
corresponding authors on reasonable request.
Funding Statement: This work was supported by grants from
NHC Key Laboratory of Family Planning and Healthy/key
laboratory of reproductive medicine of Hebei provincial
(SZ-202006) and Peking University International Hospital
Research Funds (No. YN2019QN13).
Conﬂicts of Interest: The authors declare that they have no
conﬂicts of interest to report regarding the present study.

References
Aitken RJ (1999). The Amoroso Lecture. The human spermatozoon a cell in crisis? Journal of Reproduction & Fertility 115: 1–7.
DOI 10.1530/jrf.0.1150001.
Alagbonsi IA, Olayaki LA, Salman TM (2016). Melatonin and
vitamin C exacerbate Cannabis sativa-induced testicular
damage when administered separately but ameliorate it
when combined in rats. Journal of Basic & Clinical
Physiology & Pharmacology 27: 277–287.
Allegra M, Reiter RJ, Tan DX, Gentile C, Tesoriere L, Livrea MA
(2010). The chemistry of melatonin’s interaction with
reactive species. Journal of Pineal Research 34: 1–10. DOI
10.1034/j.1600-079X.2003.02112.x.
Bałabusta M, Katarzyna S, Posmyk MM (2016). Exogenous
melatonin improves antioxidant defense in cucumber seeds
(Cucumis sativus L.) germinated under chilling stress.
Frontiers in Plant Science 7: 575.
Bazrgar M, Goudarzi I, Lashkarbolouki T, Salmani ME (2015).
Melatonin ameliorates oxidative damage induced by
maternal lead exposure in rat pups. Physiology & Behavior
151: 178–188. DOI 10.1016/j.physbeh.2015.06.040.
Bejarano I, Monllor F, Marchena AM, Ortiz A, Lozano G, Jiménez
MI, Gaspar P, García JF, Pariente JA, Rodríguez AB,
Espino J (2015). Exogenous melatonin supplementation
prevents oxidative stress-evoked DNA damage in human

483

spermatozoa. Journal of Pineal Research 57: 333–339. DOI
10.1111/jpi.12172.
Cheng CY, Wong EW, Lie PP, Li MW, Su L, Siu ER, Yan HH, Mannu
J, Mathur PP, Bonanomi M, Silvestrini B, Mruk DD (2011).
Environmental toxicants and male reproductive function.
Spermatogenesis 1: 2–13. DOI 10.4161/spmg.1.1.13971.
Clermont Y (1967). Kinetics of spermatogenesis in mammals.
Archives d’Anatomie Microscopique et de Morphologie
Expérimentale 56: 61–74.
Deng S, Wang Z, Jin C, Kang X, Batool A, Zhang Y, Li X, Wang X,
Chen S, Chang C (2018). Melatonin promotes sheep Leydig
cell testosterone secretion in a co-culture with Sertoli cells.
Theriogenology
106:
170–177.
DOI
10.1016/j.
theriogenology.2017.10.025.
Ding X, Ye S, Yuan H, Krauss KW (2018). Spatial distribution and
ecological risk assessment of heavy metals in coastal surface
sediments in the Hebei Province offshore area, Bohai Sea,
China. Marine Pollution Bulletin 131: 655–661. DOI
10.1016/j.marpolbul.2018.04.060.
Drąg-Kozak E, Socha M, Gosiewski G, Łuszczek-Trojnar E, Chyb J,
Popek W (2018). Protective effect of melatonin on cadmiuminduced changes in some maturation and reproductive
parameters of female Prussian carp (Carassius gibelio B.).
Environmental Science and Pollution Research International
25: 9915–9927. DOI 10.1007/s11356-018-1308-8.
Dragojevic Dikic S, Mitrovic Jovanovic A, Dikic S, Jovanovic T,
Jurisic A, Dobrosavljevic A (2015). Melatonin: A Higgs
boson in human reproduction. Gynecological Endocrinology
31: 92–101. DOI 10.3109/09513590.2014.978851.
Drew JE, Barrett P, Mercer JG, Moar KM, Canet E, Delagrange P,
Morgan PJ (2001). Localization of the melatonin-related
receptor in the rodent brain and peripheral tissues. Journal
of Neuroendocrinology 13: 453–458. DOI 10.1046/j.13652826.2001.00651.x.
Dubocovich ML (2007). Melatonin receptors: Role on sleep and
circadian rhythm regulation. Sleep Medicine 8: 34–42. DOI
10.1016/j.sleep.2007.10.007.
Dubocovich ML, Markowska M (2005). Functional MT1 and MT2
melatonin receptors in mammals. Endocrine 27: 101–110.
DOI 10.1385/ENDO:27:2:101.
Ekmekcioglu C (2006). Melatonin receptors in humans: Biological
role and clinical relevance. Biomedicine & Pharmacotherapy
60: 97–108. DOI 10.1016/j.biopha.2006.01.002.
Evans MR (2005). The Nuclear Receptor superfamily: A rosetta stone
for physiology. Molecular Endocrinology 19: 1429–1438. DOI
10.1210/me.2005-0046.
Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M,
Parkin DM, Forman D, Bray F (2015). Cancer incidence
and mortality worldwide: Sources, methods and major
patterns in GLOBOCAN 2012. International Journal of
Cancer 136: E359–E386. DOI 10.1002/ijc.29210.
Fischer TW, Kleszczyński K, Hardkop LH, Kruse N, Zillikens D
(2013). Melatonin enhances antioxidative enzyme gene
expression (CAT, GPx, SOD), prevents their UVR-induced
depletion, and protects against the formation of DNA
damage (8-hydroxy-2’-deoxyguanosine) in ex vivo human
skin. Journal of Pineal Research 54: 303–312. DOI 10.1111/
jpi.12018.
Galano A, Tan DX, Reiter RJ (2011). Melatonin as a natural ally
against oxidative stress: a physicochemical examination.
Journal of Pineal Research 51: 1–16. DOI 10.1111/j.1600079X.2011.00916.x.

484

Ghobadi E, Moloudizargari M, Asghari MH, Abdollahi M (2017).
The mechanisms of cyclophosphamide-induced testicular
toxicity and the protective agents. Expert Opinion on Drug
Metabolism & Toxicology 13: 525–536. DOI 10.1080/
17425255.2017.1277205.
Greenbaum MP, Iwamori T, Buchold GM, Matzuk MM (2011).
Germ cell intercellular bridges. Cold Spring Harbor
Perspectives in Biology 3: a005850. DOI 10.1101/
cshperspect.a005850.
Guo Y, Sun J, Li T, Zhang Q, Bu S, Wang Q, Lai D (2017). Melatonin
ameliorates restraint stress-induced oxidative stress and
apoptosis in testicular cells via NF-κB/iNOS and Nrf2/
HO-1 signaling pathway. Scientiﬁc Reports 7: 9599. DOI
10.1038/s41598-017-09943-2.
Haghi-Aminjan H, Asghari MH, Farhood B, Rahimifard M, Hashemi
Goradel N, Abdollahi M (2017). The role of melatonin on
chemotherapy-induced reproductive toxicity. Journal of
Pharmacy and Pharmacology 70: 291–306. DOI 10.1111/
jphp.12855.
Hardeland R, Tan DX, Reiter RJ (2009). Kynuramines, metabolites of
melatonin and other indoles: The resurrection of an almost
forgotten class of biogenic amines. Journal of Pineal Research
47: 109–126. DOI 10.1111/j.1600-079X.2009.00701.x.
Hess RA, França LRD 2008. Spermatogenesis and cycle of the
seminiferous epithelium. Advances in Experimental Medicine
and Biology 636: 1–15. DOI 10.1007/978-0-387-09597-4_1.
Jeng HA, Yu L (2008). Alteration of sperm quality and hormone
levels by polycyclic aromatic hydrocarbons on airborne
particulate particles. Environmental Letters 43: 675–681.
Ji Z, Wang Z, Chen Z, Jin H, Chen C, Chai S, Lv H, Yang L, Hu Y,
Dong R (2018). Melatonin attenuates chronic cough
mediated by oxidative stress via transient receptor potential
melastatin-2 in guinea pigs exposed to particulate matter
2.5. Physiological Research 67: 293–305. DOI 10.33549/
physiolres.933654.
Jurewicz J, Dziewirska E, Radwan M, Hanke W (2018). Air pollution
from natural and anthropic sources and male fertility.
Reproductive Biology and Endocrinology 16: 109. DOI
10.1186/s12958-018-0430-2.
Karaaslan C, Suzen S (2015). Antioxidant properties of melatonin
and its potential action in diseases. Current Topics in
Medicinal Chemistry 15: 894–903. DOI 10.2174/
1568026615666150220120946.
Karbownik M, Gitto E, Lewiński A, Reiter R (2001). Relative efﬁcacies
of indole antioxidants in reducing autoxidation and ironinduced lipid peroxidation in hamster testes. Journal of
Cellular Biochemistry 81: 693–699. DOI 10.1002/jcb.1100.
Khan S, Adhikari JS, Rizvi MA, Chaudhury NK (2015).
Radioprotective potential of melatonin against 60Co γ-rayinduced testicular injury in male C57BL/6 mice. Journal of
Biomedical Science 22: 61. DOI 10.1186/s12929-015-0156-9.
Korkmaz A, Reiter RJ (2007). Epigenetic regulation: A new research
area for melatonin? Journal of Pineal Research 44: 41–44.
Kumar S, Behari J, Sisodia R (2012). Impact of microwave at X-band
in the aetiology of male infertility. Journal of Bioelectricity 31:
223–232.
Lambertini M, Fontanella C (2018). How reliable are the available
safety data on hormonal stimulation for fertility
preservation in young women with newly diagnosed early
breast cancer? Breast Cancer Research and Treatment 168:
773–774. DOI 10.1007/s10549-017-4654-1.

TIECHENG SUN et al.

Li C, Zhou X (2015). Melatonin and male reproduction. Clinica
Chimica Acta 446: 175–180. DOI 10.1016/j.cca.2015.04.029.
Li R, Luo X, Zhu Y, Zhao L, Li L, Peng Q, Ma M, Gao Y (2017). ATM
signals to AMPK to promote autophagy and positively
regulate DNA damage in response to cadmium-induced
ROS in mouse spermatocytes. Environmental Pollution 231:
S0269749117326805.
Malekinejad H, Mirzakhani N, Razi M, Cheraghi H, Alizadeh A,
Dardmeh F (2011). Protective effects of melatonin and
Glycyrrhiza glabra extract on ochratoxin A—induced
damages on testes in mature rats. Human & Experimental
Toxicology 30: 110–123. DOI 10.1177/0960327110368416.
Mirhoseini M, Saki G, Hemadi M, Khodadadi A, Mohammadi AJ
(2014). Melatonin and testicular damage in busulfan
treated mice. Iranian Red Crescent Medical Journal 16:
e14463. DOI 10.5812/ircmj.14463.
Miri M, Nazarzadeh M, Alahabadi A, Ehrampoush MH, Rad A, Lotﬁ
MH, Sheikhha MH, Sakhvidi MJZ, Nawrot TS, Dadvand P
(2019). Air pollution and telomere length in adults: A
systematic review and meta-analysis of observational
studies. Environmental Pollution 244: 636–647. DOI
10.1016/j.envpol.2018.09.130.
Mohammadghasemi F, Faghani M, Khajehjahromi S, Bahadori M,
Nasiri E, Hemadi M (2010). Effect of melatonin on
proliferative activity and apoptosis in spermatogenic cells in
mouse under chemotherapy. Journal of Reproduction and
Contraception 21: 79–94. DOI 10.1016/S1001-7844(10)
60016-8.
Mruk DD, Cheng CY (2015). The mammalian blood-testis barrier:
Its biology and regulation. Endocrine Reviews 36: 564–591.
DOI 10.1210/er.2014-1101.
Navid S, Abbasi M, Hoshino Y (2017a). The effects of melatonin on
colonization of neonate spermatogonial mouse stem cells in a
three-dimensional soft agar culture system. Stem Cell
Research & Therapy 8: 233. DOI 10.1186/s13287-017-0687-y.
Navid S, Rastegar T, Baazm M, Alizadeh R, Talebi A, Gholami K,
Khosravi-Farsani S, Koruji M, Abbasi M (2017b). In vitro
effects of melatonin on colonization of neonate mouse
spermatogonial stem cells. Systems Biology in Reproductive
Medicine 63: 370–381. DOI 10.1080/19396368.2017.1358774.
Olayaki LA, Alagbonsi IA, Abdulrahim AH, Adeyemi WJ, Bakare M,
Omeiza N (2018). Melatonin prevents and ameliorates leadinduced gonadotoxicity through antioxidative and hormonal
mechanisms. Toxicology & Industrial Health 34:
748233718773508.
Pariente R, Bejarano I, Espino J, Rodríguez AB, Pariente JA (2017).
Participation of MT3 melatonin receptors in the synergistic
effect of melatonin on cytotoxic and apoptotic actions
evoked by chemotherapeutics. Cancer Chemotherapy and
Pharmacology 80: 985–998. DOI 10.1007/s00280-017-3441-3.
Park HJ, Park SY, Kim JW, Yang SG, Kim MJ, Jegal HG, Kim IS,
Choo YK, Koo DB (2018). Melatonin improves oocyte
maturation and mitochondrial functions by reducing
bisphenol A-derived superoxide in porcine oocytes in vitro.
International Journal of Molecular Sciences 19: 3422. DOI
10.3390/ijms19113422.
Reiter RJ (1991). Pineal melatonin: Cell biology of its synthesis and of
its physiological interactions. Endocrine Reviews 12: 151–180.
DOI 10.1210/edrv-12-2-151.
Reiter RJ, Mayo JC, Tan DX, Sainz RM, Alatorrejimenez M, Qin L
(2016). Melatonin as an antioxidant: Under promises but
over delivers. Journal of Pineal Research 61: 253–278. DOI
10.1111/jpi.12360.

PROTECTIVE PROPERTIES OF MELATONIN AGAINST MALE REPRODUCTIVE TOXICITY

Reiter RJ, Tan DX, Fuentes-Broto L (2010). Melatonin: A
multitasking molecule. Progress in Brain Research 181:
127–151.
Reiter RJ, Tan DX, Manchester LC, Pilar Terron M, Flores LJ,
Koppisepi S (2007). Medical implications of melatonin:
Receptor-mediated and receptor-independent actions.
Advances in Medical Sciences 52: 11–28.
Reppert SM (1997). Melatonin receptors: molecular biology of a new
family of G protein-coupled receptors. Journal of Biological
Rhythms 12: 528–531. DOI 10.1177/074873049701200606.
Review BCRB (1994). The physiology of reproduction. Raven Press.
Rey R 2003. Regulation of spermatogenesis. In: Söder O, ed., The
Developing Testis. Physiology and Pathophysiology.
Endocrine Development. vol. 5. Basel: Karger, 38–55.
Salehi B, Sharopov F, Fokou PVT, Kobylinska A, Jonge L, Tadio K,
Shariﬁ-Rad J, Posmyk MM, Martorell M, Martins N, Iriti
M (2019). Melatonin in medicinal and food plants:
occurrence, bioavailability, and health potential for
humans. Cells 8: 681. DOI 10.3390/cells8070681.
Sanchez-Barcelo EJ, Mediavilla MD, Vriend J, Reiter RJ (2016).
Constitutive photomorphogenesis protein 1 (COP1) and
COP9
signalosome,
evolutionarily
conserved
photomorphogenic proteins as possible targets of melatonin.
Journal of Pineal Research 61: 41–51. DOI 10.1111/jpi.12340.
Santi D, Magnani E, Michelangeli M, Grassi R, Vecchi B, Pedroni G,
Roli L, De Santis MC, Baraldi E, Setti M (2018). Seasonal
variation of semen parameters correlates with
environmental temperature and air pollution: A big data
analysis over 6 years. Environmental Pollution 235: 806–
813. DOI 10.1016/j.envpol.2018.01.021.
Slominski RM, Reiter RJ, Schlabritzloutsevitch N, Ostrom RS,
Slominski AT (2012). Melatonin membrane receptors in
peripheral tissues: Distribution and functions. Molecular &
Cellular Endocrinology 351: 152–166. DOI 10.1016/j.
mce.2012.01.004.
Smirnov AN (2001). Nuclear melatonin receptors. Biochemistry 66:
19–26.
Szczerbik P, Mikołajczyk T, Sokołowska-Mikołajczyk M, Socha M,
Chyb J, Epler P (2006). Inﬂuence of long-term exposure to
dietary cadmium on growth, maturation and reproduction
of goldﬁsh (subspecies: Prussian carp Carassius auratus
gibelio B.). Aquatic Toxicology 77: 126–135. DOI 10.1016/j.
aquatox.2005.11.005.
Tain YL, Huang LT, Chan JYH (2014). Transcriptional regulation of
programmed hypertension by melatonin: An epigenetic
perspective. International Journal of Molecular Sciences 15:
18484–18495. DOI 10.3390/ijms151018484.

485

Torabi F, Malekzadeh SM, Rezaei N (2017). Combined protective
effect of zinc oxide nanoparticles and melatonin on
cyclophosphamide-induced toxicity in testicular histology
and sperm parameters in adult Wistar rats. International
Journal of Reproductive Biomedicine 15: 403–412.
Vakifahmetoglu-Norberg H, Ouchida AT, Norberg E (2017). The
role of mitochondria in metabolism and cell death.
Biochemical and Biophysical Research Communications 482:
426–431. DOI 10.1016/j.bbrc.2016.11.088.
Voiculescu SE, Zygouropoulos N, Zahiu CD, Zagrean AM (2014).
Role of melatonin in embryo fetal development. Journal of
Medicine and Life 7: 488–492.
Wang Y, Zhao TT, Zhao HY, Wang H (2018). Melatonin protects
methotrexate-induced testicular injury in rats. European
Review for Medical and Pharmacological Sciences 22: 7517–
7525.
Wong CH, Mruk DD, Lui WY, Cheng CY (2004). Regulation of
blood-testis barrier dynamics: An in vivo study. Journal of
Cell Science 117: 783–798. DOI 10.1242/jcs.00900.
Wong CH, Mruk DD, Siu MK, Cheng CY (2005). Blood-testis barrier
dynamics are regulated by α2-macroglobulin via the c-Jun Nterminal protein kinase pathway. Endocrinology 146: 1893–
1908. DOI 10.1210/en.2004-1464.
Wu HJ, Liu C, Duan WX, Xu SC, He MD, Chen CH, Wang Y, Zhou Z,
Yu ZP, Zhang L (2013). Melatonin ameliorates bisphenol Ainduced DNA damage in the germ cells of adult male rats.
Mutation Research/Genetic Toxicology and Environmental
Mutagenesis 752: 57–67. DOI 10.1016/j.mrgentox.2013.01.005.
Yu K, Deng SL, Sun TC, Li YY, Liu YX (2018). Melatonin regulates
the synthesis of steroid hormones on male reproduction: A
review. Molecules 23: 447. DOI 10.3390/molecules23020447.
Zhang G, Ling X, Liu K, Wang Z, Zou P, Gao J, Cao J, Ao L (2016).
The p-eIF2α/ATF4 pathway links endoplasmic reticulum
stress to autophagy following the production of reactive
oxygen species in mouse spermatocyte-derived cells
exposed to dibutyl phthalate. Free Radical Research 50:
698–707. DOI 10.3109/10715762.2016.1169403.
Zhang G, Yang W, Jiang F, Zou P, Zeng Y, Ling X, Zhou Z, Cao J, Ao
L (2019a). PERK regulates Nrf2/ARE antioxidant pathway
against dibutyl phthalate-induced mitochondrial damage
and apoptosis dependent of reactive oxygen species in
mouse spermatocyte-derived cells. Toxicology Letters 308:
24–33. DOI 10.1016/j.toxlet.2019.03.007.
Zhang X, Xia Q, Wei R, Song H, Mi J, Lin Z, Yang Y, Sun Z, Zou K
(2019b). Melatonin protects spermatogonia from the stress of
chemotherapy and oxidation via eliminating reactive
oxidative species. Free Radical Biology and Medicine 137:
74–86. DOI 10.1016/j.freeradbiomed.2019.04.009.

