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Circadian rhythms are the changes in biological processes that occur on a daily basis.
Among these processes are reactions involved in metabolic homeostasis. Circadian
rhythms are structured by the central clock in the suprachiasmatic nucleus of the
hypothalamus via the control of melatonin expression. Circadian rhythms are also
controlled by the peripheral clocks, which are intracellular mechanisms composed of
the clock genes, whose expression follows a circadian pattern. Circadian rhythms are
impacted by signals from the environment called zeitgebers, or time givers, which
include light exposure, feeding schedule and composition, sleeping schedule and
pattern, temperature, and physical exercise. When the signals from the environment
are synchronized with the internal clocks, metabolism is optimized. The term
chronodisruption is used to describe the opposite situation. The latest research has
demonstrated that life habits coherent with the internal clocks should be adopted,
especially during childhood, to prevent metabolic diseases. Nevertheless, a few studies

= metabolic disorders

Introduction

The expression circadian rhythm comes from the Latin circa
(“about”) and diés (“a day”). This expression is used to define
changes in biological processes that occur on a daily basis.
Endogenous circadian clocks regulate 24-hour rhythms of
behavior and physiology to align with external time.! A vast
number of vital reactions display a circadian rhythm, such as
body temperature, blood pressure, and heart rate as well as
the expression of numerous hormones and inflammatory
factors.

In the first part of this review, we describe the mechan-
isms involved in the structure and regulation of circadian
rhythms: the role of melatonin, the main circadian hormone;
the clock genes; and the environmental signals that mod-
ulate circadian rhythms.
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have investigated this link in children, and key information remains unknown.

In the second part, the concept of chronodisruption, or the
impairment of circadian rhythms, is described. The causes
are introduced, as well as the evidence suggesting the
deleterious effects of this condition on nutrition and meta-
bolism, especially during childhood.

This review aims to highlight the importance of the life
habits that should be adapted to the organism'’s circadian
rhythm to prevent metabolic disorders in children.

Circadian Rhythms: Structure and
Regulation

The importance of circadian rhythms is suggested by their high
level of conservation in evolution.! Moreover, in humans,
numerous factors have been shown to display a circadian
expression or activity. Endogenous circadian clocks regulate
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a broad spectrum of biological functions via multiple routes.
Circadian rhythms are cycles of gene expression, metabolism,
and behaviors created by the internal clocks that govern a
multitude of metabolic functions, such as hepatic lipid meta-
bolism, cardiovascular function, obesity regulation, and glu-
cose homeostasis. For instance, circadian rhythms influence
circulating leptin, ghrelin, adiponectin, and PAI-1, as well as
lipid metabolism and Ucp1 in brown adipose tissue.?>

The critical role of circadian rhythms is confirmed by the
diversity of the mechanisms that maintain their structure
and adaptability based on the environment.

Central Clock

The first of these mechanisms is commonly called the central
clock, a “master” clock within the suprachiasmatic nucleus
(SCN) of the anterior hypothalamus, that primarily coordinates
the multiple, single-cell circadian oscillators, which, when
synchronized, regulate overt rhythms of physiology and beha-
vior. The SCN requires exogenous inputs to track environmen-
tal time and mainly responds to the light-dark cycle.

Similar clock oscillators, sometimes termed “slave” clocks,
have been found in peripheral tissues, such as the liver,
intestines, heart, and retina.

The mechanisms through which the SCN synchronizes
peripheral clocks are complex and not yet fully understood.
Neuroendocrine pathways are likely to play a key role in this
process because the autonomous nervous system and hor-
mones, such as pineal melatonin and adrenal glucocorti-
coids, are under SCN control.

Melatonin

The central clock is tightly linked to the control of the
expression of melatonin, the main circadian hormone. Mel-
atonin, or N-acetyl-5-methoxytryptamine, is synthesized by
the pineal gland and is secreted exclusively at night, under
the tight control of the SCN clock. Melatonin is synthesized
from the amino acid tryptophan, which is converted into 5-
hydroxytryptophan by tryptophan hydroxylase before being
decarboxylated into serotonin. From serotonin, two major
enzymatic steps are involved. The first step is N-acetylation
by arylalkylamine N-acetyltransferase to yield N-acetylser-
otonin. The second step is the transfer of a methyl group from
5-adenosylmethionine to the 5-hydroxy group of N-acetyl-
serotonin to yield melatonin. This reaction is catalyzed by
hydroxyindole-O-methyltransferase.

All vertebrate species, regardless of their specific circadian
activity pattern, experience elevated pineal melatonin produc-
tion and secretion at night, with minimal synthesis during the
day. In the morning, the human eye perceives blue light and
sends a stimulus to the central clock in the SCN. The SCN relays
this information to the pineal gland, where melatonin is
produced. In response to this signal, the expression of arylalk-
ylamine N-acetyltransferase, the first enzyme necessary for
melatonin production, is inhibited, preventing melatonin pro-
duction. In the evening, sunlight is composed of more orange
light than blue light, stimulating the production of melatonin.*
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As a major hormonal output, the daily rhythm of plasma
melatonin distributes temporal cues generated by the SCN to
the multitude of tissue targets expressing melatonin receptors.
Once produced, melatonin enters the bloodstream and reaches
its receptors, MT1 and MT2.>® These ones are G protein-
coupled receptors that are present at the surface of most
human cells, such as the 3 cells of the pancreas and adipocytes
between others. The central clock, via melatonin expression,
communicates a circadian signal to the rest of the organism
(=~Fig. 1).As aresult, body temperature and blood pressure are
adapted, favoring the start of sleep. This hormone is therefore a
determinant modulator of the sleep/wake schedule.

In human studies, it is possible to analyze the central clock
circadian rhythm by the quantification of melatonin, which
can be done in body fluids such as saliva, blood, breast milk,
or urine.’

The requirement of melatonin for the maintenance of a
robust circadian rhythm is even evident in the peripheral
oscillator of the adrenal cortex, which is strongly influenced
by the rhythm of the adrenocorticotropic hormone. The
cortisol peak (opposed to melatonin) is produced in the
morning in response to adrenal activation by the adreno-
corticotropic hormone, which is under SCN control.

Clock Genes

In mammals, the clock is an intracellular mechanism sharing
the same molecular components in SCN neurons and periph-
eral cells. However, the circadian rhythms in the human body
are not uniquely regulated by the central clock. Independent of
melatonin action, human tissues display circadian patterns of
gene expression. This phenomenonis due to the clock genes, or
molecular oscillators, which are a group of transcription
factors and inhibitors forming a double regulation-loop
mechanism that lasts ~24 hours.® The proteins coded in the
genes Clock, Bmall, Period (Per1, Per2 and Per3), Cryptochrome
(Cry1 and Cry2), and Rev-Erba are periodically expressed or
activated (=Fig. 2). This mechanism, which has been evi-
denced in vivo, is also maintained in cell cultures; therefore,
it is sufficient to confirm a circadian pattern of the expression
of genes. In addition, it regulates the expression of the clock-
controlled genes associated with cell metabolism, explaining
the periodic expression of numerous metabolic factors. The
integrity of the activity of the clock genes appears to be
essential for maintaining metabolic homeostasis. Polymorph-
isms of Clock and Cry1 have been associated with abdominal
obesity.” Moreover, a polymorphism of the gene Clock has
been associated with increased incidence of type Il diabetes.°

The expression of clock genes structures circadian
rhythms in the organs. Collectively with the genes they
regulate, they constitute the peripheral clocks.

Zeitgebers

Together, the central clock and the peripheral clocks struc-
ture the circadian rhythms of an organism. Nevertheless, the
human body is continuously exposed to numerous environ-
mental changes. Different mechanisms allow the organism
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Fig. 1 Melatonin, the principal circadian hormone. The human retina perceives environmental light and converts it into a neuronal signal that is
sent to the central clock, located in the suprachiasmatic nucleus (SCN) of the hypothalamus. The central clock relays the message to the pineal
gland to control melatonin production. In the pineal gland, tryptophan (TRP) is converted into serotonin (5-HT). At night, the enzyme arylalkyl
N-acetyltransferase (NAT) catalyzes one of the two chemical reactions necessary to transform serotonin into melatonin. During the day, the light
signal inhibits NAT synthesis and melatonin is not produced. This cyclic inhibition is responsible for the circadian variation in melatonin levels in
the bloodstream. Melatonin’s activity in the body is mediated by its binding to its receptors, MT1 and MT2, which are G protein-coupled
receptors that have been identified on the surface of cells of numerous organs.®

Metabolism

Fig.2 Schematiccircadian expression of clock genes. The expression of clock genes is a double regulation-loop mechanism that lasts ~24 hours.
It begins with the expression and heterodimerization of the genes Clock and Bmal1, which activate the expression of the genes Per, Cry,
Rev-Erba, and the clock-controlled genes related to metabolism. Rev-Erba inhibits Bmal1 expression, and therefore prevents dimerization
with Clock. At the same time, Per and Cry accumulate, forming a complex and inhibiting the expression of Per, Cry, Rev-Erba, and the CCGs.
Rev-Erba levels drop, allowing Bmal1 expression. New Bmal1-Clock complexes are formed, and another subjective day begins.
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to detect and adapt to those changes. The external elements
impacting circadian rhythms are referred to as zeitgebers,
meaning time giver or synchronizer in German. The
daily light/dark cycle is the most frequently described zeit-
geber, but several studies have underlined the importance of
the following parameters: external temperature, feeding
schedule, social interaction, sleeping schedule, and physical
activity.” Indeed, these elements impact circadian rhythms
through diverse pathways and should be taken into
consideration as much as possible in human studies.

Light Exposure

First, the environmental blue light, detected by the retina,
influences the melatonin expression pattern (=Fig. 1).
Humans are naturally exposed to blue sunlight in the morn-
ing. However, currently humans are also exposed to blue
light from artificial sources for the rest of the day.

Physical Activity

Physical activity produces a modification of energy expen-
diture and therefore induces a metabolic adaptation. The
nature and duration of the effort will mobilize resources
through the activation of different metabolic pathways and
hormonal actions that logically impact the basal circadian
metabolism.'?

Sleeping Schedule and Patterns

It is well known that sleep is essential for health, particularly
during childhood. Many reparative mechanisms occur dur-
ing sleep. Endocrine activity adapts to the decreased physical
activity, and there is a peak of growth hormone.'? Sleeping
patterns can be affected by many factors, including age; the
amount of recent sleep or wakefulness; the time of the day or
night relative to the individual’s internal clock; other beha-
viors prior to sleep, such as exercise; stress; environmental
conditions, such as temperature and light; and various
chemicals.

A regular sleeping schedule, adapted to the children’s
needs and in coherence with the children’s central clock, is
critical for healthy development.

Furthermore, it has been observed that children who go to
bed late tend to eat more and later, '3 showing the association
between the sleeping schedule and the feeding schedule,
another essential zeitgeber.

Feeding Schedule and Composition

The feeding schedule plays a role in the regulation of meta-
bolic circadian rhythms. Before the beginning of a meal until
the end of digestion, the body makes metabolic adaptations
to process the nutrients. The nature and amplitude of the
metabolic reactions vary according to the caloric intake, the
nutritional composition, and, very importantly, the time of
the intake. However, the last parameter is often ignored. The
digestion process itself, along with the associated production
of metabolic hormones and enzymes, modulates the avail-
ability of nutrients in the blood and impacts the internal
clocks. Even before eating, the organism anticipates the meal
based on the feeding schedule of the previous days and starts
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the secretion of hormones and factors to facilitate the
digestion. This food anticipatory activity is considered a
circadian rhythm.? Thus, the feeding schedule has an unde-
niable importance in circadian rhythm modulation.

Several studies have shown that meal composition also
has a greatrole to play. For instance, in mice, the modification
of fat, protein, and carbohydrate content in the diet impaired
the expression of clock genes in the liver and kidneys.8 More
investigations are necessary to identify the molecular path-
ways involved in the regulation of circadian clocks by specific
nutrients.

Food composition could also participate in the regulation
of circadian rhythm by the exogenous contribution of mel-
atonin. During the first weeks of life, the newborn does not
produce melatonin but absorbs it from the intake of breast
milk. After 6 months of life, melatonin is produced from the
essential amino acid tryptophan, which is drawn from
circulation by the pineal gland. Nevertheless, an appreciable
amount of melatonin is still derived from food in childhood,
because melatonin is present in numerous nutrients, espe-
cially nuts. Even if there are important differences in mela-
tonin bioavailability in the adult population (from 1 to 37%),
dietary intake appears to modulate circadian rhythms. More-
over, exogenous melatonin is currently prescribed to
improve insomnia or jet lag and seems to facilitate sleep
initiation.'

This wide array of elements participates in the modula-
tion of circadian rhythms, and there are several pathways
coupling the molecular clock to metabolism. Furthermore, it
appears that feeding time has a dramatic effect on health. In
addition to the amount and content of food, the time of
ingestion is critical.

Chronotypes

Human preferences in the timing of sleeping and waking
(called “chronotypes”) are, at least partly, based on genetics,
behavioral components, and light exposure. In the human
population, different profiles of habits exist, which are asso-
ciated with the chronotype of the individual. Even in the same
family, one individual can display a morning chronotype, while
his sibling displays an evening chronotype. The differences
between chronotypes are characterized by several parameters.
A morning chronotype feels more alert and ready to focus,
work, or exercise in the morning. On the other hand, in an
evening chronotype, those elements are delayed. Some studies
have evidenced that in evening chronotype individuals, there
is a delay of ~ 2 hours in the expression of the clock genes Per3
and Nr1d2, in melatonin onset and in sleep timing, compared
with extreme morning chronotype individuals."'® Chrono-
types have been assessed mainly by questionnaires that are
designed to associate individuals with tendencies (morning-
ness—eveningness).'” The use of these questionnaires is a
useful method to identify an individual chronotype. Most of
the population belongs to an intermediary chronotype.'®
Evening chronotype people have a natural tendency to intake
greater energy apart from main meals and also reduced
physical activity.!® The chronotype influences the habits,
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Fig. 3 Influence of zeitgebers on circadian metabolism. Upper part of the figure: the inputs, zeitgebers, and external parameters influenced by
life habits that participate in circadian modulation of metabolism. Light influences the central clock and melatonin production. Feeding

composition and schedule; sleep schedule, duration, and quality; exercise and environmental temperature influence the variations in caloric
intake and energy expenditure of the organism. This will induce metabolic changes and adaptations in the involved organs. Two situations exist:
The inputs received by the organism are coherent; therefore, the central clock and the peripheral clocks are synchronized. The catabolic and
anabolic reactions are adapted to the individual’s lifestyle and activities. The metabolism is optimized. Incoherent messages are perceived by the
different organs leading to desynchronization of the different clocks. The organism fails to adapt to contradictory signals. This condition of
disrupted circadian rhythms is called chronodisruption. Metabolic homeostasis is consecutively impaired, leading to disorders such as diabetes,

obesity, and cardiovascular diseases.

and the habits modulate the signals received by the body and
induce metabolic adaptations (~Fig. 3). When those signals
are coherent and synchronized with the internal clocks, the
metabolism is optimized. In the opposite situation, a relevant
alteration of physiological and behavioral circadian rhythms,
in which a change in normal melatonin secretion occurs, is
defined as a “chronodisruption” or “impairment of circadian
rhythms.” In this case, the different metabolic processes lack
coordination, and, if this lasts for a long time or occurs
frequently, damages can be induced. This impairment is
critical during childhood, because the period of growth and
development may be affected. Furthermore, it has been shown
that chronodisruption favors the development of an obeso-
genic environment.

Chronodisruption: Causes and
Consequences

As described in =Fig. 3, the organism perceives environmental
signals that arrive at the central clock. These signals are then
sent via neuronal connections or circulating humoral factors to
peripheral clocks located in several organs to prevent the
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dampening of circadian rhythms in these tissues. The circadian
clock is intimately connected to the metabolism.2%-22 From a
molecular point of view, it has been shown that the clock
machinery controls the expression of essential genes within
numerous metabolic pathways.

Chronodisruption can be caused by a lack of coordination
between the different elements mentioned, and several
studies (experimental and clinic) have underlined the health
consequences of chronodisruption. Studies in mice indicate
that changes in feeding schedule carry clear metabolic
implications. Mice housed in constant bright or dim light
consumed more food during the subjective light phase and
exhibited significantly increased body mass and reduced
glucose tolerance.”> The metabolic effects of feeding sche-
dule are highlighted by a decrease in hepatic triglyceride
content with restricted nighttime feeding with regular chow
without modification of total daily caloric consumption.?*

Sleeping time and duration not only affect the amount of
light that the organism will perceive but also impact the
energy expenditure, meal schedule and, therefore, metabolic
homeostasis. Different studies have aimed to characterize the
recommended sleeping habits, especially during childhood.
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There is evidence of a link between short sleep duration
and obesity severity as well as cardiovascular risk. In a
European study, a sleep duration shorter than 8 hours was
associated with higher adiposity markers in teenagers,?> and
we have observed that obese children with shorter sleep
duration showed more severe obesity and higher arterial
pressure.'3

Interestingly, other studies have demonstrated that even
more than sleep duration, the sleeping schedule impacts
metabolism. For example, in teenagers, it was evidenced
that, for the same sleep duration, individuals who were going
to sleep and waking up later were more overweight.'®

Similarly, in adults, nurses working the night shift dis-
played chronodisruption, evidenced by delayed melatonin
secretion, and demonstrated an increased tendency toward
weight gain, obesity, and comorbidities such as diabetes.?

Other habits, such as artificial light exposure, especially
blue light,'" during the 2 hours before sleep, induce a delay in
melatonin expression. In US university students, artificial light
exposure during the 2 hours before sleep has been associated
with later and shorter sleeping times?’ and can induce chron-
odisruption and its associated metabolic impairments.

These results suggest that avoiding blue light exposure
during the 2 hours before sleep, going to bed early, and
sleeping a sufficient amount of time play a protective role in
metabolic homeostasis and is recommendable to prevent
metabolic disturbances, especially during childhood.

As mentioned earlier, physical exercise increases energy
expenditure, inducing a modification in metabolism. The
impact of physical activity on circadian rhythms has been
investigated in adults. A reduced and delayed (90 minutes)
wrist temperature amplitude peak was observed in women
running 45 minutes in the evening compared with in the
morning.'? This delay in circadian temperature suggests the
modification of circadian rhythms at the global level of the
organism. If these features are confirmed by future research,
practicing sports earlier than the 2 hours before sleep should
be advised to avoid a delay in melatonin expression, as well
as avoiding late sleep and meals.

Finally, the schedule and quality of nutrient intake at the
different meals impacts metabolism as well. The following
research assessed the importance of feeding schedule on
metabolism to identify the habits that lead to a better
metabolization of nutrients.

A study compared a group of individuals undergoing two
different conditions: either eating their main meal early (14:00)
orlate (17:30). Adelay in circadian rhythm was measured in the
late main meal condition. Additionally, during this condition,
participants displayed decreased diversity in mouth microbiota
(diversity in microbiota being a protective parameter), an
increase in weight gain and poorer metabolic indicators.?®
Similarly, in a study conducted in individuals following a
restricted diet, the group with the ingestion of a higher caloric
intake during breakfast demonstrated greater weight loss than
the group that consumed a high-calorie dinner.>®

The influence of food schedule on metabolic parameters
has been emphasized in several studies. Triglyceride and free
fatty acid blood levels were lower after the first meal of the
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day compared with the levels after the second and third
meals.>

Although there was no delay in melatonin expression, an
effect on clock gene expression was noticed. For instance,
switching to eating 5 hours later delayed the Per2 gene
expression.8 This is consistent with the hypothesis that
meal schedules alter the peripheral clock more than the
central clock.

All together, these results suggest that consuming the
highest caloric meal early in the day and respecting a daily
fasting period constitute a healthy lifestyle adapted to cir-
cadian clocks and the associated metabolism.

Key Questions that Remain Unanswered

Inrecent years, interest in the link between circadian rhythms
and metabolism has increased, and many elements have
already demonstrated the importance of this topic. In children,
the adoption of healthy habits to maintain an adequate
coordination with circadian rhythms is highly desirable.
Nevertheless, many questions remain unanswered.

First, the mechanisms of the peripheral and central clocks
are not fully understood. Melatonin’s action and its effects on
different targeted mechanisms should be investigated at a
molecular level. Likewise, the pathways modulated by its
expression should be identified.

Second, the regulation of the clock genes by external
elements, namely nutrition, remains unknown.

The identification of gene polymorphisms in the central
and peripheral clocks associated with metabolic parameters
is a strategy to understand the implications of these mechan-
isms in health.

Moreover, the evaluation of the age-specific effects of
these mechanisms is particularly important considering the
major changes in weight, growth hormones, and steroid
hormones that occur at different ages. Childhood is a key
moment in which the importance of circadian rhythm should
be investigated, because the organism is in a state of constant
change and evolution. Human growth is a complex process,
with variations in growth rates occurring in the short-term
over weeks as well as seasonally. The growth rate is greatest
during the summer season, suggesting a relationship with
day length and, consequently, with light. Indeed, during
growth phases, metabolic variations and impairments are
likely to have long-term impacts.

Furthermore, circadian rhythms are not only important in
physiological states, as several pathologies have been related
to disturbed lifestyle habits.

Future studies should evaluate how life habits influence
circadian metabolic variations to determine the best schedule
to adapt to the metabolic circadian rhythms. For instance, blue
light exposure and physical exercise should be limited during
the 2 hours before sleep to facilitate an early bedtime. An early
sleeping and feeding schedule is associated with a healthier
metabolic status, and several studies have demonstrated a
better ability of the organism to digest nutrients efficiently
during the early part of the day. Considering the results
mentioned in the present review, this adaptation of life habits,
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in synchronization with the metabolism, would have a pro-
tective effect against metabolic disorders.

Finally, the implications of interindividual differences,
such as belonging to a certain chronotype, should be better
understood in order take them into consideration for perso-
nalized schedules and variations in nutrition composition
during the day. On a large scale, a more accurate under-
standing of the impact of circadian rhythms on health,
especially during childhood, will amplify the relevance of
prevention campaigns regarding healthy life habits.

Conclusion

Circadian rhythms are the changes in biological processes that
occur on a daily basis; among these changes are the reactions
involved in metabolic homeostasis. Circadian rhythms are
structured by the central clock in the SCN of the hypothalamus
via the control of melatonin expression and by the peripheral
clocks, which are intracellular mechanisms composed of the
“clock genes” whose expression follows a circadian pattern.
Circadian rhythms are impacted by signals from the environ-
ment: the zeitgebers or time givers. These signals include light
exposure, feeding schedule and composition, sleeping sche-
dule and pattern, temperature, and physical exercise. Meta-
bolism is optimized when the different clocks receive coherent
signals synchronized with the internal clocks. The opposite
situation is defined by the term chronodisruption. In this
context, metabolic homeostasis is impacted. Chronodisrup-
tion contributes to an increased risk of metabolic disorders,
including obesity, from a very young age, but this increased risk
is preventable. Recent research suggests that, in addition to the
incitation to improve diet quality, to reduce caloric intake, and
to increase physical exercise, prevention campaigns must
include advice for schedules that are adapted to the internal
clocks. Further research, especially focusing on children, will
help to develop more accurate prevention campaigns to favor
the healthy growth and development of children.
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