Pre prints.org

Review Not peer-reviewed version

Appropriate Lifelong Circadian Rhythms
Are Established During Infancy

Teruhisa Miike *
Posted Date: 23 April 2025
doi: 10.20944/preprints202504.1910v1

Keywords: circadian rhythm formation; sleep/wake rhythm; pregnant mother; fetus; infant; suprachiasmatic
nucleus

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/3354492

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2025 d0i:10.20944/preprints202504.1910.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Appropriate Lifelong Circadian Rhythms Are
Established During Infancy

Teruhisa Miike

School of Medicine, Kumamoto University, Kumamoto 860-8556, Japan; t.miike4297@gmail.com

Abstract: The biological center of the human circadian rhythm (CR), present in the suprachiasmatic
nucleus, plays an important role in controlling life-sustaining functions. The CR supports the daily
social activities of modern people; therefore, a regular CR is required to adapt to social life schedules.
It is known that the development of the CR begins in the fetal period and is almost completely
developed by infancy to early childhood, being deeply related to the balance of mental and physical
development in children. The formation of the CR biological clock during the fetal period is
influenced by the mother's daily circadian rhythm during pregnancy, while after birth it is influenced
by the daily environment of the infant, along with their genetic predisposition. A complete CR affects
the maintenance of mental and physical health throughout one's life, while CR disturbances can cause
various health problems at all ages; in other words, the formation of an appropriate and stable CR
biological clock is extremely important for maintaining mental and physical health throughout one's
life. In this study, the elements necessary for the formation of an appropriate CR are discussed.

Keywords: circadian rhythm formation; sleep/wake rhythm; pregnant mother; fetus; infant;
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1. Introduction

The basic functions related to the maintenance of daily human life are controlled by endogenous
rhythms with a cycle of approximately 24 hours, which are called "circadian rhythms (CRs)". Humans
get sleepy, wake up, feel hungry, and eat at roughly the same time every day. This natural rhythm
and schedule of life that everyone follows is due to the CR biological clock that exists in the human
body [1,2]. As the CR is observed even when at rest, when there is no change in light or temperature,
it is clear that living organisms have a clock mechanism in their bodies called the "biological clock."
The CR is an oscillation with a cycle of approximately 24 hours, which has been observed to
participate in almost all physiological functions of the human brain and body [1]. In particular, the
central mechanism of the human circadian rhythm biological clock, present in the suprachiasmatic
nucleus (SCN), controls life-sustaining functions such as the sleep/wake cycle, thermoregulation,
hormone secretion, energy metabolism, immune function, and autonomic nervous function, and is
an extremely important mechanism related to the maintenance of human life (Figure 1). In addition
to CR, biological clocks include rhythms with cycles shorter than 24 hours (ultradian rhythm, UR),
rhythms of approximately half a day (12 hours) such as those observed during naps (circasemidian
rhythms), circatidal rhythms (12.4 hours), rhythms with cycles of approximately one month
(circalunar rhythms = approximately 1 month), and circannual rhythms (approximately one year).
For more details on these biological rhythms, please refer to the many well-known specialist books
published to date on these topics.

This review focuses on the relationship between the CR, which is the most relevant rhythm to
human life, and the UR, which is the basis of CR formation. The suprachiasmatic nucleus, which is
the basis of the circadian clock, is present by the middle of pregnancy in human and non-human
primate fetuses [3,4]. In other words, the formation of the CR center in the suprachiasmatic nucleus
begins during fetal life and is almost complete during early childhood [5-7]. The best-known
biological clock is the circadian clock, which actively changes the internal environment to match the
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approximately 24-hour light-dark cycle caused by the rotation of the Earth. The human circadian
clock was once thought to be about 25 hours; however, in 1999, it was reported that the biological
human CR is 24.18 hours (being shorter in some people). This fact is now widely accepted [8].

Fortunately, humans have a system (entrainment mechanism) that synchronizes the timing of
their biological clocks to the external 24-hour light-dark cycle, although there is a slight deviation
associated with the duration of Earth's rotation [9]. We live in a modern society on Earth and lead
lives involving school and society. Therefore, if we can align our biological clocks with the rhythms
of modern society, we can adapt to a comfortable daily life without any interference with our mental
and physical functions, thus maintaining our mental and physical health throughout our lives.
However, disruptions in the CR can cause a variety of mental and physical health disorders at various
stages of life [10-14]. This suggests that the function of the human biological clock plays a central and
important role in maintaining a comfortable daily life and mental and physical health. In this study,
I would like to discuss and propose what is necessary for the proper development of the biological
clock, in order to promote the balanced mental and physical development of children and to maintain
healthy states throughout their lives.

Sleep/Wake

Autonomic Rhythm Immunity
Function Allergy Control
Core Body . -
Temperature Circadian Rhythm Balance of
Rhythm Chronobiology Brain Function
\ Intestinal Flora
Coordination

Hormonal Glucose/Lipid
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Figure 1. Circadian rhythm and life-sustaining functions. Circadian rhythm biological clocks are thought to be

deeply involved in and control the life-sustaining functions that enable humans to live their daily lives.

2. Two CR Biological Clocks

There are two main types of biological clocks: 1) the central clock (also called the master clock)
[1,15-17] and 2) the peripheral clock [18,19]. As almost all cells in the human body have clock-like
functions [11,20], some people consider the intracellular clock to be the third clock. However, in
general, the intracellular clock is often interpreted as being included in the peripheral clock. In
mammals, the 24-hour rhythm of physiological functions and behavior is controlled by a master clock
located in the suprachiasmatic nucleus (SCN) of the hypothalamus in the brain, and is synchronized
by a "slave" oscillator of similar molecular composition located in most cells in the body [21]. In other
words, these two main clocks communicate and cooperate with each other to control the rhythms of
the body. Therefore, the state in which these clocks each function to work together is important for
maintaining the balanced functioning of the entire body. For more details, please refer to other
relevant literature; in this review, only an overview of these clocks is provided.

2.1. Central Clock (Master Clock)

The center of the biological clock is known to be the SCN in the hypothalamus of the brain, a
tissue only 2 mm in size, located in each side of the brain [22]. This tissue is composed of a collection
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of about 10,000 nerve cells, which exist in pairs on the left and right sides of the brain, for a total of
20,000 cells. The cells that make up these biological clocks keep time through the action of a specific
group of genes called clock genes. The left and right tissues work together to tell the time, such that
the left and right tissues cannot function separately. The SCN is thought to be the center for adjusting
the time of the peripheral clocks (including the intracellular clocks described below), and to control
the rhythms and cell division of organs throughout the body. In other words, the role of the central
clock is to direct the peripheral cells and form an overall strong rhythm. The SCN functions as a
master pacemaker that sets the timing of rhythms by regulating neural activity, body temperature,
and hormonal signals [22].

2.2. Peripheral Clocks

Peripheral clocks are present in almost all organs, tissues, and cells throughout the body, except
for sex cells. These cells also keep their own time, and perform a life-sustaining function. While the
central clock is reset by light, the peripheral clock is also influenced by factors other than light, such
as diet and exercise [18,19]. Although the induction of food-predictive activity rhythms by daily
feeding schedules does not require the SCN, feeding rhythms show clear circadian clock-controlled
properties. The mechanisms of the circadian clock and metabolic processes are clearly closely related.
The feeding behavior of many organisms is strongly influenced by circadian rhythms. Restricting
feeding is a very strong stimulus for synchronizing the circadian clock. Importantly, daily disruptions
to eating behavior cause health problems such as obesity and diabetes [23]. In other words, time
variability and timing deviations in feeding have a detrimental effect on metabolic health.
Conversely, even if the nutritional balance is somewhat poor, regular meals reduce the risk of
metabolic problems [24]. While it is important to eat meals, it is also very important to eat at regular
times.

The human body is made up of 37 trillion cells (some say 35 or 60 trillion), and almost every cell
has a molecular clock (including lymphocytes), which forms its own rhythm [11,20,25]. It is thought
that when CRs are disrupted, clocks become out of sync among organs, tissues, and cell groups
throughout the body [11]. It is believed that the disruption of entire body's biological clock can lead
to adverse physical and mental health outcomes.

3. The Process of CR Biological Clock Formation

3.1. Formation of Fetal Ultradian Rhythm (UR)

The CR is based on an appropriate ultradian rhythm [26]; thus, let us first consider the formation
of ultradian rhythms.

Among biological rhythms, rhythms with a period of several tens of minutes to several hours
(up to 20 hours) that is shorter than a 24-hour period are called ultradian rhythms. The development
of the ultradian rhythm center in the pons and medulla oblongata begins around the 28th to 30th
week of fetal development [27,28]. It is also related to the development of sleep (mainly REM sleep),
and may serve as the basis of the CR formed after birth. In order to form a healthy CR biological clock
from fetal development to postnatal life, it is important that the UR is firmly formed around the 30th
week of gestation and that the associated REM sleep develops appropriately, which leads to the
smooth development of CR after birth [26,27]. The UR control sites (the pons and medulla oblongata)
begin to function around 28-30 weeks and mature around 37 weeks of pregnancy [28]. During fetal
life, the cycle of REM sleep (active) and non-REM sleep (quiet) is basically a 40-50-minute UR [28].

3.2. Formation of CRs During Fetal Development

In order to maintain brain function that can adapt to modern school/social life rhythms after
birth, humans begin to adjust their daily rhythms to adapt to social life even during fetal development
[29]. The formation of the circadian clock begins around the 20th to 22nd week of fetal development,
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when diurnal variations appear in heart rate, fetal movements, and respiratory movements, and
circadian clocks appear in cells, tissues, and organs throughout the body [30]. However, the rhythms
of each of these organs are not unified throughout the body, and each operates autonomously [30,31].
As the fetus is a part of the mother's body and grows according to the mother's daily rhythm, the
mother's lifestyle naturally affects the formation of the fetus's own biological clock during pregnancy
[29]. The intrauterine environment is rhythmic in nature, and the fetus is affected by changes in
temperature, substrate, and the circadian rhythms of various maternal hormones. Meanwhile, the
fetus develops an endogenous circadian system to prepare for life in an external environment where
light, food availability, and other environmental factors change repeatedly and predictably every 24
hours [32].

3.3. From URs to Circadian Rhythms

Newborn babies up to one month of birth sleep for about 14-17 hours a day [33], with almost no
distinction between day and night. However, the CR that functions autonomously in each tissue and
organ is not uniform in each individual and disappears at birth. In the neonatal period, babies spend
their days with a sleep/wake rhythm that follows a 3-4-hour UR [26,34-36]. This rhythm in the
neonatal period is one of the URs and corresponds to the REM and non-REM sleep cycle, which is a
90-minute cycle in human adults. This rhythm is shorter in children, 40-50 minutes in the fetal and
neonatal periods, 40-60 minutes until infancy, and then gradually approaches the 90-minute rhythm
of adults by around 10 years of age. URs are divided into four groups according to their length: Group
I, 5-30 min; Group II, 30-60 min; Group III, 60-100 min; and Group IV, >100 min [27]. Thus, the
sleep/wake rhythm is not originally a CR but, instead, an UR that is shorter than the CR. The
sleep/wake rhythm, which is only found in relatively advanced organisms with brains, is of recent
origin and therefore does not belong to the original biological CR. It takes several weeks after birth
for the biological CR and the sleep/wake rhythm to correlate, and until then, babies live with the
original sleep/wake rhythm (UR). Shortly after birth, the baby begins to experience day and night
(light and dark), and the formation of the central CR clock in the SCN progresses. After the neonatal
period, the CR biological clock begins to develop rapidly. Eventually, the sleep/wake rhythm
gradually comes under the control of the CR throughout daily life, and is incorporated into the 24-
hour CR by 3-4 months of age. Early infancy is considered to be a critical period when all the organ,
tissue and cell clocks that were formed during fetal development and that operate autonomously are
unified in the SCN and begin to function as a coordinated clock [6].

4. Factors Involved in the Formation of the Biological Clock
4.1. Fetal Period

4.1.1. Living Environment of the Mother During Pregnancy

As the formation of the biological clock begins during fetal development, it is assumed that it is
naturally influenced by the mother [37]. In fact, the fetus—which is considered to be part of the
mother's body —is thought to live a life guided by the daily rhythms of the mother's two main clocks,
the central clock and the peripheral clock, such as bedtime, wake-up time, and mealtime [6]. In other
words, the fetus is considered to be in a similar state to the mother's peripheral organs such as the
heart, liver, and limbs, and it is necessary to consider that the mother's daily life is directly connected
to the fetus's daily life [29,37-40]. In this way, the fetus and the mother are in a close cooperative
relationship in the womb, and the fetus is protected. After birth, the fetus leaves the mother's
protection and transitions to life on Earth, so the uterus is provided with an appropriate environment
for this transition. For example, the fetus's internal rhythm is created by various signals such as the
mother's body temperature, food, and melatonin (transferred from the mother to the fetus) [40-42].
In fact, problems such as nutritional problems during pregnancy, poor lifestyle habits, and exposure
to infectious diseases and pollutants (including tobacco and alcohol) may affect the fetus. These
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influences from the mother are closely related to the child's development, and pregnant mothers
should avoid staying up late as much as possible, rest during the day, maintain a regular sleep/wake
rhythm, and eat regular meals [43]. However, the fetal clock is not completely synchronized with the
mother's clock, but is adjusted with a difference of several hours [44]. The meaning of this is not yet
fully understood, but it is interpreted as giving us the flexibility to live on Earth after birth.

4.2. Infancy Is an Important Period for CR Formation

As mentioned above, the fetus exists as one of the mother's organs, and the fetus's daily rhythm
is thought to be controlled by the central clock in the mother's SCN. However, the formation of CR
progresses during fetal development, and CRs begin to form in each organ of the fetus between the
20th and 22nd weeks of pregnancy [30]. Interestingly, the clocks of each organ formed during fetal
development have their own independent rhythms and are not coordinated [29,31,34,45]. At the end
of pregnancy, the mother's CR and the fetal heart rate are synchronized; however, this
synchronization ends at birth and the fetus switches to a daily life based on the UR [46]. After birth,
as the fetus experiences day and night (light and dark), the formation of the central clock in the SCN
begins, and the CR is almost complete by early infancy (1-2 years of age) [6]. Therefore, the CR in the
newborn is still immature. During the newborn period, the CR of sleep and wakefulness has not yet
been fully formed, such that the daily life of the newborn follows a (UR) sleep/wake rhythm with a
cycle of approximately 3-4 hours [26,35]. This rthythm is important for newborns and, as mentioned
above, the formation of this rhythm becomes more stable and the formation of the next CR becomes
smoother [26]. It is gradually becoming clear that the formation of the circadian clock is closely related
to brain development, and it is known that many children with autism spectrum disorder (ASD) have
poor formation of URs in the neonatal period [43].

In the newborn period, waking every 3-4 hours throughout the night indicates a proper UR
[6,26,36]. However, parents need to feed their babies according to this rhythm, which fragments their
sleep and makes daily life difficult. However, after two months of age, the baby is more likely to
sleep for more than five or six hours, possibly even continuously through the night, which may make
parenting easier overall (Figure 2-A). On the other hand, frequent awakenings in babies after 2
months of age, especially after 3-4 months of age, indicate an interruption or persistence of UR and
that the transition to the next important step, CR formation, has not progressed properly. Infants who
inherit various clocks in their organs during fetal development acquire a daily schedule of sleep and
wake times while experiencing daily rhythms such as night and day and darkness and light, and
solidify the integration of their entire body's biological clocks through this daily rhythm. It is
generally believed that a baby's CR begins to become fixed between 6 months and 12 or 18 months of
age [5,7,47,48] and, although there may be some margin of error, it is believed that the circadian
biological clock is almost completely established in the suprachiasmatic nucleus by the age of 1.5~ 2,
indicating that this is a critical period.

As mentioned above, after the neonatal period, biological CRs begin to develop rapidly. First,
the secretion rhythm of the pineal hormone (melatonin), which is said to be the conductor of
biological rhythms, begins at the end of the neonatal period [48]. Subsequently, the sleep/wake
rhythm and the thermoregulation rhythm also begin to appear as the CR at 2-3 months of age [34,49].
Since the formation of CR in babies is surprisingly early, it is recommended that parents keep this in
mind when raising their children. In light of these medical facts, pediatricians in France instruct
mothers to stop breastfeeding babies during night-time sleep after the neonatal period [50]. This
instruction is extremely interesting, as it suggests that the formation of a biological clock in infants is
an important issue that precedes everything else. Additionally, American pediatricians recommend
gradually increasing the interval between night-time feedings after the newborn period and ceasing
night-time feedings at 3-4 months of age [51].
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4.3. Full-Scale Biological Clock Formation from Early Infancy

During the first year of life, the sleep/wake rhythm continues to become established, coinciding
with the increase in melatonin secretion at sunset [52]. In particular, the onset of night-time sleep is
linked to sunset for the first few months of life, and then to the bedtime of the family. This suggests
that the circadian rhythm is initially synchronized with light, but then synchronized with social and
environmental factors.

It is difficult to grasp the details of children's daily rhythms with casual observation, so we
recommend recording sleep and wakefulness for two weeks several times a year using a sleep chart
(Figure 2-A, B). After two months of age, as the circadian rhythm of hormones and thermoregulation
in children begins to appear, sleep is concentrated at night, daytime wakefulness becomes longer,
and night-time sleep begins to last longer. It has been reported that night-time sleep time is about 5-
6 hours at 2 months of age [53], about 8-9 hours at 4 months of age [54], and about 8-12 hours at 6-7
months of age [51]. Furthermore, it has been reported that children who can maintain sufficient sleep
have a higher ability to self-soothe [53-55] and cry less at night. In order to foster the habit of self-
soothing, parents need to refrain from immediately reaching out to help their baby when it cries, and
instead take the time to watch over it [56]. According to these reports, infants who can sleep through
the night (8-12 hours) between the ages of 4 and 6 months no longer need night-time feedings [51].

In addition, the peripheral clock works closely with the central clock to form a well-regulated
CR biological clock, so it is recommended to eat breakfast, lunch, and dinner at approximately the
same time for proper CR formation [57]. CR formation is almost complete by the late lactation period
to early infancy (around 1.5 to 2 years of age); the clocks of all organs in the body are integrated and
the individual's CR is complete. At this point, the biological clock is not completely fixed, and it is
thought to remain flexible until the preschool age. Notably, the ability to correct the biological clock
decreases with age, so if the biological clock is not formed properly, early correction is necessary.
When the CR begins to be established in the SCN, long night-time sleep and short daytime sleep
begin to repeat in a 24-hour cycle, and finally, the sleep/wake rhythm and the circadian rhythm
overlap and appear to be the same.

In this way, the CR biological clock, which is centered on the sleep/wake rhythm, is completed
relatively early in children's SCN, so setting the time for children to fall asleep should be considered
from the neonatal period. Considering that the clock mechanism is almost fixed by early infancy, it
is easy to assume that the formation of a lifestyle rhythm that adapts to the long modern school/social
life is an unavoidable and important matter. Specifically, with a view to school/social life, it is
recommended to establish the habit of waking up on one's own between 6-7 am and falling asleep
between 8-9 pm to support this [51,58]. This lifestyle rhythm is the background and basis for the
formation of the biological clock, so it is recommended to form a lifestyle rhythm that follows this
basis.

4.4. The Biological Clock Adapts to the School/Social Life Schedule

Modern people live their school/social life, which requires a relatively strict and regular 24-hour schedule.
Globally, social life generally follows a typical morning rhythm, with activities starting around 8:00 am.
However, the recent spread of late-night lifestyle habits among modern people, which has become globalized,
has often caused a delayed life thythm, including for infants and young children [58], creating a breeding ground
for the so-called "social jet lag" [59-61]. It is obvious that such a shift in life schedule makes it difficult for humans
to maintain proper activity and reduces their vitality. In addition to the physical and mental development of
infants and young children, the following conditions are thought to be necessary for the proper formation of the
circadian rhythm biological clock, which is involved in maintaining mental and physical health throughout one's
life [58,62].

(1) Wake-up time: In the school/social life of the near future, students must be at school by 8:00 am. It is
reported that children need about an hour from the time they wake up in the morning until they can start doing
other things, which means they need to be up by 6 or 7 in the morning. If it takes a long time to get to school,

they may have to wake up even earlier.
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(2) Night-time Basic Sleep Duration (NBSD) [58]: It is believed that there is a basic amount of night-time
sleep that children need from infancy through to toddlerhood. This NBSD varies slightly depending on race and
region of residence, with Caucasian children reported to need 10-11 hours (11 hours is common) and Japanese
children just under 10 hours. It is more logical to determine whether a child is getting enough NBSD in order to
determine whether they are suffering from a lack of sleep, which can be detrimental to them, and problems have
been pointed out using the total amount of sleep per day as a criterion.

(3) Time of sleep onset: Based on the above conditions, the recommended time for sleep onset is between
7:00 and 9:00 pm, which is when children's NBSD can be ensured before waking up in the morning.

(4) Duration of night-time sleep: A condition for good quality sleep is that night-time sleep should be
continuous, and frequent awakenings or awakenings lasting more than 30-60 minutes during night-time sleep
are known to be undesirable.

It is considered appropriate for a circadian biological clock that meets the above conditions to be formed

by the time a child is around 1.5 to 2 years old.

4.5. Formation of the CR Biological Clock and Naps

According to a report, infants take multiple naps in the morning, afternoon, and evening until
around 7 months of age, and then one nap each in the morning and afternoon from 7 to 8 months
onwards, and then one nap between 12 and 15:00 at 14 to 18 months of age [63]. In other report, a
pattern of two naps per day is established by 9 to 12 months of age, and one nap in the afternoon is
established by 15 to 24 months of age [64].

It has been reported that children who do not take naps appear as early as 2 years of age (2.5%),
nearly 90% of children stop taking naps by the age of 5 years [64,65] and, finally, most children do
not take a nap by the age of 7 years [65].

Naps after the age of 2 years are due to a delayed sleep onset, resulting in a poorer quality of
sleep and a shorter sleep duration, and if a sleep disorder is suspected in a preschool child, the nap
situation should be considered [66]. In recent years, some children have been reported to not take
naps after the age of 3 years; however, the reason for this has not yet been clarified. However, as will
be explained in detail later, there are data that suggest that naps are not necessary for maintaining
health as long as the NBSD is about 10-11 hours. Naps themselves are common throughout the world,
and there are a few ethnic groups that do not take naps, so naps themselves are not considered a
problem. Naps are thought to be caused by the semi-daily rhythm of sleepiness from 12:00 to 15:00,
and are considered to be a short break to refresh the brain tired from morning activities. It is said that
the most gasoline is consumed when starting a car engine; similarly, the brain may also consume the
most energy at the start of the day. The benefits of naps are generally known, but the reasons why
they are taken remain unclear. Naps are thought to be a semi-circular sleep rhythm that is
fundamentally different from the sleep that modern people take to make up for a lack of sleep, as
they feel sleepy all day due to insufficient sleep at night.

* Genes that control the biological clock

The clock is controlled by clock genes that are found in almost all tissue cells in the human body,
including peripheral lymphocytes. The well-known major clock genes include Period (per), Clock
(Clk), and cryptochrome (cry). Incidentally, about 20 clock genes have been reported to date, but
about 350 loci related to so-called chronotypes, such as morning type (skylark type), have been found.
For example, the time it takes to fall asleep differs by about 25 minutes between people with a very
high number of loci that determine morningness and people with a very low number of these loci
[67]. Regarding genes involved in the biological clock, I will refrain from going into detail here, as
the reader can refer to the several relevant studies on this topic.
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5. Factors Involved in the Formation of CRs
5.1. Fetal Period

5.1.1. Mother's Own Life Rhythms

The stability of the CR during pregnancy is important for both the mother and offspring. For the
fetus to successfully transition to extrauterine life, the mother must precisely provide a myriad of
time-integrated humoral/biophysical signals. The peripheral clock is entrained by maternal cues such
as melatonin signaling via the placenta, resulting in the existence of a circadian cycle in the fetus [68].
A suboptimal environment during pregnancy increases the risk of offspring developing various
chronic diseases later in life [68-70]. The intrauterine environment is rhythmic in nature, and the fetus
is subject to changes in temperature, substrate, and the circadian rhythms of various maternal
hormones [32]. Meanwhile, the fetus is developing an endogenous circadian system to prepare it for
life in an external environment where light, food availability, and other environmental factors change
predictably and repeatedly every 24 hours [29,31,34,44]. In humans, there are many situations that
can disrupt the CR, including shift work, international travel, insomnia, and CR disorders (e.g.,
advanced/delayed sleep phase disorders), and there is a growing consensus that this disruption of
the CR can have detrimental consequences for an individual's health and well-being [32,69,70].

Epidemiological studies have reported that pregnant women engaged in chronic shift work have
an increased risk of preterm birth, low birth weight, and miscarriage [71-74]. Abnormalities in sleep,
feeding, and work schedules may disrupt maternal rhythms, such as melatonin fluctuations,
resulting in the desynchronization of maternal SCN and peripheral oscillators, leading to the
deleterious effects of shift work on the fetus. Pregnant rats exposed to simulated shift work (the
complete reversal of the light-dark cycle every 3-4 days for several weeks) showed significantly
reduced weight gain during early gestation, reduced fat pad and liver weights, and reduced
amplitude of rhythms pertaining to corticosterone, glucose, insulin, and leptin levels [75]. Exposure
of pregnant non-human primates to constant light suppresses the emergence of melatonin and body
temperature rhythms in postnatal offspring [75-79]. This suggests that maternal rhythms are
important for the early fetal brain development of CRs [80]. Changes in the rhythm of circadian gene
expression are also associated with spatial memory impairments in these offspring [80,81], and these
memory impairments can be prevented by the regular supplementation of melatonin to the mother
[80]. These findings suggest that the daily rhythm of the mother during pregnancy may affect the
formation of CRs in the fetus. Such studies are particularly important because the proportion of shift
work and long working hours has increased in the past decade, as well as long the exposure to light
at night and the use of electronic devices due to work and social demands [82]. These findings can be
considered as an indication of the extremely high relevance of the clinical expression throughout life
as indicated by the DOHaD theory [83,84] (described later) and the target of the formation of
circadian rhythms in children from fetal to infant stages. This is because, although there are still many
unknowns, we are beginning to better understand how circadian rhythms are closely related to
neurotransmission, metabolism, immunity, and other processes. Thus, disruptions to sleep and CRs
across the lifespan are strongly linked to the pathophysiology of certain psychiatric and
neurodegenerative disorders.

5.1.2. Environmental Contaminants

Exposure to adverse conditions in utero can lead to permanent changes in the structure and
function of key physiological systems during fetal development, increasing the risk of disease and
premature aging in postnatal life [85]. Although no specific issues have been reported, one report
demonstrated that polycyclic aromatic hydrocarbons (PAHs), particulate matter, and components of
environmental tobacco smoke are significantly transferred from the mother to fetus through the
placenta, that the environmental exposure to PAHs from air pollution increases the levels of PAH-
DNA adducts in maternal and neonatal leukocytes, and that fetuses are more sensitive to genetic
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damage than mothers [86]. What role do pesticides, heavy metals, dioxin derivatives, and
polychlorinated diphenyl compounds play as macroenvironmental contaminants in mutagenesis and
teratogenesis? To answer this question, substances that are within the control of the exposed person,
such as alcohol, drugs, and tobacco smoke, and their microenvironmental effects have been
investigated [87]. The mechanism of action of these air pollutants is thought to be that pollutants such
as heavy metals that reach the placenta may change DNA methylation patterns, leading to changes
in placental function and fetal reprogramming. Indeed, reports of changes in placental DNA
methylation associated with prenatal exposure to air pollution (including heavy metals) have shown
that they are associated with changes in total and promoter DNA methylation of genes involved in
biological processes such as energy metabolism, circadian rhythm, DNA repair, inflammation, cell
differentiation, and organ development [88]. These issues are also of interest in relation to the DOHaD
theory [83-85,89].

5.2. Newborns and Infants

5.2.1. Premature Infants

Constant lighting conditions are common in neonatal intensive care units (NICUs) around the
world, allowing care and nursing staff to respond quickly to potential emergencies and frequently
monitor neonatal health [90]. However, when premature infants (232 weeks of gestation) are raised
on a regular light-dark schedule in the NICU, they gain weight faster than infants raised under
constant bright or dim light, effectively shortening their length of hospital stay [91,92]. Compared
with infants raised under constant dim light, these infants cry less and are more active during the
day [93]. A regular light-dark schedule accelerates the maturation of rest-activity, sleep/wake, and
melatonin rhythms in premature infants [93-95].

5.2.2. Night-Time Feeding

During night-time sleep, infants are in a period of transition from a short ultradian cycle to a
continuous circadian cycle, and it is believed that they are physiologically more likely to wake up at
certain times during the night. Feeding (particularly breastfeeding) is often used as a method to
encourage infants to fall asleep again after waking up. Breastfeeding is considered the optimal
feeding method for newborns and their mothers.

In particular, the importance of breastfeeding during the neonatal period has been emphasized
[96,97]. In addition, breast milk changes during lactation are perfectly adapted to the nutritional and
immune needs of the infant, so it is recommended to continue breastfeeding for at least six months
of age. However, the composition of breast milk changes throughout the day, and melatonin
concentrations are higher in night-time breast milk and are thought to be involved in the formation
of CR in children [98,99]. Therefore, it is not recommended to give breast milk expressed during the
day at night, and feeding habits adapted to the time are required. Circadian variations in some
physiologically active compounds are thought to transmit chronobiological information from the
mother to child and help the development of the biological clock [99-101]. On the other hand, it has
been reported that breastfed infants tend to wake up more frequently at night [102,103], their mothers
tend to get less sleep [104,105], and exclusive breastfeeding after birth can lead to vitamin D
deficiency [106-108]. Therefore, the careful consideration of the aforementioned facts is needed when
relying solely on breastfeeding.

Frequent awakenings and long awakenings during night-time sleep do not lead to a balanced
mental and physical development of children, and the habit of breastfeeding every time a child wakes
up at night may actually lead to the disruption of night-time sleep continuity and disrupt the rhythm
of the biological clock (Figure 2-B). In other words, the frequent care of a crying or awake child during
the night, especially care with food (breast milk, formula, water, etc.), has been reported to stimulate
the peripheral biological clock and cause awakening reactions and sleep disorders, and has attracted
attention [109-111]. In our study [112], we found that if the habit of breastfeeding every time an infant
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wakes up continues throughout infancy, it is significantly more likely to cause sleep continuity
disorders and develop ASD in the future.

In infants aged 2 to 3 months, body movements may occur during REM sleep, which may be
mistaken for waking up during the night. Since these body movements are often not a true
awakening, it is thought that caregivers should not respond immediately, but should help the child
learn self-soothing to help them acquire the ability to fall asleep again naturally [51,113,114]. In fact,
itis known that, at 4 months of age, the night-time sleep time extends to 8-9 hours, and breastfeeding
during night-time sleep is no longer necessary for physical or nutritional reasons [51,54,115]. This
early cessation of night-time breastfeeding has been reported to prevent future night-time crying and
sleep maintenance disorders, to properly form the CR biological clock, to promote healthy physical
and mental development [51], and to help reduce parental fatigue [51,112]. Notably, this proposal
does not refer to the cessation of breastfeeding itself, but rather to the cessation of breastfeeding
during night-time sleep. Thus, there is no problem with continuing breastfeeding during the day.

It is recommended that night-time breastfeeding be stopped while closely observing the
development of sleep continuity for each child. In general, it is recommended that night-time
breastfeeding be stopped by 6 months of age, as circadian rhythm formation is steadily progressing
by that time. It is often seen that breastfeeding continues until after 6 months of age, and stopping
breastfeeding is recommended as a countermeasure for night-time crying that becomes severe.
However, it is thought that the early cessation of night-time breastfeeding does not cause night-time
crying in the first place. Frequent and long awakenings during night-time sleep can distort a child's
brain function, so the more times a parent touches the child during night-time sleep, the more the
child's sleep is disturbed, leading to sleep disorders [110,112]. This is because night-time feedings
start the peripheral clock, which promotes wakefulness, and thus interferes with the formation of the
central clock function that indicates that night-time is a time for sleep and rest. It is believed that this
can lead to frequent night-time awakenings and sleep continuity disorders (fragmentation).
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Figure 2. Example showing the development of night-time sleep duration in 2-month-old infants. In the top row
(A), the infant is already sleeping continuously throughout the night. In the bottom row (B), the infant's sleep is
not sustained due to the influence of the habit of breastfeeding when falling asleep and every time the infant

wakes up.

5.3. Early Childhood

Many toddlers (2-3 years) and preschool children (4-6 years) show earlier sleep/wake patterns
and a stronger morning preference than adults, even when accounting for large intra- and inter-
individual variability in sleep onset, wake-onset, and wake-up times [116,117]. However, with age,
sleep onset times begin to become later and more children begin to have difficulty waking in the
morning. This indicates that social and environmental factors, such as school and parent-imposed
schedules, have a significant impact on the survey-based measurements of chronotype. Reportedly,
the mean differences between socially scheduled and free days are significant for all sleep/wake
parameters. Children on free days went to bed and woke up later, slept about 20 minutes longer, and
had shorter sleep latency and sleep inertia estimates than on scheduled days [117]. It has been
reported that, while there is no change in the sleep onset time, the wake-up time on weekends is
about 30 minutes later than on weekdays in nursery school children [58]. The social environment and
parental schedule demands may interact with endogenous circadian and sleep rhythms, creating a
state of mismatch between social schedules, endogenous circadian physiology, and sleep
homeostasis. This indicates that social and environmental factors such as school and parent-imposed
schedules have a significant impact on the survey-based measurements of chronotype [58,116].

6. Disruption of Biological Clocks

The circadian rhythm in mammals is controlled by endogenous biological oscillators, including
a master clock located in the hypothalamic suprachiasmatic nucleus (SCN). The duration of this
oscillation is approximately 24 hours, so to stay synchronized with the environment, the circadian
rhythm must be entrained daily by Zeitgeber ("time donor") signals such as the light-dark cycle [10].

6.1. Jet Lag

The biological clock was originally thought to have a stable rhythm that was unlikely to go out
of sync. It is said that the first time humans typically experience a disruption of the biological clock
is when they experience jet lag while traveling abroad on a jet plane. It was not so long ago that
humans were able to experience the workings of the biological clock. The biological clock was
thought to be a relatively stable property of the human body that did not go out of sync easily but,
with the invention of airplanes and the evolution of jet planes, humans were able to travel to distant
parts of the earth within a short time.

In the days of sea voyages, when we slowly synchronized our biological clocks little by little to
reach the living environment of our destination on the other side of the Earth, where day and night
are reversed, we did not feel this biological clock at all. Jet lag occurs when the biological rhythm,
which occurs after crossing a time zone so rapidly that the circadian rhythm system cannot keep up,
becomes out of sync with the day/night cycle of the destination [118-121]. It is known that jet lag
symptoms are milder when traveling westward. This is explained by the fact that the body clock is
more adaptable to travel westward (where the daily cycle is longer), but less adaptable to eastward
travel (where the daily cycle is shorter) [118]. If one is thrown into a living environment that suddenly
reverses the rhythm of one's biological clock in a short period of time, the biological clock cannot
immediately synchronize and the rhythm of one's life with the outside world is not in sync, leading
to a state in which the coordination between cells and organs is disrupted and the life support
mechanisms cannot function (jet lag). In other words, the biological clock is a mechanism that
supports life activities in accordance with the "night and day" of the place on Earth where humans
live constantly. Furthermore, jet lag and shift work disorders have been found to induce circadian
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rhythm sleep/wake disruptions that arise from behavioral changes in sleep/wake schedules in
relation to the external environment [119,121].

Jet lag and shift work sleep disorders are the results of dyssynchrony between the internal clock
and the external light-dark cycle, brought on by rapid travel across time zones or by working a non-
standard schedule. Symptoms can be minimized through optimizing the sleep environment, strategic
avoidance of exposure to light, and drug and behavioral therapies [122].

6.2. Chronodisruption

In this section, I discuss the rapid increase in the number of modern people who suffer from the
jet lag state, which is similar to that experienced when traveling abroad but is more persistent,
chronic, and malignant, despite living in the country or place where they were born and raised. The
background to this may be, for example, the family's lifestyle rhythm; however, it is also common
that a child may have been living a ‘night owl’ lifestyle since birth, or may have a chronic lack of sleep
and cannot adapt to the school/social rhythm of life due to their lifestyle and environment, such as
homework loads, caffeine intake, early school start times, cram school and other academic and sports
activities, and increased TV and other screen time [123]. Recent studies have shown that long-term
circadian rhythm disruption is associated with many pathological conditions, including premature
death, obesity, impaired glucose tolerance, diabetes, mental illness, anxiety, depression, and cancer
progression, while short-term disruption is associated with poor health, fatigue, and decreased
concentration [124]. The existence of this condition has been recognized for some time, and has been
reported under various names; however, it is safe to assume that all of them refer to the same
condition. The different names of this condition are as follows: 1) “biological (circadian) rhythm
disturbance” [125,126], 2) “chronic fatigue syndrome” [127,128], 3) “chronodisruption” [12,129,130],
4) “social jetlag” [59], 5) “circadian misalignment” [131], 6) “circadian disruption” [132], and 7)
“circadian syndrome” [133]. This condition, known as chronodisruption, is worth highlighting as it
is closely related to our body clock.

As "chronodisruption” is thought to succinctly describe the pathology of this condition, this term
is also used in this report. There are accumulating reports that this pathology, which can occur in any
age group, is deeply related to the onset and worsening of other diseases, such as developmental
disorders, school refusal, social withdrawal, glucose metabolism disorders (diabetes), depression,
kidney disease, digestive diseases, cardiovascular diseases, dementia (Alzheimer's disease), and
cancer. Qian J et al. [11] provided a clear illustration of the pathology of time disruption in tissues
throughout the body, which is a recommended reference. The importance of time disruption varies
depending on the author; however, in severe cases, the author of this study personally believes that
it would be more appropriate to call it "systemic chronodisruption,” considering that this pathology
extends to the entire body.

6.3. Chronodisruption and DOHaD

Recently, some studies have been published on the relationship between the mother's living
environment and the formation of the fetal circadian rhythm, and how this may lead to various
diseases in the future [69,70,134]. These studies have reviewed recent information on the mother's
shift work, jet travel across time zones, irregular meals, and exposure to light at night during
pregnancy that cause deviations and disruptions to the circadian clock, affecting fetal oxidative stress,
RAS (renin—angiotensin system), epigenetic regulation, and glucocorticoid programming, leading to
various physical and mental health problems from infancy to adulthood (obesity, fatty liver, insulin
resistance, kidney disease, hypertension, neurobehavioral disorders, reproductive dysfunction,
cancer, and dementia). In other words, the research results indicate that problems in the formation of
the circadian clock during fetal development may cause various health problems in adulthood, as
stated in the DOHaD hypothesis [69,70,134]. In addition to these health hazards, the authors also
report that developmental disorders are closely related to childhood problems such as "school refusal
and social withdrawal due to circadian rhythm sleep disorders" [112,128]. In fact, many children with
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developmental disorders and school refusal after elementary school generally have a history of sleep
disorders from the neonatal period. In other words, this supports the hypothesis that the
misalignment or disruption of the body clock is the basis of the DOHaD hypothesis, and is likely to
be an important research topic in the future.

Conclusion

The CR center, which begins to form in the fetal stage and is nearly completely formed by early
childhood, plays an important role in controlling life-sustaining functions such as sleep/wake,
thermoregulation, and hormone secretion rhythms. Furthermore, it is known that the CR is
strongly related to mental and physical development and the maintenance of health throughout life.
Therefore, in order to form an appropriate CR biological clock, it is recommended to consider the
possibility that the mother’s living environment during fetal development may affect the formation
of CR after birth as a predisposing factor, and to pay attention to the following points: 1) It is
recommended that the mother's daily rhythm during pregnancy, such as sleep/wake and meal times,
be regular, as this is strongly related to the formation of the circadian rhythm of the fetus. In addition
to the qualities developed during the fetal period, the way of spending daily life after birth also
greatly affects the formation of CR. 2) Especially from the neonatal period to infancy, it is
recommended to base the life rhythm on one that can adapt to the future rhythms of school and social
life. 3) It is recommended to live a life in which there is no discrepancy between one's own life rhythm
and the schedule required by the living environment, or to minimize such a discrepancy throughout
one's life. As a concrete indicator of a child's life, it is important to avoid the habit of staying up late
from the moment of birth. As we grow up, environments that encourage staying up late—such as
earlier start times for nursery schools, kindergartens, and schools, more homework, caffeine intake,
studying at cram schools, sports, and increased screen time due to watching TV —increase the gap
between one's own life rhythm and social life, leading to future chronodisruption. Therefore,
correcting one's life thythm as soon as one notices this discrepancy is an effective way to maintain an
appropriate biological clock and prevent the occurrence of chronodisruption, and it is advisable for
those involved in childcare to be fully aware of the need for this correction.
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