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ABSTRACT

Breast milk provides numerous benefits for both the baby and the mother, making it a unique and
valuable food. The World Health Organization and the United Nations International Children’s
Emergency Found (UNICEF) state that exclusive breastfeeding in the first six months of life is an
important strategy for reducing mortality and morbidity in infants. The circadian rhythm formation,
which starts in the mother’s womb, continues after the baby is born. Breast milk plays an active role
in regulating the baby’s circadian rhythm through the hormones, basic immune factors and
bioactive components it contains, as well as meeting almost all nutritional elements for babies.
Since the neural control mechanisms in the newborn are not yet fully developed, breast milk
undertakes the task of helping the biological rhythms in the regulation of the infant’s sleep-wake
cycles, thanks to the circadian rhythm of some elements in its composition. There are studies
showing that breast milk contains high levels of cortisol and amino acids that promote activity
during the day, while night milk has high levels of melatonin and tryptophan, and micronutrients
vary throughout the day. A better understanding of the circadian rhythm displayed by the
elements in the composition of breast milk is important for improving maternal and infant health.
Since there are many factors affecting the composition of breast milk, it is recommended that
breast milk studies should be done on a country or regional basis, and breastfeeding policies can

ARTICLE HISTORY
Received 16 January 2024
Revised 18 June 2024
Accepted 13 July 2024

KEYWORDS

Breast milk; breast milk
composition; biological
clock; circadian rhythm;
circadian variation

be developed as a result of the results to be obtained.

Introduction

Breast milk is the basis of newborn nutrition.
Breastfeeding has short- and long-term beneficial health
effects for both mother and baby. Breastfeeding mothers
are less likely to suffer from postpartum depression,
cancer (breast, ovarian, endometrial), diabetes, cardio-
vascular disease, hypertension, hyperlipidemia and
osteoporosis (Ciampo and Ciampo 2018; Granger et al.
2021). Breast milk protects infants from morbidity and
mortality due to infectious diseases, shortens the course
of diseases and is the baby’s first vaccine. It provides
almost all the nutrients necessary for the growth and
development of the baby in the first 6 months (Victora
et al. 2016). However, breast milk is much more than
a food that meets the nutritional needs of the infant, it is
a biological system with components that determine the
interactions with both mother and infant. Breast milk is
responsible for the transfer of macro- and micronutri-
ents, hormones, immune factors, microbiota and
numerous bioactive factors from mother to child. It
plays an important role in laying the foundations for
the formation of a healthy intestinal flora that will affect
the baby’s whole life. In addition, it is reported that

breast milk contributes to the baby’s circadian rhythm
of rest-activity (Agostoni et al. 2009; Temizsoy 2022).
For all these reasons, the World Health Organization
(WHO) recommends starting breastfeeding within the
first hour after birth, feeding babies exclusively with
breast milk for the first 6 months, and then continuing
breastfeeding with complementary foods until they are
2years old (Guideline: counselling of women to
improve breastfeeding practices 2018).

Breast milk is a dynamic nutrient. Although it is
known that the composition of breast milk varies in
conditions such as gestational week, lactation stage,
duration and frequency of breastfeeding, it has also
been reported that some elements in its composition
show a circadian rhythm (Jackson Dorothy A et al.
1988; Cubero et al. 2009; Italianer et al. 2020; Pham
et al. 2020; Pundir et al. 2017). Information about the
time of day is transferred from the mother to the new-
born through the change in breast milk during the day.
Therefore, mothers are influential in the circadian
rhythm of their infants through mother-infant interac-
tion and environmental stimuli including light.
Therefore, breastfeeding during infancy is considered
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to be an important factor in the formation of circadian
rhythm (Kikuchi et al. 2020). This situation reveals that
breast milk should be evaluated from a chronobiological
perspective since it is a biological system (Hahn-
Holbrook et al. 2019).

This review examines how the biological clock is
formed in infants and discusses the role of breast milk
in this process, including the daily rhythms of macro-
nutrients and hormones it contains.

Circadian rhythm, mother and baby biological
clock

The circadian rhythm is driven by an endogenous oscil-
lator with a cycle lasting approximately (circa) one day
(diem); it regulates and optimizes biochemical, physio-
logical and behavioral events of the organism (Hastings
et al. 2003; Mazri et al. 2020; Mohawk et al. 2012). In
humans, the central circadian system regulated by the
suprachiasmatic nucleus (SCN) in the anterior hypotha-
lamus is responsible for various functions that can affect
different tissues and organs of the body such as sleep-
wake cycle, glucose metabolism (gluconeogenesis, glu-
cose transport, insulin/glucagon secretion, etc.), gastric
emptying, repair and maintenance of the mucosal bar-
rier, absorption of nutrients, adipose tissue differentia-
tion, and leptin secretion. The other controlling
structure in the circadian system other than the SCN is
the peripheral clocks. Peripheral clocks are 24-hour
rhythms in which clock genes are expressed in many
tissues such as liver, pancreas, lungs, kidneys, skeletal
muscle and adipose tissue (Stenvers et al. 2019).

Light is the most important zeitgeber (rhythm trans-
mitter) for the SCN and plays an important role as
a central clock in the transmission of photic entrain-
ment and light-dark signals to peripheral organ clocks
(Finger and Kramer 2021). Light is sensed by photore-
ceptors in the retina and transmitted to the SCN via the
retinohypothalamic tract (RHT) (Korf and von Gall
2022). The rhythmic information generated in the
SCN is transmitted to cells in other parts of the brain
and peripheral organs via neural, endocrine and beha-
vioral signals. Peripheral clocks generally operate in
response to messages from the SCN, but most do not
receive direct light information and are sensitive to
other zeitgebers such as nutrition, sleep, exercise, tem-
perature, etc (Bass and Takahashi 2010; Dibner et al.
2010; Stenvers et al. 2019).

During pregnancy, the mother’s hormonal profile
adapts to the changes that occur to meet the needs of
the fetus (Bates and Herzog 2020). The placenta is the
only organ formed by the interaction of both maternal
and fetal/embryonic tissues and forms an interface
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between the circulatory systems of the baby and the
mother. The circadian clock, which is strongly involved
in the regulation of functions such as hormone synthesis
and immunity in adults, is then involved in the diurnal
regulation of these functions through the placenta.

The fetal circadian system develops under the influ-
ence of endogenous and exogenous entrainment signals
passing through the placenta (Wharfe et al. 2011).
Maternal melatonin easily crosses the placenta and the
fetal blood-brain barrier, allowing circadian informa-
tion to be transmitted to the fetus (Serdn-Ferré et al.
2012). Melatonin acts at all levels of the maternal-
placental-fetal system and plays a critical role in circa-
dian rhythm entrainment in the fetus. Melatonin is also
important for its scavenging effect on free radicals and
its effects on cell proliferation and fetal growth (Hassell
et al. 2013). In humans, melatonin receptors appear in
the fetal SCN as early as 18 weeks of gestation, suggest-
ing that melatonin is the primary communicator of
circadian information for the fetus (Reppert et al.
1988). Glucocorticoids (cortisol), like melatonin, can
cross the placenta. The driving signals of melatonin
and glucocorticoids play an important role in establish-
ing, modulating or assisting the development of circa-
dian rhythms in the fetus, both directly, as they can
cross the placenta, and indirectly, as they affect the
maternal peripheral clock. Maternal body temperature,
nutrition and hormone secretion also play a role in the
development of fetal rhythms (Logan and McClung
2019).

Circadian rhythm formation, which starts in the
womb, continues after birth and takes shape in the
first months of life. During pregnancy, the embryonal
clock is directly synchronized by the mother’s SCN, but
this direct communication is lost after birth. Therefore,
immediately after birth, the baby begins to develop its
own independent central clock. Temperature rhythms
appear immediately in term babies, while other rhythms
such as sleep-wake and hormonal cycles are regulated
between 3-6 months (Olejniczak et al. 2023). Babies,
who do not have a fully functioning circadian rhythm
at birth because their neural control mechanisms have
not yet matured, use their own biological rhythms and
circadian signals in breast milk to regulate their circa-
dian rhythms (Thomas et al. 2014). Light plays a role in
regulating diurnal fluctuations directly in the fetus
through the placenta and indirectly in the newborn
through breast milk (Wong et al. 2022). Studies show
that daily fluctuations in breast milk components have
evolved to convey time-of-day information and pro-
mote the development of a built-in circadian clock in
the infant (Cubero et al. 2007). The varying concentra-
tions of breast milk hormones at different times of
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the day contribute to the formation of a circadian
rhythm in breastfed infants. The earlier occurrence of
circadian rhythmicity in body temperature in breastfed
infants compared to bottle-fed infants suggests that
breast milk may facilitate the maturation of the circa-
dian clock. If bottle-fed infants are fed according to the
timing of expressed breast milk, they may benefit from
the same advantages (Lodemore et al. 1992; Wong et al.
2022).

Physiological developments

During the first week after birth, the neuronal and glial
networks in the infant brain undergo changes. Although
the baby’s SCN already releases basic elements of the
circadian system, such as the Per, Cry, Bmall and Clock
genes, there is a marked increase shortly after birth. This
is an important step for the immature central clock
(Greiner et al. 2022; Perez-Catalan et al. 2021).
Another component that mediates the development of
the circadian system in the newborn is the RHT. Light
travels to the infant’s SCN via the RHT, which continues
to develop after birth. Light as an environmental input
plays an important role in the infant’s circadian rhythm.
The role of light in infant circadian rhythm was exam-
ined in newborns kept in continuous darkness or under
a 24-hour light-dark cycle (12/12 light/dark) in the first
few days after birth. Accordingly, higher levels of mel-
atonin were found in the plasma of infants kept in
continuous darkness compared to those kept under
light-dark cycle conditions. This proves that the new-
born is sensitive to light immediately after birth
(Olejniczak et al. 2023; Wong et al. 2022).

Breast milk

Breast milk has various components that can regulate
the baby’s circadian system. Studies have shown that
breast milk contains higher concentrations of different
components during the day and night, which plays an
important role in regulating the baby’s circadian system.

The circadian rhythm, which is not yet developed in the
newborn, is regulated by the significant contributions of
the hormones cortisol and melatonin in breast milk.
These hormones mark the time of day and regulate the
sleep-wake cycle. When these hormones enter the
infant’s circulation through breast milk, they provide
clock information to the organs. Previous studies have
examined the variation of these hormones. Melatonin
levels in breast milk are higher at night than during
the day, while cortisol levels are higher during the day
than at night. This variation helps to establish the
infant’s sleep-wake rhythm (Figure 1) (Carissimi et al.
2016; Italianer et al. 2020; Olejniczak et al. 2023;
Sorensen et al. 2020).

It has been reported that breastfed babies develop
a circadian rhythm after about 2-3 weeks, while this
period can reach 12weeks in mixed-fed babies
(Kikuchi et al. 2020). Another study found that the
formation of circadian rhythm peaks at week 4 in
breastfed infants (Oda et al. 2008). Additionally, sleep
parameters, indicators of circadian rhythm, were found
to be better in exclusively breastfed infants compared to
formula-fed infants (Jafar et al. 2021). In contrast to
formula-fed infants, breastfed 2-month-old infants
experienced significantly fewer colic attacks and less
severe irritability, which was associated with melatonin
consumption through breast milk at night (Cohen
Engler et al. 2012). It is believed that the shorter time
for the circadian rhythm to develop in exclusively
breastfed babies is due to the fact that breastfeeding
mothers serve as a stronger zeitgeber compared to
mothers who use mixed feeding. This can be attributed
to multiple factors: different contact times between
mothers and their babies, feeding schedules, variations
in mothers’ circadian rhythms, differences in the com-
position of breast milk and formula milk, varying light
conditions, and more (Kikuchi et al. 2020). Maternal
contact is important; one study reported that the dura-
tion of breastfeeding was longer than the duration of
mixed feeding (Lucas and St James—Roberts 1998).
Kikuchi et al. also found that the frequency of daily

Hormones: melatonin Hormones:
I [ [ \ \ \
6AM 12AM 6PM 12PM 6AM 12AM 6PM 12PM
Morning Evening Morning Evening

Figure 1. Circadian variation of melatonin, cortisol and cortisone in breast milk (reproduced from 7 with permission from [MDPI]. ©

2020).(Italianer et al. 2020).



breastfeeding was higher than that of mixed feeding, as
mothers can breastfeed quickly whenever the baby
demands it. Considering all factors, breastfeeding
mothers are in closer contact with their babies than
mixed-feeding mothers, making them a stronger stimu-
lant for establishing the baby’s circadian rhythm.
Ultradian rhythms in breastfed babies were also found
to be more pronounced at 6 and 12 weeks compared to
mixed-fed babies. Breastfeeding mothers can more
easily adjust their timing to their babies’ demands than
mixed-feeding mothers (Kikuchi et al. 2020). Circadian
fluctuations in the composition of breast milk help
transfer information about the time of day from mother
to newborn, making breast milk a unique form of
“chrono-nutrition” and plays an important role in the
newborn’s adaptation to the outside world (Hahn-
Holbrook et al. 2019). Accordingly, it has been reported
that the mismatch between milking time and feeding
time may have negative consequences for the develop-
ment of circadian clock and sleep homeostasis in infants
fed with donor milk (Italianer et al. 2020). Maternal,
fetal and neonatal circadian rhythm development is
summarized in Figure 2.

Circadian disruption during pregnancy has
adverse effects on fetal health in infancy and adult-
hood, demonstrating the important role of the
mother in influencing fetal circadian rhythms.
Studies in rodents have shown that circadian disrup-
tion in the womb is associated with cardiovascular
disease, reduced bone mass and strength, glucose
intolerance, insulin resistance and behavioral disor-
ders in adulthood (Chaves et al. 2019; Wong et al.
2022). Human studies have shown that when the
mother’s sleep and diet are disrupted and her
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working hours are irregular, the likelihood of both
low birth weight and premature babies and miscar-
riage increases (Logan and McClung 2019). It has
been reported that maternal chronosis may lead to
memory and learning deficits, increased anxiety and
depressive behaviors, adiposity and impaired glucose
tolerance in the long term (Mendez et al. 2016;
Vilches et al. 2014; Voiculescu et al. 2016).

Circadian rhythms of breast milk components

Breast milk is a unique nutrient for both full-term and
preterm babies. In fact, the composition of breast milk
varies to meet the physiologically changing needs of the
infant. It is well known how the composition of breast
milk changes at different stages of lactation, or the
differences in macro- and micro-components between
foremilk and hindmilk during breastfeeding. What is
less well known is how the composition of breast milk
shows a circadian rhythm over a 24-hour period (White
2017). In previous studies, macronutrients, some vita-
mins and minerals, some hormones and energy have
been studied to examine the diurnal rhythm of breast
milk components. A summary of the literature review
on the circadian rhythms of some elements in breast
milk is presented in Table 1.

For some nutrients (especially melatonin, cortisol,
cortisone, cortisone and fat), circadian rhythms have
been determined, while for others, the results are mixed.

Circadian rhythm exhibited by hormones

Studies have particularly focused on melatonin and
cortisone/cortisol due to their key roles in metabolism

-3

environmental inputs

<

breast milk

MOTHER
NEONATE

« cell proliferation

* cell protection (ROS induced-
cell damage in brain ¢)

o fetal growth

Figure 2. Maternal, fetal and neonatal circadian rhythm development.
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and immune activity. As a result, it is currently possible
to discuss a 24-hour circadian rhythm related to these
hormones. These hormones directly affect the baby’s
circadian rhythm regulation, and their rhythm patterns
are shown graphically in Figure 1 above, in the section
on the regulation of the baby’s circadian rhythm (Hahn-
Holbrook et al. 2019; Hollanders et al. 2019; Italianer
et al. 2020; Katzer et al. 2016; Pundir et al. 2017; Qin
et al. 2019a; van der Voorn et al. 2016).

Other than melatonin and cortisol, leptin in breast
milk has been the most widely studied appetite hor-
mone. Considering that leptin suppresses hunger and
reduces the risk of developing obesity, its importance in
breast milk is clear (Cannon et al. 2015). Therefore,
leptin is thought to play a key role in appetite regulation
and energy balance in breastfed infants (Palou and Picé
2009). One study found that leptin levels increased
between 20:00 and 06:00, peaking around 05:00, which
is consistent with the nocturnal increase in human cir-
culating leptin (Saad et al. 1998; Suwaydi et al. 2023b).
Another study found that leptin concentration in milk
was significantly higher between 22:00 and 04:00 com-
pared to 04:00 and 22:00 (Cannon et al. 2015). Although
more studies are needed on the circadian rhythm of
leptin in breast milk, understanding the role of this
hormone’s increase during the day and lactation could
be very important for future applications (Nozhenko
et al. 2015).

Prolactin, which is thought to aid in nutrient absorp-
tion from the baby’s intestines, tends to be at higher
levels in the morning hours (02:00-06:00) (Cregan et al.
2002; Hahn-Holbrook et al. 2019). Although a few stu-
dies indicate that adiponectin and insulin levels in
breast milk change during lactation, there is not enough
research to determine their circadian rhythms (Hahn-
Holbrook et al. 2019; Suwaydi et al. 2023b).

Circadian rhythm exhibited by macronutrients

Many studies have been conducted to determine the
circadian rhythm of protein, carbohydrate, and fat con-
centrations in breast milk. Some of these studies are
presented in Table 1. While some studies do not detect
a circadian rhythm for any macronutrient (Cetinkaya
et al. 2017; Hollanders et al. 2019), others indicate
a rhythm for only some of them (Khan et al. 2013;
Moran-Lev et al. 2015). When methodologically similar
studies are evaluated, it is generally not possible to
identify a circadian rhythm for carbohydrate and total
protein amounts (Italianer et al. 2020; Khan et al. 2013).
Studies investigating daily changes in protein have
mostly focused on specific amino acids. Notably, activ-
ity-promoting amino acids are higher in daytime milk
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(tyrosine, methionine, phenylalanine) (Hahn-Holbrook
et al. 2019; Sanchez et al. 2013), while tryptophan peaks
in the early morning hours (Italianer et al. 2020). The
macronutrient whose circadian rhythm is most clearly
determined is fat. Although their methodologies dif-
fered, most studies reported circadian variation in fat
concentration, with acrophase found in the evening
hours (Italianer et al. 2020; Jackson et al. 1988;
Selvalatchmanan et al. 2021; Suwaydi et al. 2023b).

Conclusions and recommendations

In humans, light is the most important zeitgeber for the
circadian rhythm regulated by the SCN in the anterior
hypothalamus. However, there are also zeitgebers for
the peripheral clock such as feeding, sleep, exercise
and temperature. Fetal circadian rhythm regulation
occurs both in the infant SCN through light and
through hormones and metabolites from the placenta
and mother. After the baby is born, its own biological
rhythms begin to develop, and components in breast
milk play a role in establishing a rhythm for the baby.

Although the presence of circadian rhythm was
determined for some nutrients and hormones of the
breast milk in the studies reviewed (mainly cortisone/
cortisol, melatonin and fat), the results obtained for
some of them are not clear. The most important reason
for this is thought to be the heterogeneous nature of the
studies. Basic characteristics such as the characteristics
of the infants included in the studies (term/premature),
lactation stage (colostrum/transitional milk/mature
milk), milking and storage procedures, and analysis
methods used are different from each other. In addition,
the sample sizes of the studies are small. This situation
may affect the quality of existing studies and make the
results different from each other.

A connection has been established between many
chronic diseases and nutrition in the fetal and neonatal
periods, a concept known as “metabolic programming.”
More studies are needed on the epigenetic effects of
breast milk. However, the concept of “metabolic pro-
gramming” indicates that early-life nutrition may influ-
ence brain development and body functions, potentially
playing a decisive role in health status in adulthood. In
this context, it is important to understand the circadian
rhythms of the elements in breast milk (Singhal and
Lucas 2004). With the increase in methodologically
stronger studies, various recommendations can be
developed in this field. For example, the knowledge
that antioxidant capacity and melatonin hormone are
at higher levels at night may help to form
a recommendation for prioritizing the administration
of milk expressed at night, especially to high-risk
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infants, or it may be recommended that breast milk be
given to the infant at the same time of the day when it is
expressed in order for the infant to obtain more phy-
siological benefits from breast milk and to ensure the
synchronization of its systems. Considering that circa-
dian disruption can negatively affect almost every pro-
cess in the body, it would be a logical approach to give
babies circadian compatible milk (Hahn-Holbrook et al.
2019; Sinkiewicz-Darol et al. 2022).

Instead of combining international data, it would be
more useful to conduct country- or region-specific stu-
dies to assess infant and maternal nutritional needs. The
information obtained may be useful in assessing infant
and maternal nutritional needs, may provide more
information for health workers in promoting and
recommending breastfeeding, and may even contribute
to policy making in the country or region in question.

Finally, supporting the proper development of the
baby’s circadian rhythm and investigating the potential
effects on baby development if the rhythms of breast
milk components are determined are among the desired
goals for future studies.
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