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Pregnancy is influenced by the circadian (“circa” or approximately; diēm or day)

system, which coordinates physiology and behavior with predictable daily changes

in the environment such as light/dark cycles. For example, most species deliver

around a particular time of day. In mammals, circadian rhythms are controlled by

the master circadian pacemaker, the suprachiasmatic nucleus. One key way that the

suprachiasmatic nucleus coordinates circadian rhythms throughout the body is by

regulating production of the sleep-promoting hormone melatonin. Serum melatonin

concentration, which peaks at night and is suppressed during the day, is one of the

best biological indicators of circadian timing. Circadian misalignment causes maternal

disturbances in the temporal organization of many physiological processes including

melatonin synthesis, and these disturbances of the circadian system have been linked to

an increased risk for pregnancy complications. Here, we review evidence that melatonin

helps regulate the maternal and fetal circadian systems and the timing of birth. Finally,

we discuss the potential for melatonin-based therapeutic strategies to alleviate poor

pregnancy outcomes such as preeclampsia and preterm birth.

Keywords: melatonin, pregnancy, gestation, parturition, circadian, chronodisruption, fetal outcomes

INTRODUCTION

Pregnancy requires coordination of numerous physiological systems, including metabolic,
endocrine, and circadian (1). This review focuses on a key component of the circadian system,
the sleep-promoting hormone melatonin. However, to appreciate the role of melatonin in
pregnancy, it is essential to understand a few facts about circadian rhythms, which coordinate
physiological functions with daily environmental cues (e.g., 24-h light/dark cycle, temperature, and
food availability).

At a molecular level, circadian rhythms are controlled by a group of core clock genes working
together in a transcriptional/translational feedback loop. In the dark phase, the transcription factors
CLOCK and BMAL1 reach a high concentration (2, 3), heterodimerize, and activate expression of
the Period (PER1, PER2, PER3) and Cryptochrome (CRY1, CRY2) genes. PER and CRY proteins
accumulate in the cytoplasm, reach their highest concentration in the light period, dimerize,
translocate to the nucleus, and interfere with BMAL1-CLOCK to prevent their own transcription.
Once transcription/translation of CRY and PER are prevented and the accumulated proteins
degrade, CLOCK/BMAL1 dimers are again able to bind, allowing transcription and translation
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of CRY and PER proteins. Additionally, the BMAL1-CLOCK
dimers activate transcription of the retinoic acid-related
orphan nuclear receptors REV-ERBA and RoRα, which inhibits
BMAL1 transcription. Conversely, the CRY1 protein inhibits
transcription of REV-ERBA, allowing RoR to activate BMAL1
transcription. These evolutionarily well-conserved positive and
negative feedback loops regulate circadian rhythms in nearly
every cell in the body.

In mammals, the clocks throughout the body (termed
peripheral oscillators) are controlled by the master circadian
pacemaker, the suprachiasmatic nucleus (SCN), which
synchronizes to external light/dark cycles via signals received
from the melanopsin-containing retinal ganglion cells (1, 4–6).
The SCN neurons, which have a high firing rate during the light
period and a low firing rate during the dark period, synchronize
the peripheral oscillators via a multisynaptic pathway. The
SCN projects to the paraventricular nucleus, which connects
to the intermediolateral cell column of the T1-T3 segment
of the spinal cord. This cell column connects to the superior
cervical ganglion, which connects to the pineal gland (7). The
pineal gland synthesizes and secretes melatonin (N-acetyl-
5-methoxytriptamine (7). Melatonin functions with other
neurotransmitters, such as vasoactive intestinal polypeptide, to
synchronize circadian rhythms throughout the body.

MELATONIN SYNTHESIS AND
MECHANISMS OF ACTION

Melatonin is synthesized most highly in the dark phase as
a result of the following pathway. First, the precursor L-
tryptophan is converted to 5-hydroxytryptophan by tryptophan
hydroxylase, an enzyme whose expression is highest during the
dark phase (8–10). Aromatic amino decarboxylase then converts
5-hydroxytryptophan to serotonin (5-hydroxytryptamine) (11,
12). At night, the neurotransmitter norepinephrine activates
the pineal gland β-adrenergic receptors, leading to increased
cellular cAMP and increased expression of serotonin N-acetyl
transferase, which converts serotonin to N-acetyl-serotonin
(13). N-acetyl-serotonin is then methylated by hydroxyindole-
o-methyl transferase to become melatonin (14–16), which is
released into the circulatory system and cerebrospinal fluid (11,
17). Although melatonin is primarily secreted by the pineal gland
(18–20), the enzymes that convert serotonin to melatonin are
also expressed in other tissues/cell types including the brain (21),
retinal photoreceptor cells (22, 23), immune system (24–26), skin
(27), gastrointestinal tract (28, 29), and reproductive tract (20).
In addition to being regulated by the SCN, melatonin in rats
regulates the SCN by inducing expression of Per1 and Per2 genes
to help reset the master clock (30).

The primary functions of melatonin are to relay information
to the body regarding the length of the light and dark cycles
(photoperiod) and to signal the body about seasonal changes in
the photoperiod. As the dark period becomes longer in winter,
melatonin is secreted for a longer period of time. The daily
rhythm of melatonin synthesis allows the body to respond to the
changing seasons by altering many physiological functions, such

as sleep duration, weight, temperature, blood pressure, and in
general, control of mammalian reproduction (17, 31–34).

Melatonin functions via several mechanisms. First, it activates
the G-protein-coupled receptors MTNR1A andMTNR1B, which
are expressed in the SCN, brain, and numerous peripheral
organs including the retina, pars tuberalis, cerebral and
peripheral arteries, kidney, pancreas, adrenal cortex, testes,
immune system, uterus, and placenta (35). Second, melatonin
can bind members of the retinoid related orphan nuclear
hormone receptor subfamily RZR/ROR, which regulate many
processes including immunity, metabolic pathways, embryonic
development, and circadian rhythms (36). Melatonin is thought
to bind RZR/RORβ, which is primarily expressed in the retina,
brain, and pineal gland, and RZR/RORα, which is highly
expressed in the brain, liver, skeletal muscle, skin, lung, kidney,
thymus, adipose tissue, and placenta (37–40). Third, melatonin
can modulate intracellular calcium by binding calmodulin
(41). Finally, melatonin and its metabolites, including cyclic-3-
hydroxymelatonin, can scavenge reactive oxygen species (e.g.,
superoxide radical, hydroxyl radical, and hydrogen peroxide)
(42–45) and thereby protect tissues from oxidative damage. Some
or all of these mechanisms may explain the many roles of
melatonin in reproduction, as described in the rest of this review.

ROLES OF CIRCADIAN RHYTHMS AND
MELATONIN IN TIMING PREGNANCY

In many species, reproduction is limited to particular seasons,
indicating that the circadian system controls some aspects of the
timing of pregnancy. For example, hamsters are more fertile and
have a more regular 4-day estrous cycle in summer (long light
period) than in other seasons. The proestrus stage is characterized
by an afternoon surge in luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), whereas in diestrus, LH and FSH
concentrations are low or virtually absent.When female hamsters
were exposed to winter-like (long dark period) conditions, they
became acyclic, anovulatory, and showed a daily afternoon surge
of LH and a small increase in FSH, suggesting they were in
prolonged proestrus (46, 47). When the female hamsters were
maintained in a long light period and injected with melatonin
for several days, their estrus cycle became acyclic, and secretion
of LH and FSH had a pattern similar to that found during a
long dark period (48). Although it is likely that melatonin helps
control seasonal reproduction in other species, few experiments
have been done to test this idea.

ROLES OF CIRCADIAN REGULATION AND
MELATONIN DURING PREGNANCY:
HORMONES, METABOLISM, BODY
TEMPERATURE, AND MATERNAL
ACTIVITY

During pregnancy, females undergo numerous physiological
changes to support fetal development and adapt to the stresses
imposed on their bodies. The circadian and melatonin systems
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play important roles in some of the most notable changes,
which occur in the endocrine system, metabolism, core body
temperature, and maternal activity (49).

In the endocrine system, circadian rhythms control
production of the glucocorticoid stress hormone cortisol.
In humans, serum cortisol concentration peaks between 0600
and 1000 h and declines to its lowest point between 1800 and
0200 h (50). Plasma cortisol concentration is also controlled by
feedback mechanisms of the hypothalamic-pituitary-adrenal
(HPA) axis. During pregnancy, plasma cortisol concentration
increases significantly, but circadian regulation of the timing of
production is unchanged, suggesting that HPA-axis regulation
is altered (51). The increase in maternal cortisol may play a role
in fetal lung maturation and brain development (52) and help
dampen maternal stress signals to protect the fetus. Support for
this idea comes from a study in which non-pregnant women
produced elevated cortisol after immersion in ice-cold water, but
third-trimester pregnant women did not (53).

In addition to cortisol, two important hormones in human
pregnancy are progesterone and estrogen, both of which are
secreted in a circadian manner. During gestation, progesterone
peaks during the dark hours, whereas estrogen concentration
is lowest at night and peaks during the day (54, 55). During
early gestation, progesterone and estrogen are synthesized and
secreted by the ovaries. By mid-gestation, the placenta takes
over production of these two hormones, and estrogen is also
produced by the uterus. Both progesterone and estrogen,
acting via their respective receptors, play vital roles in
initiating and regulating uterine decidualization to allow
for embryo attachment and placental development (56, 57).
Estrogen promotes progesterone synthesis, helping to gradually
increase progesterone throughout gestation (58). Progesterone’s
immunosuppressive properties (59) help prevent rejection of
the fetus. Additionally, progesterone helps maintain uterine
quiescence by interacting with progesterone receptor B (PR-B).
Parturition is triggered when progesterone is functionally
withdrawn, PR-B expression decreases, and progesterone
receptor A (PR-A) expression increases. This switch causes an
increase in procytokine release and initiation of myometrial
contractions (60, 61). Later in this review, we further discuss the
roles of melatonin in promoting parturition.

Metabolism, which is circadian regulated, is altered during
pregnancy to meet the needs of the growing fetus. For example,
glucose and fatty acid mobilization in the liver in the non-
pregnant state are under circadian regulation. Given that the fetus
depends on glucose and fatty acids, Wharfe et al. hypothesized
that liver expression of clock genes might be altered during
pregnancy. They tested this idea in mice and found that circadian
rhythmicity of several clock genes was reduced during pregnancy.
Additionally, expression of several glucoregulatory genes (62)
and genes involved in liver metabolism were altered (63). For
example, the genes encoding the lipolytic enzymes hormone–
sensitive lipase and adipocyte triglyceride lipase showed clear
rhythmic expression before pregnancy but lost rhythmicity at
the onset of pregnancy. This metabolic adaptation is thought
to allow continuous mobilization of fatty acids in response
to fetal growth demands. Whether melatonin influences these

changes beyond its roles in the circadian system is not
yet known.

Core body temperature fluctuates in a circadian fashion in
response to signals from the SCN. In humans, body temperature
is highest around 1800 h and lowest around 0500 h, fluctuating
by about 0.5◦C around a 37.0◦C median, or mesor. These
changes in temperature, which must be small to permit activity
of thousands of enzymes in the body (64), help entrain the
peripheral oscillators (65). However, pregnancy appears to alter
temperature regulation. In a study of 15 pregnant women, core
body temperature measured at mid-day was highest during the
first trimester (37.1◦C) then decreased gradually throughout
gestation, reaching its nadir (36.4◦C) at 12 weeks postpartum,
then increased and stabilized at 36.7◦C by 24 weeks postpartum
(66). A similar effect was observed in pregnantmice and rats. This
lowered maternal body temperature is thought to facilitate heat
transfer from the highly metabolically active placenta and fetus
(49, 63, 67). The role ofmelatonin in regulating body temperature
during pregnancy has not been investigated.

The final maternal adaptation to pregnancy addressed here
is circadian regulation of activity. We found that, in mice, the
daily time of onset of activity (monitored on a running wheel)
shifted earlier at the beginning of pregnancy, then returned to the
pre-pregnancy time by the end of gestation. Similarly, by using
activity watches to measure women’s daily activity, we found
that the time of sleep onset shifted earlier during the first and
second trimesters and then returned to the pre-pregnancy time
during the third trimester. Additionally, we found that pregnant
women had longer sleep duration and more activity during their
inactive (sleep) phase than they did before or after pregnancy
(68). Our results were consistent with other publications showing
that pregnancy significantly reduced total daily activity in mice
and humans (69, 70). For instance, Gamo et al. found that
energy intake and body mass increased while body temperature
and physical activity decreased in pregnant MF1 outbred
mice (70). Additionally, Rousham et al. used accelerometers
and self-reported interviews to show that human physical
activity significantly decreased as pregnancy progressed from the
second to third trimesters (69). How these circadian changes
in maternal activity and sleep timing are controlled remains
to be determined.

REGULATION AND FUNCTIONS OF
MELATONIN DURING PREGNANCY

Given the many ways in which physiology and circadian-
regulated functions are altered by pregnancy, it is perhaps not
surprising that melatonin secretion changes during pregnancy.
In humans, the night-time peak serum melatonin concentration
decreases slightly between the first and second trimesters,
begins to increase after 24 weeks, reaches maximum by the
end of pregnancy, and returns to the pre-pregnancy value by
the second day post-partum (71) (see Figure 1). Although the
precise mechanisms regulating the increase in melatonin are
not fully known, one important factor may be the neuropeptide
vasoactive intestinal polypeptide (VIP). Although VIP in the
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FIGURE 1 | Schematic of melatonin circadian regulation and action during pregnancy. The suprachiasmatic nucleus (SCN) synchronizes to the external light/dark

cycles via signals received from the melanopsin-containing retinal ganglion cells. The SCN neurons have a high firing rate during the light period and a slow firing rate

during the dark period. The SCN projects to the paraventricular nucleus (PVN), which connects to the intermediolateral cell column (IML). The IML signals to the

superior cervical ganglion (SCG), which signals to the pineal gland to synthesize and secrete melatonin into circulation. Melatonin, along with other neurotransmitters,

synchronizes circadian rhythms throughout the body. During pregnancy, night time peak serum melatonin concentration decreases slightly between 1st and 2nd

trimester, then begins to increase after 24 weeks of gestation until it reaches maximum concentration at the end of pregnancy. Serum melatonin acts synergistically

with oxytocin via melatonin receptor on the uterus to activate membrane-bound phospholipase C and protein kinase C pathways. These pathways promote

expression of the gap junction protein connexin-43 and increase uterine sensitivity to oxytocin, increasing uterine contractility. In addition, melatonin passes unaltered

through the placenta and appears to be important for entraining fetal circadian rhythms.

pineal gland likely controls melatonin synthesis (72), other VIP
sources such as the fetus and placenta may be involved in
regulating melatonin synthesis in pregnancy (72–74). To test
the idea that placental-derived factors affect maternal melatonin
production, Tamura et al. injected conditioned medium from
cultured rat placenta into pregnant female rats, resulting in an
increase in serum melatonin. The rat placenta cannot produce
melatonin because it lacks the synthesizing enzymes, so the
serum melatonin was produced by the mother (75), possibly
in response to placental VIP. In humans, the placenta may
directly contribute to increasing maternal plasma melatonin by
synthesizing the hormone, which is amphiphilic and can thus
cross into the maternal bloodstream. This mechanism may be

especially important during the late third trimester, when peak
melatonin is highest (71).

Just as placental melatonin can pass into the maternal
bloodstream, maternal plasma melatonin can pass unaltered into
the placenta. In the placenta, melatonin is thought to protect
mononuclear villous cytotrophoblasts from apoptosis so they
are able to continuously regenerate to fuse with and maintain a
healthy syncytiotrophoblast layer (76, 77). This layer is in direct
contact with maternal blood and mediates exchange of gases,
nutrients, and wastes. One possible explanation for the initial
decrease in serummelatonin in the first trimester is that placental
mitochondria and polymorphonuclear leukocytes generate an
abundance of superoxide free radicals (78, 79). The increase of
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ROS in the placenta may cause a temporary decline in maternal
serum melatonin levels in order to protect the developing tissues
from oxidative stress.

Failure to protect the placenta from oxidative stress can
contribute to pregnancy complications. One common [2–8%
of all pregnancies (80)] complication that involves oxidative
stress is preeclampsia, which results in maternal high blood
pressure and significant proteinuria. Preeclampsia arises due to
a poorly developing placenta causing spiral arteries to form
abnormally. This produces a decrease in the intervillous space
volume and an increase in placental blood flow velocity, leading
to placental hypoxia, oxidative stress, andmechanical injury (81).
During preeclampsia, the concentrations of serum and placental
melatonin are lower than in healthy pregnancies (71, 77). This
may indicate that melatonin, acting as a free radical scavenger,
is rapidly used up in the preeclamptic placenta. Given that
melatonin can act as a strong antioxidant agent, is non-toxic,
and can easily be administered, melatonin is being explored as
an adjunct therapy in women with preeclampsia (82).

In addition to affecting the placenta, maternal melatonin
appears to pass into the fetus (see Figure 1). This idea is
supported by a study showing that changes in melatonin
concentrations in umbilical cord artery and vein blood
matched those in maternal plasma. Additionally, melatonin
concentrations in maternal plasma and cord blood correlated
significantly with administration of a single oral dose of
melatonin to pregnant women undergoing cesarean section (83).
In the fetus, maternal melatonin appears to be an important
factor for entraining circadian rhythms. For instance, Torres-
Farfan et al. suppressedmaternalmelatonin in capuchinmonkeys
and found that the timing of expression of the clock genes
BMAL-1 and PER2 shifted in the fetal SCN. This shift was
reversed when the authors delivered exogenous melatonin to
the maternal circulation (84). Moreover, when the SCN was
excised from hamsters, injection of melatonin into the mother
was able to entrainment the pups (85). In another study, pregnant
capuchin monkeys that were exposed to constant light had
suppressed serum melatonin and an altered phase relationship
between activity and temperature rhythm (86). Additionally,
the newborns’ temperature rhythms were desynchronized and
had lower mesor. Maternal administration of supplemental
melatonin restored synchrony and mesor to fetal temperature
rhythms (86). In addition to helping entrain fetal circadian
rhythms, melatonin likely also influences neurodevelopment
and protects the fetus against oxidative stress. More detailed
information regarding the effects of maternal melatonin on fetal
rhythms is reviewed in other articles of this edition.

CIRCADIAN REGULATION OF
PARTURITION

Several lines of evidence reveal the importance of circadian
rhythms in parturition. In most animals studied, parturition
occurs just before or during the sleep/resting phase. For example,
rats and hamsters, which are nocturnal, give birth during the
daylight (87, 88). Mice, which are also nocturnal, give birth in the

early morning just before the light period (89). In rats, complete
ablation of the SCN changed the distribution of birth timing
so that the animals delivered randomly throughout the day,
including the dark phase (90). In addition to the SCN, peripheral
clocks appear to participate in parturition timing, as mice in
which Bmal1 was knocked out in the uterine smooth muscle
(myometrium) had 28%more deliveries during the daytime than
the control mice, of which 92% delivered in the dark (91).

As in rodents, delivery is under circadian control in diurnal
non-human primates, which tend to deliver during the early
morning hours. For example, when rhesus monkeys were
maintained in a normal photoperiod (lights off between 1900
and 0700 h), their uterine contractions reached maximum
at 2300 h and they delivered at a mean time of 0115 h.
To explore circadian regulation of parturition in baboons,
Morgan et al. measured intraamniotic pressure and myometrial
electrical activity. They found that contractures, which produced
small intraamniotic pressure increases, occurred throughout
pregnancy, but contractions, which caused larger intraamniotic
pressure increases, always began at the onset of darkness (92).

In humans, delivery occurs at all hours but appears to be most
common between 0200 and 0500 h (93, 94), and labor onset in
both term and preterm birth most commonly occurs during the
late night or earlymorning hours (between 2100 and 0600 h) (95–
98) Additionally, after 24 weeks of gestation, uterine contractile
activity develops a diurnal pattern with 67% of contractions
occurring during the nighttime (99). This circadian regulation of
delivery is likely controlled, in part, by melatonin (87, 100), as
discussed next.

THE ROLE AND MECHANISM OF
MELATONIN IN REGULATING
PARTURITION

Late in human pregnancy, uterine contractions are strongest
during the night, when peak melatonin concentrations are at
their highest (71, 101), and the increase in peak melatonin at
the end of pregnancy is thought to promote uterine contractions
necessary for labor. Several animal studies supply evidence that
melatonin has a strong influence on birth timing. For example,
Takayama et al. reported that rats in which the pineal gland was
removed, thereby eliminating melatonin production, delivered
during the night instead of during the resting period of the
day. However, when the authors injected the pinealectomized
pregnant rats with melatonin at the beginning of the dark period,
the rats delivered at a similar time as control rats (102).

Melatonin acts in concert with two other signaling molecules
to promote contractions. First, it works with noradrenaline,
as the α1 and α2-adrenergic receptors are expressed in the
myometrium and contribute to uterine contractility (103).
Early experiments on rat caudal artery indicated that melatonin
alone could not initiate smooth muscle contractions but that
noradrenaline-induced smooth muscle contractions were
enhanced by melatonin (104, 105). Likewise, Martensson et al.
reported that, in the presence of noradrenaline, melatonin
induced potentiation of human myometrial contractions
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in vitro (106). Together, these data suggest that melatonin
enhances noradrenaline-dependent contractions to help
initiate labor.

Second, melatonin acts in cooperation with the non-
apeptide oxytocin, which stimulates the myometrium by
binding to G protein-coupled oxytocin receptors. The uterus
becomes sensitive to oxytocin as the oxytocin receptors in
the myometrium increase throughout pregnancy and reach
their highest expression at the onset of labor (107). In in vitro
experiments, telomerase-immortalized human myometrial
smooth muscle cells treated with melatonin plus oxytocin
were significantly more contractile than cells treated with
oxytocin alone (108). However, in rats, which are nocturnal,
melatonin appears to suppress rather than promote uterine
contractions, as melatonin was shown to inhibit oxytocin-
induced myometrial contractions in vitro (109). Additionally,
it must be noted that some strains of laboratory mice, including
C57BL/6, have a mutation in a key melatonin synthesis gene
and thus do not produce melatonin but still deliver consistently
in the early morning hours or just before dawn (110, 111).
Thus, melatonin is not universally required to promote
uterine contractions.

To enhance both noradrenaline- and oxytocin-
stimulated contractions, melatonin appears to activate
its receptor MTNR1B in the uterus. Evidence for this
idea comes from the work of Sharkey et al., who treated
immortalized human myometrial cells with melatonin
and oxytocin. When they added an MTNR1B antagonist,
myometrial contractility was reduced to the level observed
in cells treated with oxytocin alone (108). Consistent
with these in vitro data, MTNR1A and MTNR1B are
expressed in myometrium from both non-pregnant and
pregnant women (112, 113), but MTNR1B expression
was higher in samples from pregnant women than
non-pregnant women and was higher in term laboring
myometrial samples than in term non-laboring myometrial
samples (35, 108, 114, 115).

Once it is bound by melatonin, MTNR1B activates
membrane-bound phospholipase-C (PLC) and protein
kinase-C (PKC) (116). This is similar to the mechanism
of action for oxytocin, which binds to oxytocin receptor
and activates the PLC/PKC pathway (117). PKC activation
leads to activation of myosin light chain kinase, resulting in
myometrial contractions (118, 119). Additionally, melatonin
appears to sensitize myometrial cells to oxytocin by leading
to phosphorylation of caldesmon, which then releases its
inhibition of actin-myosin cross-bridging and thus promotes
even stronger uterine contractility (108, 120) (see Figure 1).
In support of this model, treatment of human immortalized
myometrial cells with the PLC inhibitor U73122 completely
abolished contractility in response to oxytocin and melatonin
treatment. Additionally, pretreatment with an MTNR1B
antagonist abolished melatonin-induced increase in myosin
light chain phosphorylation. Taken together, these data suggest
that melatonin acts synergistically with oxytocin via MTNR1B
to activate PLC, thus activating myosin light chain kinase and
increasing sensitivity to oxytocin-mediated signals. Melatonin

also activates PKC and increases expression of the gap junction
protein connexin-43, resulting in increased myometrial coupling
and stronger contractions (108, 120, 121).

CIRCADIAN DISRUPTION CAN AFFECT
DELIVERY

Given the importance of circadian rhythms in aligning
physiological processes to environmental cues, it is not surprising
that disruption of circadian rhythms (chronodisruption) has
numerous negative health consequences (122) and may lead
to preterm birth. Chronodisruption can occur in one of two
ways. First, people can have mutations in the core clock genes,
such as polymorphisms causing their sleep/wake cycle to be
misaligned to the normal 24-h day (123). Second, people can
experience environmental factors that force them to sleep or
wake at times different than their body’s biological clock. For
example, 75% of people in the developed world use an alarm
clock to wake up on workdays, causing “social jetlag” that
is equivalent to traveling across multiple time zones (124).
Additionally, many people have jobs that require them to shift
their daily schedule by multiple hours during the week. Such
shiftwork schedules can increase the risk for negative pregnancy
outcomes including miscarriage, low birth weight, and preterm
birth (125–127). For example, in one study of 845 pregnant
women, night-time shift workers had higher rates of preterm
birth [20 vs. 15%, adjusted odds ratio 2.0, 95% confidence interval
(CI) 1.1 to 3.4] and low birth weight (9 vs. 6%, adjusted odds
ratio 2.1, 95%CI 1.1 to 4.1) than women who worked daytime
shifts (128). Similarly, the Pregnancy, Infection, Nutrition study,
which analyzed data from 1,908 pregnant women, noted that
women who worked night shifts during the first trimester had
a 50% increased risk for preterm birth (relative risk 1.5, 95%
confidence interval 1.0–2.0) (129). Furthermore, a report of
the Nurses’ Health study noted an association between night
shift work and increased risk for early preterm birth (<32
weeks) (130). Moreover, a recent meta-analysis suggested that
rotating shiftwork increased the risk for pre-term birth by
13% (odds ratio 1.13, 95% CI 1.00 to 1.28, I2 = 31%), and
fixed night shift work increased the risk by 21% (odds ratio
1.21, 95% CI 1.03 to 1.42, I2 = 36%) (131). However, these
results must be considered cautiously, as other meta-analyses
have found no association between shift work and preterm
birth (132, 133).

An important confounder in these studies is that women
work many patterns of shift work (e.g., working nights or
shifting the work schedule by a few or several hours every
few days) (134). Additionally, studies have not accounted for
other factors that can cause chronodisruption even in the
“control” groups, such as using an alarm clock to wake up
on work days (124) or using sleep aids to fall asleep and
stimulants to stay awake at unusual or inappropriate times (135).
Furthermore, nutrition, physical activity, and stress (134, 136)
can all contribute to chronodisruption. More detailed analyses
are needed to fully assess the effect of chronodisruption on risk
of preterm birth.
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Data from animal studies more strongly support the idea
that chronodisruption has negative reproductive outcomes. For
example, rhesus monkeys maintained on a light/dark cycle in
which lights were off from 1900 to 0700 h delivered at a mean
time of 0115 h. In contrast, those maintained on a shifted
cycle with lights off from 0800 to 2000 h delivered between
1330 and 1715 h (101, 137). Several rodent studies provide
strong evidence that disrupting circadian rhythms can negatively
affect pregnancy outcomes. In one such study, female mice
containing a mutation in the gene Clock had irregular estrous
cycles, increased fetal reabsorption, and an increased number
of dams that carried to full-term but failed to deliver (138).
In another study, Bmal1 mutant female mice had prolonged
estrous cycles and low serum progesterone concentrations,
leading to embryo implantation failure and infertility (139).
A third set of studies used mice homozygous for a null
mutation in the gene VPAC2 receptor (Vipr2−/−), which is
important for photic entrainment of circadian rhythms in
the SCN. Vipr2−/− mice could not sustain normal circadian
rhythms, and the females had abnormally long estrous cycles,
impaired delivery, and poor pup survival (140–142). A fourth
study modeled shiftwork or chronic jetlag by subjecting wild-
type mice to repeated phase delays or phase advances of the
light/dark cycle, revealing that such environmental disturbances
significantly reduced the percentage of mice that carried their
pregnancies to term (143). Finally, in a study in which
wild-type pregnant mice were exposed to a short (22-h)
or long (26-h) light/dark cycle, the fetal reabsorption rate
increased, fetal development was delayed, and fetal weight
was decreased (144). Together, these well-controlled studies
clearly indicate that chronodisruption can impair mammalian
reproductive outcomes.

CONCLUSION AND POTENTIAL FOR
CIRCADIAN-BASED INTERVENTIONS

Given the potential ease of interventions, researchers have
begun exploring options to alter circadian rhythms to control
the timing of birth. For example, investigators found that
treating chronodisrupted capuchin monkeys with supplemental
melatonin partially restored normal maternal and temperature
rhythms (86). Furthermore, Olcese et al. exposed pregnant
women at term to full-spectrum light at night, causing
their serum melatonin concentrations to decrease and their
contractions to diminish. This raises the possibility of using light
exposure to delay the onset of labor by dampening maternal
nighttime melatonin secretion (100). Similarly, white/bright
therapy light has been speculated to treat seasonal affective
disorder and may be beneficial to overcome preterm deliveries by
helping reset or instill stronger circadian rhythms (145). Future
work in this area will hopefully reveal whether or not such light
or melatonin strategies can be used to control the timing of birth
in humans.

AUTHOR CONTRIBUTIONS

RM and SE conceived and wrote the review. EJ, JF, KB, and EH
contributed to the writing and editing of the review.

FUNDING

This work was supported by the Department of Obstetrics and
Gynecology and the March of Dimes Prematurity Research
Center at Washington University and the March of Dimes
Prematurity Research Center.

REFERENCES

1. Boden MJ, Varcoe TJ, Kennaway DJ. Circadian regulation of reproduction:

from gamete to offspring. Prog Biophys Mol Biol. (2013) 113:387–97.

doi: 10.1016/j.pbiomolbio.2013.01.003

2. Reppert SM, Weaver DR. Coordination of circadian timing in mammals.

Nature. (2002) 418:935–41. doi: 10.1038/nature00965

3. Ko H, Takahashi JS. Molecular components of the mammalian circadian

clock. HumMol Genet. (2006) 15:R271–7. doi: 10.1093/hmg/ddl207

4. Berson M, Dunn FA, Takao M. Phototransduction by retinal

ganglion cells that set the circadian clock. Science. (2002) 295:1070–3.

doi: 10.1126/science.1067262

5. Czeisler CA, Allan JS, Strogatz SH, Ronda JM, Sanchez R, Rios CD,

et al. Bright light resets the human circadian pacemaker independent

of the timing of the sleep-wake cycle. Science. (1986) 233:667–71.

doi: 10.1126/science.3726555

6. Hattar S, Liao HW, Takao M, Berson DM, Yau KW. Melanopsin-containing

retinal ganglion cells: architecture, projections, intrinsic photosensitivity.

Science. (2002) 295:1065–70. 1069609 doi: 10.1126/science.1069609

7. Moore RY, Neural control of the pineal gland. Behav Brain Res. (1996)

73:125–30. doi: 10.1016/0166-4328(96)00083-6

8. Florez JC, Seidenman KJ, Barrett RK, Sangoram AM, Takahashi JS.

Molecular cloning of chick pineal tryptophan hydroxylase and circadian

oscillation of its mRNA levels. Brain Res Mol Brain Res. (1996) 42:25–30.

doi: 10.1016/S0169-328X(96)00104-0

9. Chong NW, Cassone VM, Bernard M, Klein DC, Iuvone PM. Circadian

expression of tryptophan hydroxylase mRNA in the chicken retina. Brain Res

Mol Brain Res. (1998) 61:243–50. doi: 10.1016/S0169-328X(98)00219-8

10. Sugden D. Comparison of circadian expression of tryptophan hydroxylase

isoform mRNAs in the rat pineal gland using real-time PCR. J Neurochem.

(2003) 86:1308–11. doi: 10.1046/j.1471-4159.2003.01959.x

11. Shi, Li N, Bo L, Xu Z. Melatonin and hypothalamic-pituitary-gonadal axis.

Curr Med Chem. (2013) 20:2017–31. doi: 10.2174/09298673113209990114

12. Lovenberg W, Weissbach H, Udenfriend S. Aromatic L-amino acid

decarboxylase. J Biol Chem. (1962) 237:89–93.

13. Arendt J. Melatonin and the pineal gland: influence on mammalian

seasonal and circadian physiology. Rev Reprod. (1998) 3:13–22.

doi: 10.1530/ror.0.0030013

14. Little KY, Kirkman JA, Duncan GE. Beta-adrenergic receptor

subtypes in human pineal gland. J Pineal Res. (1996) 20:15–20.

doi: 10.1111/j.1600-079X.1996.tb00233.x

15. Pellegrino de Iraldi A, Zieher LM. Noradrenaline and dopamine content of

normal, decentralized and denervated pineal gland of the rat. Life Sci. (1966)

5:149–54. doi: 10.1016/0024-3205(66)90127-5

16. Reiter RJ. Pineal melatonin: cell biology of its synthesis and

of its physiological interactions. Endocr Rev. (1991) 12:151–80.

doi: 10.1210/edrv-12-2-151

17. Zawilska JB, Skene DJ, Arendt J. Physiology and pharmacology of melatonin

in relation to biological rhythms. Pharmacol Rep. (2009) 61:383–410.

doi: 10.1016/S1734-1140(09)70081-7

Frontiers in Endocrinology | www.frontiersin.org 7 September 2019 | Volume 10 | Article 616

https://doi.org/10.1016/j.pbiomolbio.2013.01.003
https://doi.org/10.1038/nature00965
https://doi.org/10.1093/hmg/ddl207
https://doi.org/10.1126/science.1067262
https://doi.org/10.1126/science.3726555
https://doi.org/10.1126/science.1069609
https://doi.org/10.1016/0166-4328(96)00083-6
https://doi.org/10.1016/S0169-328X(96)00104-0
https://doi.org/10.1016/S0169-328X(98)00219-8
https://doi.org/10.1046/j.1471-4159.2003.01959.x
https://doi.org/10.2174/09298673113209990114
https://doi.org/10.1530/ror.0.0030013
https://doi.org/10.1111/j.1600-079X.1996.tb00233.x
https://doi.org/10.1016/0024-3205(66)90127-5
https://doi.org/10.1210/edrv-12-2-151
https://doi.org/10.1016/S1734-1140(09)70081-7
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


McCarthy et al. Melatonin and Pregnancy

18. Bubenik GA, Brown GM, Uhlir I, Grota LJ. Immunohistological localization

of N-acetylindolealkylamines in pineal gland, retina and cerebellum. Brain

Res. (1974) 81:233–42. doi: 10.1016/0006-8993(74)90938-X

19. Stefulj J, Hortner M, Ghosh M, Schauenstein K, Rinner I, Wolfler A,

et al. Gene expression of the key enzymes of melatonin synthesis

in extrapineal tissues of the rat. J Pineal Res. (2001) 30:243–7.

doi: 10.1034/j.1600-079X.2001.300408.x

20. Acuna-Castroviejo D, Escames G, Venegas C, Diaz-Casado ME,

Lima-Cabello E, Lopez LC, et al. Extrapineal melatonin: sources,

regulation, potential functions. Cell Mol Life Sci. (2014) 71:2997–3025.

doi: 10.1007/s00018-014-1579-2

21. Jimenez-Jorge S, Guerrero JM, Jimenez-Caliani AJ, Naranjo MC,

Lardone PJ, Carrillo-Vico A, et al. Evidence for melatonin synthesis

in the rat brain during development. J Pineal Res. (2007) 42:240–6.

doi: 10.1111/j.1600-079X.2006.00411.x

22. Coon SL, Del Olmo E, Young WS III, Klein DC. Melatonin

synthesis enzymes in Macaca mulatta: focus on arylalkylamine N-

acetyltransferase (EC 2.3.1.87). J Clin Endocrinol Metab. (2002) 87:4699–706.

doi: 10.1210/jc.2002-020683

23. Wiechmann F, Burden MA. Regulation of AA-NAT and HIOMT gene

expression by butyrate and cyclic AMP in Y79 human retinoblastoma cells. J

Pineal Res. (1999) 27:116–21. doi: 10.1111/j.1600-079X.1999.tb00605.x

24. Carrillo-Vico, Lardone PJ, Fernandez-Santos JM, Martin-Lacave I, Calvo

JR, Karasek M, et al. Human lymphocyte-synthesized melatonin is involved

in the regulation of the interleukin-2/interleukin-2 receptor system. J Clin

Endocrinol Metab. (2005) 90:992–1000. doi: 10.1210/jc.2004-1429

25. Naranjo MC, Guerrero JM, Rubio A, Lardone PJ, Carrillo-Vico

A, Carrascosa-Salmoral MP, et al. Melatonin biosynthesis in the

thymus of humans and rats. Cell Mol Life Sci. (2007) 64:781–90.

doi: 10.1007/s00018-007-6435-1

26. Martins E Jr, Ferreira AC, Skorupa AL, Afeche SC, Cipolla-Neto J,

Costa Rosa LF. Tryptophan consumption and indoleamines production

by peritoneal cavity macrophages. J Leukoc Biol. (2004) 75:1116–21.

doi: 10.1189/jlb.1203614

27. Slominski, Pisarchik A, Semak I, Sweatman T, Wortsman J, Szczesniewski

A, et al. Serotoninergic and melatoninergic systems are fully expressed in

human skin. FASEB J. (2002) 16:896–8. doi: 10.1096/fj.01-0952fje

28. Bubenik GA. Gastrointestinal melatonin: localization, function, clinical

relevance. Dig Dis Sci. (2002) 47:2336–48. doi: 10.1023/A:1020107915919

29. Bubenik GA, Brown GM. Pinealectomy reduces melatonin levels in the

serum but not in the gastrointestinal tract of rats. Biol Signals. (1997) 6:40–4.

doi: 10.1159/000109107

30. Kandalepas PC, Mitchell JW, Gillette MU. Melatonin signal transduction

pathways require E-box-mediated transcription of Per1 and Per2 to

Reset the SCN Clock at Dusk. PLoS ONE. (2016) 11: e0157824.

doi: 10.1371/journal.pone.0157824

31. Wehr TA. The durations of human melatonin secretion and sleep respond

to changes in daylength (photoperiod). J Clin Endocrinol Metab. (1991)

73:1276–80. doi: 10.1210/jcem-73-6-1276

32. Wehr TA. In short photoperiods, human sleep is biphasic. J Sleep Res. (1992)

1:103–7. doi: 10.1111/j.1365-2869.1992.tb00019.x

33. Wehr TA, Moul DE, Barbato G, Giesen HA, Seidel JA, Barker C, et al.

Conservation of photoperiod-responsive mechanisms in humans. Am J

Physiol. (1993) 265:R846–57. doi: 10.1152/ajpregu.1993.265.4.R846

34. Cassone VM. Effects of melatonin on vertebrate circadian systems. Trends

Neurosci. (1990) 13:457–64. doi: 10.1016/0166-2236(90)90099-V

35. Dubocovich ML, Markowska M. Functional MT1 and MT2

melatonin receptors in mammals. Endocrine. (2005) 27:101–10.

doi: 10.1385/ENDO:27:2:101

36. Cook DN, Kang HS, Jetten AM. Retinoic acid-related orphan receptors

(RORs): regulatory functions in immunity, development, circadian rhythm,

metabolism. Nucl Receptor Res. (2015) 2:101185. doi: 10.11131/2015/1

01185

37. Becker-Andre M, Andre E, DeLamarter JF. Identification of nuclear

receptor mRNAs by RT-PCR amplification of conserved zinc-finger

motif sequences. Biochem Biophys Res Commun. (1993) 194:1371–9.

doi: 10.1006/bbrc.1993.1976

38. Becker-Andre M, Wiesenberg I, Schaeren-Wiemers N, Andre E, Missbach

M, Saurat JH, et al. Pineal gland hormone melatonin binds and activates an

orphan of the nuclear receptor superfamily. J Biol Chem. (1994) 269:28531–4.

39. Wiesenberg, Missbach M, Kahlen JP, Schrader M, Carlberg C.

Transcriptional activation of the nuclear receptor RZR alpha by the

pineal gland hormone melatonin and identification of CGP 52608 as a

synthetic ligand. Nucleic Acids Res. (1995) 23:327–33. doi: 10.1093/nar/2

3.3.327

40. Zhang Y, Luo XY, Wu DH, Xu Y. ROR nuclear receptors: structures,

related diseases, drug discovery. Acta Pharmacol Sin. (2015) 36:71–87.

doi: 10.1038/aps.2014.120

41. Benitez-King G, Huerto-Delgadillo L, Anton-Tay F. Binding

of 3H-melatonin to calmodulin. Life Sci. (1993) 53:201–7.

doi: 10.1016/0024-3205(93)90670-X

42. Tan DX, Poeggeler B, Reiter RJ, Chen LD, Chen S, Manchester LC, et al.

The pineal hormone melatonin inhibits DNA-adduct formation induced

by the chemical carcinogen safrole in vivo. Cancer Lett. (1993) 70:65–71.

doi: 10.1016/0304-3835(93)90076-L

43. Romero MP, Osuna C, Garcia-Perganeda A, Carrillo-Vico A, Guerrero

JM. The pineal secretory product melatonin reduces hydrogen peroxide-

induced DNA damage in U-937 cells. J Pineal Res. (1999) 26:227–35.

doi: 10.1111/j.1600-079X.1999.tb00588.x

44. TanDX,Manchester LC, Reiter RJ, Plummer BF. Cyclic 3-hydroxymelatonin:

a melatonin metabolite generated as a result of hydroxyl radical

scavenging. Biol Signals Recept. (1999) 8:70–4. doi: 10.1159/0000

14571

45. Stasica P, Ulanski P, Rosiak JM. Melatonin as a hydroxyl radical scavenger. J

Pineal Res. (1998) 25:65–6. doi: 10.1111/j.1600-079X.1998.tb00387.x

46. Ogilvie M, Stetson MH. The neuroendocrine control of clock-timed

gonadotropin release in the female Syrian hamster: role of serotonin. J

Endocrinol. (1997) 155:107–19. doi: 10.1677/joe.0.1550107

47. Goldman and Brown S, Sex differences in serum LH and FSH patterns in

hamsters exposed to short photoperiod. J Steroid Biochem. (1979) 11:531–5.

doi: 10.1016/0022-4731(79)90078-5

48. Tamarkin, Westrom WK, Hamill AI, Goldman BD. Effect of melatonin on

the reproductive systems of male and female Syrian hamsters: a diurnal

rhythm in sensitivity to melatonin. Endocrinology. (1976) 99:1534–41.

doi: 10.1210/endo-99-6-1534

49. Mark PJ, Crew RC, Wharfe MD, Waddell BJ. Rhythmic three-part

harmony: the complex interaction of maternal, placental and fetal circadian

systems. J Biol Rhythms. (2017) 32:534–549. doi: 10.1177/07487304177

28671

50. Patrick J, Challis J, Campbell K, Carmichael L, Natale R, Richardson B.

Circadian rhythms in maternal plasma cortisol and estriol concentrations at

30 to 31:34 to 35, 38 to 39 weeks’ gestational age. Am J Obstet Gynecol. (1980)

136:325–34. doi: 10.1016/0002-9378(80)90857-1

51. Nolten WE, Lindheimer MD, Rueckert PA, Oparil S, Ehrlich EN. Diurnal

patterns and regulation of cortisol secretion in pregnancy. J Clin Endocrinol

Metab. (1980) 51:466–72. doi: 10.1210/jcem-51-3-466

52. Matthews SG, Owen D, Kalabis G, Banjanin S, Setiawan EB, Dunn EA, etal.

Fetal glucocorticoid exposure and hypothalamo-pituitary-adrenal (HPA)

function after birth. Endocr Res. (2004) 30:827–36. doi: 10.1081/ERC-2000

44091

53. Kammerer, Adams D, Castelberg Bv BV, Glover V. Pregnant women

become insensitive to cold stress. BMC Pregnancy Childbirth. (2002) 2:8.

doi: 10.1186/1471-2393-2-8

54. Magiakou MA, Mastorakos G, Rabin D, Margioris AN, Dubbert B,

Calogero AE, et al. The maternal hypothalamic-pituitary-adrenal axis in

the third trimester of human pregnancy. Clin Endocrinol. (1996) 44:419–28.

doi: 10.1046/j.1365-2265.1996.683505.x

55. Challis JR, Patrick JE, Campbell K, Natale R, Richardson B. Diurnal changes

in maternal plasma oestrone and oestradiol at 30 to 31:34 to 35 and

38 to 39 weeks gestational age. Br J Obstet Gynaecol. (1980) 87:983–8.

doi: 10.1111/j.1471-0528.1980.tb04462.x

56. Lydon JP, DeMayo FJ, Funk CR, Mani SK, Hughes AR, Montgomery CA

Jr, et al. Mice lacking progesterone receptor exhibit pleiotropic reproductive

abnormalities. Genes Dev. (1995) 9:2266–78. doi: 10.1101/gad.9.18.2266

Frontiers in Endocrinology | www.frontiersin.org 8 September 2019 | Volume 10 | Article 616

https://doi.org/10.1016/0006-8993(74)90938-X
https://doi.org/10.1034/j.1600-079X.2001.300408.x
https://doi.org/10.1007/s00018-014-1579-2
https://doi.org/10.1111/j.1600-079X.2006.00411.x
https://doi.org/10.1210/jc.2002-020683
https://doi.org/10.1111/j.1600-079X.1999.tb00605.x
https://doi.org/10.1210/jc.2004-1429
https://doi.org/10.1007/s00018-007-6435-1
https://doi.org/10.1189/jlb.1203614
https://doi.org/10.1096/fj.01-0952fje
https://doi.org/10.1023/A:1020107915919
https://doi.org/10.1159/000109107
https://doi.org/10.1371/journal.pone.0157824
https://doi.org/10.1210/jcem-73-6-1276
https://doi.org/10.1111/j.1365-2869.1992.tb00019.x
https://doi.org/10.1152/ajpregu.1993.265.4.R846
https://doi.org/10.1016/0166-2236(90)90099-V
https://doi.org/10.1385/ENDO:27:2:101
https://doi.org/10.11131/2015/101185
https://doi.org/10.1006/bbrc.1993.1976
https://doi.org/10.1093/nar/23.3.327
https://doi.org/10.1038/aps.2014.120
https://doi.org/10.1016/0024-3205(93)90670-X
https://doi.org/10.1016/0304-3835(93)90076-L
https://doi.org/10.1111/j.1600-079X.1999.tb00588.x
https://doi.org/10.1159/000014571
https://doi.org/10.1111/j.1600-079X.1998.tb00387.x
https://doi.org/10.1677/joe.0.1550107
https://doi.org/10.1016/0022-4731(79)90078-5
https://doi.org/10.1210/endo-99-6-1534
https://doi.org/10.1177/0748730417728671
https://doi.org/10.1016/0002-9378(80)90857-1
https://doi.org/10.1210/jcem-51-3-466
https://doi.org/10.1081/ERC-200044091
https://doi.org/10.1186/1471-2393-2-8
https://doi.org/10.1046/j.1365-2265.1996.683505.x
https://doi.org/10.1111/j.1471-0528.1980.tb04462.x
https://doi.org/10.1101/gad.9.18.2266
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


McCarthy et al. Melatonin and Pregnancy

57. Das A, Mantena SR, Kannan A, Evans DB, Bagchi MK, Bagchi IC.

De novo synthesis of estrogen in pregnant uterus is critical for stromal

decidualization and angiogenesis. Proc Natl Acad Sci USA. (2009) 106:12542–

7. doi: 10.1073/pnas.0901647106

58. Babischkin JS, Grimes RW, Pepe GJ, Albrecht ED. Estrogen stimulation

of P450 cholesterol side-chain cleavage activity in cultures of

human placental syncytiotrophoblasts. Biol Reprod. (1997) 56:272–8.

doi: 10.1095/biolreprod56.1.272

59. Hardy B, Janowski BA, Corey DR, Mendelson CR. Progesterone receptor

plays a major antiinflammatory role in human myometrial cells by

antagonism of nuclear factor-kappaB activation of cyclooxygenase 2

expression. Mol Endocrinol. (2006) 20:2724–33. doi: 10.1210/me.200

6-0112

60. Peters GA, Yi L, Skomorovska-Prokvolit Y, Patel B, Amini P, Tan H,

et al. Inflammatory stimuli increase progesterone receptor-a stability and

transrepressive activity in myometrial cells. Endocrinology. (2017) 158:158–

169. doi: 10.1210/en.2016-1537

61. Patel B, Peters GA, Skomorovska-Prokvolit Y, Yi L, Tan H, Yousef

A, et al. Control of progesterone receptor-A transrepressive

activity in myometrial cells: implications for the control of human

parturition. Reprod Sci. (2018) 25:214–221. doi: 10.1177/19337191177

16775

62. Wharfe D, Wyrwoll CS, Waddell BJ, Mark PJ. Pregnancy-induced changes

in the circadian expression of hepatic clock genes: implications for maternal

glucose homeostasis. Am J Physiol Endocrinol Metab. (2016) 311:E575–86.

doi: 10.1152/ajpendo.00060.2016

63. Wharfe MD, Wyrwoll CS, Waddell BJ, Mark PJ. Pregnancy suppresses

the daily rhythmicity of core body temperature and adipose metabolic

gene expression in the mouse. Endocrinology. (2016) 157:3320–31.

doi: 10.1210/en.2016-1177

64. Lopez M, Sessler DI, Walter K, Emerick T, Ozaki M. Rate

and gender dependence of the sweating, vasoconstriction,

shivering thresholds in humans. Anesthesiology. (1994) 80:780–8.

doi: 10.1097/00000542-199404000-00009

65. Buhr D, Yoo SH, Takahashi JS. Temperature as a universal resetting

cue for mammalian circadian oscillators. Science. (2010) 330:379–85.

doi: 10.1126/science.1195262

66. Hartgill TW, Bergersen TK, Pirhonen J. Core body temperature

and the thermoneutral zone: a longitudinal study of normal human

pregnancy. Acta Physiol. (2011) 201:467–74. doi: 10.1111/j.1748-1716.2010.

02228.x

67. Fewell JE. Body temperature regulation in rats near term of pregnancy. Can

J Physiol Pharmacol. (1995) 73:364–8. doi: 10.1139/y95-046

68. Martin-Fairey CA, Zhao P, Wan L, Roenneberg T, Fay J, Ma X, et al.

Pregnancy Induces an Earlier Chronotype in Both Mice and Women. J Biol

Rhythms. (2019) 34:323–31. doi: 10.1177/0748730419844650

69. Rousham K, Clarke PE, Gross H. Significant changes in physical activity

among pregnant women in the UK as assessed by accelerometry

and self-reported activity. Eur J Clin Nutr. (2006) 60:393–400.

doi: 10.1038/sj.ejcn.1602329

70. Gamo Y, Bernard A, Mitchell SE, Hambly C, Al Jothery A, Vaanholt LM,

et al. Limits to sustained energy intake. XVI. Body temperature and physical

activity of female mice during pregnancy. J Exp Biol. (2013) 216:2328–38.

doi: 10.1242/jeb.078410

71. Nakamura Y, Tamura H, Kashida S, Takayama H, Yamagata Y, Karube

A, et al. Changes of serum melatonin level and its relationship to

feto-placental unit during pregnancy. J Pineal Res. (2001) 30:29–33.

doi: 10.1034/j.1600-079X.2001.300104.x

72. Simonneaux V, Kienlen-Campard P, Loeffler JP, Basille M, Gonzalez

BJ, Vaudry H, et al. Pharmacological, molecular and functional

characterization of vasoactive intestinal polypeptide/pituitary adenylate

cyclase-activating polypeptide receptors in the rat pineal gland.

Neuroscience. (1998) 85:887–96. doi: 10.1016/S0306-4522(97)0

0668-4

73. Swaab DF, Zhou JN, Ehlhart T, Hofman MA. Development of vasoactive

intestinal polypeptide neurons in the human suprachiasmatic nucleus in

relation to birth and sex. Brain Res Dev Brain Res. (1994) 79:249–59.

doi: 10.1016/0165-3806(94)90129-5

74. Graf H, Hutter W, Hacker GW, Steiner H, Anderson V, Staudach A, et al.

Localization and distribution of vasoactive neuropeptides in the human

placenta. Placenta. (1996) 17:413–21. doi: 10.1016/S0143-4004(96)90023-5

75. Tamura H, Nakamura Y, TerronMP, Flores LJ, Manchester LC, Tan DX, et al.

Melatonin and pregnancy in the human. Reprod Toxicol. (2008) 25:291–303.

doi: 10.1016/j.reprotox.2008.03.005

76. Vaillancourt C, Lanoix D, Le Bellego F, Daoud G, Lafond J. Involvement

of MAPK signalling in human villous trophoblast differentiation.

Mini Rev Med Chem. (2009) 9:962–73. doi: 10.2174/1389557097886

81663

77. Lanoix D, Guerin 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) 53:417–25.

doi: 10.1111/j.1600-079X.2012.01012.x

78. Myatt L, Cui X. Oxidative stress in the placenta. Histochem Cell Biol. (2004)

122:369–82. doi: 10.1007/s00418-004-0677-x

79. Fait V, Sela S, Ophir E, Khoury S, Nissimov J, Tkach M, et al. Hyperemesis

gravidarum is associated with oxidative stress. Am J Perinatol. (2002) 19:93–

8. doi: 10.1055/s-2002-23554

80. Eiland, Nzerue C, Faulkner M. Preeclampsia 2012. J Pregnancy. (2012)

2012:586578. doi: 10.1155/2012/586578

81. Sjaus, McKeen DM, George RB. Hypertensive disorders of pregnancy. Can J

Anaesth. (2016) 63:1075–97. doi: 10.1007/s12630-016-0689-8

82. Hobson SR, Gurusinghe S, Lim R, Alers NO, Miller SL, Kingdom JC, et al.

Melatonin improves endothelial function in vitro and prolongs pregnancy

in women with early-onset preeclampsia. J Pineal Res. (2018) 65:e12508.

doi: 10.1111/jpi.12508

83. Okatani Y, Okamoto K, Hayashi K, Wakatsuki A, Tamura S, et al.

Maternal-fetal transfer of melatonin in pregnant women near term.

J Pineal Res. (1998) 25:129–34. doi: 10.1111/j.1600-079X.1998.tb0

0550.x

84. Torres-Farfan C, Rocco V, Monso C, Valenzuela FJ, Campino C,

Germain A, et al. Maternal melatonin effects on clock gene expression

in a nonhuman primate fetus. Endocrinology. (2006) 147:4618–26.

doi: 10.1210/en.2006-0628

85. Viswanathan N, Davis FC. Single prenatal injections of melatonin or the

D1-dopamine receptor agonist SKF 38393 to pregnant hamsters sets the

offsprings’ circadian rhythms to phases 180 degrees apart. J Comp Physiol

A. (1997) 180:339–46. doi: 10.1007/s003590050053

86. Seron-Ferre M, Forcelledo ML, Torres-Farfan C, Valenzuela FJ, Rojas A,

Vergara M, et al. Impact of chronodisruption during primate pregnancy

on the maternal and newborn temperature rhythms. PLoS ONE. (2013)

8:e57710. doi: 10.1371/journal.pone.0057710

87. Olcese J. Circadian aspects of mammalian parturition: a review. Mol Cell

Endocrinol. (2012) 349:62–7. doi: 10.1016/j.mce.2011.06.041

88. Gilbert N, Rosenwasser AM, Adler NT. Timing of parturition

and postpartum mating in Norway rats: interaction of an interval

timer and a circadian gate. Physiol Behav. (1985) 34:61–3.

doi: 10.1016/0031-9384(85)90078-2

89. Silver LM. Mouse Genetics : Concepts and Applications. Oxford: Oxford

University Press (2000)

90. Reppert SM, Henshaw D, Schwartz WJ, Weaver DR. The circadian-

gated timing of birth in rats: disruption by maternal SCN lesions

or by removal of the fetal brain. Brain Res. (1987) 403:398–402.

doi: 10.1016/0006-8993(87)90084-9

91. Ratajczak CK, Asada M, Allen GC, McMahon DG, Muglia LM, Smith

D, et al. Generation of myometrium-specific Bmal1 knockout mice for

parturition analysis. Reprod Fertil Dev. (2012) 24:759–67. doi: 10.1071/RD

11164

92. Morgan MA, Silavin SL, Wentworth RA, Figueroa JP, Honnebier

BO, Fishburne JI Jr, et al. Different patterns of myometrial activity

and 24-h rhythms in myometrial contractility in the gravid baboon

during the second half of pregnancy. Biol Reprod. (1992) 46:1158–64.

doi: 10.1095/biolreprod46.6.1158

93. King D. Increased frequency of births in the morning hours. Science. (1956)

123:985–6. doi: 10.1126/science.123.3205.985

94. Kaiser H, Halberg F. Circadian periodic aspects of birth. Ann NY Acad Sci.

(1962) 98:1056–68. doi: 10.1111/j.1749-6632.1962.tb30618.x

Frontiers in Endocrinology | www.frontiersin.org 9 September 2019 | Volume 10 | Article 616

https://doi.org/10.1073/pnas.0901647106
https://doi.org/10.1095/biolreprod56.1.272
https://doi.org/10.1210/me.2006-0112
https://doi.org/10.1210/en.2016-1537
https://doi.org/10.1177/1933719117716775
https://doi.org/10.1152/ajpendo.00060.2016
https://doi.org/10.1210/en.2016-1177
https://doi.org/10.1097/00000542-199404000-00009
https://doi.org/10.1126/science.1195262
https://doi.org/10.1111/j.1748-1716.2010.02228.x
https://doi.org/10.1139/y95-046
https://doi.org/10.1177/0748730419844650
https://doi.org/10.1038/sj.ejcn.1602329
https://doi.org/10.1242/jeb.078410
https://doi.org/10.1034/j.1600-079X.2001.300104.x
https://doi.org/10.1016/S0306-4522(97)00668-4
https://doi.org/10.1016/0165-3806(94)90129-5
https://doi.org/10.1016/S0143-4004(96)90023-5
https://doi.org/10.1016/j.reprotox.2008.03.005
https://doi.org/10.2174/138955709788681663
https://doi.org/10.1111/j.1600-079X.2012.01012.x
https://doi.org/10.1007/s00418-004-0677-x
https://doi.org/10.1055/s-2002-23554
https://doi.org/10.1155/2012/586578
https://doi.org/10.1007/s12630-016-0689-8
https://doi.org/10.1111/jpi.12508
https://doi.org/10.1111/j.1600-079X.1998.tb00550.x
https://doi.org/10.1210/en.2006-0628
https://doi.org/10.1007/s003590050053
https://doi.org/10.1371/journal.pone.0057710
https://doi.org/10.1016/j.mce.2011.06.041
https://doi.org/10.1016/0031-9384(85)90078-2
https://doi.org/10.1016/0006-8993(87)90084-9
https://doi.org/10.1071/RD11164
https://doi.org/10.1095/biolreprod46.6.1158
https://doi.org/10.1126/science.123.3205.985
https://doi.org/10.1111/j.1749-6632.1962.tb30618.x
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


McCarthy et al. Melatonin and Pregnancy

95. Cagnacci A, Soldani R, Melis GB, Volpe A. Diurnal rhythms of labor and

delivery in women: modulation by parity and seasons. Am J Obstet Gynecol.

(1998) 178:140–5. doi: 10.1016/S0002-9378(98)70641-6

96. Cooperstock M, England JE, Wolfe RA. Circadian incidence of labor

onset hour in preterm birth and chorioamnionitis. Obstet Gynecol.

(1987) 70:852–5.

97. Lindow SW, Jha RR, Thompson JW. 24 hour rhythm to the onset of preterm

labour. BJOG. (2000) 107:1145–8. doi: 10.1111/j.1471-0528.2000.tb11114.x

98. Vatish M, Steer PJ, Blanks AM, Hon M, Thornton S. Diurnal variation is lost

in preterm deliveries before 28 weeks of gestation. BJOG. (2010) 117:765–7.

doi: 10.1111/j.1471-0528.2010.02526.x

99. Moore TR, Iams JD, Creasy RK, Burau KD, Davidson AL. Diurnal

and gestational patterns of uterine activity in normal human

pregnancy. The Uterine Activity in Pregnancy Working Group.

Obstet Gynecol. (1994) 83:517–23. doi: 10.1097/00006250-199404000-

00006

100. Olcese J, Lozier S, Paradise C. Melatonin and the circadian timing of human

parturition. Reprod Sci. (2013) 20:168–74. doi: 10.1177/1933719112442244

101. Ducsay CA, Yellon SM. Photoperiod regulation of uterine activity and

melatonin rhythms in the pregnant rhesus macaque. Biol Reprod. (1991)

44:967–74. doi: 10.1095/biolreprod44.6.967

102. Takayama H, Nakamura Y, Tamura H, Yamagata Y, Harada A, Nakata M,

et al. Pineal gland (melatonin) affects the parturition time, but not luteal

function and fetal growth, in pregnant rats. Endocr J. (2003) 50:37–43.

doi: 10.1507/endocrj.50.37

103. Berg G, Andersson RG, Ryden G. Alpha-adrenergic receptors in human

myometrium during pregnancy. Am J Obstet Gynecol. (1986) 154:601–6.

doi: 10.1016/0002-9378(86)90609-5

104. Krause DN, Barrios VE, Duckles SP. Melatonin receptors mediate

potentiation of contractile responses to adrenergic nerve stimulation

in rat caudal artery. Eur J Pharmacol. (1995) 276:207–13.

doi: 10.1016/0014-2999(95)00028-J

105. ViswanathanM, Laitinen JT, Saavedra JM. Expression of melatonin receptors

in arteries involved in thermoregulation. Proc Natl Acad Sci USA. (1990)

87:6200–3. doi: 10.1073/pnas.87.16.6200

106. Martensson G, Andersson RG, Berg G. Melatonin together with

noradrenaline augments contractions of human myometrium. Eur J

Pharmacol. (1996) 316:273–5. doi: 10.1016/S0014-2999(96)00803-5

107. Kimura T, Takemura M, Nomura S, Nobunaga T, Kubota Y, Inoue T,

et al. Expression of oxytocin receptor in human pregnant myometrium.

Endocrinology. (1996) 137:780–5. doi: 10.1210/endo.137.2.8593830

108. Sharkey T, Puttaramu R, Word RA, Olcese J. Melatonin synergizes with

oxytocin to enhance contractility of humanmyometrial smooth muscle cells.

J Clin Endocrinol Metab. (2009) 94:421–7. doi: 10.1210/jc.2008-1723

109. Ayar A, Kutlu S, Yilmaz B, Kelestimur H. Melatonin inhibits spontaneous

and oxytocin-induced contractions of rat myometrium in vitro. Neuro

Endocrinol Lett. (2001) 22:199–207.

110. Kasahara T, Abe K, Mekada K, Yoshiki A, Kato T. Genetic variation of

melatonin productivity in laboratory mice under domestication. Proc Natl

Acad Sci USA. (2010) 107:6412–7. doi: 10.1073/pnas.0914399107

111. Ebihara S, Marks T, Hudson DJ, Menaker M. Genetic control of melatonin

synthesis in the pineal gland of the mouse. Science. (1986) 231:491–3.

doi: 10.1126/science.3941912

112. Sharkey J, Olcese J. Transcriptional inhibition of oxytocin receptor

expression in human myometrial cells by melatonin involves protein

kinase C signaling. J Clin Endocrinol Metab. (2007) 92:4015–9.

doi: 10.1210/jc.2007-1128

113. Schlabritz-Loutsevitch N, Hellner N, Middendorf R, Muller D, Olcese J. The

human myometrium as a target for melatonin. J Clin Endocrinol Metab.

(2003) 88:908–13. doi: 10.1210/jc.2002-020449

114. Reppert SM, Weaver DR, Ebisawa T. Cloning and characterization of a

mammalian melatonin receptor that mediates reproductive and circadian

responses. Neuron. (1994) 13:1177–85. doi: 10.1016/0896-6273(94)90055-8

115. Reppert SM, Godson C, Mahle CD, Weaver DR, Slaugenhaupt SA,

Gusella JF. Molecular characterization of a second melatonin receptor

expressed in human retina and brain: the Mel1b melatonin receptor.

Proc Natl Acad Sci USA. (1995) 92:8734–8. doi: 10.1073/pnas.92.1

9.8734

116. Sampson SR, Lupowitz Z, Braiman L, Zisapel N. Role of protein kinase

Calpha in melatonin signal transduction. Mol Cell Endocrinol. (2006)

252:82–7. doi: 10.1016/j.mce.2006.03.033

117. Masana LG, Dubocovich ML. Melatonin receptor signaling:

finding the path through the dark. Sci STKE. (2001) 2001:pe39.

doi: 10.1126/stke.2001.107.pe39

118. Arthur P, Taggart MJ, Mitchell BF. Oxytocin and parturition: a role for

increasedmyometrial calcium and calcium sensitization? Front Biosci. (2007)

12:619–33. doi: 10.2741/2087

119. Sanborn BM, Ku CY, Shlykov S, Babich L. Molecular signaling

through G-protein-coupled receptors and the control of intracellular

calcium in myometrium. J Soc Gynecol Investig. (2005) 12:479–87.

doi: 10.1016/j.jsgi.2005.07.002

120. Sharkey T, Cable C, Olcese J. Melatonin sensitizes human myometrial

cells to oxytocin in a protein kinase C alpha/extracellular-signal regulated

kinase-dependent manner. J Clin Endocrinol Metab. (2010) 95:2902–8.

doi: 10.1210/jc.2009-2137

121. Mitchell JA, Lye SJ. Regulation of connexin43 expression by c-fos

and c-jun in myometrial cells. Cell Commun Adhes. (2001) 8:299–302.

doi: 10.3109/15419060109080741

122. Pittendrigh S. Circadian rhythms and the circadian organization of

living systems. Cold Spring Harb Symp Quant Biol. (1960) 25:159–84.

doi: 10.1101/SQB.1960.025.01.015

123. Reid KJ, Zee PC. Circadian rhythm disorders. Semin Neurol. (2009) 29:393–

405. doi: 10.1055/s-0029-1237120

124. Roenneberg T, Allebrandt KV, MerrowM, Vetter C. Social jetlag and obesity.

Curr Biol. (2012) 22:939–43. doi: 10.1016/j.cub.2012.03.038

125. Zhu JL, Hjollund NH, Andersen AM, Olsen J. Shift work, job stress, late fetal

loss: The National Birth Cohort in Denmark. J Occup Environ Med. (2004)

46:1144–9. doi: 10.1097/01.jom.0000145168.21614.21

126. Abeysena C, Jayawardana P, DASR.Maternal sleep deprivation is a risk factor

for small for gestational age: a cohort study. Aust N Z J Obstet Gynaecol.

(2009) 49:382–7. doi: 10.1111/j.1479-828X.2009.01010.x

127. Reschke L, McCarthy R, Herzog ED, Fay JC, Jungheim ES, England

SK. Chronodisruption: an untimely cause of preterm birth? Best Pract

Res Clin Obstet Gynaecol. (2018) 52:60–67. doi: 10.1016/j.bpobgyn.2018.

08.001

128. Xu X, Ding M, Li B, Christiani DC. Association of rotating shiftwork

with preterm births and low birth weight among never smoking

women textile workers in China. Occup Environ Med. (1994) 51:470–4.

doi: 10.1136/oem.51.7.470

129. Pompeii, Savitz DA, Evenson KR, Rogers B, McMahon M. Physical

exertion at work and the risk of preterm delivery and small-

for-gestational-age birth. Obstet Gynecol. (2005) 106:1279–88.

doi: 10.1097/01.AOG.0000189080.76998.f8

130. Whelan EA, Lawson CC, Grajewski B, Hibert EN, Spiegelman D,

Rich-Edwards JW. Work schedule during pregnancy and spontaneous

abortion. Epidemiology. (2007) 18:350–5. doi: 10.1097/01.ede.0000259988.77

314.a4

131. Cai C, Vandermeer B, Khurana R, Nerenberg K, Featherstone R, Sebastianski

M, et al. The impact of occupational shift work and working hours during

pregnancy on health outcomes: a systematic review and meta-analysis. Am

J Obstet Gynecol. (in press) doi: 10.1016/j.ajog.2019.06.051. [Epub ahead

of print].

132. Bonzini M, Palmer KT, Coggon D, Carugno M, Cromi A, Ferrario MM.

Shift work and pregnancy outcomes: a systematic review with meta-analysis

of currently available epidemiological studies. BJOG. (2011) 118:1429–37.

doi: 10.1111/j.1471-0528.2011.03066.x

133. van Melick J, van Beukering MD, Mol BW, Frings-Dresen MH, Hulshof

CT. Shift work, long working hours and preterm birth: a systematic review

and meta-analysis. Int Arch Occup Environ Health. (2014) 87:835–49.

doi: 10.1007/s00420-014-0934-9

134. Erren TC, Reiter RJ. Defining chronodisruption. J Pineal Res. (2009) 46:245–

7. doi: 10.1111/j.1600-079X.2009.00665.x

135. Foster G, Wulff K. The rhythm of rest and excess. Nat Rev Neurosci. (2005)

6:407–14. doi: 10.1038/nrn1670

136. Fuller, Lu J, Saper CB. Differential rescue of light- and food-entrainable

circadian rhythms. Science. (2008) 320:1074–7. doi: 10.1126/science.1153277

Frontiers in Endocrinology | www.frontiersin.org 10 September 2019 | Volume 10 | Article 616

https://doi.org/10.1016/S0002-9378(98)70641-6
https://doi.org/10.1111/j.1471-0528.2000.tb11114.x
https://doi.org/10.1111/j.1471-0528.2010.02526.x
https://doi.org/10.1097/00006250-199404000-00006
https://doi.org/10.1177/1933719112442244
https://doi.org/10.1095/biolreprod44.6.967
https://doi.org/10.1507/endocrj.50.37
https://doi.org/10.1016/0002-9378(86)90609-5
https://doi.org/10.1016/0014-2999(95)00028-J
https://doi.org/10.1073/pnas.87.16.6200
https://doi.org/10.1016/S0014-2999(96)00803-5
https://doi.org/10.1210/endo.137.2.8593830
https://doi.org/10.1210/jc.2008-1723
https://doi.org/10.1073/pnas.0914399107
https://doi.org/10.1126/science.3941912
https://doi.org/10.1210/jc.2007-1128
https://doi.org/10.1210/jc.2002-020449
https://doi.org/10.1016/0896-6273(94)90055-8
https://doi.org/10.1073/pnas.92.19.8734
https://doi.org/10.1016/j.mce.2006.03.033
https://doi.org/10.1126/stke.2001.107.pe39
https://doi.org/10.2741/2087
https://doi.org/10.1016/j.jsgi.2005.07.002
https://doi.org/10.1210/jc.2009-2137
https://doi.org/10.3109/15419060109080741
https://doi.org/10.1101/SQB.1960.025.01.015
https://doi.org/10.1055/s-0029-1237120
https://doi.org/10.1016/j.cub.2012.03.038
https://doi.org/10.1097/01.jom.0000145168.21614.21
https://doi.org/10.1111/j.1479-828X.2009.01010.x
https://doi.org/10.1016/j.bpobgyn.2018.08.001
https://doi.org/10.1136/oem.51.7.470
https://doi.org/10.1097/01.AOG.0000189080.76998.f8
https://doi.org/10.1097/01.ede.0000259988.77314.a4
https://doi.org/10.1016/j.ajog.2019.06.051
https://doi.org/10.1111/j.1471-0528.2011.03066.x
https://doi.org/10.1007/s00420-014-0934-9
https://doi.org/10.1111/j.1600-079X.2009.00665.x
https://doi.org/10.1038/nrn1670
https://doi.org/10.1126/science.1153277
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


McCarthy et al. Melatonin and Pregnancy

137. Figueroa JP, Honnebier MB, Jenkins S, Nathanielsz PW. Alteration of

24-hour rhythms in myometrial activity in the chronically catheterized

pregnant rhesus monkey after a 6-hour shift in the light-dark cycle.

Am J Obstet Gynecol. (1990) 163:648–54. doi: 10.1016/0002-9378(90)9

1217-Z

138. Miller H, Olson SL, Turek FW, Levine JE, Horton TH, Takahashi JS.

Circadian clock mutation disrupts estrous cyclicity and maintenance

of pregnancy. Curr Biol. (2004) 14:1367–73. doi: 10.1016/j.cub.2004.

07.055

139. Ratajczak K, Boehle KL, Muglia LJ. Impaired steroidogenesis and

implantation failure in Bmal1−/− mice. Endocrinology. (2009) 150:1879–85.

doi: 10.1210/en.2008-1021

140. Dolatshad H, Campbell EA, O’Hara L, Maywood ES, Hastings MH, Johnson

MH. Developmental and reproductive performance in circadian mutant

mice. Hum Reprod. (2006) 21:68–79. doi: 10.1093/humrep/dei313

141. Harmar J, Marston HM, Shen S, Spratt C, West KM, Sheward

WJ, et al. The VPAC receptor is essential for circadian function

in the mouse suprachiasmatic nuclei. Cell. (2002) 109:497–508.

doi: 10.1016/S0092-8674(02)00736-5

142. Cutler J, Haraura M, Reed HE, Shen S, Sheward WJ, Morrison CF, et al. The

mouse VPAC2 receptor confers suprachiasmatic nuclei cellular rhythmicity

and responsiveness to vasoactive intestinal polypeptide in vitro. Eur J

Neurosci. (2003) 17:197–204. doi: 10.1046/j.1460-9568.2003.02425.x

143. Summa KC, Vitaterna MH, Turek FW. Environmental perturbation of

the circadian clock disrupts pregnancy in the mouse. PLoS ONE. (2012)

7:e37668. doi: 10.1371/journal.pone.0037668

144. Endo A, Watanabe T, Effects of non-24-hour days on

reproductive efficacy and embryonic development in mice.

Gamete Res. (1989) 22:435–41. doi: 10.1002/mrd.11202

20409

145. Nussbaumer-Streit B, Forneris CA, Morgan LC, Van Noord MG,

Gaynes BN, Greenblatt A, et al. Light therapy for preventing seasonal

affective disorder. Cochrane Database Syst Rev. (2019) 3:CD011269.

doi: 10.1002/14651858.CD011269.pub3

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 McCarthy, Jungheim, Fay, Bates, Herzog and England. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Endocrinology | www.frontiersin.org 11 September 2019 | Volume 10 | Article 616

https://doi.org/10.1016/0002-9378(90)91217-Z
https://doi.org/10.1016/j.cub.2004.07.055
https://doi.org/10.1210/en.2008-1021
https://doi.org/10.1093/humrep/dei313
https://doi.org/10.1016/S0092-8674(02)00736-5
https://doi.org/10.1046/j.1460-9568.2003.02425.x
https://doi.org/10.1371/journal.pone.0037668
https://doi.org/10.1002/mrd.1120220409
https://doi.org/10.1002/14651858.CD011269.pub3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Riding the Rhythm of Melatonin Through Pregnancy to Deliver on Time
	Introduction
	Melatonin Synthesis and Mechanisms of Action
	Roles of Circadian Rhythms and Melatonin in Timing Pregnancy
	Roles of Circadian Regulation and Melatonin During Pregnancy: Hormones, Metabolism, Body Temperature, and Maternal Activity
	Regulation and Functions of Melatonin During Pregnancy
	Circadian Regulation of Parturition
	The Role and Mechanism of Melatonin in Regulating Parturition
	Circadian Disruption Can Affect Delivery
	Conclusion and Potential for Circadian-Based Interventions
	Author Contributions
	Funding
	References


