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Abstract: Adult-onset chronic non-communicable diseases (NCDs) can originate from early life
through so-called the “developmental origins of health and disease” (DOHaD) or “developmental
programming”. The DOHaD concept offers the “reprogramming” strategy to shift the treatment
from adulthood to early life, before clinical disease is apparent. Melatonin, an endogenous
indoleamine produced by the pineal gland, has pleiotropic bioactivities those are beneficial in a
variety of human diseases. Emerging evidence support that melatonin is closely inter-related to
other proposed mechanisms contributing to the developmental programming of a variety of chronic
NCDs. Recent animal studies have begun to unravel the multifunctional roles of melatonin in many
experimental models of developmental programming. Even though some progress has been made
in research on melatonin as a reprogramming strategy to prevent DOHaD-related NCDs, future
human studies should aim at filling the translational gap between animal models and clinical trials.
Here, we review several key themes on the reprogramming effects of melatonin in DOHaD research.
We have particularly focused on the following areas: mechanisms of developmental programming;
the interrelationship between melatonin and mechanisms underlying developmental programming;
pathophysiological roles of melatonin in pregnancy and fetal development; and insight provided by
animal models to support melatonin as a reprogramming therapy. Rates of NCDs are increasing faster
than anticipated all over the world. Hence, there is an urgent need to understand reprogramming
mechanisms of melatonin and to translate experimental research into clinical practice for halting a
growing list of DOHaD-related NCDs.

Keywords: cardiovascular disease; developmental origins of health and disease (DOHaD);
developmental programming; epigenetic regulation; glucocorticoid; hypertension; melatonin;
next-generation sequencing; non-communicable disease; oxidative stress; renin-angiotensin system

1. Introduction

Chronic non-communicable diseases (NCDs) are the leading cause of death in the world [1].
In spite of recent medical advances, the burden of NCDs is still rising globally [1]. NCDs can begin
in early life and that brings out a concept, namely the “developmental origins of health and disease”
(DOHaD) or “developmental programming” [2]. The plasticity of the developmental process allows
the organism to adapt to changing environments to improve its odds of survival. Developmental
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programming is defined as the process by which an insult applied at a developmental window causes
long-term effects on the structure or function of an organism [3]. The concept of developmental
programming also affords the “reprogramming” strategy to shift the therapeutic approach from
adulthood to early life, before clinical disease is evident [4].

Melatonin, an endogenous indoleamine secreted by the pineal gland, has pleiotropic bioactivities
those are involved in circadian rhythm, reproductive physiology, anti-inflammation, redox homeostasis,
epigenetic regulation, and fetal development [5-10]. A growing body of clinical and experimental
studies supports that early-life suboptimal environment programs later susceptibility to certain chronic
diseases throughout the life course. On the other hand, melatonin has emerged as a common
reprogramming strategy to prevent a variety of diseases in different models of developmental
programming. Here, we review the reported impacts of melatonin on developmental programming.
We have particularly focused on the following areas: mechanisms of developmental programming,
pathophysiological role of melatonin in pregnancy and fetal development; and current evidence of
melatonin as a reprogramming therapy in models of developmental programming.

2. Mechanisms of Developmental Programming

2.1. Insight Provided by Human Studies

Several lines of evidence indicate that there is an association between suboptimal fetal and
neonatal environments and development of adult disease in later life. One of the important
observations from the Dutch Hunger Winter Study was that malnutrition during gestation has
long-lasting consequences for adult health [11]. Offspring exposed to the famine during pregnancy
are prone to develop a variety of adult diseases such as type 2 diabetes, coronary artery disease,
obesity, dyslipidemia, and hypertension [11]. Another line of evidence supporting DOHaD concept
comes from mother-child cohort studies. As reviewed elsewhere [4], several early-life risks
related to developmental programming of hypertension has been assessed in various mother-child
cohorts, including undernutrition, smoking, gestational hypertension, maternal obesity, short-term
breastfeeding, low vitamin D intake, and excessive postnatal weight gain. Third are studies of twins.
Studies of monozygotic and dizygotic twins provide a natural study design to assess the relative
contribution of heretical and environmental factors on the developmental programming of adult
diseases, such as cardiovascular disease (CVD) [12]. In twins, there was an association between birth
weight and blood pressure (BP) in infants [13]. Additionally, the lighter twins are prone to die from
heart disease in later lifespan [13].

However, these clinical studies cannot per se directly establish a causal relationship between
the specific insult and phenotypes of programmed disease. A few DOHaD theories have been
established to explain these epidemiological observations between early life attributes and later
chronic diseases, such as thrifty phenotype [14], predictive adaptive responses [15], and catch-up
growth hypothesis [16]. However, these hypotheses do not suggest possible molecular mechanisms
by which way the phenotype is generated. It stands for reason that much of our knowledge of which
types of early-life insults, which developmental window is critical for programming, and which one
reprogramming strategy can be used mainly come from studies in animal models.

2.2. Insight Provided by Animal Models

The four main types of NCDs are CVD, cancers, chronic respiratory diseases, and diabetes [1].
In the past decades, a great number of animal models have been established to study developmental
programming. Most of the long-term health outcomes in offspring often include insulin resistance,
obesity, CVD, and metabolic syndrome, whatever the studied species [4,17-21]. Evidence is now
emerging that, in addition to CVD and diabetes, developmental reprogramming can also influence the
risk of developing cancer [22] as well as chronic lung disease [23].
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To date, no unifying origin that can explain the pathogenesis of NCDs has been identified and,
therefore, no specific reprogramming strategy is existing to avoid developmental programming of
NCDs. Nevertheless, a number of mechanisms, including oxidative stress, epigenetic regulation,
glucocorticoid effect, and alterations of renin-angiotensin system (RAS) have been reported to
be associated with developmental programming of various adult diseases and different early-life
insults [3,4,24-27]. Importantly, melatonin seems closely inter-related to each proposed mechanism as
a hub in determining the programmed process.

2.3. The Interrelationship between Melatonin and Underlying Mechanisms of Developmental Programming

Currently, more and more people are turning to be active during night time (e.g., shift work and
jet lag), resulting in reduced nocturnal melatonin levels and circadian disruption. It is noteworthy that
circadian disruption can increase the risk of CVD, diabetes, cancer, and metabolic syndrome [28,29].
In contrast, melatonin, a chronobiotic hormone, has been considered as a chronotherapeutic drug
for these NCDs [28]. Additionally, several lines of evidence indicate that melatonin interacts with
these proposed mechanisms contributing to programmed process. First, convincing evidence indicate
that melatonin plays a protective role against the oxidative stress [6,10,30]. Oxidative stress is a
result of damage to radicals and related molecules, in particular reactive oxygen species (ROS) and
reactive nitrogen species (RNS). As known, melatonin is a major scavenger of both oxygen and
nitrogen-based reactive molecules [30]. The main sources of nitric oxide (NO) are the reactions
catalyzed by neuronal, inducible, and endothelial NO synthase (nNOS, iNOS, and eNOS). Melatonin
has been reported to inhibit nNOS [31] and iNOS [32], to curtail the generation of the highly toxic
nitrogen-based reactant, ONOO". On the other hand, melatonin seems to increase eNOS-derived
NO bioavailability with subsequent vasodilatation via enhancement of intracellular Ca?* level [33].
Additionally, melatonin and its metabolites are potent antioxidants [10]. Moreover, melatonin can
be protective as a reprogramming intervention to restore the NO-ROS balance in both genetic and
developmentally programmed hypertension models [4]. Second are many reports that melatonin has
epigenetic property [5,9,33]. Epigenetics refers to alterations in gene expression that are not explained
by changes in DNA sequence. DNA methylation, histone modification and RNA interference play
central roles in epigenetic regulation [34]. Previous reports showed that melatonin can inhibit DNA
methyltransferases (DNMT) or act like a histone deacetylase (HDAC) inhibitor [5,33]. Given that
epigenetic changes due to early-life insults predispose the offspring to develop a variety of diseases
later in life and, thus, melatonin, may act as an epigenetic regulator to reprogram the process and
prevent the development of adult disease. Third are studies of crosstalk between glucocorticoid and
melatonin [35]. Melatonin receptor (MT) expression has been reported to be downregulated following
dexamethasone treatment [36], while glucocorticoid receptor (GR) expression can be downregulated
in response to melatonin [35]. Additionally, our previous studies demonstrated that melatonin therapy
is protective on prenatal dexamethasone-induced programming of steatosis [37], cognition deficit [38],
and hypertension [36,39,40]. Therefore, these findings suggest that a pathophysiological cross talk
between glucocorticoid and melatonin which is of significance in developmental programming. Last,
in melatonin-deficient hypertension model, the RAS is activated [41]. In contrast, melatonin treatment
can regulate RAS components and prevent the elevation of BP in several programming models of
hypertension [35,40,42,43]. All of these observations provide a close link between melatonin and
other mechanisms involved in developmental programming (Figure 1). Thus, early intervention with
melatonin presumably could be a reprogramming strategy to prevent the development of NCDs in
later life.
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Figure 1. Schema outlining the early-life insults that drive the potential mechanisms that may
underpin the developmental programming, leading to developmental origins of health and disease
(DOHaD)-related non-communicable diseases (NCDs) in adulthood. There is a link between melatonin
synthesis and signaling pathway close to oxidative stress, epigenetic regulation, glucocorticoid effect,
and renin-angiotensin system (RAS). Early intervention with melatonin could be a reprogramming
strategy to prevent the development of DOHaD-related NCDs in later life.

3. The Impact of Melatonin on Pregnancy and Fetal Development

3.1. Synthesis, Metabolism, and Signaling Pathway of Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenously produced indoleamine containing
two functional groups, which are for the receptor binding and capacity to enter cells. Tryptophan
is a precursor for melatonin biosynthesis. At least four enzymes are involved in the synthesis of
melatonin. Among them, serotonin N-acetyltransferase is considered the rate-limiting enzyme in the
regulation of melatonin biosynthesis. Once released into the blood, 70% of melatonin is bound to
albumin, and another 30% diffuses to the surrounding tissues [44]. Circulating melatonin is mainly
secreted during the night by the pineal gland, while almost all organs can produce melatonin [44].
Melatonin is mainly catabolized by the hepatic P450 monooxygenase, followed by conjugation
of the resulting 6-sulfatoxy-melatonin to give the main urinary metabolite 6-sulftory-melatonin.
Melatonin can interact with two transmembrane melatonin receptors, melatonin receptor-1 (MT1)
and -2 (MT2), as well as retinoid related orphan nuclear hormone receptors of the RZR/ROR family
for signal transduction [10,44]. Melatonin has multiple receptor-dependent and receptor-independent
functions, such as antioxidant and anti-inflammatory properties, free radical scavenger, regulation
of circadian rhythm, stimulatory action in the immune system and mitochondrial biogenesis, and
epigenetic regulation [5-10,44]. Moreover, melatonin is important in pregnancy, parturition, and fetal
development [7,8,44—48].

3.2. Melatonin in Pregnancy and Fetus

Melatonin plays a crucial role in pregnancy and fetal development [45—48]. In normal
pregnancy, melatonin acts as a circadian rhythm modulator, free radical scavenger, antioxidant, and
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immunomodulator, leading to successful pregnancy [45]. Plasma melatonin levels are elevated during
pregnancy, reaching a maximum at term, and returning to basal levels immediately after delivery [46].
Placentas not only produce melatonin but also express melatonin receptors and clock genes [46]. Thus,
melatonin deficiency in pregnancy links circadian disruption with compromised placental function [47].
In preeclamptic placentas, the expression of melatonin-synthesizing enzymes is reduced, combined
with decreased melatonin levels and melatonin receptor expression [48]. Moreover, maternal melatonin
can cross the placenta and enter the fetal circulation to drive the fetal circadian system.

In rodents, melatonin-binding sites are observed in the fetal pituitary gland as early as gestational
age of 15 days [49]. Melatonin receptors are extensive expression in the embryo and fetus since
early stages. Therefore, maternal melatonin may be involved in early stage of fetal development.
The maternal melatonin circadian rhythm is linked to the generation of the circadian rhythms in
fetus [50]. While genetic disruption of maternal and embryonic clock function results in abnormal
organogenesis in fetus [51]. Administration of melatonin was reported to restore redox balance to
alleviate maternal hyperthermia-induced embryo death [52]. Additionally, melatonin prevented
preterm labor and increased offspring survival in a mouse model of lipopolysaccharide (LPS)-induced
inflammation [53]. In a continuous light exposure-induced melatonin deficiency pregnant rat model,
offspring developed intrauterine growth retardation and disrupted circadian, which were prevented
by maternal melatonin treatment [54]. Likewise, maternal melatonin regulates fetal organogenesis that
are critical for the successful adaptation of the neonate to extra-uterine environment [55]. Accordingly,
these observations indicate that maternal melatonin plays a vital role to prevent pregnancy loss and
preserve normal fetal development.

4. Melatonin as a Reprogramming Therapy in Animal Models of Developmental Programming

Emerging evidence has shown multiple protective actions of melatonin on many human diseases
across all age groups [7,10,56-62]. Since melatonin controls circadian rhythm, several clinical trials were
focused on its therapeutic effects for sleep disorders and related neurological diseases [60]. Additionally,
the therapeutic roles of melatonin in human CVDs, such as coronary artery disorder, hypertension,
congestive heart failure, and pulmonary hypertension are gradually being recognized [59,61].
Furthermore, the clinical impact of melatonin has been evaluated in cancer therapy [58,62], in the
immune function [58], in obesity and diabetes [62], and in disorders related to oxidative stress [10].
The list of clinical conditions in which melatonin therapy is beneficial continues to grow. However,
less attention has been paid to examine melatonin as a reprogramming therapy in the research
field of DOHaD. The overview of studies in Table 1 illustrates data documenting reprogramming
effects of melatonin treatment in different developmental programming animal models. As shown
in Table 1, a variety of early-life insults have been reported to cause developmental programming
of adult diseases. These environmental and nutritional insults include maternal undernutrition [42],
NG-nitro-L-arginine-methyester (L-NAME) induced preeclampsia [43], high-fructose consumption [63],
prenatal hypoxia [64], glucocorticoid exposure [33,36—40,65], high-fat diet [40], and constant light
exposure [66]. These insults induce a number of programming effects on adult offspring including
hypertension, reduced nephron number, cognition deficit, behavior dysfunction, obesity, and liver
steatosis. All these programmed phenotypes can be prevented, or at least alleviated, by early melatonin
administration. It is noteworthy that melatonin in these models of developmental programming
is mainly administered during pregnancy and lactation, that is, during the developmental stage
before clinical disease is evident. Thus, the influence of melatonin on adult offspring should be
considered as reprogramming instead of direct effects. So far, a few mechanisms, including oxidative
stress [42,43,63,65], epigenetic regulation [38—40], reduction in nephron numbers [39], and alterations
of the RAS [40] have been linked to the reprogramming effects of melatonin.
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Table 1. Effects of melatonin on developmental programming in various animal models.
Programming Models Melatonin Treatment Reprogramming Effects Age at Evaluation  Ref.
50% caloric restriction 0.01% melatonin in drinking .
during pregnancy and water during pregnancy and Prevented hypertension, 3 mo [42]
§ preghancy & Pres Y Increased renal NO
lactation lactation
L-NAME 60 mg/kg/day 0.01% melatonin in drinking .
bcutan ly durin; ter during pregnancy and Prevented hypertension, 3m [43]
subcutaneously during water during pregnancy a Increased renal NO o
pregnancy lactation
60% high fructose intake 0.01% melatonin in drinking .
during pregnancy and water during pregnancy and Prevented hypertension, 3 mo [63]
§ preghancy § preghancy Increased renal NO
lactation lactation
Phenytoin 50 mg/kg orally Melgtomn (40 ug/mL) in Protected neurobehavioral
from gestational day 7 to 18 drinking water from dysfunctions 3 mo [64]
8 gestational day 0 to 19
Neonatal dexamethasone 0.01% rnel.atomn in drinking Preventec.l hypertension,
exDOSUTe water during pregnancy and Preserved histone deacetylase 4 mo [33]
P lactation gene expression
Prevented hypertension,
Neonatal dexamethasone 0.01% melatonin in drinking Preserved renal melatonin
. X . 4 mo [36]
exposure water during lactation receptor-2 protein, Increased
renal melatonin level
Prenatal dexamethasone 0.01% mel‘atonm in drinking Reversed methylation of leptin,
water during pregnancy and : - 4mo [37]
exposure lactation Decreased liver steatosis
Prenatal dexamethasone 0.01% me}atomn in drinking Reversed hippocampal
water during pregnancy and . 4mo [38]
exposure 1 . morphology and reelin level
actation
o .
Prenatal dexamethasone 0.01% melgtomn in drinking Prevented hypertension,
water during pregnancy and 4 mo [39]
exposure lactation Increased nephron number
Prenatal dexamethasone 0.01% melatonin in drinking Prevented hypertension,
exposure plus post-weaning ~ water during pregnancy and Upregulated Agtr1b and Mas1 4 mo [40]
high-fat diet lactation expression
Cortlcostfarone 1 pg/day in Melatonin 40 pg/day at night .Prote.cted dlabetl.c A
the morning from postnatal manifestations and oxidative 4 mo [65]
from postnatal day 2 to 14
day 2 to 14 stress
. Melatonin 1 mg/kg at . .
Constant light exposure circadian time 12, from day 17 Protected anxiety-like and 4mo [66]

from gestational day 10 to 21

to 21 of pregnancy

sexual behaviors

Studies tabulated according to age at evaluation. mo = month.

Despite the protective role of early melatonin treatment has been assessed in a number of
models of developmental programming, the knowledge of mechanisms driving reprogramming
effects, appropriate windows for reprogramming intervention, and ideal dose and timing are necessary
to provide melatonin as a reprogramming strategy to halt the rise in NCDs in future research efforts.

5. Long-Term Effects of Melatonin in Normal Offspring

In humans, melatonin therapy has a remarkably benign safety profile across different
populations [67]. Although melatonin has been reported to influence body weight in some human and
experimental studies [39,68], a recent meta-analysis of 244 cases from seven trials did not provide much
support [69]. So far, only pregnant and breast-feeding women are not recommended for melatonin
use due to lack of human studies [67]. In pregnant rats, melatonin has shown no harmful effects on
the development of rat pups, even at high doses up to 200 mg/kg/day [70,71]. However, our recent
reports suggest that maternal melatonin therapy has long-term profound effects on transcriptomic
changes in specific organs of fetal programming [9,40,42,63]. Although melatonin has been shown to
elicit a panel of gene expression in different organs and diseases [72,73], only few studies reported its
long-term programming effects on organ transcriptome of normal offspring [9,40].
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We used to employ whole-genome RNNA next-generation sequencing (NGS) to analyze renal
transcriptome from three different ages of male offspring born to mothers exposed to 0.01% melatonin
in drinking water during pregnancy and lactation [9]. We observed 455, 230, and 132 differentially
expressed genes were noted in response to maternal melatonin administration in offspring at 1-,
12-, and 16-week of age, respectively. In agreement with our other reports [40,42,63], maternal
melatonin therapy is likely to up-regulate, but not down-regulate, genes in the offspring kidney. Since
previous studies show that melatonin acts like a DNMT or HDAC inhibitor [5,33], our findings support
melatonin may serve as an inducer of gene expression in the offspring kidney. Additionally, we
found melatonin can up-regulate several epigenetic regulator genes during nephrogenesis. However,
melatonin-mediated transcriptomic changes may decline in a time-dependent manner [9].

Given that melatonin regulates many physiological functions, it is not surprising that our NGS
data demonstrated numerous biological pathways are regulated by melatonin administration during
nephrogenesis [40]. Using DAVID v6.8 bioinformatics tool [74], there were 20 significantly related
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways being identified in the offspring kidney
(Table 2). It is noteworthy that the tryptophan metabolism pathway is regulated by maternal melatonin
administration as tryptophan is a precursor of melatonin synthesis. Indeed, we observed that genes
involved in the biosynthetic pathway of melatonin were significantly up-regulated, including Tph1
(encoded for tryptophan hydroxylase 1), Ddc (encoded for aromatic L-amino acid decarboxylase),
and Asmt (encoded for N-acetylserotonin methyltransferase). Despite Mtnrla (encoded for MT1) was
undetectable, other melatonin receptors Mtnr1b, Rora, and Rorb were up-regulated in the offspring
kidney born to mothers exposed to melatonin treatment. These findings indicate that that maternal
melatonin therapy can program the synthesis, metabolism, and signaling pathway of melatonin in the
developing offspring kidney [40].

Table 2. Significantly regulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in the
one-week-old offspring kidney born to mothers treated with melatonin versus control.

Term Count % p-Value Benjamini

Focal adhesion 50 2.3 44 x 1078 1.2 x 1075
Regulation of actin cytoskeleton 49 2.3 39 x 1077 5.6 x 107>
Pathways in cancer 75 3.5 4.8 x 1077 45 x107°
Axon guidance 32 15 6.0 x 107° 43 x 1074

ErbB signaling pathway 25 1.2 1.5 x 107 8.3 x 1074
AMPK signaling pathway 30 1.4 39 x 107° 1.9 x 1073
Metabolic pathways 177 8.2 6.7 x 107> 2.7 x 1073
Chemokine signaling pathway 37 1.7 6.8 x 107° 24 %1073
Insulin signaling pathway 31 14 1.0 x 1074 32 %1073
Proteoglycans in cancer 40 1.8 1.0 x 1074 29 %1073
PI3K-Akt signaling pathway 59 2.7 1.1 x 1074 2.7 x 1073
Ras signaling pathway 44 2.0 1.2 x 1074 29 x 1073
Adherens junction 20 0.9 14 x 1074 3.0 x 1073
PPAR signaling pathway 20 0.9 29 x 107* 5.9 x 1073
Butanoate metabolism 11 0.5 35 x 1074 6.6 x 1073
Renal cell carcinoma 18 0.8 42 x 1074 7.4 x 1073
MAPK signaling pathway 46 2.1 44 x 1074 7.3 x 1073
mTOR signaling pathway 17 0.8 5.0 x 1074 79 x 1073
Prostate cancer 21 1.0 6.4 x 107 9.6 x 1073
Tryptophan metabolism 14 0.6 65 x 1074 9.3 x 1073

Whether these programmed processes and pathways might be protective mechanisms of
melatonin to prevent a number of programmed diseases remain to be elucidated. Despite our NGS
data indicate that transcriptomic changes associated with programming by early melatonin therapy
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may be lessened in later life, early melatonin therapy might cause long-term transcriptomic changes to
what extent, however, deserves to be elucidated.

6. Conclusions

The global burden of NCDs continues to increase, despite advances in medical, surgical,
and critical care. Since suboptimal environments leading to developmental programming are often
multifactorial, identification of common reprogramming strategies from animal models become a
practical approach for further translation to the clinic, to halt the global burden of NCDs. This review
has summarized a broad spectrum of models of developmental programming relevant to the
reprogramming effects of melatonin in the literature, but it is still not complete. Although some
progress has been made in research on melatonin as a reprogramming strategy in animal studies,
but many challenges still lie ahead. What are missing from the literature include deeper understandings
of how melatonin drives reprogramming effects, which developmental window is appropriate for
reprogramming, and which doses and timing are ideal for reprogramming are essential to developing
melatonin as a reprogramming therapy to treat a growing list of diseases of DOHaD-related NCDs.
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NCD Non-communicable disease

NGS Next generation RNA sequencing

NOS Nitric oxide synthase

RAS Renin-angiotensin system

ROS Reactive oxygen species

References

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

2. Hanson, M.; Gluckman, P. Developmental origins of noncommunicable disease: Population and public
health implications. Am. J. Clin. Nutr. 2011, 94, 17545-1758S. [CrossRef] [PubMed]

3. Lucas, A. Programming by early nutrition: An experimental approach. . Nutr. 1998, 128, 4015-406S.
[PubMed]

4. Tain, Y.L; Joles, J.A. Reprogramming: A preventive strategy in hypertension focusing on the kidney. Int. J.
Mol. Sci. 2015, 17, E23. [CrossRef] [PubMed]

5. Korkmaz, A.; Reiter, R.J. Epigenetic regulation: A new research area for melatonin? J. Pineal Res. 2008, 44,
41-44. [CrossRef] [PubMed]


http://dx.doi.org/10.1136/bmj.c7065
http://www.ncbi.nlm.nih.gov/pubmed/21147750
http://dx.doi.org/10.3945/ajcn.110.001206
http://www.ncbi.nlm.nih.gov/pubmed/21525196
http://www.ncbi.nlm.nih.gov/pubmed/9478036
http://dx.doi.org/10.3390/ijms17010023
http://www.ncbi.nlm.nih.gov/pubmed/26712746
http://dx.doi.org/10.1111/j.1600-079X.2007.00509.x
http://www.ncbi.nlm.nih.gov/pubmed/18078446

Int. J. Mol. Sci. 2017, 18, 426 9of12

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

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]

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

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]

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] [PubMed]

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] [PubMed]

Roseboom, T.; de Rooij, S.; Painter, R. The Dutch famine and its long-term consequences for adult health.
Early Hum. Dev. 2006, 82, 485-491. [CrossRef] [PubMed]

Sun, C.; Burgner, D.P,; Ponsonby, A.L.; Saffery, R.; Huang, R.C.; Vuillermin, PJ.; Cheung, M.; Craig, ] M.
Effects of early-life environment and epigenetics on cardiovascular disease risk in children: Highlighting the
role of twin studies. Pediatr. Res. 2013, 73, 523-530. [CrossRef] [PubMed]

Vagero, D.; Leon, D. Ischaemic heart disease and low birth weight: A test of the fetal-origins hypothesis
from the Swedish Twin Registry. Lancet 1994, 343, 260-263. [CrossRef]

Hales, C.N.; Barker, D.]. The thrifty phenotype hypothesis. Br. Med. Bull. 2001, 60, 5-20. [CrossRef] [PubMed]
Gluckman, P.D.; Hanson, M. A. Living with the past: Evolution, development, and patterns of disease. Science
2004, 305, 1733-1736. [CrossRef] [PubMed]

Cianfarani, S.; Germani, D.; Branca, F. Low birthweight and adult insulin resistance: The “catch-up growth”
hypothesis. Arch. Dis. Child. Fetal Neonatal. 1999, 81, F71-F73. [CrossRef]

Chavatte-Palmer, P.; Tarrade, A.; Rousseau-Ralliard, D. Diet before and during Pregnancy and Offspring
Health: The Importance of Animal Models and What Can Be Learned from Them. Int. ]. Environ. Res.
Public Health 2016, 13, E586. [CrossRef] [PubMed]

Seki, Y.; Williams, L.; Vuguin, PM.; Charron, M.]. Minireview: Epigenetic programming of diabetes and
obesity: Animal models. Endocrinology 2012, 153, 1031-1038. [CrossRef] [PubMed]

Rinaudo, P.; Wang, E. Fetal programming and metabolic syndrome. Annu. Rev. Physiol. 2012, 74, 107-130.
[CrossRef] [PubMed]

Rabadén-Diehl, C.; Nathanielsz, P. From Mice to Men: Research models of developmental programming.
J. Dev. Orig. Health Dis. 2013, 4, 3-9. [CrossRef] [PubMed]

Alexander, B.T.; Dasinger, ].H.; Intapad, S. Fetal programming and cardiovascular pathology. Compr. Physiol.
2015, 5, 997-1025. [PubMed]

Walker, C.L.; Ho, S.M. Developmental reprogramming of cancer susceptibility. Nat. Rev. Cancer 2012, 12,
479-486. [CrossRef] [PubMed]

Krauss-Etschmann, S.; Meyer, K.F,; Dehmel, S.; Hylkema, M.N. Inter- and transgenerational epigenetic
inheritance: Evidence in asthma and COPD? Clin. Epigenet. 2015, 7, 53. [CrossRef] [PubMed]

Bogdarina, I.; Welham, S.; King, PJ.; 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] [PubMed]
McMullen, S.; Langley-Evans, S.C.; Gambling, L.; Lang, C.; Swali, A.; McArdle, H.J. A common cause for
a common phenotype: The gatekeeper hypothesis in fetal programming. Med. Hypotheses 2012, 78, 88-94.
[CrossRef] [PubMed]

Thompson, L.P.; Al-Hasan, Y. Impact of oxidative stress in fetal programming. J. Pregnancy 2012, 2012,
582748. [CrossRef] [PubMed]

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

Forrestel, A.C.; Miedlich, S.U.; Yurcheshen, M.; Wittlin, S.D.; Sellix, M.T. Chronomedicine and type 2 diabetes:
Shining some light on melatonin. Diabetologia 2016. [CrossRef] [PubMed]

Haus, E.L.; Smolensky, M.H. Shift work and cancer risk: Potential mechanistic roles of circadian disruption,
light at night, and sleep deprivation. Sleep Med. Rev. 2013, 17, 273-284. [CrossRef] [PubMed]

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]


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/ijms14035380
http://www.ncbi.nlm.nih.gov/pubmed/23466884
http://www.ncbi.nlm.nih.gov/pubmed/25713608
http://dx.doi.org/10.3390/ijms151018484
http://www.ncbi.nlm.nih.gov/pubmed/25318052
http://dx.doi.org/10.1111/jpi.12360
http://www.ncbi.nlm.nih.gov/pubmed/27500468
http://dx.doi.org/10.1016/j.earlhumdev.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16876341
http://dx.doi.org/10.1038/pr.2013.6
http://www.ncbi.nlm.nih.gov/pubmed/23314296
http://dx.doi.org/10.1016/S0140-6736(94)91112-6
http://dx.doi.org/10.1093/bmb/60.1.5
http://www.ncbi.nlm.nih.gov/pubmed/11809615
http://dx.doi.org/10.1126/science.1095292
http://www.ncbi.nlm.nih.gov/pubmed/15375258
http://dx.doi.org/10.1136/fn.81.1.F71
http://dx.doi.org/10.3390/ijerph13060586
http://www.ncbi.nlm.nih.gov/pubmed/27314367
http://dx.doi.org/10.1210/en.2011-1805
http://www.ncbi.nlm.nih.gov/pubmed/22253432
http://dx.doi.org/10.1146/annurev-physiol-020911-153245
http://www.ncbi.nlm.nih.gov/pubmed/21910625
http://dx.doi.org/10.1017/S2040174412000487
http://www.ncbi.nlm.nih.gov/pubmed/23525085
http://www.ncbi.nlm.nih.gov/pubmed/25880521
http://dx.doi.org/10.1038/nrc3220
http://www.ncbi.nlm.nih.gov/pubmed/22695395
http://dx.doi.org/10.1186/s13148-015-0085-1
http://www.ncbi.nlm.nih.gov/pubmed/26052354
http://dx.doi.org/10.1161/01.RES.0000258855.60637.58
http://www.ncbi.nlm.nih.gov/pubmed/17255528
http://dx.doi.org/10.1016/j.mehy.2011.09.047
http://www.ncbi.nlm.nih.gov/pubmed/22047985
http://dx.doi.org/10.1155/2012/582748
http://www.ncbi.nlm.nih.gov/pubmed/22848830
http://dx.doi.org/10.3389/neuro.08.019.2009
http://www.ncbi.nlm.nih.gov/pubmed/19826624
http://dx.doi.org/10.1007/s00125-016-4175-1
http://www.ncbi.nlm.nih.gov/pubmed/27981356
http://dx.doi.org/10.1016/j.smrv.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/23137527
http://www.ncbi.nlm.nih.gov/pubmed/17351668

Int. ]. Mol. Sci. 2017, 18, 426 10 of 12

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Pozo, D.; Reiter, R.J.; Calvo, ].R.; Guerrero, ]. M. Physiological concentrations of melatonin inhibit nitric oxide
synthase in rat cerebellum. Life Sci. 1994, 55, 455-460. [CrossRef]

Escames, G.; Lopez, L.C.; Tapias, V.; Utrilla, P; Reiter, R.J.; Hitos, A.B.; Leén, J.; Rodriguez, M.I.;
Acufia-Castroviejo, D. Melatonin counteracts inducible mitochondrial nitric oxide synthase-dependent
mitochondrial dysfunction in skeletal muscle of septic mice. . Pineal Res. 2006, 40, 71-78. [CrossRef]
[PubMed]

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. . Steroid Biochem. Mol. Biol. 2014, 144,
253-259. [CrossRef] [PubMed]

Bird, A. Perceptions of epigenetics. Nature 2007, 447, 396-398. [CrossRef] [PubMed]

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

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] [PubMed]

Tiao, M.M.; Huang, L.T.; Chen, C.J.; Sheen, ].M.; Tain, Y.L.; Chen, C.C.; Kuo, H.C.; Huang, Y.H.; Tang, K.S;
Chu, EW,; Yu, H.R. Melatonin in the regulation of liver steatosis following prenatal glucocorticoid exposure.
Biomed. Res. Int. 2014, 2014, 942172. [CrossRef] [PubMed]

Lui, C.C,; Hsu, M.H.; Kuo, H.C.; Chen, C.C.; Sheen, ].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] [PubMed]

Tain, Y.L.; Chen, C.C.; Sheen, ].M.; Yu, HR,; 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] [PubMed]

Tain, Y.L.; Sheen, ] M.; Yu, HR; 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]

Simko, F,; Reiter, R.J.; Pechanova, O.; Paulis, L. Experimental models of melatonin-deficient hypertension.
Front. Biosci. 2013, 18, 616-625. [CrossRef]

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]

Tain, Y.L.; Lee, C.T.; Chan, ].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. Obs. Gynecol. 2016,
215, 636. [CrossRef] [PubMed]

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

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] [PubMed]

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] [PubMed]

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

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]

Serén-Ferré, M.; Mendez, N.; Abarzua-Catalan, L.; Vilches, N.; Valenzuela, E]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] [PubMed]

Simonneaux, V. Naughty melatonin: How mothers tick off their fetus. Endocrinology 2011, 152, 1734-1738.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/0024-3205(94)00532-X
http://dx.doi.org/10.1111/j.1600-079X.2005.00281.x
http://www.ncbi.nlm.nih.gov/pubmed/16313501
http://dx.doi.org/10.1016/j.jsbmb.2014.07.008
http://www.ncbi.nlm.nih.gov/pubmed/25090636
http://dx.doi.org/10.1038/nature05913
http://www.ncbi.nlm.nih.gov/pubmed/17522671
http://dx.doi.org/10.1016/j.jsbmb.2012.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23059469
http://dx.doi.org/10.1016/j.steroids.2016.02.017
http://www.ncbi.nlm.nih.gov/pubmed/26921678
http://dx.doi.org/10.1155/2014/942172
http://www.ncbi.nlm.nih.gov/pubmed/24822223
http://dx.doi.org/10.1159/000368768
http://www.ncbi.nlm.nih.gov/pubmed/25720733
http://dx.doi.org/10.1016/j.jash.2014.01.009
http://www.ncbi.nlm.nih.gov/pubmed/24731552
http://dx.doi.org/10.3389/fphys.2015.00377
http://www.ncbi.nlm.nih.gov/pubmed/26696906
http://dx.doi.org/10.2741/4125
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/10.1016/j.biocel.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16219483
http://dx.doi.org/10.1016/j.reprotox.2008.03.005
http://www.ncbi.nlm.nih.gov/pubmed/18485664
http://dx.doi.org/10.1095/biolreprod.108.075655
http://www.ncbi.nlm.nih.gov/pubmed/19439728
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/10.1016/j.mce.2011.07.039
http://www.ncbi.nlm.nih.gov/pubmed/21840372
http://dx.doi.org/10.1210/en.2011-0226
http://www.ncbi.nlm.nih.gov/pubmed/21511985

Int. ]. Mol. Sci. 2017, 18, 426 11 0f12

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

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

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]

Dominguez Rubio, A.P; Sordelli, M.S.; Salazar, A L; Aisemberg, ].; Bariani, M.V.; Cella, M.; Rosenstein, R.E.;
Franchi, A.M. Melatonin prevents experimental preterm labor and increases offspring survival. ]. Pineal Res.
2014, 56, 154-162. [CrossRef] [PubMed]

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] [PubMed]
Torres-Farfan, C.; Valenzuela, FJ.; Mondaca, M.; Valenzuela, G.J.; Krause, B.; Herrera, E.A.; Riquelme, R.;
Llanos, A.].; 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]

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]

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

Carpentieri, A.; Diaz de Barboza, G.; Areco, V.; Peralta L6pez, M.; Tolosa de Talamoni, N. New perspectives
in melatonin uses. Pharmacol. Res. 2012, 65, 437-444. [CrossRef] [PubMed]

Simko, F,; Paulis, L. Melatonin as a potential antihypertensive treatment. J. Pineal Res. 2007, 42, 319-322.
[CrossRef] [PubMed]

Braam, W.; Smits, M.G.; Didden, R.; Korzilius, H.; Van Geijlswijk, .M.; Curfs, L.M. Exogenous melatonin for
sleep problems in individuals with intellectual disability: A meta-analysis. Dev. Med. Child Neurol. 2009, 51,
340-349. [CrossRef] [PubMed]

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

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

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]

Dubovicky, M.; Ujhdazy, E.; Kovacovsky, P.; Navarov4, J.; Jurdni, M.; Soltés, L. Effect of melatonin on
neurobehavioral dysfunctions induced by intrauterine hypoxia in rats. Cent. Eur. J. Public Health 2004, 12,
S523-S25. [PubMed]

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. ]. Med. Biol. Res. 2010, 43, 874-882. [CrossRef] [PubMed]

Baxi, D.B.; Singh, PK.; Vachhrajani, K.D.; Ramachandran, A.V. Neonatal corticosterone programs for
thrifty phenotype adult diabetic manifestations and oxidative stress: Countering effect of melatonin as a
deprogrammer. J. Matern. Fetal Neonatal Med. 2012, 25, 1574-1585. [CrossRef] [PubMed]

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

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] [PubMed]

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. [CrossRef]

Chan, W.Y.; Ng, T.B. Development of pre-implantation mouse embryos under the influence of pineal indoles.
J. Neural Transm. Gen. Sect. 1994, 96, 19-29. [CrossRef] [PubMed]


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/10.1111/jpi.12108
http://www.ncbi.nlm.nih.gov/pubmed/24313220
http://dx.doi.org/10.1371/journal.pone.0042713
http://www.ncbi.nlm.nih.gov/pubmed/22912724
http://dx.doi.org/10.1113/jphysiol.2008.154351
http://www.ncbi.nlm.nih.gov/pubmed/18599539
http://dx.doi.org/10.1111/j.1600-079X.2010.00814.x
http://www.ncbi.nlm.nih.gov/pubmed/21029156
http://dx.doi.org/10.1016/j.jfma.2011.11.024
http://www.ncbi.nlm.nih.gov/pubmed/22370283
http://dx.doi.org/10.1016/j.phrs.2012.01.003
http://www.ncbi.nlm.nih.gov/pubmed/22311380
http://dx.doi.org/10.1111/j.1600-079X.2007.00436.x
http://www.ncbi.nlm.nih.gov/pubmed/17439547
http://dx.doi.org/10.1111/j.1469-8749.2008.03244.x
http://www.ncbi.nlm.nih.gov/pubmed/19379289
http://dx.doi.org/10.1177/1074248416660622
http://www.ncbi.nlm.nih.gov/pubmed/27450357
http://dx.doi.org/10.1093/ehjcvp/pvv037
http://www.ncbi.nlm.nih.gov/pubmed/27533945
http://dx.doi.org/10.1111/jpi.12145
http://www.ncbi.nlm.nih.gov/pubmed/24867192
http://www.ncbi.nlm.nih.gov/pubmed/15141968
http://dx.doi.org/10.1590/S0100-879X2010007500083
http://www.ncbi.nlm.nih.gov/pubmed/20802971
http://dx.doi.org/10.3109/14767058.2011.648235
http://www.ncbi.nlm.nih.gov/pubmed/22185560
http://dx.doi.org/10.1007/s40261-015-0368-5
http://www.ncbi.nlm.nih.gov/pubmed/26692007
http://dx.doi.org/10.1016/j.etp.2011.01.011
http://www.ncbi.nlm.nih.gov/pubmed/21354772
http://dx.doi.org/10.2174/1381612822666161129145618
http://dx.doi.org/10.1007/BF01277925
http://www.ncbi.nlm.nih.gov/pubmed/7531981

Int. ]. Mol. Sci. 2017, 18, 426 12 0of 12

71. 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] [PubMed]

72. Kleber, A.; Ruf, C.G.; Wolf, A.; Fink, T.; Glas, M.; Wolf, B.; Volk, T.; Abend, M.; Mathes, A.M. Melatonin or
ramelteon therapy differentially affects hepatic gene expression profiles after haemorrhagic shock in rat-A
microarray analysis. Exp. Mol. Pathol. 2015, 99, 189-197. [CrossRef] [PubMed]

73. Singhal, N.K;; Chauhan, AK, Jain, SK, Shanker, R.; Singh, C.; Singh, M.P. Silymarin- and
melatonin-mediated changes in the expression of selected genes in pesticides-induced Parkinsonism.
Mol. Cell. Biochem. 2013, 384, 47-58. [CrossRef] [PubMed]

74. NIH DAVID Bioinformatics Resources 6.8. Available online: https://david.ncifcrf.gov/ (access on
9 January 2017).

® © 2017 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/10.1093/toxsci/50.2.271
http://www.ncbi.nlm.nih.gov/pubmed/10478864
http://dx.doi.org/10.1016/j.yexmp.2015.06.019
http://www.ncbi.nlm.nih.gov/pubmed/26116814
http://dx.doi.org/10.1007/s11010-013-1780-x
http://www.ncbi.nlm.nih.gov/pubmed/23963992
https://david.ncifcrf.gov/
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mechanisms of Developmental Programming 
	Insight Provided by Human Studies 
	Insight Provided by Animal Models 
	The Interrelationship between Melatonin and Underlying Mechanisms of Developmental Programming 

	The Impact of Melatonin on Pregnancy and Fetal Development 
	Synthesis, Metabolism, and Signaling Pathway of Melatonin 
	Melatonin in Pregnancy and Fetus 

	Melatonin as a Reprogramming Therapy in Animal Models of Developmental Programming 
	Long-Term Effects of Melatonin in Normal Offspring 
	Conclusions 

