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Abstract: Cardiovascular and neurological diseases can originate in early life. Melatonin, a biologically
active substance, acts as a pleiotropic hormone essential for pregnancy and fetal development.
Maternal melatonin can easily pass the placenta and provide photoperiodic signals to the fetus.
Though melatonin uses in pregnant or lactating women have not yet been recommended, there
is a growing body of evidence from animal studies in support of melatonin as a reprogramming
strategy to prevent the developmental programming of cardiovascular and neurological diseases.
Here, we review several key themes in melatonin use in pregnancy and lactation within offspring
health and disease. We have particularly focused on the following areas: the pathophysiological
roles of melatonin in pregnancy, lactation, and fetal development; clinical uses of melatonin in fetal
and neonatal diseases; experimental evidence supporting melatonin as a reprogramming therapy to
prevent cardiovascular and neurological diseases; and reprogramming mechanisms of melatonin
within developmental programming. The targeting of melatonin uses in pregnancy and lactation
will be valuable in the prevention of various adult chronic diseases in later life, and especially
cardiovascular and neurological diseases.

Keywords: cardiovascular disease; developmental origins of health and disease (DOHaD);
developmental programming; hypertension; melatonin; neurological disease; lactation; oxidative
stress; pregnancy

1. Introduction

Melatonin, or N-acetyl-5-methoxytryptamine, is a widely distributed molecule in nature. It is
ubiquitously present in all living organisms, including microbes, animals, and plants [1–4]. In animals,
melatonin is secreted by the pineal gland from the amino acid tryptophan. Other sources of melatonin
include the retina, gut, bone morrow, cerebellum, skin, and a few more. Although melatonin exists
widely in many kinds of animal and plant foods, currently melatonin supplementations that are
marketed as nutraceutical products are almost all made from synthetic melatonin [2].

Chronic diseases such as cardiovascular and neurological diseases are highly prevalent all over
the world, despite the advancement in medical treatment [5]. Importantly, most chronic diseases can
originate in early life [6]. Environmental insults suffered in utero may increase susceptibility to chronic
diseases throughout life. This theory has recently been named the Developmental Origins of Health
and Disease (DOHaD) [7]. Conversely, a reprogramming strategy may allow early interventions in the
fetal/infantile stage to prevent and reduce long-term negative consequences. It has been reported in
the literature that melatonin may be able to reverse the programming process to avoid developing
various chronic diseases [8].
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Cumulative evidence indicates that melatonin has pleiotropic biological functions which control
the circadian rhythm, redox homeostasis, inflammation, energy metabolism, epigenetic regulation,
reproductive physiology, and fetal development [1–4,8–12]. During pregnancy, melatonin produced by
the placenta is beneficial to mothers and fetuses [13,14]. Melatonin can pass the placenta and transfer
light/dark signals to the fetus [15,16]. During the neonatal period, the production of melatonin by the
pineal gland is activated after birth, although it lacks the rhythmic secretion of melatonin until the
fetus is 3–5 months old [17]. A growing body of evidence supports the idea that therapeutic use of
melatonin during pregnancy and lactation period may reduce materno-fetal complications and prevent
neonatal diseases [12,18,19].

Currently, melatonin has been used to assist jet lag and sleep disorders as a dietary supplement [20].
In addition, beneficial effects of melatonin have been reported in a variety of diseases [2,4,9], especially
with regard to cardiovascular protection or neuroprotection [21–24]. However, literature focused on
the impact of the perinatal use of melatonin within developmental programming of cardiovascular and
neurological diseases remains limited. For the purpose of this narrative review, electronic searches were
performed in the MEDLINE/PubMed databases. The following keywords were searched: “melatonin”,
“phytomelatonin”, “dietary supplement”, “nutraceutical”, “cardiovascular diseases”, “hypertension”,
“neurological diseases”, “pregnancy”, “mother”, “maternal”, “gestation”, “lactation”, “neonatal”,
“perinatal”, “developmental programming”, “DOHaD”, “offspring”, and “reprogramming”. We
reviewed free-access abstracts to determine appropriate studies. English-language published articles
were included. Although there were many articles relevant to melatonin in pregnancy and lactation,
only a few publications were focused on cardiovascular and neurological outcomes in offspring.

Here, we review the reported impacts of melatonin uses in pregnancy and lactation and its effects
on developmental programming of cardiovascular and neurological diseases. We have particularly
focused on the following areas: biofunction of melatonin in pregnancy, lactation, and fetal development;
the pathophysiology of melatonin in compromised pregnancy and fetal programming and clinical uses
of melatonin in fetal and neonatal diseases; and current evidence of melatonin as a reprogramming
therapy in cardiovascular and neurological diseases of developmental origins.

2. The Impact of Melatonin in Pregnancy, Lactation, and Fetal Development

2.1. Synthesis, Metabolism, and Biofunction of Melatonin

Melatonin is an indoleamine containing a 5-methoxy group and 3-amide group that are added to
the indole ring. The biosynthesis of melatonin need four kinds of reaction, including hydroxylation,
decarboxylation, acetylation, and methylation. At least six enzymes are involved in the synthesis of
melatonin: tryptophan hydroxylase, tryptophan decarboxylase, N-acetylserotonin methyltransferase,
tryptamine 5-hydroxylase, serotonin N-acetyltransferase, and caffeic acid O-methyltransferase [25].
Serotonin N-acetyltransferase is the rate-limiting enzyme in melatonin synthesis. Except for tryptophan
hydroxylase, all of the above enzymes have been detected in plants [2]. Unlike in animals, melatonin is
usually hydroxylated to form 2-, 3-, and 6-hydroxy-melatonin as final products in plants [26].

Melatonin is primarily secreted during the night by the pineal gland. Aside from in the pineal
gland, melatonin can be produced in many other organs, such as the retina, gastrointestinal tract,
skin, lymphocytes, and bone marrow [4]. The half-life of melatonin in the plasma is usually short,
being around 20–50 min. In the blood, 70% of plasma melatonin is bound to albumin. Another 30%
of melatonin diffuses to nearby tissues [27]. Melatonin is catabolized mainly in the liver by P450
monooxygenases, followed by being conjugated with sulfate to be excreted as 6-sulfatoxy-melatonin in
the urine. Additionally, melatonin can be degraded by nonenzymatic pathways. Two melatonin-derived
kynuramines of cyclic 3-hydroxymelatonin, N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK) and
N1-acetyl-5-methoxykynuramine (AMK) have been discovered [1]. These metabolites of melatonin
serve as powerful antioxidants [1,9].
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Melatonin can regulate a variety of physiological functions in mammals through the activation of
two G protein-coupled receptors, the melatonin receptor-1 (MT1) and -2 (MT2). Activation of the MT1
receptor promotes the inhibition of forskolin-stimulated cyclic adenosine monophosphate (cAMP)
production [27]. Similarly, the MT2 receptor is also coupled to the inhibition of the forskolin-stimulated
cAMP formation [27]. Additionally, melatonin can interact with the nuclear hormone receptor
family retinoid Z receptor (RZR)/retinoid acid receptor (ROR) for signal transduction [27]. As a
well-known neurohormone secreted from the pineal gland, melatonin has a wide-ranging regulatory
and neuroprotective role [23,24]. On the other hand, melatonin controls cardiovascular function
by acting either peripherally (e.g., heart and kidney) or centrally (e.g., hypothalamus and rostral
ventrolateral medulla) [21,22]. In addition to its role in the cardiovascular and neurological systems,
melatonin has multiple receptor-dependent and receptor-independent actions, including having
antioxidant and anti-inflammatory properties, being a free radical scavenger, circadian rhythm
regulation, cancer inhibition, stimulatory action in mitochondrial biogenesis, immune modulation,
blood pressure regulation, and epigenetic regulation [1–4,9–12,27–30]. Notably, melatonin is crucial in
pregnancy, delivery, and fetal development [12–14,31,32].

2.2. Melatonin in Pregnancy and the Fetus

In normal women during pregnancy, nighttime serum melatonin levels are reportedly significantly
high throughout pregnancy, reaching a maximum at term and declining to basal levels postpartum [33].
Melatonin can easily cross the placenta and enter the fetal circulation [15]. Photoperiodic information
perceived by the mother can thus be transferred to the fetus to synchronize the fetal circadian rhythm
via the maternal melatonin rhythm [16]. In pregnant ewes who have received pinealectomy, the daily
pattern of fetal breathing movements has showed no rhythm [34], suggesting that photoperiodic
information, via maternal melatonin, provides the fetus with light/dark signals. Additionally, melatonin
may aid in the delivery of the fetus by enhancing the strength of uterine contractions [35]. Moreover,
nocturnal elevation in melatonin level gives rise to increased night-time labor onset and delivery of the
offspring [36].

Besides being produced via the pineal gland, the placenta can produce melatonin in a non-circadian
fashion and act as an autocrine, paracrine, and endocrine hormone [36]. The placental villous trophoblasts
are not only a source of melatonin but also express melatonin receptors [36]. Placenta-derived melatonin
can act with the MT1 and MT2 receptors as well as directly scavenge free radicals and reduce oxidative
damage to placental tissues. Thus, melatonin in the placenta may protect against oxidative stress
attributed to placental dysfunction in compromised pregnancies [29]. Impaired placenta function
may cause preeclampsia, leading to oxidative stress. In preeclamptic placentas, the expression of
melatonin-synthesizing enzymes, melatonin levels, and melatonin receptor expression are altogether
reduced [32]. Conversely, melatonin treatment can prevent preeclamptic sera-induced oxidative stress
in the placenta [37].

Melatonin is involved in fetal growth and development given the presence of melatonin receptors
in several fetal tissues [38]. Studies in rats and mice have shown that melatonin-binding sites in the
pituitary gland of the fetus exist as early as day 15 of gestation [39]. Additionally, melatonin receptors
are present in many areas of the fetal human brain [40]. Thus, maternal melatonin may play a role
in the early stages of fetal development. Since genetic disruption of maternal and embryonic clock
function impairs organogenesis in fetus [41], the maternal melatonin rhythm is presumably involved
in fetal circadian rhythms and organogenesis.

Melatonin has been reported to diminish maternal hyperthermia-induced embryo death via
restoration of redox balance [42]. Additionally, maternal melatonin can regulate fetal organogenesis that
is crucial for successful postnatal adaptation [43]. In a maternal melatonin deficiency rat model, offspring
were found to develop disrupted circadian rhythms and intrauterine growth retardation (IUGR), which
were prevented by maternal melatonin treatment [44]. These findings support the idea that melatonin
acts in different ways in the maternal-placental-fetal system to bring on a successful pregnancy.
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2.3. Melatonin in Lactation

Upon birth, continuous melatonin provision from the mother and placenta ceases for the newborn.
The production of melatonin by the pineal gland is activated after birth. While newborns have a
developed pineal gland, they do not produce enough melatonin, especially at night [17]. Thus, young
infants do not produce rhythmic melatonin until they are 3–5 months old [17]. In particular, premature
infants have been found to have a 2–3-week delay in the development of their melatonin rhythm
compared to full-term infants [17]. On the other hand, they have another source of melatonin: breast
milk. Since there is a rise in maternal melatonin levels during the night, night-time breastfeeding may
cause the transfer of melatonin to the suckling infant [45]. Nevertheless, the role of melatonin addition
to a night-time formula feed in infants remains to be determined.

3. Clinical Uses of Melatonin

3.1. Melatonin Dosage and Side Effects

In the United Stated and Canada, melatonin is categorized as a dietary supplement, while it is a
prescription-only medication in the United Kingdom. Melatonin dosages of up to 10 mg are sold over
the counter in Canada and the United States. There are formulations of melatonin in various forms,
including tablets, pills, liquids, creams, and sublingual drops. Most formulations come from synthetic
melatonin and only a few use plants as a source of melatonin [2]. Additionally, melatonin has been
found in all plants and many animal foods. Higher levels of melatonin are noted in eggs and fish than
that in meat, while in plant foods, nuts contain the highest melatonin contents, and coffee beans, corn,
and medical herbs also have high contents of melatonin [2,20,46].

Oral melatonin supplementation in human studies has ranged from 0.3 mg to 1600 mg daily [47].
Dosages most commonly used are between 2 mg to 10 mg per day across different populations.
So far, no serious adverse effects of melatonin in humans have been reported. Fatigue, excessive
sleepiness, and reductions in psychomotor and neurocognitive function are the most frequently
reported adverse reactions [47]. Despite some animal studies showing that melatonin influences body
weight [48,49], a meta-analysis of seven trials recruiting 244 patients did not provide much support for
this conclusion [50]. Like adults, melatonin in the pediatric population has a generally favorable safety
profile [51,52]. Serious adverse events are scarce in children receiving melatonin treatment [53,54].
Of note is that melatonin appears to elicit pro-inflammatory effects, despite most publications mainly
reporting its anti-inflammatory properties [10]. An important focus for research going forward is to
simultaneously weight the pro- and anti-inflammatory actions of melatonin in human trials, especially
under conditions of autoimmune diseases [10].

Currently, no clinical trials of melatonin in pregnant or lactating women have been identified
to assess its use and safety in this vital population. Accordingly, due to the lack of human studies,
pregnant and breastfeeding women are not recommended to undergo melatonin use [55]. Of note
is that when pregnant rats have received high doses of melatonin of up to 200 mg/kg/day during
gestational days 6–19 it has seemed not to affect the development of pups adversely [56]. Likewise,
when pregnant sheep have received a high dose of melatonin giving rise to concentrations in the range
3–200 times normal concentrations in late gestation there has been no effect on fetal or maternal health,
and there has been no effect on myometrial activity [57]. To sum up, melatonin is a relatively safe
supplement in humans. However, further research into the long-term offspring outcomes of melatonin
use within pregnancy and lactation are urgently required.

3.2. Clinical Evidence for Melatonin Use in Fetal and Neonatal Diseases

As a potential treatment for cardiovascular and neurological diseases, melatonin has been
shown to have benefits with regard to hypertension, arrhythmia, myocardial injury, heart failure,
pulmonary hypertension, vascular diseases, stroke, Alzheimer’s disease, Parkinson’s disease, brain
injury, hypoxia-ischemia encephalopathy, epilepsy, behavior disorders, and sleep disorders as reviewed
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elsewhere [21–24]. Because the uses of melatonin in pregnancy and lactation remain inconclusive, we
hence only considered works documenting the effects of melatonin from the fetal to the neonatal stage
in the current review. Maternal malnutrition and placental dysfunction are the main risk factors of
IUGR, which causes premature birth, perinatal death, and a variety of adult diseases like cardiovascular
and neurological diseases. Although melatonin has been shown to have a neuroprotective effect in
the fetal brain in several animal studies [58,59], little is known about the neuroprotective effect of
melatonin use in pregnancy for the human fetus [60].

Table 1 summarizes the main clinical utilities of melatonin for neonatal diseases. Since melatonin
easily crosses the blood-brain barrier, it can be administered to reduce the impact of brain lesions
in neonates. Perinatal hypoxic-ischemic brain injury is an important problem in the neonates, and
leads to cerebral palsy, developmental delay, learning disabilities, and epilepsy. Despite several animal
studies having demonstrated that melatonin can reduce oxidative stress induced by hypoxic-ischemic
injury and further prevent the ongoing neurological injury process [61,62], only one human trial has
supported the conclusion that early administration of melatonin to asphyxiated neonates is able to
ameliorate brain injury [63]. Another study has reported that melatonin treatment may be able to
reduce mortality in asphyxiated newborns with regard to its antioxidant property [64].

Table 1. Clinical applications of melatonin in neonatal diseases.

Clinical Condition Study Design Main Results References

Perinatal
hypoxic-ischemic

Thirty newborns with hypoxic-ischemic
encephalopathy received enteral dose of
melatonin 10 mg/kg daily for five days

Reduced mortality and improved
brain injury [63]

Perinatal
hypoxic-ischemic

Ten asphyxiated newborns received a total
of 80 mg of melatonin (eight doses of 10 mg
each separated by 2 h intervals) orally.

Reduced mortality [64]

Respiratory distress
syndrome

Sixty newborns received 10 intravenous
injections of melatonin (10 mg/kg each)

Reduced
proinflammatory cytokines [65]

Respiratory distress
syndrome grade 3–4

Twenty-four newborns received
10 intravenous injections of melatonin
(10 mg/kg each)

Reduced proinflammatory
cytokines and improved outcome [66]

Bronchopulmonary
dysplasia with ventilator

Fifty-five preterm newborns received
10 intravenous injections of melatonin
(10 mg/kg each)

Reduced proinflammatory
cytokines and improved outcome [67]

Sepsis
Ten septic newborns received a total of
20 mg oral melatonin in two doses of
10 mg each, with a 1 h interval.

Reduced mortality [68]

Surgery
Five newborns received a total of 10 doses
of melatonin (10 mg/kg) 3 h after
the end of surgery.

Reduced proinflammatory
cytokines and nitrate/nitrite levels [69]

Adjunct analgesic
therapy

Thirty preterm newborns received
10 mg/kg of intravenous melatonin
prior to intubation

Reduced pain score and
proinflammatory cytokines [70]

Studies tabulated according to clinical condition.

Next, respiratory distress syndrome (RDS) and bronchopulmonary dysplasia (BPD) are considered
the most common lung diseases among newborns. A previous report has shown that newborns with
RDS with higher levels of proinflammatory cytokines and nitrite/nitrate are prone to develop chronic
lung disease (CLD) [65]. Because of this finding, Gitto et al. examined the protective effect of melatonin
treatment in newborns with RDS grade 3–4 and found that melatonin would lower proinflammatory
cytokines and nitrite/nitrate levels and improve the clinical outcome [66]. This group further reported
that melatonin treatment protected mechanically ventilated preterm newborns with BPD with regard
to its anti-inflammation and antioxidant properties [67].

Because increased oxidative stress is known in septic neonates, melatonin has been examined in
newborns with sepsis. In one work, a total of 20 mg melatonin was administered orally in two doses
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within the first 12 h after diagnosis in 10 septic neonates who showed a significant reduction in levels of
lipid peroxidation products and improvement in mortality compared with the non-melatonin treated
septic neonates [68]. Additionally, melatonin has been reported to act effectively as a premedication for
anesthesia for surgical neonates and as an adjunct analgesic therapy for neonates [69,70]. With regard
to the above-mentioned studies, the beneficial effects of melatonin have been mainly attributed to its
anti-inflammatory and antioxidant properties. However, it is noteworthy that most studies have had
very small sample sizes. Hence, large, prospective, multicenter collaborations are required to conduct
meaningful clinical research studies in this specific population to prove that melatonin is an effective
therapy in fetal and neonatal disorders.

4. Melatonin Use as a Reprogramming Therapy

4.1. Melatonin Therapy in Cardiovascular and Neurological Diseases of Developmental Origins

While current medical treatment for cardiovascular and neurological diseases focuses on high-risk
individuals in adulthood [21–24,71,72], DOHaD concepts offer a ‘reprogramming’ strategy to prevent the
development of adult chronic diseases during fetal and infant life [73]. According to the pleiotropically
biological functions of melatonin, its use in pregnancy and lactation may reverse adverse programming
processes and protect adult offspring against a variety of adult chronic diseases. Although there are
several papers relevant to melatonin use in pregnancy and lactation, only small parts of these have
been focused on offspring outcomes in adulthood. We only considered works recording outcomes
starting from childhood in the current review. The overview of experimental studies in Table 2 shows
reports regarding the reprogramming effects of melatonin in a variety of animal studies of programmed
cardiovascular and neurological diseases [48,74–86].

Rodents are the dominant animal species used in DOHaD research. Rats reach sexual maturity at
approximately 5–6 weeks of age. In adulthood, one rat month is roughly equivalent to three human
years [87]. Accordingly, Table 2 lists the ages of reprogramming effects measured in rats as ranging from
11 to 16 weeks, which can be translated to young adult ages in humans. Nevertheless, there is a lack
of substantial data regarding the long-term reprogramming effects of melatonin on older adulthood
offspring. In addition, limited information is available about the use of large animals in studying the
impact of melatonin use in pregnancy and lactation on offspring health.

Early insults that alter in utero development have been linked to adult diseases, including
maternal hyperhomocysteinemia [74], maternal caloric restriction [75], NG-nitro-L-arginine-methyl ester
(L-NAME)-induced preeclampsia [76], maternal high-fructose diet [77], maternal phenytoin exposure [78],
maternal continuous light exposure [79,80], maternal high methyl-donor diet [81], maternal high-fructose
diet plus post-weaning high-salt diet [82], and glucocorticoid exposure [48,83–86]. These insults altogether
induce adverse cardiovascular and neurological outcomes in adult offspring, including cognition
deficits [74,83], neurobehavioral dysfunctions [78,80], and hypertension [48,75–77,79,81,82,84–86]. All
these adverse phenotypes can be prevented, or at least moderated, by melatonin treatment. Of note is
that melatonin use in these models of developmental programming is during pregnancy and lactation,
which is the developmental stage rather than the established stage of clinical diseases. That is to say, the
effects of melatonin on adult offspring are primarily considered to be reprogramming effects instead of
direct effects.

Despite the protective role of melatonin use in pregnancy and lactation having been reported in
many models of developmental programming, additional studies are required to clarify the mechanisms
driving reprogramming effects, appropriate therapeutic windows for melatonin administration, and
ideal doses and timing before clinical translation.
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Table 2. Reprogramming effects of melatonin in animal models of developmental programming.

Dose and Period of Melatonin Treatment Animal Models Species/Gender Age at Evaluation Reprogramming Effects References

Melatonin 10 mg/kg/day s.c.
throughout pregnancy

Maternal methionine intake-induced
hyperhomocysteinemia Wistar rat/M and F 75 days Prevented cognition deficit [74]

0.01% melatonin in drinking
water during pregnancy and lactation Maternal caloric restriction SD rat/M 12 wks Prevented hypertension and increased renal NO [75]

0.01% melatonin in drinking
water during pregnancy and lactation Maternal L-NAME exposure SD rat/M 12 wks Prevented hypertension and increased renal NO [76]

0.01% melatonin in drinking
water during pregnancy and lactation Maternal high-fructose diet SD rat/M 12 wks Prevented hypertension and increased renal NO [77]

Melatonin (40 µg/mL) in drinking
water from gestational days 0 to 19 Maternal phenytoin exposure Wistar rat/M and F 12 wks Protected neurobehavioral dysfunctions [78]

0.01% melatonin in drinking
water during pregnancy and lactation Maternal continuous light exposure SD rat/M 12 wks Prevented hypertension [79]

Melatonin 1 mg/kg s.c. injection at circadian
time 12, from day 17 to 21 of pregnancy

Constant light exposure from
gestational day 10 to 21 Wistar rat/M 16 wks Protected anxiety-like and sexual behaviors [80]

0.01% melatonin in drinking
water during pregnancy and lactation Maternal high methyl-donor diet SD rat/M 12 wks Attenuated hypertension and

altered renal transcriptome [81]

0.01% melatonin in drinking
water during pregnancy and lactation

Maternal high-fructose diet plus
post-weaning high-salt diet SD rat/M 12 wks Attenuated hypertension

and restored NO system [82]

0.01% melatonin in drinking
water during pregnancy and lactation Prenatal dexamethasone exposure SD rat/M 16 wks Protected hippocampal morphology

and reelin level [83]

0.01% melatonin in drinking
water during pregnancy and lactation Prenatal dexamethasone exposure SD rat/M 16 wks Prevented hypertension

and increased nephron number [48]

0.01% melatonin in drinking
water during pregnancy and lactation Neonatal dexamethasone exposure SD rat/M 16 wks Prevented hypertension and preserved histone

deacetylase gene expression [84]

0.01% melatonin in drinking
water during lactation Neonatal dexamethasone exposure SD rat/M 16 wks Prevented hypertension and increased renal

melatonin level and MT2 protein [85]

0.01% melatonin in drinking
water during pregnancy and lactation

Prenatal dexamethasone exposure plus
post-weaning high-fat diet SD rat/M 16 wks Prevented hypertension and up-regulated

Agtr1b and Mas1 expression [86]

Studies tabulated according to animal models, species, and age at evaluation. Legend: SD, Sprague-Dawley; M, male; F, female; s.c., subcutaneous; L-NAME, NG-nitro-l-arginine
methyl ester.



Int. J. Mol. Sci. 2019, 20, 5681 8 of 16

4.2. Reprogramming Effects of Melatonin on Developmental Programming

Despite the common mechanisms underpinning developmental programming remaining elusive,
emerging evidence from animal studies has afforded insight into pathways, including oxidative
stress [88,89], renin-angiotensin system (RAS) [90], nutrient-sensing signaling [89,91], inflammation [10],
epigenetic gene regulation [92–94], circadian rhythm [95], and glucocorticoid programming [96].
Notably, extensive experimental animal studies have demonstrated interplay between melatonin and
the above-mentioned mechanisms [8,28]. Figure 1 is a graphic illustration of the reprogramming
mechanisms of melatonin interrelated to developmental programming of adult diseases.
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The fetus has low-antioxidant capacity which is not sufficient to overcome reactive oxygen species
(ROS) overproduction in response to adverse environments in utero. Thus, oxidative stress may cause
harm to the developing fetus [88]. It is well known that melatonin acts as an antioxidant for protection
against oxidative stress [1]. Not only melatonin but a series of its metabolites act as antioxidants [1,9].
As we have reviewed elsewhere [8,89], numerous early-life insults have been reported to cause
developmental programming which is linked to oxidative stress, including maternal undernutrition,
maternal overnutrition, maternal diabetes, preeclampsia, prenatal hypoxia, maternal exposure to nicotine
or ethanol, maternal inflammation, glucocorticoid exposure, and maternal high methyl-donor diet.
Among these, beneficial effects of maternal melatonin therapy have been shown in models of maternal
caloric restriction [75], L-NAME-induced preeclampsia [76], maternal high-fructose diet [77], maternal
high methyl-donor diet [81], and glucocorticoid exposure [83]. Since nitric oxide (NO) is a key mediator
of blood pressure regulation and NO deficiency is a common mechanism underlying programmed
hypertension [97], melatonin use in pregnancy and lactation may have beneficial effects via restoration
of the NO-ROS balance in a variety of hypertension models of developmental programming [75–77,82].
These observations support the idea that melatonin works as an antioxidant in different ways to prevent
adult diseases of developmental origin.
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Secondly, melatonin is involved in epigenetic regulation [10,28]. Epigenetic mechanisms such as
posttranslational modification of histones, DNA methylation, and RNA interference play central roles
in gene regulation [98]. In a prenatal dexamethasone exposure model [83], melatonin was shown to
protect against alterations of hippocampal morphology and restore reelin mRNA expression levels
by reducing DNMT1 expression. Additionally, melatonin was seen to reduce reelin expression via
disassociation of DNMT1 and methyl-CpG binding protein 2 (MeCP2) from its promoter. Furthermore,
melatonin and trichostatin A (a histone deacetylase (HDAC) inhibitor) have similar protective effects on
neonatal dexamethasone-induced programmed hypertension [84], suggesting that melatonin might act
like a HDAC inhibitor to epigenetically regulated hypertension-related genes to prevent programmed
hypertension. Interestingly, we have analyzed the renal transcriptome of male offspring exposed to
melatonin during pregnancy and lactation at three different ages [28]. Using RNA next-generation
sequencing, 455, 230, and 132 differentially expressed genes were identified at 1, 12, and 16 weeks of
age, respectively. Maternal melatonin therapy up-regulates rather than down-regulates genes in the
offspring kidney. Our findings are consistent with previous studies which have reported that melatonin
can act like an inhibitor of DNA methyltransferases (DNMT) or serve as an HDAC inhibitor [10,84].
Moreover, several epigenetic regulator genes have been observed to be up-regulated during kidney
development [28]. Hence, the epigenetic mechanisms of melatonin in developmental programming
deserve additional research.

Thirdly are studies of crosstalk between melatonin and the RAS. The RAS is a well-known
hormonal cascade controlling kidney development and blood pressure [99]. In melatonin-deficient
hypertension [100], the classical RAS, defined as the angiotensin-converting enzyme (ACE)/angiotensin
(Ang) II/angiotensin type 1 receptor (AT1R) axis, is activated. Under suboptimal in utero conditions,
environmental stimuli activate the classical RAS axis, resulting in renal programming and consequent
hypertension in later life [11]. Conversely, melatonin uses in pregnancy and lactation block the activation
of the RAS and prevent the development of hypertension in various animal models, including maternal
caloric restriction [75], maternal L-NAME exposure [76], maternal high-fructose diet [77], maternal
continuous light exposure [79,80], and glucocorticoid exposure [48,84]. Apart from the classical RAS axis,
the impact of the ACE2–angiotensin (1–7)–Mas receptor axis has also been studied in developmental
programming [101]. So far, studies have produced conflicting results with up- and down-regulation of
different components of the intrarenal RAS being reported [102]. In general, RAS expression is reduced
at birth and becomes normalized with age. Nevertheless, this normalization may be inappropriately
high in adulthood, and, hence, activate the classical RAS during kidney development [102]. Although
early blockade of the classical RAS between 2–4 weeks of age has been reported to prevent programmed
hypertension [103,104], it is still unclear how and when to target which RAS element(s) to avoid
the programming of cardiovascular and neurological diseases. A previous study demonstrated that
maternal melatonin therapy induces mRNA expression of Agtr1b and Mas1 to prevent programmed
hypertension in a prenatal dexamethasone plus post-weaning high-fat diet model [86]. These findings
suggest that RAS may be an important mechanism contributing to reprogramming effects of melatonin
and the developmental programming of hypertension. Nevertheless, whether there is any inappropriate
RAS activation during kidney development leading to negative consequences caused by perinatal use
of melatonin warrants further investigation.

Nutrient-sensing signaling is another potential mechanism relevant to reprogramming effects of
melatonin able to prevent the development programming of disease. Several forms of nutrient-sensing
signaling are involved in developmental programming, such as silent information regulator T1 (SIRT1),
AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptors (PPARs), and
PPARγ co-activator 1α (PGC-1α) [89,91]. Maternal malnutrition and metabolic dysfunction can disrupt
nutrient-sensing signaling, which is a major determinant of fetal metabolism and development [89,94,105].
Early-life nutritional and metabolic insults impair nutrient-sensing signaling to mediate PPARs and
their target genes, thereby promoting programmed hypertension [91]. Hypertension programmed by
a maternal methyl-donor diet is related to decreases in several forms of nutrient-sensing signaling,



Int. J. Mol. Sci. 2019, 20, 5681 10 of 16

including Sirt1, Prkaa2, Pparb, and Pparg [76]. Another study demonstrated that maternal melatonin
therapy prevented a hypertension programmed high-fructose/high-salt diet by regulating Sirt1, Sirt4,
Prkaa2, Prkab2, Pparg, and Ppargc1a [77]. Importantly, activation of the AMPK/SIRT1/PGC-1α pathway
has been shown to reverse the programming process and prevent hypertension [106]. Therefore,
results from these studies suggest a close link among nutrient-sensing signaling, circadian rhythm,
and melatonin in the developmental programming of adult disease.

Moreover, neuroinflammation is a characteristic of several neurodegenerative diseases, including
Alzheimer’s disease, amyotrophic lateral sclerosis, Parkinson’s disease, Huntington’s disease,
spinocerebellar ataxia, and multiple sclerosis [107]. Suppression of endogenous melatonin synthesis
by inflammation has been reported in multiple sclerosis, an autoimmune inflammatory disease [108].
Conversely, emerging evidence supports the modulatory effects of melatonin in several inflammatory
diseases [10,109]. Anti-inflammatory actions of melatonin are related to SIRT1 [107]. These include
nuclear factor erythroid 2-related factor 2 (NRF2) activation and inhibition of NF-κB activation and the
NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome [107]. Additional studies
are required to develop prenatal inflammation models to examine the interrelationships between
maternal inflammation, melatonin signaling, and neurodevelopmental programming underlying
these findings.

Lastly, emerging evidence supports the interplay between glucocorticoid and melatonin within
developmental programming. Exposure of a developing fetus to excessive glucocorticoids can occur via a
number of mechanisms, such as exogenous administration, preterm birth, and stressed pregnancies. High
glucocorticoid exposure in early life can adversely program the fetal hypothalamic–pituitary–adrenal
(HPA) axis and increase susceptibility to developing various adult chronic diseases [96]. Conversely,
melatonin therapy has positive effects on cognition deficits [83] and hypertension [48] programmed by
prenatal dexamethasone. In addition, hypertension programmed by neonatal glucocorticoid exposure
in adult offspring can be prevented by perinatal melatonin uses [85]. Circulating glucocorticoid
levels have been recognized as a major internal synchronizer of the circadian system. Melatonin can
down-regulate glucocorticoid receptor expression [110] while MT receptors may be down-regulated
following dexamethasone treatment [85]. Therefore, these findings indicate a possible crosstalk between
melatonin and glucocorticoid by which both chronobiotics tightly mediate developmental programming
processes. Like melatonin, breast-milk glucocorticoids might also influence the development of circadian
rhythms in infants, although this has not been studied thus far.

5. Conclusions

Melatonin acts in a variety of ways to have impacts on human health. There is general agreement
that melatonin therapy is well tolerated and has a favorable safety profile across different populations.
During pregnancy, melatonin can transfer photoperiod information from mother to fetus and is involved
in fetal development. In the maternal pinealectomy-induced melatonin-deficient model, adult offspring
have been seen to develop a variety of adverse outcomes in later life. Conversely, emerging evidence
from animal models of developmental programming suggests that melatonin uses in pregnancy and
lactation may serve as a reprogramming strategy against the development of cardiovascular and
neurological diseases. Although there have been clinical trials aiming to figure out the ideal therapeutic
period and dose of melatonin with which to treat neonatal and fetal diseases, the therapeutic use
of melatonin during pregnancy and lactation as a reprogramming therapy for various adult chronic
diseases, especially cardiovascular and neurological diseases, still awaits further clinical translation.

There are several limitations to our review. The beneficial effects of perinatal melatonin
administration are attributed to several mechanisms that are known to interrelate with the pleiotropic
functions of melatonin, but on the other hand, these biofunctions might cause negative effects. Maternal
melatonin is able to cross the placenta and enter the fetal circulation, this being another form of action
which is called the transgenerational effect [111]. Considering this, additional studies are needed
to clarify whether there is any negative consequence caused by its perinatal use on their offspring.
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In addition, we observed that follow-up periods after the cessation of melatonin use were relatively short
in almost all animal studies. Future studies should determine the long-term reprogramming effects of
melatonin as a dietary supplement or as a nutraceutical in humans. With a better understanding of
the ideal treatment duration and dosage of melatonin in pregnancy and lactation, we shall be able to
promote better maternal and child health, and especially cardiovascular and neurological outcomes.

Author Contributions: C.-N.H. contributed to concept generation, data interpretation, drafting of the manuscript,
critical revision of the manuscript, and approval of the article; L.-T.H. contributed to data interpretation, critical
revision of the manuscript and approval of the article; and Y.-L.T. contributed to concept generation, data
interpretation, critical revision of the manuscript, and approval of the article.

Funding: This work was supported by the grant MOST 107-2314-B-182-045-MY3 from the Ministry of Science
and Technology, Taiwan and the grants CMRPG8J0251 and CMRPG8J0891 from Chang Gung Memorial Hospital,
Kaohsiung, Taiwan.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ACE Angiotensin-converting enzyme
AFMK N1-acetyl-N2-formyl-5-methoxykynuramine
AMK N1-acetyl-5-methoxykynuramine
AMPK AMP-activated protein kinase
AT1R Angiotensin type 1 receptor
BPD Bronchopulmonary dysplasia
CLD Chronic lung disease
DNMT DNA methyltransferases
DOHaD Developmental origins of health and disease
HDAC Histone deacetylase
HPA Hypothalamic–pituitary–adrenal
IUGR Intrauterine growth retardation
L-NAME NG-nitro-L-arginine-methyl ester
MT Melatonin receptor
NLRP3 NOD-like receptor family, pyrin domain-containing 3
NRF2 Nuclear factor erythroid 2-related factor 2
PPAR Peroxisome proliferator-activated receptors
RAS Renin–angiotensin system
RDS Respiratory distress syndrome
ROS Reactive oxygen species
SD Sprague-Dawley
SIRT1 Silent information regulator T1

References

1. Hardeland, R.; Tan, D.X.; Reiter, R.J. Kynuramines, metabolites of melatonin and other indoles: The resurrection
of an almost forgotten class of biogenic amines. J. Pineal Res. 2009, 47, 109–126. [CrossRef] [PubMed]

2. Arnao, M.B.; Hernandez-Ruiz, J. The potential of Phytomelatonin as a Nutraceutical. Molecules 2018, 23, 238.
[CrossRef] [PubMed]

3. Back, K.; Tan, D.X.; Reiter, R.J. Melatonin biosynthesis in plants: Multiple pathways catalyze tryptophan to
melatonin in the cytoplasm or chloroplasts. J. Pineal Res. 2016, 61, 426–437. [CrossRef] [PubMed]

4. Hardeland, R.; Pandi-Perumal, S.R.; Cardinali, D.P. Melatonin. Int. J. Biochem. Cell Biol. 2006, 38, 313–316.
[CrossRef]

5. Zarocostas, J. Need to increase focus on non-communicable diseases in global health, says WHO. Br. Med. J.
2010, 341, c7065. [CrossRef]

6. Baird, J.; Jacob, C.; Barker, M.; Fall, C.H.; Hanson, M.; Harvey, N.C.; Inskip, H.M.; Kumaran, K.; Cooper, C.
Developmental Origins of Health and Disease: A Life course Approach to the Prevention of Non-Communicable
Diseases. Healthcare 2017, 5, 14. [CrossRef]

http://dx.doi.org/10.1111/j.1600-079X.2009.00701.x
http://www.ncbi.nlm.nih.gov/pubmed/19573038
http://dx.doi.org/10.3390/molecules23010238
http://www.ncbi.nlm.nih.gov/pubmed/29361780
http://dx.doi.org/10.1111/jpi.12364
http://www.ncbi.nlm.nih.gov/pubmed/27600803
http://dx.doi.org/10.1016/j.biocel.2005.08.020
http://dx.doi.org/10.1136/bmj.c7065
http://dx.doi.org/10.3390/healthcare5010014


Int. J. Mol. Sci. 2019, 20, 5681 12 of 16

7. Haugen, A.C.; Schug, T.T.; Collman, G.; Heindel, J.J. Evolution of DOHaD: The impact of environmental
health sciences. J. Dev. Orig. Health Dis. 2015, 6, 55–64. [CrossRef]

8. Tain, Y.L.; Huang, L.T.; Hsu, C.N. Developmental Programming of Adult Disease: Reprogramming by
Melatonin? Int. J. Mol. Sci. 2017, 18, 426. [CrossRef]

9. Reiter, R.J.; Mayo, J.C.; Tan, D.X.; Sainz, R.M.; Alatorre-Jimenez, M.; Qin, L. Melatonin as an antioxidant:
Under promises but over delivers. J. Pineal Res. 2016, 61, 253–278. [CrossRef]

10. Hardeland, R. Melatonin and inflammation—Story of a double-edged blade. J. Pineal Res. 2018, 65, e12525.
[CrossRef]

11. Voiculescu, S.E.; Zygouropoulos, N.; Zahiu, C.D.; Zagrean, A.M. Role of melatonin in embryo fetal
development. J. Med. Life 2014, 7, 488–492. [PubMed]

12. Chen, Y.C.; Sheen, J.M.; Tiao, M.M.; Tain, Y.L.; Huang, L.T. Roles of melatonin in fetal programming in
compromised pregnancies. Int. J. Mol. Sci. 2013, 14, 5380–5401. [CrossRef] [PubMed]

13. Lanoix, D.; Beghdadi, H.; Lafond, J.; Vaillancourt, C. Human placental trophoblasts synthesize melatonin
and express its receptors. J. Pineal Res. 2008, 45, 50–60. [CrossRef] [PubMed]

14. Soliman, A.; Lacasse, A.A.; Lanoix, D.; Sagrillo-Fagundes, L.; Boulard, V.; Vaillancourt, C. Placental melatonin
system is present throughout pregnancy and regulates villous trophoblast differentiation. J. Pineal Res. 2015,
59, 38–46. [CrossRef]

15. Okatani, Y.; Okamoto, K.; Hayashi, K.; Wakatsuki, A.; Tamura, S.; Sagara, Y. Maternal-fetal transfer of
melatonin in pregnant women near term. J. Pineal Res. 1998, 25, 129–134. [CrossRef]

16. Seron-Ferre, M.; Torres-Farfan, C.; Forcelledo, M.L.; Valenzuela, G.J. The development of circadian rhythms
in the fetus and neonate. Semin. Perinatol. 2001, 25, 363–370. [CrossRef]

17. Kennaway, D.J.; Stamp, G.E.; Goble, F.C. Development of melatonin production in infants and the impact of
prematurity. J. Clin. Endocrinol. Metab. 1992, 75, 367–369.

18. Gitto, E.; Marseglia, L.; Manti, S.; D’Angelo, G.; Barberi, I.; Salpietro, C.; Reiter, R.J. Protective role of
melatonin in neonatal diseases. Oxid. Med. Cell Longev. 2013, 2013, 980374. [CrossRef]

19. Rodrigues Helmo, F.; Etchebehere, R.M.; Bernardes, N.; Meirelles, M.F.; Galvão Petrini, C.; Penna Rocha, L.;
Gonçalves Dos Reis Monteiro, M.L.; Souza de Oliveira Guimarães, C.; de Paula Antunes Teixeira, V.;
Dos Reis, M.A.; et al. Melatonin treatment in fetal and neonatal diseases. Pathol. Res. Pract. 2018, 214,
1940–1951. [CrossRef]

20. Meng, X.; Li, Y.; Li, S.; Zhou, Y.; Gan, R.Y.; Xu, D.P.; Li, H.B. Dietary Sources and Bioactivities of Melatonin.
Nutrients 2017, 9, 367. [CrossRef]

21. Jiki, Z.; Lecour, S.; Nduhirabandi, F. Cardiovascular Benefits of Dietary Melatonin: A Myth or a Reality?
Front. Physiol. 2018, 9, 528. [CrossRef] [PubMed]

22. Pandi-Perumal, S.R.; BaHammam, A.S.; Ojike, N.I.; Akinseye, O.A.; Kendzerska, T.; Buttoo, K.;
Dhandapany, P.S.; Brown, G.M.; Cardinali, D.P. Melatonin and Human Cardiovascular Dis. J. Cardiovasc.
Pharmacol. Ther. 2017, 22, 122–132. [CrossRef] [PubMed]

23. Sanchez-Barcelo, E.J.; Rueda, N.; Mediavilla, M.D.; Martinez-Cue, C.; Reiter, R.J. Clinical Uses of Melatonin
in Neurological Diseases and Mental and Behavioural Disorders. Curr. Med. Chem. 2017, 24, 3851–3878.
[CrossRef] [PubMed]

24. Alghamdi, B.S. The neuroprotective role of melatonin in neurological disorders. J. Neurosci. Res. 2018, 96,
1136–1149. [CrossRef] [PubMed]

25. Reiter, R.J.; Tan, D.X.; Terron, M.P.; Flores, L.J.; Czarnocki, Z. Melatonin and its metabolites: New findings
regarding their production and their radical scavenging actions. Acta Biochim. Pol. 2007, 54, 1–9. [PubMed]

26. Byeon, Y.; Tan, D.X.; Reiter, R.J.; Back, K. Predominance of 2-hydroxymelatonin over melatonin in plants.
J. Pineal Res. 2015, 59, 448–454. [CrossRef]

27. Ekmekcioglu, C. Melatonin receptors in humans: Biological role and clinical relevance. Biomed. Pharmacother.
2006, 60, 97–108. [CrossRef]

28. Tain, Y.L.; Huang, L.T.; Chan, J.Y. Transcriptional regulation of programmed hypertension by melatonin: An
epigenetic perspective. Int. J. Mol. Sci. 2014, 15, 18484–18495. [CrossRef]

29. Tamura, H.; Nakamura, Y.; Terron, M.P.; Flores, L.J.; Manchester, L.C.; Tan, D.X.; Sugino, N.; Reiter, R.J.
Melatonin and pregnancy in the human. Reprod. Toxicol. 2008, 25, 291–303. [CrossRef]

30. Reiter, R.J.; Tan, D.X.; Manchester, L.C.; Paredes, S.D.; Mayo, J.C.; Sainz, R.M. Melatonin and reproduction
revisited. Biol. Reprod. 2009, 81, 445–456. [CrossRef]

http://dx.doi.org/10.1017/S2040174414000580
http://dx.doi.org/10.3390/ijms18020426
http://dx.doi.org/10.1111/jpi.12360
http://dx.doi.org/10.1111/jpi.12525
http://www.ncbi.nlm.nih.gov/pubmed/25713608
http://dx.doi.org/10.3390/ijms14035380
http://www.ncbi.nlm.nih.gov/pubmed/23466884
http://dx.doi.org/10.1111/j.1600-079X.2008.00555.x
http://www.ncbi.nlm.nih.gov/pubmed/18312298
http://dx.doi.org/10.1111/jpi.12236
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00550.x
http://dx.doi.org/10.1053/sper.2001.29037
http://dx.doi.org/10.1155/2013/980374
http://dx.doi.org/10.1016/j.prp.2018.10.016
http://dx.doi.org/10.3390/nu9040367
http://dx.doi.org/10.3389/fphys.2018.00528
http://www.ncbi.nlm.nih.gov/pubmed/29867569
http://dx.doi.org/10.1177/1074248416660622
http://www.ncbi.nlm.nih.gov/pubmed/27450357
http://dx.doi.org/10.2174/0929867324666170718105557
http://www.ncbi.nlm.nih.gov/pubmed/28721826
http://dx.doi.org/10.1002/jnr.24220
http://www.ncbi.nlm.nih.gov/pubmed/29498103
http://www.ncbi.nlm.nih.gov/pubmed/17351668
http://dx.doi.org/10.1111/jpi.12274
http://dx.doi.org/10.1016/j.biopha.2006.01.002
http://dx.doi.org/10.3390/ijms151018484
http://dx.doi.org/10.1016/j.reprotox.2008.03.005
http://dx.doi.org/10.1095/biolreprod.108.075655


Int. J. Mol. Sci. 2019, 20, 5681 13 of 16

31. Waddell, B.J.; Wharfe, M.D.; Crew, R.C.; Mark, P.J. A rhythmic placenta? Circadian variation, clock genes
and placental function. Placenta 2012, 33, 533–539. [CrossRef] [PubMed]

32. Lanoix, D.; Guérin, P.; Vaillancourt, C. Placental melatonin production and melatonin receptor expression
are altered in preeclampsia: New insights into the role of this hormone in pregnancy. J. Pineal Res. 2012, 53,
417–425. [CrossRef] [PubMed]

33. Wierrani, F.; Grin, W.; Hlawka, B.; Kroiss, A.; Gruenberger, W. Elevated serum melatonin levels during
human late pregnancy and labour. J. Obstet. Gynaecol. 1997, 17, 449–451. [CrossRef] [PubMed]

34. McMillen, I.C.; Nowak, R.; Walker, D.W.; Young, I.R. Maternal pinealectomy alters the daily pattern of fetal
breathing in sheep. Am. J. Physiol. 1990, 258, R284–R287. [CrossRef] [PubMed]

35. Olcese, J.; Lazier, S.; Paradise, C. Melatonin and the circadian timing of human parturition. Reprod. Sci. 2013,
20, 168–174. [CrossRef]

36. Reiter, R.J.; Tan, D.X.; Korkmaz, A.; Rosales-Corral, S.A. Melatonin and stable circadian rhythms optimize
maternal, placental and fetal physiology. Human Reprod. Update 2014, 20, 293–307. [CrossRef]

37. Zhao, M.; Li, Y.; Xu, L.; Hickey, A.; Groom, K.; Stone, P.R.; Chamley, L.W.; Chen, Q. Melatonin prevents
preeclamptic sera and antiphospholipid antibodies inducing the production of reactive nitrogen species and
extrusion of toxic trophoblastic debris from first trimester placentae. Placenta 2017, 58, 17–24. [CrossRef]

38. Drew, J.E.; Williams, L.M.; Hannah, L.T.; Barrett, P.; Abramovich, D.R.; Morgan, P.J. Melatonin receptors in
the human fetal kidney, 2-[125I] iodomelatonin binding sites correlated with expression of Mel1a and Mel1b
receptor genes. J. Endocrinol. 1998, 156, 261–267. [CrossRef]

39. Serón-Ferré, M.; Mendez, N.; Abarzua-Catalan, L.; Vilches, N.; Valenzuela, F.J.; Reynolds, H.E.; Llanos, A.J.;
Rojas, A.; Valenzuela, G.J.; Torres-Farfan, C. Circadian rhythms in the fetus. Mol. Cell Endocrinol. 2012, 349,
68–75. [CrossRef]

40. Wu, Y.H.; Zhou, J.N.; Balesar, R.; Unmehopa, U.; Bao, A.; Jockers, R.; Van Heerikhuize, J.; Swaab, D.F.
Distribution of MT1 melatonin receptor immunoreactivity in the human hypothalamus and pituitary gland:
Colocalization of MT1 with vasopressin, oxytocin, and corticotropin-releasing hormone. J. Comp. Neurol.
2006, 499, 897–910. [CrossRef]

41. Landgraf, D.; Achten, C.; Dallmann, F.; Oster, H. Embryonic development and maternal regulation of murine
circadian clock function. Chronobiol. Int. 2015, 32, 416–427. [CrossRef] [PubMed]

42. Matsuzuka, T.; Sakamoto, N.; Ozawa, M.; Ushitani, A.; Hirabayashi, M.; Kanai, Y. Alleviation of maternal
hyperthermia-induced early embryonic death by administration of melatonin to mice. J. Pineal Res. 2005, 39,
217–223. [CrossRef] [PubMed]

43. Torres-Farfan, C.; Valenzuela, F.J.; Mondaca, M.; Valenzuela, G.J.; Krause, B.; Herrera, E.A.; Riquelme, R.;
Llanos, A.J.; Seron-Ferre, M. Evidence of a role for melatonin in fetal sheep physiology: Direct actions of
melatonin on fetal cerebral artery, brown adipose tissue and adrenal gland. J. Physiol. 2008, 586, 4017–4027.
[CrossRef] [PubMed]

44. Mendez, N.; Abarzua-Catalan, L.; Vilches, N.; Galdames, H.A.; Spichiger, C.; Richter, H.G.; Valenzuela, G.J.;
Seron-Ferre, M.; Torres-Farfan, C. Timed maternal melatonin treatment reverses circadian disruption of the
fetal adrenal clock imposed by exposure to constant light. PLoS ONE 2012, 7, e42713. [CrossRef]

45. Illnerová, H.; Buresová, M.; Presl, J. Melatonin rhythm in human milk. J. Clin. Endocrinol. Metab. 1993, 77,
838–841.

46. Tan, D.X.; Hardeland, R.; Manchester, L.C.; Korkmaz, A.; Ma, S.; Rosales-Corral, S.; Reiter, R.J. Functional
roles of melatonin in plants, and perspectives in nutritional and agricultural science. J. Exp. Bot. 2012, 63,
577–597. [CrossRef]

47. Foley, H.M.; Steel, A.E. Adverse events associated with oral administration of melatonin: A critical systematic
review of clinical evidence. Complement. Ther. Med. 2019, 42, 65–81. [CrossRef]

48. Tain, Y.L.; Chen, C.C.; Sheen, J.M.; Yu, H.R.; Tiao, M.M.; Kuo, H.C.; Huang, L.T. Melatonin attenuates prenatal
dexamethasone-induced blood pressure increase in a rat model. J. Am. Soc. Hypertens. 2014, 8, 216–226.
[CrossRef]

49. Singh, H.J.; Keah, L.S.; Kumar, A.; Sirajudeen, K.N. Adverse effects of melatonin on rat pups of Wistar-Kyoto
dams receiving melatonin supplementation during pregnancy. Exp. Toxicol. Pathol. 2012, 64, 751–752. [CrossRef]

50. Mostafavi, S.A.; Akhondzadeh, S.; Mohammadi, M.R.; Keshtkar, A.A.; Hosseini, S.; Eshraghian, M.R.;
Ahmadi, F.; Alipour, R.; Keshavarz, S.A. Role of melatonin in body weight: A systematic review and
meta-analysis. Curr. Pharm. Des. 2016, 23, 3445–3452. [CrossRef]

http://dx.doi.org/10.1016/j.placenta.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22525887
http://dx.doi.org/10.1111/j.1600-079X.2012.01012.x
http://www.ncbi.nlm.nih.gov/pubmed/22686298
http://dx.doi.org/10.1080/01443619750112411
http://www.ncbi.nlm.nih.gov/pubmed/15511919
http://dx.doi.org/10.1152/ajpregu.1990.258.1.R284
http://www.ncbi.nlm.nih.gov/pubmed/2301642
http://dx.doi.org/10.1177/1933719112442244
http://dx.doi.org/10.1093/humupd/dmt054
http://dx.doi.org/10.1016/j.placenta.2017.08.001
http://dx.doi.org/10.1677/joe.0.1560261
http://dx.doi.org/10.1016/j.mce.2011.07.039
http://dx.doi.org/10.1002/cne.21152
http://dx.doi.org/10.3109/07420528.2014.986576
http://www.ncbi.nlm.nih.gov/pubmed/25431080
http://dx.doi.org/10.1111/j.1600-079X.2005.00260.x
http://www.ncbi.nlm.nih.gov/pubmed/16150100
http://dx.doi.org/10.1113/jphysiol.2008.154351
http://www.ncbi.nlm.nih.gov/pubmed/18599539
http://dx.doi.org/10.1371/journal.pone.0042713
http://dx.doi.org/10.1093/jxb/err256
http://dx.doi.org/10.1016/j.ctim.2018.11.003
http://dx.doi.org/10.1016/j.jash.2014.01.009
http://dx.doi.org/10.1016/j.etp.2011.01.011
http://dx.doi.org/10.2174/1381612822666161129145618


Int. J. Mol. Sci. 2019, 20, 5681 14 of 16

51. Chen, Y.C.; Tain, Y.L.; Sheen, J.M.; Huang, L.T. Melatonin utility in neonates and children. J. Formos. Med.
Assoc. 2012, 111, 57–66. [CrossRef] [PubMed]

52. Gitto, E.; Aversa, S.; Reiter, R.J.; Barberi, I.; Pellegrino, S. Update on the use of melatonin in pediatrics.
J. Pineal Res. 2011, 50, 21–28. [CrossRef] [PubMed]

53. Hoebert, M.; van der Heijden, K.B.; van Geijlswijk, I.M.; Smits, M.G. Long-term follow-up of melatonin
treatment in children with ADHD and chronic sleep onset insomnia. J. Pineal Res. 2009, 47, 1–7. [CrossRef]
[PubMed]

54. Sheldon, S.H. Pro-convulsant effects of oral melatonin in neurologically disabled children. Lancet 1998, 351,
1254. [CrossRef]

55. Andersen, L.P.; Gögenur, I.; Rosenberg, J.; Reiter, R.J. The Safety of Melatonin in Humans. Clin. Drug Investig.
2016, 36, 169–175. [CrossRef]

56. Jahnke, G.; Marr, M.; Myers, C.; Wilson, R.; Travlos, G.; Price, C. Maternal and developmental toxicity
evaluation of melatonin administered orally to pregnant Sprague-Dawley rats. Toxicol. Sci. 1999, 50, 271–279.
[CrossRef]

57. Sadowsky, D.W.; Yellon, S.; Mitchell, M.D.; Nathanielsz, P.W. Lack of effect of melatonin on myometrial
electromyographic activity in the pregnant sheep at 138–142 days gestation (term = 147 days gestation).
Endocrinology 1991, 128, 1812–1818. [CrossRef]

58. Welin, A.K.; Svedin, P.; Lapatto, R.; Sultan, B.; Hagberg, H.; Gressens, P.; Kjellmer, I.; Mallard, C. Melatonin
reduces inflammation and cell death in white matter in the mid-gestation fetal sheep following umbilical
cord occlusion. Pediatr. Res. 2007, 61, 153–158. [CrossRef]

59. Yawno, T.; Castillo-Melendez, M.; Jenkin, G.; Wallace, E.M.; Walker, D.W.; Miller, S.L. Mechanisms of
melatonin-induced protection in the brain of late gestation fetal sheep in response to hypoxia. Dev. Neurosci.
2012, 34, 543–551. [CrossRef]

60. Wilkinson, D.; Shepherd, E.; Wallace, E.M. Melatonin for women in pregnancy for neuroprotection of the
fetus. Cochrane Database Syst. Rev. 2016, 3, CD010527. [CrossRef]

61. Carloni, S.; Perrone, S.; Buonocore, G.; Longini, M.; Proietti, F.; Balduini, W. Melatonin protects from the
long-term consequences of a neonatal hypoxic-ischemic brain injury in rats. J. Pineal Res. 2008, 44, 157–164.
[CrossRef] [PubMed]

62. Signorini, C.; Ciccoli, L.; Leoncini, S.; Carloni, S.; Perrone, S.; Comporti, M.; Balduini, W.; Buonocore, G. Free
iron, total F-isoprostanes and total F-neuroprostanes in a model of neonatal hypoxic-ischemic encephalopathy:
Neuroprotective effect of melatonin. J. Pineal Res. 2009, 46, 148–154. [CrossRef] [PubMed]

63. Aly, H.; Elmahdy, H.; El-Dib, M.; Rowisha, M.; Awny, M.; El-Gohary, T.; Elbatch, M.; Hamisa, M.;
El-Mashad, A.R. Melatonin use for neuroprotection in perinatal asphyxia: A randomized controlled pilot
study. J. Perinatol. 2015, 35, 186–191. [CrossRef] [PubMed]

64. Fulia, F.; Gitto, E.; Cuzzocrea, S.; Reiter, R.J.; Dugo, L.; Gitto, P.; Barberi, S.; Cordaro, S.; Barberi, I. Increased
levels of malondialdehyde and nitrite/nitrate in the blood of asphyxiated newborns: Reduction by melatonin.
J. Pineal Res. 2001, 31, 343–349. [CrossRef] [PubMed]

65. Gitto, E.; Reiter, R.J.; Amodio, A.; Romeo, C.; Cuzzocrea, E.; Sabatino, G.; Buonocore, G.; Cordaro, V.;
Trimarchi, G.; Barberi, I. Early indicators of chronic lung disease in preterm infants with respiratory distress
syndrome and their inhibition by melatonin. J. Pineal Res. 2004, 36, 250–255. [CrossRef]

66. Gitto, E.; Reiter, R.J.; Cordaro, S.P.; La Rosa, M.; Chiurazzi, P.; Trimarchi, G.; Gitto, P.; Calabrò, M.P.; Barberi, I.
Oxidative and inflammatory parameters in respiratory distress syndrome of preterm newborns: Beneficial
effects of melatonin. Am. J. Perinatol. 2004, 21, 209–216. [CrossRef]

67. Gitto, E.; Reiter, R.J.; Sabatino, G.; Buonocore, G.; Romeo, C.; Gitto, P.; Buggé, C.; Trimarchi, G.; Barberi, I.
Correlation among cytokines, bronchopulmonary dysplasia and modality of ventilation in preterm newborns:
Improvement with melatonin treatment. J. Pineal Res. 2005, 39, 287–293. [CrossRef]

68. Gitto, E.; Karbownik, M.; Reiter, R.J.; Tan, D.X.; Cuzzocrea, S.; Chiurazzi, P.; Cordaro, S.; Corona, G.;
Trimarchi, G.; Barberi, I. Effects of melatonin treatment in septic newborns. Pediatr. Res. 2001, 50, 756–760.
[CrossRef]

69. Gitto, E.; Romeo, C.; Reiter, R.J.; Impellizzeri, P.; Pesce, S.; Basile, M.; Antonuccio, P.; Trimarchi, G.; Gentile, C.;
Barberi, I.; et al. Melatonin reduces oxidative stress in surgical neonates. J. Pediatr. Surg. 2004, 39, 184–189.
[CrossRef]

http://dx.doi.org/10.1016/j.jfma.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22370283
http://dx.doi.org/10.1111/j.1600-079X.2010.00814.x
http://www.ncbi.nlm.nih.gov/pubmed/21029156
http://dx.doi.org/10.1111/j.1600-079X.2009.00681.x
http://www.ncbi.nlm.nih.gov/pubmed/19486273
http://dx.doi.org/10.1016/S0140-6736(05)79321-1
http://dx.doi.org/10.1007/s40261-015-0368-5
http://dx.doi.org/10.1093/toxsci/50.2.271
http://dx.doi.org/10.1210/endo-128-4-1812
http://dx.doi.org/10.1203/01.pdr.0000252546.20451.1a
http://dx.doi.org/10.1159/000346323
http://dx.doi.org/10.1002/14651858.CD010527.pub2
http://dx.doi.org/10.1111/j.1600-079X.2007.00503.x
http://www.ncbi.nlm.nih.gov/pubmed/18289167
http://dx.doi.org/10.1111/j.1600-079X.2008.00639.x
http://www.ncbi.nlm.nih.gov/pubmed/19141088
http://dx.doi.org/10.1038/jp.2014.186
http://www.ncbi.nlm.nih.gov/pubmed/25393080
http://dx.doi.org/10.1034/j.1600-079X.2001.310409.x
http://www.ncbi.nlm.nih.gov/pubmed/11703564
http://dx.doi.org/10.1111/j.1600-079X.2004.00124.x
http://dx.doi.org/10.1055/s-2004-828610
http://dx.doi.org/10.1111/j.1600-079X.2005.00251.x
http://dx.doi.org/10.1203/00006450-200112000-00021
http://dx.doi.org/10.1016/j.jpedsurg.2003.10.003


Int. J. Mol. Sci. 2019, 20, 5681 15 of 16

70. Gitto, E.; Aversa, S.; Salpietro, C.D.; Barberi, I.; Arrigo, T.; Trimarchi, G.; Reiter, R.J.; Pellegrino, S. Pain
in neonatal intensive care: Role of melatonin as an analgesic antioxidant. J. Pineal Res. 2012, 52, 291–295.
[CrossRef]

71. Carpentieri, A.; Díaz de Barboza, G.; Areco, V.; Peralta López, M.; Tolosa de Talamoni, N. New perspectives
in melatonin uses. Pharmacol. Res. 2012, 65, 437–444. [CrossRef]

72. Opie, L.H.; Lecour, S. Melatonin has multiorgan effects. Eur. Heart J. Cardiovasc. Pharmacother. 2016, 2,
258–265. [CrossRef] [PubMed]

73. Tain, Y.L.; Joles, J.A. Reprogramming: A preventive strategy in hypertension focusing on the kidney. Int. J.
Mol. Sci. 2015, 17, 23. [CrossRef] [PubMed]

74. Baydas, G.; Koz, S.T.; Tuzcu, M.; Nedzvetsky, V.S. Melatonin prevents gestational hyperhomocysteinemia-
associated alterations in neurobehavioral developments in rats. J. Pineal Res. 2008, 44, 181–188. [CrossRef]
[PubMed]

75. Tain, Y.L.; Huang, L.T.; Hsu, C.N.; Lee, C.T. Melatonin therapy prevents programmed hypertension and
nitric oxide deficiency in offspring exposed to maternal caloric restriction. Oxid. Med. Cell Longev. 2014, 2014,
283180. [CrossRef] [PubMed]

76. Tain, Y.L.; Lee, C.T.; Chan, J.Y.; Hsu, C.N. Maternal melatonin or N-acetylcysteine therapy regulates hydrogen
sulfide-generating pathway and renal transcriptome to prevent prenatal N(G)-Nitro-L-arginine-methyl ester
(L-NAME)-induced fetal programming of hypertension in adult male offspring. Am. J. Obstet. Gynecol. 2016,
215, 636. [CrossRef] [PubMed]

77. Tain, Y.L.; Leu, S.; Wu, K.L.; Lee, W.C.; Chan, J.Y. Melatonin prevents maternal fructose intake-induced
programmed hypertension in the offspring: Roles of nitric oxide and arachidonic acid metabolites. J. Pineal Res.
2014, 57, 80–89. [CrossRef] [PubMed]

78. Dubovický, M.; Ujházy, E.; Kovacovský, P.; Navarová, J.; Juráni, M.; Soltés, L. Effect of melatonin on
neurobehavioral dysfunctions induced by intrauterine hypoxia in rats. Cent. Eur. J. Public Health 2004, 12,
S23–S25.

79. Tain, Y.L.; Lin, Y.J.; Chan, J.Y.H.; Lee, C.T.; Hsu, C.N. Maternal melatonin or agomelatine therapy prevents
programmed hypertension in male offspring of mother exposed to continuous light. Biol. Reprod. 2017, 97,
636–643. [CrossRef]

80. Cisternas, C.D.; Compagnucci, M.V.; Conti, N.R.; Ponce, R.H.; Vermouth, N.T. Protective effect of maternal
prenatal melatonin administration on rat pups born to mothers submitted to constant light during gestation.
Braz. J. Med. Biol. Res. 2010, 43, 874–882. [CrossRef]

81. Tain, Y.L.; Chan, J.Y.H.; Lee, C.T.; Hsu, C.N. Maternal Melatonin Therapy Attenuates Methyl-Donor
Diet-Induced Programmed Hypertension in Male Adult Rat Offspring. Nutrients 2018, 10, 1407. [CrossRef]

82. Tain, Y.L.; Leu, S.; Lee, W.C.; Wu, K.L.H.; Chan, J.Y.H. Maternal Melatonin Therapy Attenuated Maternal
High-Fructose Combined with Post-Weaning High-Salt Diets-Induced Hypertension in Adult Male Rat
Offspring. Molecules 2018, 23, 886. [CrossRef]

83. Lui, C.C.; Hsu, M.H.; Kuo, H.C.; Chen, C.C.; Sheen, J.M.; Yu, H.R.; Tiao, M.M.; Tain, Y.L.; Chang, K.A.;
Huang, L.T. Effects of melatonin on prenatal dexamethasone-induced epigenetic alterations in hippocampal
morphology and reelin and glutamic acid decarboxylase 67 levels. Dev. Neurosci. 2015, 37, 105–114. [CrossRef]

84. Wu, T.H.; Kuo, H.C.; Lin, I.C.; Chien, S.J.; Huang, L.T.; Tain, Y.L. Melatonin prevents neonatal dexamethasone
induced programmed hypertension: Histone deacetylase inhibition. J. Steroid Biochem. Mol. Biol. 2014, 144,
253–259. [CrossRef]

85. Chang, H.Y.; Tain, Y.L. Postnatal dexamethasone-induced programmed hypertension is related to the
regulation of melatonin and its receptors. Steroids 2016, 108, 1–6. [CrossRef]

86. Tain, Y.L.; Sheen, J.M.; Yu, H.R.; Chen, C.C.; Tiao, M.M.; Hsu, C.N.; Lin, Y.J.; Kuo, K.C.; Huang, L.T. Maternal
Melatonin Therapy Rescues Prenatal Dexamethasone and Postnatal High-Fat Diet Induced Programmed
Hypertension in Male Rat Offspring. Front. Physiol. 2015, 6, 377. [CrossRef] [PubMed]

87. Sengupta, P. The Laboratory Rat: Relating Its Age with Human’s. Int. J. Prev. Med. 2013, 4, 624–630. [PubMed]
88. Thompson, L.P.; Al-Hasan, Y. Impact of oxidative stress in fetal programming. J. Pregnancy 2012, 2012, 582748.

[CrossRef] [PubMed]
89. Tain, Y.L.; Hsu, C.N. Interplay between oxidative stress and nutrient sensing signaling in the developmental

origins of cardiovascular disease. Int. J. Mol. Sci. 2017, 18, 841. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1600-079X.2011.00941.x
http://dx.doi.org/10.1016/j.phrs.2012.01.003
http://dx.doi.org/10.1093/ehjcvp/pvv037
http://www.ncbi.nlm.nih.gov/pubmed/27533945
http://dx.doi.org/10.3390/ijms17010023
http://www.ncbi.nlm.nih.gov/pubmed/26712746
http://dx.doi.org/10.1111/j.1600-079X.2007.00506.x
http://www.ncbi.nlm.nih.gov/pubmed/18289170
http://dx.doi.org/10.1155/2014/283180
http://www.ncbi.nlm.nih.gov/pubmed/24864188
http://dx.doi.org/10.1016/j.ajog.2016.07.036
http://www.ncbi.nlm.nih.gov/pubmed/27457113
http://dx.doi.org/10.1111/jpi.12145
http://www.ncbi.nlm.nih.gov/pubmed/24867192
http://dx.doi.org/10.1093/biolre/iox115
http://dx.doi.org/10.1590/S0100-879X2010007500083
http://dx.doi.org/10.3390/nu10101407
http://dx.doi.org/10.3390/molecules23040886
http://dx.doi.org/10.1159/000368768
http://dx.doi.org/10.1016/j.jsbmb.2014.07.008
http://dx.doi.org/10.1016/j.steroids.2016.02.017
http://dx.doi.org/10.3389/fphys.2015.00377
http://www.ncbi.nlm.nih.gov/pubmed/26696906
http://www.ncbi.nlm.nih.gov/pubmed/23930179
http://dx.doi.org/10.1155/2012/582748
http://www.ncbi.nlm.nih.gov/pubmed/22848830
http://dx.doi.org/10.3390/ijms18040841
http://www.ncbi.nlm.nih.gov/pubmed/28420139


Int. J. Mol. Sci. 2019, 20, 5681 16 of 16

90. Bogdarina, I.; Welham, S.; King, P.J.; Burns, S.P.; Clark, A.J. Epigenetic modification of the renin-angiotensin
system in the fetal programming of hypertension. Circ. Res. 2007, 100, 520–526. [CrossRef]

91. Tain, Y.L.; Hsu, C.N.; Chan, J.Y. PPARs link early life nutritional insults to later programmed hypertension
and metabolic syndrome. Int. J. Mol. Sci. 2015, 17, 20. [CrossRef] [PubMed]

92. Tain, Y.L.; Huang, L.T.; Chan, J.Y.; Lee, C.T. Transcriptome analysis in rat kidneys: Importance of genes
involved in programmed hypertension. Int J Mol Sci. 2015, 16, 4744–4758. [CrossRef] [PubMed]

93. Bianco-Miotto, T.; Craig, J.M.; Gasser, Y.P.; van Dijk, S.J.; Ozanne, S.E. Epigenetics and DOHaD: From basics
to birth and beyond. J. Dev. Orig. Health Dis. 2017, 8, 513–519. [CrossRef] [PubMed]

94. Tain, Y.L.; Hsu, C.N.; Chan, J.Y.; Huang, L.T. Renal Transcriptome Analysis of Programmed Hypertension
Induced by Maternal Nutritional Insults. Int J Mol Sci. 2015, 16, 17826–17837. [CrossRef] [PubMed]

95. Varcoe, T.J. Timing is everything: Maternal circadian rhythms and the developmental origins of health and
disease. J. Physiol. 2018, 596, 5493–5494. [CrossRef]

96. Cottrell, E.C.; Seckl, J.R. Prenatal stress, glucocorticoids and the programming of adult disease. Front. Behav.
Neurosci. 2009, 3, 19. [CrossRef]

97. Hsu, C.N.; Tain, Y.L. Regulation of Nitric Oxide Production in the Developmental Programming of
Hypertension and Kidney Disease. Int. J. Mol. Sci. 2019, 20, 681. [CrossRef]

98. Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396–398. [CrossRef]
99. Te Riet, L.; van Esch, J.H.; Roks, A.J.; van den Meiracker, A.H.; Danser, A.H. Hypertension: Renin-angiotensin-

aldosterone system alterations. Circ. Res. 2015, 116, 960–975. [CrossRef]
100. Simko, F.; Reiter, R.J.; Pechanova, O.; Paulis, L. Experimental models of melatonin-deficient hypertension.

Front. Biosci. (Landmark Ed) 2013, 18, 616–625. [CrossRef]
101. Chappell, M.C.; Marshall, A.C.; Alzayadneh, E.M.; Shaltout, H.A.; Diz, D.I. Update on the Angiotensin

converting enzyme 2-Angiotensin (1-7)-MAS receptor axis: Fetal programing, sex differences, and intracellular
pathways. Front. Endocrinol. 2014, 4, 201. [CrossRef] [PubMed]

102. Kett, M.M.; Denton, K.M. Renal programming: Cause for concern? Am. J. Physiol. Regul. Integr. Comp. Physiol.
2011, 300, R791–R803. [CrossRef] [PubMed]

103. Sherman, R.C.; Langley-Evans, S.C. Early administration of angiotensin-converting enzyme inhibitor
captopril, prevents the development of hypertension programmed by intrauterine exposure to a maternal
low-protein diet in the rat. Clin. Sci. 1998, 94, 373–381. [CrossRef] [PubMed]

104. Hsu, C.N.; Wu, K.L.; Lee, W.C.; Leu, S.; Chan, J.Y.; Tain, Y.L. Aliskiren administration during early postnatal life
sex-specifically alleviates hypertension programmed by maternal high fructose consumption. Front. Physiol.
2016, 7, 299. [CrossRef]

105. Jansson, T.; Powell, T.L. Role of placental nutrient sensing in developmental programming. Clin. Obstet. Gynecol.
2013, 56, 591–601. [CrossRef]

106. Tain, Y.L.; Hsu, C.N. AMP-Activated Protein Kinase as a Reprogramming Strategy for Hypertension and
Kidney Disease of Developmental Origin. Int. J. Mol. Sci. 2018, 19, 1744. [CrossRef]

107. Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases.
Immunology 2018, 154, 204–219. [CrossRef]

108. Melamud, L.; Golan, D.; Luboshitzky, R.; Lavi, I.; Miller, A. Melatonin dysregulation, sleep disturbances and
fatigue in multiple sclerosis. J. Neurol. Sci. 2012, 314, 37–40. [CrossRef]

109. Lin, G.J.; Huang, S.H.; Chen, S.J.; Wang, C.H.; Chang, D.M.; Sytwu, H.K. Modulation by Melatonin of the
Pathogenesis of Inflammatory Autoimmune Diseases. Int. J. Mol. Sci. 2013, 14, 11742–11766. [CrossRef]

110. Gupta, S.; Haldar, C. Physiological crosstalk between melatonin and glucocorticoid receptor modulates T-cell
mediated immune responses in a wild tropical rodent, Funambulus pennanti. J. Steroid Biochem. Mol. Biol.
2013, 134, 23–36. [CrossRef]

111. Amaral, F.G.D.; Andrade-Silva, J.; Kuwabara, W.M.T.; Cipolla-Neto, J. New insights into the function of
melatonin and its role in metabolic disturbances. Expert Rev. Endocrinol. Metab. 2019, 14, 293–300. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1161/01.RES.0000258855.60637.58
http://dx.doi.org/10.3390/ijms17010020
http://www.ncbi.nlm.nih.gov/pubmed/26712739
http://dx.doi.org/10.3390/ijms16034744
http://www.ncbi.nlm.nih.gov/pubmed/25739086
http://dx.doi.org/10.1017/S2040174417000733
http://www.ncbi.nlm.nih.gov/pubmed/28889823
http://dx.doi.org/10.3390/ijms160817826
http://www.ncbi.nlm.nih.gov/pubmed/26247937
http://dx.doi.org/10.1113/JP276992
http://dx.doi.org/10.3389/neuro.08.019.2009
http://dx.doi.org/10.3390/ijms20030681
http://dx.doi.org/10.1038/nature05913
http://dx.doi.org/10.1161/CIRCRESAHA.116.303587
http://dx.doi.org/10.2741/4125
http://dx.doi.org/10.3389/fendo.2013.00201
http://www.ncbi.nlm.nih.gov/pubmed/24409169
http://dx.doi.org/10.1152/ajpregu.00791.2010
http://www.ncbi.nlm.nih.gov/pubmed/21191002
http://dx.doi.org/10.1042/cs0940373
http://www.ncbi.nlm.nih.gov/pubmed/9640343
http://dx.doi.org/10.3389/fphys.2016.00299
http://dx.doi.org/10.1097/GRF.0b013e3182993a2e
http://dx.doi.org/10.3390/ijms19061744
http://dx.doi.org/10.1111/imm.12922
http://dx.doi.org/10.1016/j.jns.2011.11.003
http://dx.doi.org/10.3390/ijms140611742
http://dx.doi.org/10.1016/j.jsbmb.2012.09.013
http://dx.doi.org/10.1080/17446651.2019.1631158
http://www.ncbi.nlm.nih.gov/pubmed/31192707
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Impact of Melatonin in Pregnancy, Lactation, and Fetal Development 
	Synthesis, Metabolism, and Biofunction of Melatonin 
	Melatonin in Pregnancy and the Fetus 
	Melatonin in Lactation 

	Clinical Uses of Melatonin 
	Melatonin Dosage and Side Effects 
	Clinical Evidence for Melatonin Use in Fetal and Neonatal Diseases 

	Melatonin Use as a Reprogramming Therapy 
	Melatonin Therapy in Cardiovascular and Neurological Diseases of Developmental Origins 
	Reprogramming Effects of Melatonin on Developmental Programming 

	Conclusions 
	References

