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Preface

It is very well known that breastmilk is the healthiest option for newborns as the 
source of nutrients, improves immunity, and for many other known and unknown 
mechanisms.

Metabolic programming stands at a not well-known site. Long-term health is 
affected by prenatal and early postnatal environments, the developmental origins of 
health and illness theory suggests. Growing data from human studies show that 
insufficient and excessive nutrition during pregnancy can alter gene expression and 
have lasting effects on child phenotypes through epigenetic alterations. In light of 
the possibility of its application in the programming of both health and illness, epi-
genetics has garnered considerable interest. Little is understood, however, about the 
processes through which early postnatal diet can influence long-term health.

Recent research shows that several common prenatal exposures, such as intra-
uterine growth restriction, extremes of birth weight, maternal obesity, and maternal 
diabetes, are linked to increased fat mass, decreased muscle mass, and decreased 
bone density, with effects reported throughout infancy, childhood, and middle age. 
Genetic and epigenetic factors, stem cell commitment and function, mitochondrial 
metabolism, and maternal food are mechanisms and mediators. Changes in body 
composition are a typical phenotype after exposure to adverse conditions during 
pregnancy, and they may play a role in the prenatal programming of obesity and 
diabetes risk.

This book synthesizes the findings of several fields of studies into a single, acces-
sible volume, focusing on the central idea of breastmilk and metabolic 
programming.

Initially, I would like to express my most heartfelt thanks to my father, Orhan 
Rami Atan, a well-known geology professor, who made me love science. My father 
told me about the importance of biological differentiation, that is, evolutionary pro-
cesses, in the adaptation process of living things in the name of survival, by witness-
ing the changes of the same species over millennia and the fossils of geological 
periods he showed me in childhood. My father discovered and analyzed many fault 
lines, including the northern Anatolian fault line, sometimes on foot in the Taurus 
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Mountains, sometimes on horseback, and showed them to us by transferring them 
to geology education books.

I offer my sincerest appreciation to Gian Carlo Di Renzo and Despina D. Briana, 
who were accepted to be co-authors with me, to Cemal Cingi and Nuray Bayar 
Muluk, who planned and edited the “Breastfeeding: Special Conditions and Issues” 
section.

Last but not least, my appreciation is to Ayse Engin Arisoy, a leader or even a 
hero with her intelligence, wisdom, and knowledge in the newborn era of our coun-
try, and Emin Sami Arisoy, who is a hard worker but always stays calm. They guided 
me in planning the contents of the book.

This book will be helpful for readers and set the first step for other papers and 
books in this field.

Istanbul, Türkiye Özlem Naciye Şahin  
Athens, Greece  Despina D. Briana  
Perugia, Perugia, Italy  Gian Carlo Di Renzo  
March 2, 2023

Preface
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Human Milk Composition: Nutrients 
and Bioactive Factors

Senem Alkan Özdemir, Özlem Naciye Şahin, and Despina D. Briana

1  Introduction

It is widely accepted that the ideal way for a human infant to be nourished up to the 
age of 6  months is exclusive breastfeeding. Thereafter, breastfeeding with addi-
tional sources of nutrition is suitable up to the first or second birthday, or for even 
more prolonged periods [1, 2]. Breast milk is the sole food which precisely addresses 
the developmental requirements of the infant, providing both nutritional elements 
and bioactive compounds to ensure survival as well as healthy growth [3]. In this 
chapter, the nutritional and bioactive elements of breast milk are summarised. The 
latter category includes cells, molecules which target infectious pathogens and 
dampen down inflammation, growth factors and prebiotics. Breast milk differs from 
artificial substitutes insofar as the latter is of essentially fixed composition, whereas 
breast milk varies considerably in its constituents, whether in a single nursing ses-
sion, over the course of the day or over the whole period of lactation. Human milk 
composition differs from mother to mother, as it does between populations. There 
are a number of reasons for this variable composition, including factors related to 
both the mother and the surrounding environment, as well as to the way milk is 
expressed and the feeding pattern. Knowledge of the constituents of breast milk is 
vital, in order to best utilise the opportunities breastfeeding offers, especially for 
those children who are most vulnerable to adverse outcomes, and to inform 
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discussion about how breast milk can potentially be stored and whether it should be 
pasteurised. The chapter will also discuss bioactive factors which have been identi-
fied as potential prophylactic or therapeutic agents and may be suitable to undergo 
pharmaceutical development and testing [3–5].

2  Stages of Lactation

The initial milk expressed by the mother postpartum is colostrum, which differs 
from mature milk in the amount expressed, its appearance and constituents. This 
early milk is expressed in low volumes over the initial days after delivery and con-
tains abundant immune-related cells and humoral factors, notably secretory IgA, 
lactoferrin and white blood cells. It also contains factors that direct development, 
such as epidermal growth factor (EGF) [4–6]. The level of lactose in colostrum is 
low and it appears that this fluid is optimised for immune support and directing 
growth more than for supplying nutrition. The electrolyte composition of colostrum 
also differs from transitional or mature milk, being richer in sodium, chloride and 
magnesium ions, but lower in potassium and calcium [5, 6]. The rising of milk lac-
tose concentration heralds the onset of transitional milk. Within the breast, this 
reflects a structural change, with the epithelium developing tight junctions between 
cells. The exact point at which this change occurs varies from mother to mother, 
however the expression of transitional milk, known as the second stage of lactogen-
esis, generally begins a few days after delivery. The second stage is considered 
delayed if it has not started by 72 h postpartum. This delay seems to be associated 
with neonatal prematurity and maternal obesity. It also correlates with specific met-
abolic biomarkers [7, 8]. The changes in biochemical composition that confirm the 
onset of the second stage include sodium concentration, sodium to potassium ratio, 
as well as citrate and lactose levels [9].

Transitional milk somewhat resembles colostrum, although it involves a consid-
erable step up in milk production as called for by the infant’s rapid development and 
growth, which impose greater metabolic demands. The usual period during which 
transitional milk is expressed is from 5 days to 2 weeks after delivery. It is followed 
by the stage of mature milk. Mature milk contains all the expected elements at 
around 4–6  weeks after birth. Thereafter, there are only relatively minor adjust-
ments to the constituents contained in breast milk, although compositional variety 
is always a feature of human milk [10, 11].

3  Studies of Breast Milk Composition

Studies concerning the composition of breast milk, as indexed in Medline, have 
steadily increased in number over the last half-century. There are still announce-
ments of newly discovered constituents in human milk, and an active global research 
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effort is underway to determine the functions of each constituent. There have been 
multiple studies examining the composition of breast milk in different groups of 
mothers. These studies employed a range of methods to collect, store and analyse 
human milk. The ideal method of sampling is to obtain multiple samples of milk 
from the same mother at different points during a 24-h period [10, 11]. This sam-
pling technique suffers from the disadvantage that it is costly and may discourage 
mothers from enrolling in a study. A second technique that allows for standardisa-
tion is to take all samples at a particular point during the day, such as in the morning, 
and to collect the entire milk content of whichever breast has not been used to feed 
the infant in the preceding 2–3 h. This procedure needs to be repeated several times 
in the same study participant on different days [12]. The majority of studies in the 
literature, nonetheless, are based on milk obtained in a non-standardised way from 
milk banks, where the milk arrives at different times and different points during 
nursing and is expressed from mothers at different stages of lactation. These studies 
on the composition of breast milk also lack standardisation in how and for how long 
milk was stored, how frequently was frozen and defrosted and whether it was pas-
teurised or not. All these factors may partly explain the heterogeneity in the results 
obtained.

4  Nutritional Constituents within Breast Milk

There are three sources for the nutritional components of breast milk. The lacto-
cytes synthesise a number of compounds for secretion into milk. The maternal diet 
supplies other components, whilst others come from the body stores of the mother. 
In general, breast milk retains its nutritional value despite maternal dietary deficien-
cies, but there are specific vitamins and fatty acids which must be present in the 
maternal diet for these compounds to be present in breast milk. This issue is dis-
cussed elsewhere in this volume [12–14].

4.1  Macronutrients

The level of macronutrients in breast milk does exhibit a degree of variation between 
individuals and over the whole course of breastfeeding, but there is a notable con-
sistency in macronutrient content in different groups, despite differences in mater-
nal diets. On average, the concentration of protein in mature milk is calculated to lie 
between 0.9 and 1.2 g/dL, of lipids from 3.2 to 3.6 g/dL and of lactose from 6.7 to 
7.8 g/dL. The calorific value of breast milk is estimated at between 65 and 70 kcal/
dL and is mostly related to the lipid content. There are differences between milk 
expressed following a term pregnancy and that seen from mothers of preterm 
infants. Preterm milk generally contains a higher concentration of protein and lip-
ids. A study undertaken in the Californian city of Davis examined mature milk 
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expressed 4 months after delivery and related its macronutrient composition to spe-
cific characteristics of the mother. There were a number of maternal characteristics 
found to be of significance, in particular body mass index (BMI), dietary protein, 
parity, whether menses had recommenced and how often the infant was fed. 
Individual mothers whose milk production was greater generally produced milk that 
was less rich in lipids and protein but richer in lactose.

Breast milk proteins can be separated into those that aggregate in the whey and 
those that are in the casein fraction. Each fraction contains a surprisingly varied 
range of different proteins and peptides [14, 15]. The proteins present at the highest 
concentration are casein, α-lactalbumin, lactoferrin, secretory immunoglobulin 
IgA, lysozyme and serum albumin [16, 17]. Around 25% of the nitrogen contained 
in breast milk is not in protein form, being found as urea, urate, creatine, creatinine, 
amino acids or nucleotides. There is a significantly higher level of protein in breast 
milk from mothers of preterm infants. Whatever the stage of pregnancy when deliv-
ery occurred, protein content falls in breast milk between the first and fourth to sixth 
weeks. If a preterm infant is fed by donor milk, the concentration of protein and 
amino acids is insufficient unless artificially supplemented. This is because most 
donor milk is of mature type and provided by mothers who delivered a term infant. 
The level of protein in breast milk does not depend on what the mother eats, but it 
does rise if the BMI is greater and falls when the volume of milk expressed is very 
high [10, 18].

The typical lipid composition of breast milk involves a high volume of palmitic 
acid and oleic acid residues attached to triacylglycerides. Palmitic acid is generally 
attached mid-chain to the glycerol moiety, whereas oleic acid is attached to either of 
the terminal carbons. The macronutrient category subject to the most variation in 
breast milk is lipid. The lipid content of hindmilk, the end portion of a feed, poten-
tially contains three-fold more lipid than the initial foremilk [19]. One study which 
evaluated milk sampled from 71 women over the course of a full day reported that 
the lipid concentration was highest during the afternoon or evening and this finding 
was of statistical significance [20]. A different study correlated a quarter of the 
variation in fat contained in breast milk with variation in maternal protein consump-
tion [10].

The aliphatic acid content of breast milk is affected by maternal dietary con-
sumption, especially consumption of long chain polyunsaturated fatty acids 
(LCPUFAs). In Western countries, most fatty acids of this type in the diet are 
omega-6 aliphatic acids, with less consumption of omega-3 acids than is ideal. In 
North American mothers, breast milk is markedly deficient in docosahexaenoic 
acid; therefore lactating mothers whose diet lacks this nutrient should be advised to 
consume supplements to remedy the defect [18, 21, 22].

The main type of sugar within breast milk is lactose, a disaccharide. Lactose var-
ies the least amongst the macronutrients found in breast milk, although it has been 
noted that women with a high milk volume do secrete greater concentrations of 
lactose into milk [10]. Oligosaccharides are also a major carbohydrate component 
in breast milk. They are typically present at a concentration of around 1  g/dL, 
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although this varies according to the stage in breastfeeding and the genetic composi-
tion of the mother [23–25]. Oligosaccharides in breast milk are not nutritive, but 
they perform other biological functions, as described later.

Figures representing the mean concentration of macronutrients in breast milk are 
helpful, but should not be allowed to give the misleading impression that individual 
samples of milk vary little in their composition. The opposite, in fact, applies, and 
this variation is especially apparent in lipid and protein concentrations. The total 
protein concentration in breast milk from mothers who delivered at term ranges 
from 0.6 to 1.4 g/dL. The range for lipids is from 1.8 to 8.9 g/dL, for lactose from 
6.4 to 7.6 g/dL and the calorific value is between 50 and 115 kcal/dL [26]. There are 
significant differences between milk from mothers who delivered at term and those 
whose delivery was premature. Accordingly, when a nutritional plan for an infant at 
high risk is being formulated, the milk available needs to be analysed and fortified 
as necessary, whilst also monitoring effects on the infant’s growth [27].

4.2  Micronutrients

Breast milk provides the standard to which artificial formula needs to approach to 
achieve optimal nutritional value. However, there is significant variation in the 
micronutrient content of breast milk as a result of variation in maternal diet and 
body stores. This especially applies to vitamins A, B1, B2, B6, B12, D, and iodine. 
Given the fact that mothers frequently consume a suboptimal diet, mothers can be 
advised to keep taking multivitamins whilst breastfeeding continues [28, 29]. The 
level of vitamin K in breast milk is always low, whatever the mother’s dietary intake. 
This is the reasoning behind the American Academy of Paediatrics’ recommenda-
tion that vitamin K should be administered intramuscularly to all neonates to pre-
vent haemorrhagic disease of the newborn [28]. The level of vitamin D in breast 
milk is also low, especially if the mother has inadequate exposure to sunlight. Due 
to lifestyle changes, this is now frequently the case all across the globe [30]. 
Although benefit from supplementing the diet of breastfeeding mothers with vita-
min D has not yet been proven experimentally, current guidelines advise supplying 
additional vitamin D to all new breastfeeding mothers and their offspring. The 
inability to provide a thorough, detailed review of every micronutrient contained in 
breast milk is a limitation of this chapter. Interested readers can find several detailed 
reviews available elsewhere in the literature [28, 29, 31].

5  Bioactive Constituents and Their Sources

One definition of bioactive constituents in the diet considers them as substances 
which ‘affect biological processes or substrates which hence have an impact on 
body function or condition and ultimately health’ [32, 33]. The bioactive molecules 
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found in breast milk originate from several different sources. The epithelial cells of 
breast produce and secrete certain such compounds, whilst cellular components of 
milk are the source of others. Furthermore, the breast epithelium recognises and 
actively transports some molecules from the plasma to the milk, by means of spe-
cific receptor interactions. The epithelial cells secrete milk fat globules (MFGs), 
which contain within them various proteins attached to membranes as well as spe-
cific lipid components [34]. These different sources all contribute to the abundance 
of bioactive molecules within breast milk. In women who are breastfeeding, 
B-lymphocytes are drawn towards the breast, and secretory immunoglobulin pro-
duced by these cells is then transferred into the milk ducts via polymeric immuno-
globulin receptors (pIgR) [35]. In contrast, vascular endothelial growth factor 
(VEGF) concentrations are significantly higher in breast milk than in maternal cir-
culation, which suggests that VEGF is manufactured and secreted by the breast 
itself [36, 37]. A knowledge of where the constituents of breast milk that possess 
bioactivity originate is helpful in understanding the varying levels of secreted mater-
nal medications in milk.

There are a number of ways in which research into the bioactive breast milk 
compounds can impact clinical practice. A key concept that both patients and the 
wider public need to grasp is that the research so far clearly shows that breast milk 
is more sophisticated than just another type of food. Indeed, breast milk provides 
infants with a number of compounds which enhance both survival and healthy 
growth. Accordingly, for infants at risk and where the mother cannot supply her own 
milk, donor breast milk is vital, provided it is safe to use. Proteomic studies reveal 
that the types of proteins present differ according to the stage of breastfeeding, in 
addition to differences associated with whether delivery occurred at term or prema-
turely [14, 15]. Thus, wherever the possibility exists, donor milk should be from a 
donor whose own infant is at the same stage of development as the patient. In actual 
clinical practice, this precise matching may not be achievable. Recognition of the 
role of bioactive compounds in breast milk has led to a rethink in how donor milk is 
collected, stored and pasteurised. Retaining bioactivity has become the goal. 
Furthermore, the mechanisms by which bioactive milk constituents enhance infant 
health offer new targets for future pharmaceutical or other therapeutic interventions 
[36, 37].

This chapter does not aim to comprehensively review the entire spectrum of 
bioactivity in breast milk. Instead, the objective is to examine a subset of bioac-
tive factors in breast milk and relate their changing levels to the developmental 
requirements of the infant. The patterns of secretion associated with term and 
premature delivery are described, as well as the variations associated with the 
stage of lactation. In many cases, the bioactive factors function in a synergistic 
manner, which means that replacement or supplementation of individual bioac-
tive molecules or sets thereof is generally less efficacious than supplying com-
plete breast milk [38].
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6  Growth Factors

Multiple different growth factors have been identified in breast milk. These mole-
cules act on various infant organs, such as the gut, circulatory, nervous and endo-
crine systems [36–38].

6.1  Epidermal Growth Factor (EGF): Development and Repair 
of the Intestinal System

EGF plays a vital role in healthy development and repair of the gut lining. It is 
detectable in breast milk as well as amniotic fluid [38–40]. EGF remains intact even 
in the highly acidic gastric interior, and is not degraded by digestive enzymes. 
Within the intestines it has a stimulatory effect upon the gut lining, promoting the 
synthesis of DNA and cellular replication. It also increases water and glucose uptake 
by the gut and promotes protein manufacture [41, 42]. EGF also performs several 
protective roles within the infant gut, such as preventing excessive apoptosis and 
opposing the action of tumour necrosis factor-alpha (TNF-α). The latter promotes 
inflammation and alters the tight junctions between different enterocytes and 
between hepatocytes [43]. Heparin-binding growth factor also belongs to the same 
family of related proteins. This is the principal signalling molecule involved in 
resolving hypoxic injury, ischaemic-reperfusion damage, shock secondary to haem-
orrhage, resuscitation injury and necrotising enterocolitis [44]. The highest concen-
tration of EGF occurs at the beginning of the lactation period, decreasing as lactation 
continues [45, 46]. The mean concentration of EGF in colostrum exceeds the moth-
er’s circulating level by 2000 times. In mature milk, EGF is 100 times more abun-
dant than in maternal circulation [41]. Additionally, the level in breast milk of 
mothers who delivered prematurely is higher than in cases where delivery occurred 
at term [45, 46].

6.2  Neuronal Growth Factors: Normal Maturation

The intestinal system of infants is immature in several different ways, including the 
development of the enteric nervous system, which depends for proper maturation on 
the presence of brain-derived neurotrophic factor (BDNF) and glial cell-line-derived 
neurotrophic factor (GDNF). Peristaltic intestinal motion is often dysfunctional in 
premature infants. This function improves in the presence of BDNF. Rodent models 
exhibit severe deficiency of neurones in the gut of animals without GDNF. Ciliary 
neurotrophic factor (CNF) is a protein with similarities to BDNF and GDNF. All 
three molecules are present in breast milk for a period lasting 90 days after delivery. 
When neurones were exposed to GDNF isolated from human milk, cellular survival 
improved and the cells developed new projections [30, 31].
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6.3  The Insulin-like Growth Factor (IGF) Superfamily and Its 
Effects on Tissues

Breast milk contains several IGF-related proteins, notably IGF-I and II, as well as 
IGF-binding proteins and proteases with specificity for IGF. These molecules are 
most abundant in colostrum, but their levels steadily fall as lactation proceeds. 
Preterm and term milk do not importantly differ in their level of IGF apart from 
IGF-binding protein-2 being more abundant in preterm samples. Rodents exposed 
to surgical stress and fed by total parenteral nutrition exhibited higher levels of tis-
sue growth and lower levels of gut atrophy when administered IGF-I. This effect has 
not been demonstrated in human subjects so far [1, 2]. IGF-I potentially also 
increases cellular survival when the gut is exposed to oxidative injury. Breastfeeding 
increases the concentration of IGF-I in the circulation. IGF absorbed through the 
gut retains its bioactivity and can enter the vascular circulation. Exactly how IGF 
taken up by this route functions so far remains unknown, however it has been shown 
that IGF-I administered by an enteral route at physiological concentrations increases 
red cell synthesis and raises the haematocrit [32, 33].

6.4  Vascular Endothelial Growth Factor (VEGF): Regulating 
Vascular Development

The development of new blood vessels is mostly regulated by the balance between 
VEGF and molecules which antagonise its effect. Colostrum contains the greatest 
level of VEGF amongst different types of breast milk. Term milk has a greater con-
centration of VEGF than preterm milk [34, 35]. The pathogenesis of retinopathy of 
prematurity is believed to arise from a combination of immaturity of the lungs, 
therapeutic oxygen administration and down-regulation of VEGF. This then causes 
the retina to grow blood vessels in a disorganised fashion [36, 37]. It is possible that 
breast milk, which contains VEGF, may be beneficial in mitigating the severity of 
this condition.

6.5  Erythropoietin: Promoting Development of the Gut 
and Preventing Anaemia

Erythropoietin is the principal hormone which stimulates erythrocyte synthesis. 
Haemorrhage, disease of the gut and under-developed haematopoiesis are factors 
contributing to the anaemia which may affect premature infants. This condition then 
severely harms normal growth and development [36–41]. It has been proposed that 
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exogenous administration of erythropoietin may be beneficial in the prevention of 
anaemia of prematurity, however results of this practice have produced unclear ben-
efit [38]. Nonetheless, it has been demonstrated that where erythropoietin and iron 
are co-administered, a potential increase in haemoglobin and haematocrit occurs 
[39]. A trial involving low numbers of premature infants who were administered 
erythropoietin enterally found increased numbers of reticulocytes in the circulation. 
Furthermore, erythropoietin has significant trophic effects and leads to tighter inte-
gration of the enterocytic junctions. It appears that exogenous erythropoietin may 
partially prevent vertical transmission of HIV and may lower the incidence of 
necrotising enterocolitis [36–41].

6.6  Calcitonin and Somatostatin: Regulation of Growth

There are high concentrations of both calcitonin and the precursor molecule, procal-
citonin, in breast milk [40]. The calcitonin receptor is present on cells of the intes-
tines from the latter stages of pregnancy into the first year of life, as demonstrated 
by immunochemical methods. In normal circumstances, somatostatin undergoes 
swift degradation within the jejunum. It is not absorbed via the gut lining. When this 
hormone is delivered in breast milk, however, degradation does not occur and it 
remains bioactive in the intestines. The usual physiological role of somatostatin is 
inhibition of the action of growth factors. Its exact functions in breast milk is, how-
ever, still not fully elucidated [41, 42].

6.7  Adiponectin and Related Hormones: The Regulation 
of Metabolism and How the Body Is Composed

Adiponectin has a high molecular weight and possesses multiple endocrine func-
tions, in particular the regulation of metabolism and inhibition of inflammatory 
responses. It is present at high concentration in breast milk and traverses the gut 
lining, after which it has an apparent regulatory function in metabolism in the infant. 
There is an inverse correlation between the concentration of breast milk adiponectin 
and both the infant body mass and BMI in exclusively breastfed infants. It has been 
hypothesised that adiponectin in breast milk may help to prevent individuals becom-
ing obese or overweight at a later stage in life, but this has not yet been proven to 
occur. There are several other hormones with a regulatory role in metabolism that 
can be detected in breast milk. This group includes leptin, resistin and ghrelin, all of 
which significantly influence energy production and the relative proportions of fat 
and muscle, as well as orexigenesis [1, 42, 43].
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7  Oligosaccharides: Selection of Optimal Gut 
Microbial Flora

Human milk oligosaccharides (HMO) are unique to humans and consist of chains 
of sugars between 3 and 32 residues in length [23, 24]. Despite their non-nutritional 
function, these sugars form a strikingly large component within breast milk, at a 
level similar to that of proteins overall. The synthesis of HMO depends on the action 
of glycosyltransferases, a group of enzymes which participate in the synthesis of 
other carbohydrates. HMO function as prebiotics, i.e. they assist the growth of a 
beneficial (probiotic) intestinal flora. Many pathogens remain in the gut by attach-
ment to oligosaccharides attached to the enterocytic membrane. The HMO and con-
jugated proteins within the lumen act as alternative binding sites for pathogens, thus 
acting as a decoy and preventing their adhering to the intestinal lining. There is a 
variety in the particular HMO secreted by different mothers, the so-called lactotype, 
which bears comparison with blood groups [23–25]. However, there is no aspect of 
the lactotype corresponding to donor–recipient incompatibility, as occurs with 
blood transfusions. Thus, an infant may consume milk from any non-related mother. 
The different lactotypes have probably evolved because of varying binding affinities 
amongst pathogens. Certain patterns of HMO secretion are able to prevent diar-
rhoea secondary to infection by specific pathogens, and to inhibit HIV transmission. 
There is a need for more detailed research focusing on the secretion patterns for 
HMO and lactose in preterm milk [44, 45].

The traditional medical belief that breast milk is normally sterile has been over-
turned, and it now appears that breast milk has its own associated microbiota. There 
are various maternal factors that alter the composition of this microbiota. It also 
varies as breastfeeding progresses [46, 47]. The specific HMO in milk affect which 
microbial species colonise the gut and may partly determine which bacteria are 
present in breast milk.

8  Conclusion

Breast milk is a fluid which is dynamic in composition and acts in numerous differ-
ent ways to promote the healthy development of the infant. It has both a nutritive 
and bioactive function. The constituents differ at different stages of breastfeeding 
and between term and preterm milk samples. Despite the numerous investigations 
into how breast milk is composed, research continues to identify previously unrec-
ognised constituents. There is a pressing requirement for a study examining in a 
standard way breast milk samples from multiple populations. This will then allow a 
thorough, detailed and complete reference for the nutritive and bioactive factors in 
human milk to be compiled. At present, we are still at the discovery stage in under-
standing how breast milk contributes to the healthy development of human infants 
[1, 2, 48].
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Perinatal Maternal Nutrition and Breast 
Milk Composition

Vesim Bekraki, Gian Carlo Di Renzo, and Ayşe Engin Arısoy

1  Introduction

The American Academy of Pediatrics (AAP) and the World Health Organization 
(WHO) recommend infants should be exclusively breastfed up to a minimum age of 
6 months [1, 2]. The composition of breast milk is optimized for the infants to grow 
and develop healthily, with the appropriate balance of carbohydrates, lipids, and 
proteins. Breast milk contains bioactive compounds that play particularly signifi-
cant roles at critical points when the central nervous, gastrointestinal, and immune 
systems are maturing. Infants breastfeeding are less prone to respiratory, middle ear, 
and gastrointestinal infections.

Breastfeeding also benefits the entire life, leading to better cognitive function 
and a lesser incidence of circulatory disorders, obesity, and diabetes mellitus. 
Furthermore, research indicates several advantages to breastfeeding mothers, nota-
bly a decreased incidence of hypertension, hyperlipidemia, and circulatory diseases. 
Some studies reported breastfeeding women are at lower risk of breast and ovary 
malignancies [3, 4].

Although breastfeeding results in undoubtedly better outcomes for infants and 
mothers, the actual number of breastfeeding mothers is below the ideal level. 
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Healthcare professionals influence to a significant degree whether mothers will 
decide to breastfeed and, if so, how successful breastfeeding is. By providing that 
mothers know the proven benefits of breastfeeding to themselves and their infants 
in their early and later life stages, healthcare professionals can provide mothers 
make informed choices. For physicians to inform mothers of the benefits of breast-
feeding and give appropriately qualified advice, they should know in detail how the 
mammary gland functions and how breast milk provides nutrition and protection to 
breastfed babies [5].

2  The Mother’s Perinatal Nutritional Status

The composition of the maternal diet and the way the mother eats may influence the 
development of the growing fetus directly, by physiological adaptation, or indi-
rectly, due to some stresses on the fetus altering the resulting phenotypical expres-
sion of genes. Supplementing maternal diets is no panacea, and robust evidence for 
the beneficial effects of most supplements is not available. Maternal diets with a low 
glycemic index and of Mediterranean type have an apparent benefit on subfertility 
linked to ovulation, render premature delivery less likely, and lower the incidence of 
gestational diabetes.

Overall, the female population in high-income countries is adequately nourished, 
but subgroups have vitamin D, folic acid, and iodine deficiencies. However, women 
in several low- and middle-income countries can not sufficiently be fed and may 
have many vitamin, trace elements, and mineral deficiencies. It is recommended 
that all women of childbearing age consume multivitamin supplements daily since 
this guarantees an adequate supply of vitamins, micronutrients, and folic acid, in 
case a pregnancy occurs.

Pregnant women should be carefully evaluated in terms of diet and guidelines 
about the degree of acceptable increase in body mass attributable to pregnancy, 
compared to baseline basal metabolic index. Clinicians should recommend a 
Mediterranean-style diet with omega-3 fatty acids sourced from oily fish or in a 
supplement. Some evidence exists indicating that supplementary calcium reduces 
the risk of pre-eclampsia. The importance of vitamin D in the strength of the bones, 
maintaining normoglycemia, boosting immunity, and ensuring the uterus can con-
tract effectively during labor was demonstrated. Calcium intake should be suffi-
ciently maintained, and vitamin D levels need to remain sufficient during pregnancy. 
For the latter purpose, the women’s skin needs to be exposed to sunlight or supple-
mentation provided [6].
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2.1  Carbohydrates

Carbohydrates are the principal energy source in human metabolism, particularly 
for the central nervous system (CNS). In pregnancy, maternal consumption of car-
bohydrates is critical to fetal growth since glucose derived from complex carbohy-
drates provides most of the necessary calories [7]. Pregnant women should consume 
175  g of carbohydrates each day. Carbohydrates should come from high-quality 
dietary sources that have a satisfactory glycemic index. Suitable sources include 
unprocessed foods, whole grains, vegetables without a high starch content, fruits, 
pulses such as beans, peas, and lentils, and reduced-fat dairy products.

Carbohydrates also occur in several food items, generally as simple sugars. 
Foods in this category include table sugar, honey, corn syrup, concentrated fruit 
juices, and treacle. The dietary intake of these simple carbohydrates must be kept at 
a minimum in all individuals, not just pregnant women. Added sugar is common in 
many processed foods, such as candies and desserts, and soft drinks, such as lemon-
ade, fruit juice, and especially cola. Many people add table sugar to hot beverages, 
such as tea or coffee. A Malaysian study found that a maternal diet rich in fruit and 
vegetables resulted in higher weight, length, and head circumference of the infant at 
birth, and no association was discernible with any specific type of micronutrient [8].

2.2  Proteins

Protein from the diet supplies the amino acids used for growth, developing, and 
repairing bodily injury. Amino acids are utilized in the body’s structural proteins 
and for synthesizing the enzymes needed to provide metabolism to function nor-
mally [9]. Considering how a dietary component should be supplemented, it is nec-
essary to assess the level of other available nutrients, as this affects the fate of the 
supplement in the body. For example, if individuals are deficient in protein and 
caloric intake, supplementing protein only is hazardous, whereas average growth is 
aided when protein and additional calories are supplied in appropriate amounts. 
Likewise, iron and folic acid are generally co-administered. Thus, the overall dietary 
composition should not be overlooked when planning an adequate maternal diet.

Pregnant women’s recommended protein intake is 1.1 g/kg, approximately 70 g 
daily from the second trimester onward. This amount exceeds the recommended 
daily protein intake in non-pregnant women by 25 g daily. Dietary items rich in 
protein include white and red meat, egg, seafood, nuts, seeds, dairy products such as 
cheese, milk, and yogurt, and pulses such as beans and lentils. Protein also exists in 
vegetables and grains, although at a lower concentration [9].

Perinatal Maternal Nutrition and Breast Milk Composition
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2.3  Lipids

Lipids are an essential dietary component for pregnancy to proceed healthily. The 
body mainly treats lipids as an energy source. Lipids are also involved in the absorp-
tion of lipid-soluble A, D, E, and K vitamins and provide essential fatty acids. Lipids 
must come from the diet because the human body cannot synthesize essential fatty 
acids [9].

No amount has been officially recommended as the ideal dietary intake of lipids 
in pregnant women. One approach for fat consumption may be to adhere to the cur-
rent US guidelines that limit lipid calories to 25–35% of the total energy intake [10, 
11]. The nature of the lipids consumed is another important factor since certain fatty 
acids are more beneficial in health. The scientific evidence supports that the diet 
should contain omega-3 polyunsaturated fatty acids (PUFAs), saturated acids should 
not supply more than 7–10% of the daily calories, and trans-fatty acids should be 
eliminated from the diet whenever feasible [12].

Pregnant women consuming a lipids-rich diet may demonstrate signs of insulin 
resistance. Diets containing higher saturated fat levels are associated with abnormal 
glucose metabolism and a raised likelihood of gestational diabetes mellitus in preg-
nant women. Gestational diabetes is more likely in women whose diet includes high 
levels of animal fats and cholesterol at pre-conception and those consuming diet 
with raised saturated fat levels during pregnancy [13–15].

The normal development of the CNS and retina in the fetus and infant depends 
on adequate docosahexaenoic acid (DHA) and omega-3 fatty acids. Thus dietary 
intake is vital in the last trimester and the first year of life. Foods rich in omega-3 
fatty acids include oily fish, seafood, and walnuts. It is recommended that pregnant 
women eat around 350  g of oily fish weekly or take a suitable dietary supple-
ment [9].

2.4  Iron

The serum iron level in the days around conception predicts whether iron deficiency 
will develop and pregnant women will become anemic. Providing an iron supple-
ment, generally in combination with folic acid, to pregnant women in areas where 
anemia is endemic increases their babies’ birth weight [16]. Approximately 12% of 
women suffer from iron deficiency and anemia in the USA, but this rate rises to 
around 18% in pregnant women [9]. The corresponding figures in low- and middle- 
income countries are 43% for non-pregnant and 75% for pregnant women. The very 
high levels of iron deficiency and anemia in women in low- and middle-income 
countries are mainly attributable to inadequate diet, especially the restricted avail-
ability of foods containing iron, and chronic blood loss due to hookworm infections 
of the gut [9].
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The health and welfare of the mother vitally depend on the body’s iron store 
remaining at a safe level. Fetal growth is not restricted until the maternal hemoglo-
bin concentration falls below 6 g/dL; however, one in five or more global maternal 
deaths are attributable to hemorrhage in an anemic woman [17]. A mild degree of 
anemia, corresponding to a hemoglobin level of 8 and 10.9 g/dL, sometimes repre-
sents a normal physiological response to pregnancy. This occurs due to the rise in 
the circulation volume in pregnancy, which may be linked to a smoother blood flow 
through the placental capillary bed permitted by a lower blood viscosity; this unim-
peded flow enables a more efficient gaseous exchange to take place [18].

Cantor et al. [19], in the U.S. Preventive Services Task Force literature review, 
concluded that no advantages exist for routinely offering iron supplementation to 
pregnant women living in high-income countries. However, if a woman has an iron 
deficiency or is at risk of significant bleeding due to placenta praevia, placental 
abruption, and coagulopathy, supplementing dietary iron is essential for the patient’s 
safety [9].

2.5  Folate and Folic Acid

Folate, a water-soluble vitamin within the B vitamins group, is acquired from 
dietary sources or, in its acid form, folic acid, from supplemental vitamin prepara-
tions. Folate donates a methyl moiety when deoxyribonucleic acid (DNA) is synthe-
sized and is required for cellular replication. Folate is essential for normal neural 
tube formation, which develops within 28 days of the zygote stage. Maternal low- 
folate status is associated with neural tube defects; folate prevents the occurrence of 
neural tube defects [20–22].

Folate is essential for normal brain and spinal cord development. The 28th day of 
pregnancy is when the neural tube closure occurs in normal development. Closure 
failure at the caudal pole of the tube results in spina bifida. A more extensive deficit 
in neural tube closure may cause anencephaly, where the brain structures fail to 
develop [9].

The U.S. Federal Drug Administration (FDA) ruling implemented in 1998 man-
dates cereal grains to be fortified with 0.14 mg of folic acid per 100 g. Following 
this ruling, the overall incidence of neural tube defects has declined by 30–40% in 
the USA. The incidence of spina bifida and anencephaly declined by 31% and 16%, 
respectively. However, incidence differences exist depending on race and ethnic 
origin. Moreover, the hypothesis has been proved that the essential way to reduce 
the incidence of neural tube defects further is by modifying women’s diets to include 
items rich in folate [23]. As currently implemented, supplementation has provided a 
20% decline in the incidence of neural tube defects. But a tenfold increase in the 
added daily folate intake would achieve an 82% reduction in incidence. The number 
of infants with neural tube defects would fall from 300,000 to 90,000–150,000 
annually when other countries apply the US approach toward folate fortification of 
diet [9]. The folate administration in pregnant women reduces premature delivery in 
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the 20th–32nd week [24–27]. However, some studies do not support this conclu-
sion [28].

Women of reproductive age are advised to take a 0.4 mg folate supplement daily 
or consume foods with added folate alongside foods in which folate naturally occurs 
at a high level because the bioavailability of folate derived from the diet is low. 
Following conception, the folate supplement should supply 0.6  mg daily. When 
breastfeeding, 0.5 mg of folate daily is required. If a woman has previously had a 
pregnancy in which a neural tube defect in the fetus or newborn occurred, the 
required folate is 4 mg daily, ten times the usual amount. The folate intake at this 
dose should begin at least 1 month before trying for conception. Folate is abundant 
in beans, peas, orange juice, and green leafy vegetables. Vitamins sold for use before 
conception generally include 0.8–1 mg of folic acid in each tablet.

Excessively low dietary folate levels of less than 0.15 mg daily and high levels 
exceeding the normal recommended dietary allowance (RDA) by fourfold were 
associated with neoplasia in animal models [29]. The activity of the hepatic enzymes 
involved in folic acid metabolism may not increase sufficiently to prevent the folic 
acid build-up in circulation. Furthermore, high circulating folic acid levels impede 
the cytotoxic capabilities of natural killer (NK) cells [30].

2.6  Iodine

The need for iodine rises in pregnant women due to the 50% more synthesis of thy-
roxine (T4). The fetus cannot produce thyroid-stimulating hormone (TSH) before 
the 10th–12th week of pregnancy. The timing roughly coincides with the develop-
ing thyroid gland’s ability to sequestrate iodine and synthesize iodothyronines. 
Despite this potential ability, the fetus’s actual thyroid hormone expression rarely 
occurs until 18–20 weeks [1]. With an increased need for iodine in pregnancy, a 
greater than usual renal secretion of iodine into the urine exists.

The mother supplies fetal requirements for thyroid hormones up to the 20th week 
of gestation. If the mother’s diet contains low iodine, her thyroid hormone synthesis 
will also be minimal. Unless thyroid hormones are present at sufficient levels, the 
migration of neurons, synthesis of myelin and transmission across the synapses, and 
neuronal plasticity will all be impaired. At specific points in pregnancy, abnormal 
fetal nervous system development secondary to iodine deficiency results in brain 
damage, which cannot afterward be repaired [2]. This damage may lower the child’s 
intelligence quotient (IQ) by up to 20. Iodine deficiency is the most prevalent cause 
of learning disability globally, for which prevention is possible [31]. The other com-
plications of iodine deficiency in pregnancy are goiter in the fetus, hypothyroidism, 
and cretinism in the child.

V. Bekraki et al.
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2.7  Vitamin D

The stores of vitamin D in pregnant women must be sufficient to allow calcium 
mobilization to lay down the crystallization of fetal bones. During pregnancy, 
25–30 g of calcium are carried from the mother to the fetus, and the daily transfer 
across the placenta reaches 250  mg in the third trimester. Vitamin D-rich foods 
include oily fish, such as salmon, egg yolk, milk with added vitamin D, margarine, 
yogurt, and orange juice [1, 5]

Considerable discussion and disagreement exist about the need to screen preg-
nant women for vitamin D levels and how low levels should be supplemented. Some 
reports advocate that no evidence exists to show that screening all pregnant women 
for vitamin D deficiency is beneficial.

A serum concentration of at least 20 ng/mL, equal to 50 nmol/L, of 25-hydroxy 
vitamin D indicates healthy bone. The U.S.  Institute of Medicine has advised 
women to intake 600 IU of vitamin D daily since 2010. Most experts concur that 
vitamin D deficiency in pregnancy may be corrected by administering 1000–2000 IU 
of vitamin D daily. Some experts even offer a maximum daily dose of 4000 IU of 
vitamin D for pregnant or breastfeeding women. The U.S. Department of Health 
and Human Services considers vitamin D a nutrient with significant consequences 
for public health [31].

3  Biochemical Properties of Breast Milk

Breast milk, a fluid with multiple actions, including the supply of nutrients, boost-
ing infant immunity, and promoting healthy development, is unique to humans; as 
the infant grows and matures, its requirements alter, and the breast milk composi-
tion adapts accordingly [32]. The cells producing and secreting the milk into the 
lumen have multiple functions. The ways that nutrients are processed and packaged 
into breast milk vary, depending on the developmental stage reached by the infant. 
Colostrum, or early-stage milk, contains fewer lipids than mature milk, although 
protein and minerals are present in more significant amounts. The opposite pattern 
emerges as the infant grows and develops, with later-stage milk having a higher fat 
content [5].

Alongside the composition variation in the milk providing the infant’s changing 
metabolic requirements, the milk composition varies within each session the baby 
feeds. The fore milk, the initial portion, has a relatively low-fat content that steadily 
increases. The hind milk, the last portion, provides the signals that make the infant 
feel satiated. Also, some differences occur in milk composition at different times of 
the day. These compositional differences are the consequences of the mother’s diet 
and her changing hormone levels over the day [5].

Perinatal Maternal Nutrition and Breast Milk Composition
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3.1  Breast Milk Enzymes That Assist Digestion in the Neonate

Many breast milk enzymes, such as lactose synthetase, fatty acid synthetase, and 
thioesterase, act to generate milk components within the breast. Some other enzymes 
in breast milk assist the infant in digesting protein, lipids, and carbohydrates in 
breast milk. Furthermore, some breast milk enzymes act as packaging or for trans-
porting minerals, notably zinc, selenium, and magnesium [5].

3.2  Structural Elements of Breast Milk

Breast milk contains structural elements that separate different components. 
Different compartments for specific nutrients in breast milk are separated from vari-
ous bioactive molecules. Fats are the most striking example of compartmentaliza-
tion in breast milk [5]. The fats are in milk-fat globules packaged within a plasma 
membrane derived from the epitheliocytes in the breast. The fat globule also trans-
ports specific proteins, growth factors, and vitamins in or within its membrane.

Separating membranes helps stabilize a fluid with hydrophilic and hydrophobic 
(fatty) elements. Lipids may be broken down before being released slowly into the 
aqueous phase of the milk, also termed milk serum. The membrane has amphiphilic 
properties, allowing the milk to remain an emulsion. Fat globules release aliphatic 
acids and cholesterol in the infant’s small intestine, where micelles are formed to 
absorb the hydrophobic components [5].

3.3  Proteins, Carbohydrates, and Lipids for Development 
of the Nervous System

Breast milk has optimal levels of proteins, carbohydrates, and lipids for infants born 
at term. Proteins in breast milk mainly consist of alpha-lactalbumin and whey, while 
carbohydrates are primarily found as lactose. Lipids in breast milk exist in various 
kinds, such as cholesterol, triacyl glycerides, short-chain aliphatic acids, and long- 
chain polyunsaturated fatty acids (LCPFAs), with a carbon backbone of 18–22 car-
bon atoms essential for the formation processes of CNS and retina. Before and 
shortly after birth, a need for large amounts of specific LCPFAs, especially the 
omega-3 and -6 forms, occurs in the developing brain and retina. The main LCPFAs 
involved are arachidonic acid (AA) and docosahexaenoic acid (DHA), with 20 and 
22 carbon atoms, respectively [1, 5, 6].

Infants, especially preterm newborns, potentially cannot produce adequate 
amounts of AA and DHA from linoleic and linolenic precursors. For this reason, 
AA and DHA are essential dietary components for infants. Accordingly, these acids 
are added singly or in combination with formula (artificial breast milk) 
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preparations. The level of AA and DHA in breast milk depends on maternal dietary 
consumption [32–35]. A further role for aliphatic acids in breast milk is developing 
innate and adaptive immune systems [5].

Before AA and DHA were routinely added to formulas, advantages were detected 
regarding visual acuity and cognitive ability for breastfed infants compared to 
bottle- fed infants at 4 months [36]. However, not all studies have reached the same 
conclusion, and the benefit of DHA and AA supplementation remains a contentious 
issue. When the effects of adjusting mothers’ diets to include more AA and DHA 
were studied, no differences were detected between groups in terms of neurodevel-
opmental outcomes [37]. A study of children aged 5 years compared the children of 
mothers who received early supplemental DHA with those whose mothers did not 
[38]. The supplement was continued until the infants were aged 4 months, and all 
the children studied were breastfed. Sustained attention was superior in the group 
receiving the supplemental DHA.

It is still uncertain whether adding AA and DHA to the formula is advantageous 
since infants can convert longer fatty acids to AA and DHA. The groups where the 
most significant benefit is likely to occur are sick infants born at term or premature 
infants, the most likely to have specific requirements for AA or DHA [5]. Breast 
milk, further than a single component, such as AA, DHA, or any other compound, 
contributes to a number of factors leading to the development of infants. It is prob-
able that breastfed infants, further than gaining additional advantages regarding 
visual acuity or cognitive development, can develop these abilities since the molec-
ular components and growth factors required to grow are present and act synergisti-
cally [5].

Dallas et al. [39] compared the breast milk of mothers who delivered preterm and 
term infants. The protease content, which assisted with the breakdown of proteins in 
preterm breast milk, was significantly above that found in the term milk. In preterm 
breast milk samples, plasmin, cytosol aminopeptidase, and carboxypeptidase B2 
were more active than in the term milk. These findings have been concluded as evi-
dence that breast milk contains a mechanism for assisting digestion in premature 
infants with an insufficiently developed digestive tract.

Preterm formula, artificial baby milk formulated for premature infants, has been 
found to promote better bone mineralization than the usual formula for term infants. 
Infants whose birth weight was exceptionally low also grow and develop better with 
the preterm formula [40].

4  Bioactivity in Breast Milk

Bioactive molecules, such as epidermal growth factor (EGF), granulocyte colony- 
stimulating factor (G-CSF), insulin-like growth factors (IGFs), interleukins (ILs), 
nerve growth factor (NGF), and transforming growth factors (TGFs) alpha and beta, 
are contained in breast milk. The growth factors in breast milk are synthesized by 

Perinatal Maternal Nutrition and Breast Milk Composition



26

several cell types such as the epitheliocytes in the breast, activated macrophages, 
lymphocytes, particularly T-lymphocytes, and neutrophils in the milk itself.

Epidermal growth factor and TGF-alpha are at higher concentrations in the breast 
milk of mothers who delivered preterm newborns than in the breast milk of mothers 
of term babies. Epidermal growth factor plays a crucial role in how the epithelial 
lining of the intestines repairs itself and regenerates following injury. Fetal small 
intestinal cells proliferate in response to EGF and TGF-alpha of breast milk [41]. 
So, the presence of EGF in breast milk explains why breastfed infants have a 
reduced necrotizing enterocolitis (NEC) risk.

5  Conclusion

Breast milk is essential for the appropriate physical and neurological development 
of newborns, especially preterm infants. The ideal development and growth of new-
borns depend on breast milk components. The constituents of breast milk are opti-
mized for the infants to grow and develop in a healthy way. Bioactive compounds of 
breast milk have significant roles in developing and maturating organ systems. The 
composition of the maternal diet influences the development of the growing fetus. 
Pregnant women may not sufficiently be fed and may have several vitamin, trace 
elements, and mineral deficiencies. Pregnant women should be carefully evaluated 
in terms of diet and needs for vitamin and mineral supplementations. Exclusive 
breastfeeding should be promoted and supported as a public health priority.
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Immunological Aspects of Breast Milk

Hilal Güngör and Sinan Tüfekçi

1  Introduction

For term infants whose mothers are healthy and have a satisfactory dietary intake, 
breast milk is the ideal mode of nutrition. The recommendation is that infants up to 
the age of 6 months be solely breastfed, after which breastfeeding should continue 
alongside the introduction of solid food up to at least the age of 2 years. The com-
position of breast milk varies over the course of a single feed, and according to 
when in the day feeding occurs, as well as the stage of lactation. Alongside this 
intra-individual variation in composition, the composition varies from mother to 
mother and from population to population. Both the environment and the woman’s 
genetics affect composition, as does whether the infant is a boy or girl, if an infec-
tion occurs, and any change in the mother’s lifestyle, such as changes in diet [1].

Birth is a key milestone in the maturation of the immune system. The unborn 
child encounters a wide range of non-self-antigens, mostly of maternal origin, and 
the immune system must learn to tolerate these antigens for normal development to 
occur. Once birth occurs, the immune system must respond in a more nuanced man-
ner. Exposure to a wide range of antigens occurs via the skin and mucosae. It must 
attack microbes that act as potential pathogens, whilst commensal organisms and 
macromolecules in the diet must not provoke a response (i.e. tolerance must occur). 
The newborn is able to mount an immune response comparable to that of a fully 
mature adult in some respects, but there are a number of components of the immune 
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system that are not yet developed in the infant and thus, even in normal infants, it is 
normal for a degree of immunodeficiency to exist, which later disappears [2–4].

In this chapter we will examine the immune response in neonates, noting where 
the system is fully operational and where it has yet to develop its mature 
functionality.

2  The Immune System in General

There are two principal arms of the human immune system, providing both innate 
(non-specific) and acquired (specific) immunity. The innate defences involve 
responses that can come into play without the need for the immune system to have 
previously encountered a specific antigen or microbe. Included amongst the innate 
defences are the physical barriers presented by the skin and mucosal surfaces, pro-
vided these barriers have not been disrupted, and generalised chemical defences, 
such as hydrochloric acid in the stomach and the pancreatic enzymes [5]. Deep to 
the mucosal and cutaneous surfaces phagocytes lurk in readiness to engulf any 
microorganisms able to pass through the barrier. There are a number of proteins, 
both in the tissues themselves and within the circulation, the effect of which is to 
enhance the phagocytic actions of the innate defences. The acquired arm of the 
system is mainly made up of T-cells, acting at the cellular level, and B-cells, whose 
effects are humoral, i.e. through production of antibodies.

The development of complete immunocompetence depends on the maturation of 
both arms of the immune system, innate and acquired. These arms function in a 
highly integrated way and depend on each other for efficient elimination of threats. 
Key effectors within the innate arm are neutrophils and cells derived from mono-
cytic precursors or differentiated macrophages, which normally act to engulf and 
digest microbes invading into the tissues. Both monocytes and macrophages pro-
cess the antigens from ingested matter [6].

3  Haematopoiesis: Overview

The earliest haematopoieses occur within extra-embryonic mesoderm forming the 
yolk sac, but as the foetus keeps developing, blood begins to be produced in the liver 
and eventually the bone marrow. The yolk sac blood production is active between 
week 3 and weeks 8 or 10 of gestation. The liver becomes haematopoietically active 
in week 5 and remains so until weeks 20–24. The liver mainly produces red blood 
cells. There are numerous progenitor cells of the myeloid lineage visible in sections 
of foetal liver, but mature neutrophils are absent. Bone marrow blood production 
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first becomes evident by week 11, at which point the clavicle is seen to synthesise 
differentiated progenitor cells of the granular series. By week 20, most blood pro-
duction has already permanently shifted to the bone marrow, which continues to 
generate cells to keep the blood cell numbers at an adequate level.

The cells of the immune system all die within a certain amount of time, and there 
is a need for the pluripotent stem cells to divide constantly to supply precursors, 
which then differentiate into each type [6, 7]. The precise way in which pluripotent 
stem cells become committed to a specific lineage still awaits elucidation, but it is 
clear that this is the origin of the cellular immune components within the circula-
tion. The division of progenitor cells and their maturation into different types is 
generally under the control of growth factors secreted into the matrix surrounding 
haematopoietic cells by fibroblasts, endothelial cells and macrophages. Data are 
also accumulating to show that the extracellular matrix itself plays a part in how 
progenitor cells differentiate. There are particular glycoproteins in the matrix exer-
cising a regulatory function. [6, 7]

4  Polymorphonucleocytes (PMNs) and Neutrophils

The PMNs in infants, whether premature or term, are less adept at chemotactic pur-
suit, phagocytosis and killing of microbes than their mature counterparts. There is 
plentiful evidence to show that haematopoietic growth factors stimulate greater pro-
duction of neutrophils and increase their ability to perform their physiological roles. 
Administration of granulocyte colony-stimulating factor (G-CSF), and Granulocyte-
macrophage colony-stimulating factor (GM-CSF), raises the levels of reserve neu-
trophils, causes a rise in circulating neutrophil levels and renders these cells more 
effective in multiple ways. It has been demonstrated in a meta-analysis that admin-
istering G-CSF to newborn infants with sepsis lowered the death rate [8]. 
Nonetheless, when this analysis was repeated to encompass studies that lacked ran-
domisation, the result was no longer of statistical significance. Newborn infants 
typically exhibit good tolerance for G-CSF injections, with the result that it is now 
common for G-CSF of recombinant origin to be utilised in neonatal units treating 
infants with severe neutropenia, i.e. a count below 500 lasting for 48 hours or main-
tained between 500 and 100 for at least 5 or 7 days [9]. Despite this practice being 
common, the evidence base currently is insufficient to justify a general recommen-
dation to use growth factors in newborns suffering from sepsis with the aim of 
decreasing severity and fatal outcomes. There is a requirement for more evidence to 
be obtained about outcomes in particular risk subgroups amongst these patients. 
The initial studies appear to show greater efficacy in particular risk groups. G-CSF 
is now available in forms that have a more prolonged therapeutic action, and these 
may be suitable for treating newborns with neutropenic sepsis. The modified forms 
of G-CSF are obtained through conjugation with polyethylene glycol or by 
glycosylation.
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5  Mononuclear Phagocytes

Mononuclear phagocytes in neonates home more slowly and in fewer numbers to 
the site of inflammation than in adults. This weaker response is probably the result 
of less effective chemotaxis by circulating monocytes in the newborn infant. 
However, mononucleocytes are equally good at engulfing and destroying microbes 
in both adults and neonates. The evidence base for in vivo macrophage activity at 
birth and in neonates is restricted at present; however, macrophages located in the 
pulmonary alveoli in those cases investigated up to now appear to possess normal 
capabilities.

6  Humoral Defences

It is currently unknown whether complement is only partially functional in new-
borns, but if so, this may lead to immunodeficiency. If the classical or alternative 
pathways are defective, this probably renders infants more prone to infection, par-
ticularly if the infant was delivered preterm. Neonates possess a certain limited 
number of immunoglobulins of maternal origin that cross the placenta. The immu-
noglobulins are mostly of IgG. IgM is not transferred. Immunoglobulins with speci-
ficity for Gram-negative organisms are notably absent. During the perinatal period, 
the classic pathway offers minimal protection. Since the classic pathway for com-
plement activation depends on the presence of specific immune defences, i.e. immu-
noglobulins, and this branch of the immune system is immature at birth, the 
alternative and lectin pathways are of vital importance in early neonatal bacterial 
infections. In the majority of cases where a newborn is fighting a bacterial infection, 
the polymorphonucleocytes are relatively ineffective, and any deficiency in comple-
ment activation is likely to be of major clinical significance. In cases where neonatal 
sepsis has been proven by microbiological culture, there is a relative deficiency of 
mannose-binding lectin and the ficolins [10].

7  Cytokines and Chemokines

Neonates are at increased risk of infections due to the relative state of immunodefi-
ciency at this stage in life. Stimulation and regulation of immune defences belong-
ing to the acquired immune system are under the control of a number of interacting 
messengers (cytokines and chemokines) in the form of glycoproteins and phospho-
lipids. These signals control how the immune defences react to perceived threats 
and determine the ultimate cell type into which precursor cells of both immune and 
non-immune lineages develop. Infants need to be able to generate a proportionate 
and sufficient degree of inflammation to destroy invading pathogens without leaving 
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lasting damage to the infant’s own tissues. If there is overdominance of pro- or anti- 
inflammatory signals, the risk of death and complications rises. An imbalanced 
expression of cytokines in newborns potentially contributes to necrotising enteroco-
litis, bronchopulmonary dysplasia and central nervous system hypoxic or ischaemic 
damage. Previously unknown cytokines are constantly being discovered. The fol-
lowing sections describe the cytokines of principal significance in pathogenic infec-
tions and other perceived threats, as well as outline how they develop in utero and 
during the neonatal period. The way the cytokine response is orchestrated in sepsis 
in newborns is also addressed [6].

8  Molecular Biological Aspects of Cytokines 
and Chemokines

8.1  The Interleukin-1 Superfamily

The interleukin (IL)-1 superfamily consists of 11 distinct cytokines, which pro-
duce a complicated pattern of both increasing and suppressing inflammation. 
IL-1α, IL-1β and the IL-1 receptor antagonist (IL-1ra) are the most heavily stud-
ied members of this family. The initial stage in the synthesis of interleukins 1α 
and 1β involves production of precursor molecules, i.e. pro-IL-1α and pro-IL-1β. 
The former already possesses bioactivity and is found within the cellular cyto-
plasm. It may also function in intercellular communication after being translo-
cated to the outer cell membrane. The only situation where this cytokine is found 
in plasma is in severe disease states. Although the amino-acid sequence differs 
considerably between IL-1α and IL-1β, they both attach to the same receptor and 
have an identical tertiary structure. Pro-IL-1β, by contrast, is a normal constituent 
of plasma. It is inactive until acted upon by IL-1β converting enzyme/caspase I, a 
cysteine protease, after which it enters the circulation. Interleukin-1ra competes 
with other cytokines in the superfamily and prevents their acting. It does not itself 
act agonistically. Interleukins have two different types of receptor, types I and 
II. All the members of the superfamily are capable of binding to type I, but only 
IL-1β is capable of attaching to type II. The receptors are themselves members of 
a superfamily, in this case the IL-1 receptor/Toll-like receptor (TLR) superfam-
ily [11].

A large number of different types of cell produce interleukin-1, such as mono-
cytes, histiocytes, neutrophils and cells of the endothelium and epithelium. 
Production of interleukins begins in response to molecules of microbial origin 
found during an inflammatory response. The interleukins are key mediators of how 
inflammation occurs. Infant monocytes and macrophages express IL-1 in the same 
way as adults, regardless of whether the infant was born at term or prematurely. 
However, in acute sepsis, monocytic expression of this cytokine is frequently 
reduced in premature infants [6].
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8.2  Interleukin-6 (IL-6)

IL-6 undergoes a number of modifications post-translationally, which means it 
assumes various different forms. This cytokine is manufactured in response to vari-
ous stimulatory signals, in particular other cytokines (such as IL-1 and IL-6 itself), 
platelet-derived growth factor and epidermal growth factor. Synthesis of IL-6 also 
occurs in response to invading viruses or bacteria, and the presence of particular 
compounds, namely double-stranded RNA, endotoxins and Cyclic adenosine mono-
phosphate (cAMP).  IL-6 has an associated receptor, which is formed from two 
separate subunits. The first subunit (IL-6R) binds IL-6, but does not generate the 
response, for which the second subunit, gp130, is responsible. The receptor is also 
found as a soluble molecule (sIL-6Ra), to which IL-6 may attach, following which 
the receptor–ligand complex can attach to gp130, triggering a response. This means 
that even cells lacking the full receptor are capable of being stimulated by IL-6. 
Extraneous IL-6, when administered to human subjects, does provoke both pyrexia 
and chills, but produces a lesser degree of toxicity than either IL-1β or tumour 
necrosis factor (TNF). The known actions of IL-6 include activation of both 
B-lymphocytes and T-lymphocytes, enhanced maturation of megakaryocytes, ele-
vated expression of proteins found in the acute-phase response and stimulation of 
action by the natural killer cells. When monocytes derived from infants delivered at 
term were exposed to lipopolysaccharide, they expressed normal levels of IL-6, but 
IL-1 production was below adult levels. There was a defective level of IL-6 secre-
tion in monocytes taken from premature infants, regardless of the method used to 
stimulate a response. The plasma concentration of IL-6 in neonates is below that of 
their mothers, but more of the monocytes express IL-6 in neonates than in the moth-
ers, regardless of whether they were born at term or prematurely.

8.3  The Interleukin-10 (IL-10) Superfamily

The IL-10 protein superfamily consists of IL-10 itself and a number of other related 
cytokines, which each regulate some aspect of immune function, such as interleu-
kin- 19, -20, -22, -24, -26, -28 and -29 [6]. IL-10 is manufactured by monocytes, 
macrophages and both B- and T-lymphocytes following exposure to whole bacteria, 
components of bacteria, and viral, fungal or parasitic organisms. It is a polypeptide 
that can powerfully inhibit inflammation. It acts to reduce expression of a large 
range of pro-inflammatory cytokines whilst simultaneously stimulating expression 
of cytokines that can act to inhibit other cytokines with a pro-inflammatory action, 
such as IL-1ra. IL-10 manufacture is upgraded following stimulation by several 
cytokines, notably TNF and interleukin-1, -6 and -12. However, IL-10 does also 
increase B-lymphocytic efficacy and stimulates maturation of cytotoxic 
T-lymphocytes. The interleukin-10 receptor is formed from two subcomponents. 
They are within the class II cytokine receptor family. Expression of IL-10 in new-
borns is below adult levels [6, 11].
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8.4  Interleukin-12 (IL-12) and Interferon-Gamma (IFN-γ)

The IL-12 cytokine is a heterodimeric molecule. The two constituent subcompo-
nents are referred to as p35 and p40, which are translated from separate genes [12]. 
It is the p40 portion of the molecule that attaches to the associated receptor (IL-12R) 
and the p35 portion then triggers a signal cascade. Two p40 molecules may also 
attach to each other forming a homodimeric molecule that can attach as strongly to 
IL-12R as the heterodimer, but then fails to elicit a cellular response. It is probable 
that the homodimeric form has a regulatory effect on IL-12 signalling. There are 
separate mechanisms governing expression of each of the IL-12 subunits. In certain 
circumstances, the concentration of homodimer exceeds that of the ‘p35 + p40’ 
form between 10- and a 100-fold. Phagocytes (especially monocytes and macro-
phages) synthesise IL-12 when exposed to whole bacteria or components thereof, 
microbes of intracellular type or viruses. The IL-12R falls within the gp130 cyto-
kine receptor superfamily and is formed of two subcomponents. The receptor only 
triggers a signal cascade if both subcomponents are activated. The main cells regu-
lated by IL-12 are T-lymphocytes and natural killer cells. In response to IL-12, 
IFN-γ expression is stepped up and cellular division occurs. Cell-killing activity 
increases. Mononucleocytes taken from cord samples and stimulated by bacterial 
endotoxin express lower than normal levels of IL-12, except when presented with 
Staphylococcus aureus components in the form of heat-killed organisms.

A number of different cells express IFN-γ in response to stimulation by interleu-
kin- 1, -12, -15 and -18, as well as TNF. These cells include the natural killer cells, 
T-helper 1 cells and cytotoxic T-lymphocytes. The IFN-γ receptor is made up of two 
subunits, to one of which the ligand attaches, whilst the other triggers an intracel-
lular signalling cascade. The actions of IFN-γ involve stimulating antigen presenta-
tion by the major histocompatibility complex class II and activation of macrophages. 
This molecule strengthens the immune response to intracellular pathogenic agents 
and performs a number of other roles. Its level of manufacture is very low in new-
borns compared to adults [12, 13].

9  The Tumour Necrosis Factor (TNF) Superfamily

There are 18 molecules within the TNF superfamily grouping, with varied roles, 
such as assisting development, provoking inflammation and stimulating cytotoxic 
killing [14]. The two molecules in the superfamily that have attracted most interest 
are TNF (which may also be referred to as TNF-α or cachectin) and lymphotoxin- 
alpha (also referred to as TNF-β). TNF can exist in two forms, i.e. as a membrane- 
bound pro-hormone or as a truncated trimeric molecule, which is soluble. This latter 
is produced by enzymatic cleavage of the pro-hormone by disintegrin, a matrix 
metalloproteinase. Both the pro-hormone and soluble form possess potential bioac-
tivity. As is the case with IL-1, molecules released by microbes under inflammatory 
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attack can stimulate expression of TNF. It is also synthesised in response to IL-1, 
and TNF itself. Whilst multiple cell types have the capacity to express TNF, it is 
mainly secreted in soluble form by monocytes and macrophages.

TNF-α and lymphotoxin-α have their own receptors, TNF-RI and RII. Agonists 
acting on TNF-RI reproduce multiple actions attributed to TNF, such as encourag-
ing cytotoxic killing and increased expression of molecules of adhesion. A section 
of the TNF-RI receptor within the cytoplasm consisting of 80 amino-acid residues 
controls apoptosis. It seems probable that TNF-RII mainly assists the attachment of 
TNF to the type I receptor.

10  Platelet-Activating Factor (PAF)

PAF is a phospholipid molecule with a potent mode of action and a short half-life. 
It is enzymatically degraded by acetylhydrolase. Multiple cell populations may syn-
thesise PAF, but regulation of secretion has only been demonstrated in macrophages 
and eosinophils. The main location for the molecule is facing the extracellular space 
and it functions in intercellular signalling. If extraneous PAF is given intravenously 
to laboratory animals, it causes a fall in systemic tension, the capillaries become 
leaky, there is a rise in the pulmonary arterial tension, a reduction in neutrophils and 
platelets and the intestines undergo ischaemic necrosis. PAF has a powerful stimula-
tory effect on neutrophils. Its expression is upgraded in response to exposure to 
bacterial lipopolysaccharides, low oxygen tension, haematopoietic growth factors, 
TNF, IL-1, thrombin, bradykinin and leukotriene C4. There is also a stimulatory 
effect from PAF on several other immune processes, reflected in raised levels of 
TNF, complement activity, oxygen-derived reactive species, prostaglandin synthe-
sis, thromboxane expression and leukotriene signalling. Raised levels of PAF in 
newborns are strongly associated with necrotising enterocolitis, although this does 
not necessarily imply causality [13].

11  Conclusion

The T-lymphocytes in neonates are less capable than adult T-cells of mounting a 
T-helper 1 response. Their expression of IFN-γ and TNF is muted in response to 
stimulatory signals, even when the cluster of differentiation (CD)3 T-cell receptor is 
activated. In the neonatal period, T-lymphocytes are relatively immature and thus 
less efficacious than in adults. However, the T-lymphocytes in neonates are capable 
of synthesising cytokines at the level found in adults if there is sufficient co-stimu-
lation of a T-helper 1 response. Furthermore, cytotoxic T-cells in newborns can 
differentiate into long- lived memory cells capable of responding to a number of 
different viruses, notably cytomegalovirus and Rous sarcoma virus. Thus there is 
potential for a vaccination strategy in neonates aiming to treat viral infections.
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The lower effectiveness of T-lymphocytes and other antigen-presenting cells 
than their fully mature counterparts may be partially attributable to their being qual-
itatively dissimilar. T-lymphocytes obtained from neonates appear to need a greater 
level of co-stimulation to mount an effective T-helper 1 response, both in their nor-
mal body environment and in the test tube. The weaker T-helper 1 response in new-
borns may be a consequence of less effective antigen presentation by cells other 
than lymphocytes. This conclusion appears supported by noting that boosts to anti-
gen presentation in newborns may permit a more vigorous, adult-level T-helper 1 
response to occur.
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Immunological and Anti-Infectious 
Benefits of Breastfeeding

Mustafa Törehan Aslan, Ayşe Engin Arısoy, and Armando G. Correa

1  Introduction

Breast milk, with its nutritional, immunological, and anti-infectious properties, is 
always an indispensable food for infants due to the many diseases it can protect 
against in infancy, childhood, and even adulthood. Therefore, exclusive breastfeed-
ing for about the first 6 months and continued breastfeeding along with appropriate 
complementary foods for up to 2 years of age or older is advised [1–3]. This chapter 
summarizes the immunological and anti-infectious benefits of breastfeeding.

2  Immunological Aspects of Breast Milk

Breast milk contains abundant molecules, such as immunoglobulins (Igs), lactofer-
rin, lysozymes, and cytokines, which provide immunological functions, directly or 
indirectly conferring active or passive immunity in breastfed infants [3, 4].
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2.1  Immunoglobulins

Immunoglobulins (Igs) of all classes (A, D, E, G, and M) are found in breast milk; 
however, secretory IgA (sIgA) is the type present at the highest level. After birth, 
until the onset of the endogenous neonatal sIgA synthesis, breast milk sIgA is a 
significant contributor to passive immunity. Humans are relatively defenseless 
against pathogens that invade the gut; hence the protection provided by breast milk 
sIgA is critical. In premature infants, the time period until endogenous sIgA synthe-
sis begins is even longer. Thus, the protection provided by sIgA depends to an even 
greater degree on maternal sIgA delivered via breast milk [5].

The mother and her baby coexist in close proximity and come to carry the same 
microbial flora. Thus, the organisms targeted by the mother’s immunoglobulins are 
the same ones threatening the infant. The mother’s immune system surveys the flora 
of the gastrointestinal and respiratory tracts and synthesizes IgA according to the 
potential pathogens detected. These immunoglobulins pass via the blood and lymph 
to the breast and then are secreted into breast milk. Immunoglobulin A is packaged 
in a particular way before being released into breast milk, such that it is protected 
from being denatured in the acidic environment of the infant’s gastric cavity and 
allowing it to pass undamaged into the small intestine [4].

2.2  Other Molecules with Immunological Functions

Breast milk also contains multiple other molecules possessing immunological func-
tions, acting on the gastrointestinal tract’s flora and shaping it in healthy ways. The 
most significant protein in the whey proteins portion of breast milk is lactoferrin, 
which possesses a range of antimicrobial and anti-inflammatory actions. Lactoferrin 
assists in establishing a healthy bacterial flora, promoting beneficial species, and 
inhibiting the growth of pathogens [6]. One of its actions is the sequestration of iron, 
an element that numerous pathogenic species rely on to multiply. Lactoferrin can 
stop bacteria from attaching themselves to the walls of the gut. Lactoferricin, formed 
from lactoferrin, is a positively charged peptide that can destroy bacteria.

Lactose and fats are the constituents of breast milk at the highest concentrations. 
Human milk oligosaccharides (HMOs) are the third most abundant constituent. 
These oligosaccharides directly affect the infant’s gastrointestinal flora as they act 
as food for some microorganisms, promoting healthy flora and preventing harmful 
species’ attachment to the gastrointestinal lining [7]. Maternal and genetic factors 
influence the expression pattern of the HMOs secreted into the milk. Considerable 
variability in breast milk HMOs exists between women and in the same person at 
different stages of breastfeeding [4, 8].

Human milk glycoproteins (HMGPs), also immunologically active breast milk 
constituents, can inhibit the multiplication of many pathogenic microorganisms. 
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The mucins play highly significant extracellular roles within this group of mole-
cules by preventing pathogens from invading the gut lining, modulating cellular 
signaling, and influencing gene expression [9].

The science behind how all these bioactive molecules interact with the microbes 
in the gastrointestinal tract and how this affects healthy development is still at an 
early stage. However, the bioactive components of breast milk have a significant and 
lasting effect on the health of breastfed individuals, beginning in infancy and con-
tinuing at every stage of life [5, 10–12].

2.3  Leukocytes

Leukocytes in breast milk assist the infant in gaining immunity to infection in sev-
eral ways, including phagocytic engulfment of pathogens, synthesis of biologically 
active immune system molecules, aiding the maturation of the neonatal immune 
system, and altering the composition of the infant gut flora favorably [13]. Significant 
alterations exist in the leukocyte population of breast milk at different stages of 
breastfeeding. Trend et al. [14] noted that the total white blood cell count and the 
proportions of the cell types changed according to the lactation stage. The leuko-
cytic concentration was around 146,000 cells per mL in colostrum, lower in transi-
tional milk at 27,500 cells per mL from 8 to 12 days after delivery, and even lower 
in mature milk at 23,650 cells per mL from 26 to 30 days.

2.4  Passive Immunity Conferred by Breastfeeding

Before the infant has gained a mature immune system, passive immunity is pro-
vided by several different immunologically active components in breast milk. These 
components act in concert to provide passive protection from birth up to a few 
months [15]. Passive immunity provided by breast milk results in a lowered inci-
dence of infections of the gastrointestinal and respiratory tracts, particularly in the 
first year of life [3, 16, 17].

Growing data support the hypothesis that immunologically active components of 
breast milk “train” the gut and immune system of the newborn to recognize and 
react appropriately to specific antigens, including the signals to release. Breast milk 
training function may be the reason why breastfed infants are less likely to develop 
allergic hypersensitivity to ingested or inhaled antigens and have a lowered inci-
dence of autoimmune disorders. Since allergic and autoimmune disorders involve 
multiple factors, establishing a mechanism for such effects is highly complex and 
challenging [4].
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3  Beneficial Effects of Breastfeeding

3.1  Respiratory Tract and Middle Ear Infections

The likelihood of being admitted to the hospital following a lower respiratory tract 
infection falls by 72% in children exclusively breastfed for at least 4 months [18, 
19]. The risk of pneumonia is four times higher in infants exclusively breastfed for 
4–6  months than in infants exclusively breastfed for more than 6  months [20]. 
Bronchiolitis due to the respiratory syncytial virus (RSV) is 74% less severe in 
exclusively breastfed infants than those who never breastfed or where breastfeeding 
was not exclusive [21]. This lesser severity is reflected in a lower hospital admission 
rate and decreased need for supplementary oxygen.

Furthermore, when infants breastfed at any point are compared with those who 
only received formula, a 23% lower rate of middle ear infections is seen in those 
breastfed [18]. Infants exclusively breastfed over a minimum of 3 months have half 
the risk of otitis media. Moreover, a 63% reduction exists in severe coryza or ear, 
nose, and throat (ENT) infections in infants where the duration of exclusive breast-
feeding is 6 months [1, 22].

3.2  Gastrointestinal Tract Infections

Breastfeeding, regardless of duration, results in a 64% lower risk of gastrointestinal 
infections [18, 19, 22, 23]. This risk reduction persists for 2 months after cessation 
of breastfeeding.

3.3  Necrotizing Enterocolitis

Meta-analysis of four randomized clinical trials between 1983 and 2005 revealed an 
association between the feeding of premature neonates with breast milk and a 58% 
decrease in the rate of necrotizing enterocolitis (NEC) [18, 24]. Another study 
reported a lower NEC rate in premature infants exclusively breastfed compared with 
those fed breast milk and supplementary formula based on bovine milk [25]. It has 
been estimated that one NEC case is prevented for every ten infants exclusively 
breastfed. Similarly, for every eight infants solely breastfed, one case of severe NEC 
(defined as leading to mortality or surgery) is averted [1, 24].
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3.4  Sudden Infant Death Syndrome

A meta-analysis of studies where the breastfeeding amount was explicitly defined 
and adjustment for potential confounders was made, including the known associa-
tions with sudden infant death syndrome (SIDS), found that being breastfed low-
ered infants’ risk of SIDS by 36% [18]. The recent data comparing exclusive 
breastfeeding with breastfeeding of any degree show that breastfeeding is protective 
against SIDS; this effect is more substantial for exclusive breastfeeding [25]. Some 
21% of infant deaths in the United States of America (USA) probably result from, 
among other factors, the lack of breastfeeding, which increases SIDS [26]. A case- 
control study involving large numbers of infants who slept in a supine position 
confirmed that the reduction in SIDS associated with breastfeeding was separate 
from any effect due to infants’ sleeping position [27, 28].

If the rate of exclusive breastfeeding up to the age of 6 months in the USA rose 
to 90%, it has been estimated that some 900 infant fatalities would be prevented 
annually [29]. Ninety percent of global infant deaths occur in 42 low- and middle- 
income countries. In these countries, approximately 13% of such demises (around 
1,000,000 cases) could be prevented if children were exclusively breastfed for up to 
6 months and weaned after 1 year [1, 30].

3.5  Allergic Disorders

Exclusive breastfeeding for 3–4 months is accompanied by a reduction in the rates 
of symptomatic asthma, atopic dermatitis, and eczema; the level of decline depends 
on the background risk [31]. For infants at low overall risk, the reduction is 27%, but 
this increases to 42% in families with a family history of atopy [18]. Studies assess-
ing the optimal time to introduce solid food into the infant diet after 4 months to 
lower the risk of allergic complications, such as food allergy, atopic dermatitis, and 
asthma, produced inconsistent findings for both infants at high and low risks [31]. 
Likewise, suggesting that potentially allergy-triggering foods should not be intro-
duced before 6  months seems to lack evidence [32–35]. The fact that exclusive 
breastfeeding in six-month-old infants is relatively unusual makes analysis of the 
data challenging. The conclusions of studies investigating the allergic disorder risk 
in infants given breast milk and solid food are potentially not valid for infants exclu-
sively breastfed [21].
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3.6  Celiac Disease

The risk of developing celiac disease is reduced by 52% if breastfeeding is ongoing 
when the infant first encounters gluten [36]. In general, the further that breastfeed-
ing is extended, the lower the risk of developing the celiac disease as defined by the 
detection of characteristic celiac antibodies. This protective effect seems crucially 
dependent on the continuation of breastfeeding, not the age at which the infant first 
encounters gluten. Accordingly, infants should be tried with gluten-containing food 
when exclusive breastfeeding occurs, not after introducing formula or other forms 
of cow’s milk [1].

3.7  Inflammatory Bowel Disorders

Breastfed infants also have a 31% lower risk of developing inflammatory bowel 
disorders during childhood [37]. One hypothesis to explain this risk reduction sug-
gests that breast milk has immunomodulatory effects that interact with the disease 
phenotype expression in those with genetic risk factors. Furthermore, breast milk 
also influences the gut microbiome, and changes in flora may exert protective effects 
on the gastrointestinal tract [38].

3.8  Obesity

Campaigns aiming to lower obesity generally include advocating breastfeeding 
since breastfed infants have a significantly decreased chance of later becoming 
obese [39, 40]. Despite the multifactorial nature of obesity and the difficulty in 
separating various factors in studies, it is clear that any duration of breastfeeding 
lowers the likelihood of being obese during adolescence or adulthood by between 
15% and 30% compared to no breastfeeding [18, 41]. Breastfeeding during infancy 
has been associated with a lower body mass index (BMI) and a greater level of high- 
density lipoprotein in adulthood [42]. A study examining siblings where one sibling 
was breastfed and the other formula-fed found that the breastfed siblings had a body 
mass 6.35 kg below the formula-fed sibling and a lower likelihood of attaining a 
BMI consistent with obesity [43].

One of the weaknesses of these studies was the failure to distinguish between 
infants fed directly from the breast and those provided breast milk via a bottle. Such 
difference plays a significant role later in life since infants breastfed directly learn 
to control how much they ingest, regardless of how much milk volume is available 
from the breast; this learned ability to self-regulate the ingested food amount has a 
significant effect on the propensity to gain weight in adulthood [44]. This difference 
is also reflected in the fact that bottle-fed infants,
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whether fed with breast milk or formula, tend to empty the bottle, have less abil-
ity to decide when they are full, and thus gain more body mass above the age of 
6 months than infants exclusively breastfed [45, 46].

3.9  Diabetes Mellitus

Infants exclusively breastfed for a minimum of 3 months have a lower risk of type 
1 diabetes mellitus by approximately 30% [47]. A proposed explanation for this risk 
reduction is that bovine milk-fed children are exposed to bovine beta-lactoglobulin, 
which is antigenic and causes a cross-reaction with the infants’ pancreatic beta- 
cells. Breastfeeding is also associated with a 40% lower risk of type 2 diabetes [48]. 
Such a decrease may reflect the beneficial effects of exclusive breastfeeding on the 
ability to regulate the amount of food consumed and the resultant body mass.

3.10  Childhood Leukemia and Lymphoma

An inverse correlation was reported between breastfeeding duration and leukemia 
risk [19, 49]. If infants are breastfed for a minimum of 6 months, acute lymphocytic 
leukemia (ALL) risk decreases by 20%, and acute myeloid leukemia (AML) risk by 
15% [50, 51]. If breastfeeding is shorter than 6 months, some decline in risk still 
occurs, but of a smaller proportion, namely 12% for AML and 10% for ALL. However, 
it is unclear how breastfeeding confers this lower risk.

3.11  Neurodevelopmental Outcomes

Some studies reported that breastfed and formula-fed infants differ in neurodevel-
opmental levels. However, the direct comparison is complicated by numerous con-
founding variables, such as parents’ education level, intelligence quotient (IQ), 
domestic circumstances, and socioeconomic level [18, 52]. The findings of the 
Promotion of Breastfeeding Intervention Trial (PROBIT), which enrolled high 
numbers of infants and randomized the intervention, showed that, even after adjust-
ment for confounders, the IQ level and teachers’ ratings of breastfed infants were 
superior to those of formula-fed peers [53–55]. Furthermore, being exclusively 
breastfed for a minimum of 3 months led to higher intelligence and more significant 
academic potential, as rated by teachers. The incidence of neurodevelopmental 
abnormalities is higher than usual in premature infants; however, substantial advan-
tages exist in the neurodevelopmental outcomes of breastfed babies [56–59].
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3.12  Prematurity and Donor Breast Milk

Breastfeeding infants results in several significant health benefits that last over a 
lifetime. Moreover, these benefits appear to depend on the breastfeeding duration: 
the longer the infant is breastfed, the greater the benefit. Thus, prompting and sup-
porting breastfeeding should be considered a public health priority. However, begin-
ning and continuing breastfeeding in premature neonates is more challenging than 
in term infants [60, 61]. In addition, the breast milk composition of mothers who 
delivered prematurely significantly differs from that of mothers of near-term 
infants [4].

Several studies examined donor breast milk where the mother can not feed the 
infant with her milk. Donor milk requires pasteurization to be safe and is also usu-
ally fortified. Despite this mandatory processing, donor milk may remain superior 
to standard formulas when the mother does not provide breast milk for her baby [1]. 
However, processing donor milk alters the composition and reduces its vitamin, 
active enzyme, and nutrient constituents, meaning that its bioactivity is inferior to 
that of unprocessed breast milk [62]. The extent to which compositional alterations 
are caused by processing donor milk and some innovative breast milk processing 
methods, such as high-pressure sterilization, are currently being investigated 
[63, 64].

Necrotizing enterocolitis in extremely premature infants is less common if fed 
with processed donor milk [65]. Nonetheless, formula milk promotes superior gains 
in body mass, growth in length, and head circumference to those gained using donor 
milk. Despite these benefits, formula milk is not preferable to donor milk [66]. 
When the mother can not provide breast milk to a premature infant, donor breast 
milk remains the best option [4].

Several studies have reported that premature infants fed either with breast milk 
from their mothers or donated samples have a lower risk of infections or NEC dur-
ing the neonatal period [24, 65]. In addition, since these feeding methods lower 
infection rates and are more nutritionally valuable than formula feeding, premature 
infants fed with breast milk are anticipated to show superior cognitive outcomes as 
they grow up, as determined by higher verbal IQ, for example [67].

4  Conclusion

Breast milk has many invaluable components, including some with immunological 
and anti-infectious properties. Breast milk is essential for the appropriate physical 
and neurological development of all newborns, particularly preterm infants. 
Breastfeeding protects against NEC, the most common acquired gastrointestinal 
disease in preterm infants. Breast milk also protects against infectious diseases, 
SIDS, allergic conditions, autoimmune diseases such as celiac disease, inflamma-
tory bowel diseases, endocrine-metabolic afflictions, diabetes mellitus, and obesity. 
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Childhood leukemia and lymphoma incidence are lower in breastfed than in 
formula- fed children. Prompting and supporting exclusive breastfeeding should be 
advocated as a public health priority.
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Physiological Aspects of Lactation

Nevin Cambaz Kurt and Gian Carlo Di Renzo

1  Introduction

Milk production by the human breast is the end result of a long series of physiologi-
cal changes. The breast alters in form, size and overall shape as the girl grows and 
develops into an adult woman. The key developmental stages include puberty, preg-
nancy and lactation. For breastfeeding to be fully possible, there must have been a 
series of physiological adaptations well before the neonate latches onto the breast 
for the first time. In this chapter, the way the breast develops its adult form (mam-
mogenesis), the way the mammary gland develops the ability to produce milk (lac-
togenesis) and the way the milk is then delivered to the infant (lactation) are all 
discussed [1–4].

Any illness or injury that affects the development of the breast or hinders lacto-
genesis may prevent successful breastfeeding. For example, a woman who has 
undergone surgery to alter the breast size may find breastfeeding difficult or impos-
sible, although this depends on where the surgical incision was made. Procedures 
where the incision is transaxillary are less disruptive of the ability to breastfeed than 
the ‘smile’ type periareolar incision [1].

After delivery, some mothers struggle to succeed at breastfeeding if their mam-
mary glands produce too little milk, the milk does not easily leave the breast or if 
the diet includes too few calories to allow the body to commit to producing milk. At 
present, guidelines suggest that women who are lactating should consume at least 
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500 calories a day above the usual metabolic requirement to allow milk to be pro-
duced in sufficient quantity. It is also recommended that lactating mothers empty 
the breast as frequently as they can, usually every 2–3 h, as this ensures that milk 
production continues to occur [5–8].

In order to understand the physiological aspects of lactation, it is necessary to be 
familiar with the normal gross and microscopic anatomy of the breast first. In the 
healthy breast, there are two major anatomical components, i.e. the ducts and lob-
ules. Histology reveals two populations of epithelial cells, namely luminal and myo-
epithelial, and two types within the stroma, namely interlobular and intralobular. 
There are between six and ten major duct orifices that converge at the nipple. The 
terminal portion of the ducts is lined by a keratinised squamous epithelium, with an 
abrupt transition to an epithelial surface consisting of two layers, one containing 
luminal cells, the other myoepithelial cells. This latter lining continues into the 
smaller calibre ducts within the lobules. Multiple small acini are clustered together, 
resembling a bunch of grapes, forming the lobules. The terminal portion of the duct 
connects the acini to the rest of the duct. Lobules are classified into three types, 
numbered 1–3. At different stages of female development, different types of lobules 
form. When pregnancy occurs, the stroma is progressively replaced by lobular tis-
sue, such that, by the time of delivery, the majority of the mammary gland consists 
of lobular tissue, with minimal stromal tissue. Pregnancy is the necessary trigger for 
the breast to assume its final form, in which it is capable of lactation [1–9].

2  Breast Development

Puberty is the trigger for formation of type 1 lobules. The fluctuating endocrine 
profile during the menstrual cycle (affecting the level of oestrogen and progester-
one) stimulates proliferation of new alveolar buds. The breast then passes through 
further developmental stages, as first type 2 and then type 3 lobular structures are 
formed. The end of puberty arrests further development of the mammary gland until 
the woman becomes pregnant, when further changes occur [1].

In the pregnant female, stage II of mammogenesis occurs, during which the alve-
oli develop more and the epithelium takes on a mature form. These changes are 
mainly stimulated by the rise in progesterone. The larger than usual size of the 
breasts in pregnant women occurs due to formation of greater amounts of secretory 
tissue. At the beginning of pregnancy, chorionic gonadotrophin stimulates type 3 
lobular development. Type 3 lobules are larger and contain a greater volume of epi-
thelial cells within the acini. Towards the end of pregnancy, new acini cease to be 
formed, and the lumen fills with colostrum and other secretions [1].

The lobular tissue of the breast grows and differentiates even further as labour 
proceeds and when breastfeeding commences. The mammary gland begins to 
secrete milk. During the whole lactation phase, the vast majority of the breast tissue 
is of glandular type, with stromal tissue only constituting a minor element [1].
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When the phase of lactation comes to an end, the breast shows involutionary 
change in response to the absence of endocrine signals needed to promote lactogen-
esis. Glandular tissue undergoes apoptosis triggered by autocrine signalling and the 
breast tissue architecture becomes remodelled. The mammary gland never returns 
fully to its pre-pregnant state, however, and there are always more lobules and their 
magnitude is greater following a pregnancy. Once lactation has occurred, the breast 
retains the ability to secrete milk if the gland is regularly stimulated [1].

3  Functional Aspects

All mothers need to decide whether they intend to nurse their infants or to express 
milk to a container for later feeding. It is the duty of healthcare professionals to 
ensure mothers are aware of the entire range of advantages that being breastfed 
provides to neonates. The nutritional composition of human milk is optimal in terms 
of protein, lipid, carbohydrates, minerals and vitamins and neonates can more easily 
digest human than bovine (formula) milk. Furthermore, the immunoglobulins 
within breast milk are important sources of infant immunity to bacterial and viral 
pathogens. Immunoglobulins, especially of the IgA type, are key, but breast milk 
also provides other immunologically active components in the form of maternal 
leucocytes, whey (which contains lysozyme and lactoferrin) and human milk oligo-
saccharides. This immune function of breast milk means that breastfed infants have 
a lower average incidence of asthma, allergic disorders, otitis, respiratory tract 
infections, diarrhoeal illness, diabetes mellitus and obesity [1].

4  Breast Physiology

The process by which the breast becomes capable of releasing milk is known as 
lactogenesis. It depends on alveolar cell maturation. There are two main phases, 
namely secretory initiation and secretory activation [1], as follows:

• Secretory initiation (also termed stage I lactogenesis) occurs in the latter half of 
pregnancy. The elevated concentration of progesterone synthesised by the pla-
centa effectively halts complete maturation of the milk-producing alveolar units. 
By the 16th week of pregnancy, a low volume of milk may be secreted by the 
breast and towards the end of the pregnancy, some mothers find they can already 
secrete colostrum.

• Secretory activation (i.e. the second stage of lactogenesis) is indicated by the 
availability of large volumes of milk from the breast following delivery of the 
infant. Delivery of the placenta causes the circulating progesterone level to fall 
precipitously, and the levels of prolactin, cortisol and insulin at this point are 
high. These endocrine signals initiate stage II lactogenesis. On the second or 
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third day after delivery, the majority of mothers find their breasts swell and milk 
begins to be available in large quantities. For women giving birth for the first 
time, there is a short delay in the onset of copious milk production, and the vol-
ume of milk at the start is lower than in multiparous women. Caesarean delivery 
also results in less milk production than vaginal delivery. Delays in secretory 
activation are also noted in mothers where the entire placenta has not been deliv-
ered, those who have diabetes mellitus, or where vaginal delivery has been 
unusually traumatic for the woman. If portions of the placenta are retained, the 
maternal progesterone level will remain elevated and stage II lactogenesis will 
not fully occur until these fragments are removed from the uterus.

The maintenance of lactation depends on the breast being regularly emptied of 
milk and the nipple being stimulated. This stimulation of the breast sends signals to 
the adenohypophysis to secrete prolactin and to the neurohypophysis to release oxy-
tocin. Unless the mammary gland continues to receive endocrine stimulation, it will 
cease to produce milk. There are different receptors on the mammary gland cells for 
the two hormones, but both receptors must be stimulated if the breast is to continue 
to generate and release milk [1].

The structure of the prolactin hormone has similarities to other polypeptides, 
specifically growth hormone and lactogen produced by the placenta. It is manufac-
tured by the lactotrophic cells of the adenohypohysis. There is regulation of prolac-
tin that can both increase and suppress its release; however, the principal factor 
affecting its release is inhibition of the lactotrophs by dopamine acting on 
D2-receptors. This dopamine is manufactured in the hypothalamus. Prolactin itself 
stimulates ducts to grow within the breast and epithelial cells to divide. It also stim-
ulates manufacture of proteins found in breast milk. The key factor in the release of 
prolactin is the release of milk in response to the infant suckling on the nipple. This 
action causes stimulation of nerve fibres within the nipple, which then relay the 
signal to higher centres [1].

The letdown or ejection of milk falls under the control of oxytocin. When the 
nipple and areola are stimulated by the suckling infant, nervous signals pass up to 
the hypothalamus, which responds by releasing oxytocin. Oxytocin then induces the 
myoepithelial cells to contract. This action squeezes milk out of the lumen of each 
alveolus and into the duct, which empties to the exterior at the nipple. In addition to 
this action, oxytocin also alters the mother’s emotional state, causing her to feel 
calmer and less anxious. The bonding between infant and mother is increased by 
breastfeeding, partly through the action of this hormone [1].

After lactation has begun and is continuing, there are a number of physical and 
biochemical factors that act to ensure that breastfeeding is possible. When the breast 
ceases to be emptied regularly, the pressure within the breast rises and a substance 
accumulates that prevents further secretion of milk and triggers involutional change 
in the breast. Provided the breast milk continues to be taken away, this inhibitory 
feedback mechanism cannot operate and the breast continues to generate fresh milk. 
The build-up of an inhibitory factor allows the demand for milk by the infant to be 
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supplied in the right amount by the mammary gland. If the infant feeds more, the 
breast works harder, but a reduction in demand by the infant leads to a reduction in 
milk production by the mother [1].

5  Formation of the Mammary Gland (Mammogenesis)

An understanding of mammogenesis is key to appreciating how breast physiology 
adapts so as to permit lactation. The mammary gland begins to be formed during 
foetal life, when the initial differentiation steps occur on the path leading eventually 
to fully functioning lactation. In the 18th or 19th week of foetal development, the 
primordial breast bud can be noted, with a characteristic bulbar outline. Within this 
bud a simple system of ducts is formed and this is how the breast appears at the time 
of birth. Until the girl reaches puberty, the gland simply grows in size to match the 
overall size of the child [10, 11].

The healthy human mammary gland contains between 15 and 20 lobes consist-
ing of glandular tissue. The lobes themselves consist of multiple lobules, the sites 
for the eventual synthesis of milk when the woman becomes pregnant. The usual 
number of lobules in each lobe is between 20 and 40. Each lobule is connected to a 
lobar lactiferous duct. These lactiferous ducts join together such that at the nipple 
there are between five and ten main lactiferous ducts converging. The milk passes 
along this network of ducts and exits at the nipple. If the infant is latched onto the 
nipple, milk flows directly out of the breast into the infant’s mouth [10].

6  Lobule Types 1–4

The lobules can be of four distinct types. Type 1 is the type present from week 18 or 
19 of foetal life until puberty begins. The onset of puberty sees an alteration in the 
oestrogen and progesterone levels, as menstruation commences. These hormones 
fluctuate and the breast responds to the fluctuation by forming type 2 lobules, which 
contain newly formed alveolar buds. The breast undergoes no further change after 
puberty has finished unless pregnancy subsequently occurs [10].

In pregnant women, the breast undergoes remodelling, leading to an increase in 
the dimensions and number of lobules. During pregnancy the mammary gland com-
position alters, such that type 3 lobules are by far the most common type. Once the 
lobules are synthesising and releasing milk, they are classified as type 4 lobules. The 
ending of breastfeeding causes these milk-producing type 4 lobules to revert to type 
3. This occurs since the lactogenic hormones cease to circulate and the breast itself 
produces autocrine signals that prompt programmed cell death and remodelling of 
the microarchitecture of the breast [10].
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7  Lactogenesis

Lactogenesis is the process by which the breast becomes capable of producing and 
releasing milk. Thus it refers to the multiple steps by which the breast is trans-
formed from a relatively undifferentiated organ at the beginning of pregnancy to a 
specialised milk-producing organ shortly after the birth of the infant. Lactogenesis 
is divided into two principal stages, as follows [10]:

Stage 1 is complete by the time the first 20 weeks of pregnancy are ending. At 
this point the breast can already produce and release milk. The level of lactose, 
antibodies and protein overall rises and the concentration of the electrolytes sodium 
and potassium falls in the fluid produced by the glands. The breast at the end of 
stage 1 can potentially secrete milk, and some women do experience a small volume 
of nipple discharge in the middle and final semester, this discharge consisting of 
colostrum. Because maternal progesterone and oestrogen levels are high, however, 
at this point milk is not actively secreted [10].

The second stage of lactogenesis takes place at the end of pregnancy. The breast 
begins secreting a high volume of milk once the maternal progesterone level falls 
due to the absence of placental hormones. Prolactin, cortisol and insulin levels are 
high, too, which also encourages milk production. The fact that the mammary epi-
thelium loses its receptors for progesterone, which further decreases the braking 
effect of this hormone, has been shown by Haslam and Shyamala [12, 13]. In the 
second stage of lactogenesis, the concentrate of citrate rises, to the extent that it acts 
as a biomarker indicating that lactogenesis stage II has started.

The many steps by which lactation is possible are outlined below, following the 
scheme outlined by Riordan and Auerbach in their seminal 1998 work [14].

7.1  Mammogenesis

Mammogenesis involves an increase in the mass and dimensions of the mammary 
gland [10].

7.2  Lactogenesis

• Stage 1 (complete by around week 20). The cells of the alveoli develop a special-
ised secretory ability.

• Stage 2 (begins around the second or third day post-partum and is complete by 
the eighth day). The tight junctions between alveolar cells increase. The breast 
starts to secrete milk in large quantities. The mammary glands are full. Milk 
production is predominantly under local (autocrine) control, which matches milk 
supply with the demand from the infant [10].
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7.3  Galactopoiesis

This stage is the point at which the breast is regularly and reliably secreting copious 
amounts of milk. Control of the process still depends on mainly autocrine factors.

7.4  Involutionary Stage

The mean point at which involution starts is 40 days after the last time the infant is 
breastfed. The trigger for involution is accumulation of peptides with an anti- 
lactogenic action [10].

8  Lactation

The second stage of lactogenesis occurs when the mammary gland can produce 
milk as required. Milk production can only continue if the appropriate endocrine 
signals are present. The stimulation of the nipple and areolar tissue triggers a ner-
vous signal to the central nervous system, in response to which oxytocin and prolac-
tin are released by the pituitary. These two hormones act independently, but unless 
both signals are present, breastfeeding will not be able to succeed [10].

8.1  Prolactin

• Lactotrophic cells within the adenohypophysis are responsible for the synthesis 
of prolactin. This molecule is a polypeptide endocrine signalling molecule. 
When the hormone attaches to receptors of the epithelial cells within the breast, 
it triggers production of milk. Expression of the prolactin receptor is suppressed 
by a high level of circulating progesterone, which occurs during pregnancy. 
However, once the infant (and the placenta) has been delivered, there is a fall in 
the circulating progesterone level, which results in upregulation of the prolactin 
receptor, so that the epithelial cells of the mammary gland begin to respond to 
prolactin by synthesising milk.

• Over the last few decades, there has been an accumulation of knowledge about 
how prolactin functions. Animals with deleted genes for prolactin and related 
molecules show that the hormone plays an essential part in both lactation and 
reproduction. The majority of the tissues on which prolactin acts do not depend 
on prolactin but are regulated by its changing levels [15].
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8.2  Oxytocin

• Alongside prolactin, another hormone plays a vital part in lactation, by stimulat-
ing the myoepithelial cells of the mammary gland to contract, forcing milk along 
the ducts. This milk letdown reflex is under the control of oxytocin. Oxytocin 
release is caused by the stimulation of the nipple by a suckling infant. This reflex 
passes from the nipple and surrounding areolar tissues to the central nervous 
system via the intercostal nerves and the dorsal root ganglia [14, 16, 17]. The 
signals pass along an ascending afferent path within the spinal cord to the hypo-
thalamic paraventricular nuclei. Here oxytocin is generated and released by the 
neurohypophysis. The paraventricular nuclei secrete oxytocin, which descends 
the infundibulum towards the posterior portion of the hypophysis. Here oxytocin 
is accumulated awaiting release [10].

• The afferent signals that begin when the infant suckles cause the neurohypophy-
sis to release pulses of oxytocin into the pituitary portal system, after which these 
molecules travel to the breast, where they act on the myoepithelial cells and 
induce contraction. The myoepithelial cells are located within the ductal lining. 
The effect of their contraction causes it to propel milk out of the alveoli and into 
the ducts, which converge at the nipple. Thus the breast milk passes directly out 
of the breast into the waiting mouth of the infant [10].

The amount of milk released to the infant’s mouth closely corresponds to the 
volume of milk generated. The system of milk production demonstrates high effi-
ciency. There is a surprisingly constant rate of milk production, with the usual daily 
total equal to around 800 mL. The amount of milk actually released is dependent on 
the level of feedback inhibitor of lactation within the milk in the breast. If the breast 
is full, synthesis slows, whereas the emptying of the milk creates a situation where 
milk synthesis proceeds rapidly [10].

The extent to which milk is synthesised depends on the mother’s general health 
and well-being. Mothers who are under high stress or are overly fatigued produce 
less milk. This inhibition of milk production is under the control of dopamine ± 
noradrenaline. Raised dopamine and/or noradrenaline slow the generation of milk. 
Thus, for a woman to be able to breastfeed effectively, she needs to feel relaxed and 
unstressed [10].
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Breast Milk Oligosaccharides

Özlem Naciye Şahin, Aysel Özpınar, and Despina D. Briana

1  Introduction

Oligosaccharides are polymeric molecules typically consisting of between three 
and around ten monosaccharide subunits. Human breast milk differs from that 
found in the majority of mammalian species by virtue of the rich mixture of oligo-
saccharides (at least 150 different types) that it contains at high levels. Human milk 
oligosaccharides (HMOs) in mature human milk are even more abundant than milk 
proteins. They are usually present at a concentration of 5–15 g/L, which means that, 
if the water content is disregarded, they are exceeded in amount only by disaccha-
ride lactose and milk fats [1, 2].

The monosaccharide subunits out of which HMOs are constructed consist of five 
types: glucose (Glc), galactose (Gal), N-acetylglucosamine (GlcNAc), fucose, and 
sialic acid. The variety of HMOs comes about through different combinations of 
these monosaccharide subunits and the type of linkages present in the oligosaccha-
ride [1]. The scheme by which the different HMOs are assembled is illustrated. The 
common feature of the HMOs is the presence of a lactose at the reducing end of the 
polymeric chain. The lactose contains the Galβ1–4Glc linkage. To this growing 
chain either the disaccharide lacto-N-biose or N-acetyllactosamine can be added. In 
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the former disaccharide there is a Galβ1–3GlcNAc linkage, whereas in the latter the 
linkage occurs as Galβ1–4GlcNAc. Sialic acid can be conjugated either to the initial 
lactose or to the tetramer through an α2–3 or α2–6 linkage. Likewise, fucose can 
also link to the dimer or tetramer by forming α1–2, α1–3 or α1–4 bonds. In this way 
a vast range of different polymers can be generated. The different monomeric sub-
units may confer different properties on the polymer as a whole. Sialic acid, for 
example, makes the polymer negatively charged overall, since it carries a carboxyl 
moiety. This charge affects the conformation of the polymer. The structure of the 
HMO frequently determines its physiological role [1, 2].

The basis of HMO variety is the same in every woman and up to now at least 150 
different oligosaccharides have been discovered in breast milk. A key point is that 
there are wide differences in the HMO content of different women’s milk. 
Nonetheless, each individual woman secretes milk with a fairly consistent HMO 
content whilst lactating [3, 4]. To date, the HMO content of milk from over 10,000 
different human mothers has been analysed in various studies, with samples taken 
from multiple different countries. The principal components are plotted graphically. 
A heterogeneity of HMO content in different samples of human milk can be 
observed, yet the clustering of data also shows that specific lactotypes exist.

HMOs represent a group of polysaccharides not joined to other molecules that 
form a family of related polymers with a wide degree of heterogeneity. They are all 
found only in human milk in significant quantities. Scientific discovery of HMOs 
occurred in studies looking at milk components that promote the growth of 
Bifidobacteria in the infantile gut. Currently they are considered to play a greater 
role than merely nourishing beneficial microbiota. There is growing evidence to 
show that HMOs also prevent pathogens from attaching to the infant mucosae, thus 
making it harder for viruses, pathogenic bacteria or protozoa to cause infections. 
They are molecules found floating freely within the gut to which the pathogen 
attaches, rather than attaching itself to a similar molecule on the mucosal surface. 
Furthermore, they may regulate how the epithelium and immune system reacts, pre-
venting white cells from entering the mucosa in massive numbers to fight infection, 
reducing the incidence of necrotising enterocolitis and supplying sialic acid, which 
is probably necessary for the central nervous system to develop normally. This evi-
dence, however, has mostly been gathered from in vitro or ex vitro research or work 
on non-human animals, with a few studies of cohort design looking at mothers and 
their offspring. More robust evidence in the form of randomised, controlled studies 
of sufficient statistical power is called for to state with certainty that these mecha-
nisms apply in human babies. This chapter will examine the history of research into 
HMOs, describe the structural differences between the types and outline the current 
state of knowledge regarding HMO production in the human breast and how they 
are metabolised in infants fed breast milk. The later part of the chapter looks at what 
benefits HMOs confer on infants, looks at the situation in related species and in 
artificial baby milk, and states what barriers and goals affect research into HMOs at 
present and in the future.
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2  Why Is there Such Variety in the HMOs Contained 
in Milk?

Some of the many factors that add to the variety in HMOs are illustrated. One of the 
most crucial factors driving variety appears to be genetic. The separation into right 
and left seen on the principal component 1 axis is mainly attributable to a single 
nucleotide polymorphism (SNP). Indeed, a single base pair substitution in a genome 
containing 3 giga base pairs in total accounts for one of the main lactotype pairs: 
secretory and non-secretory phenotypes. These two phenotypes result in major dif-
ferences in the HMO content of breast milk. The SNP is found in the region coding 
for the FUT2 gene (fucosyltransferase 2). This enzyme links fucose by an α1–2 
bond either to the invariable disaccharide HMO precursor or to a longer precursor 
polysaccharide chain [5]. Certain nucleotide substitutions result in coding for end-
ing protein assembly, meaning that the fucosyltransferase 2 product is truncated and 
non-functional. In the secretory phenotype this enzyme is functional and the HMO 
composition includes abundant oligosaccharides that contain α1–2-linked fucose 
subunits, notably 2′-fucosyllactose (2′FL) or lacto-N-fucopentaose (LNFP) 
I. Women with the non-secretory phenotype have virtually none of these HMOs in 
their breast milk [4]. Furthermore, the non-functioning FUT2 creates many other 
changes in HMO composition beyond the ones attributable to defective α1–2 
fucosylation. There are analogous, although less profound, changes attributable to 
polymorphism in the genetic region containing the FUT3 gene (fucosyltransferase 
3). This gene is linked to expression of the Lewis blood group glycoproteins. FUT3 
links fucose to the disaccharide or lengthier precursor of the HMO via an α1–3 or 
α1–4 bond [6]. Whether the FUT3 gene codes for a functional or non-functional 
enzyme explains the formation of the lactotype pair – Lewis positive and negative.

Fucosyltransferases 2 and 3 only catalyse a small number of the steps within the 
HMO synthetic pathways. There is at present only a limited understanding of these 
pathways, meaning that a substantial portion of the biosynthetic machinery in 
humans still awaits characterisation. This area of biosynthesis has unusual charac-
teristics: it is only active in a single species (Homo sapiens), is confined to a single 
organ (i.e. the breast) and only in lactating or pregnant females. Because of these 
characteristics, mapping out the steps involved is highly challenging. However, a 
greater knowledge of this area of biosynthesis may help to find features unique to 
our species. Methods that may be employed to investigate HMO biosynthesis 
include genome-wide association techniques, RNA characterisation in milk, milk 
metabolomics, computed pathway simulations and target validation in vitro.

The genetic composition of the mother is not the sole factor influencing which 
HMOs are present in milk. Maternal dietary intake, her level of exercise, consump-
tion of dietary supplements, health in general and drug history when pregnant and 
whilst lactating, all potentially influence HMO levels in milk [3]. Research using a 
murine model indicates that a lipid-rich diet results in reducing HMO levels, 
whereas being physically active increases the HMO content of milk. A trial in which 
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pregnant women were assigned to receive a combined probiotic or none noted dif-
ferences in HMO levels and type between the two groups [7]. At present, it has not 
been fully established what effects on HMO arise from maternal obesity, gestational 
diabetes or maternal chronic inflammatory conditions. Studies to answer these 
questions are being undertaken.

3  The Fate of HMOs Following Ingestion

HMOs are mostly unaltered by the highly acidic infantile gastric environment. The 
enzymes excreted by the pancreas and found on the small intestinal brush border do 
not dismantle the oligosaccharide chain apart from possibly type 2 polysaccharide 
chains. In this type of polysaccharide, lactase can separate the last galactose subunit 
off the chain by cleaving the β1–4 linkage. Around 1% of the HMOs entering the 
gut undergo absorption and are detectable in the systemic circulation and within the 
infant’s urine [8, 9]. This suggests that HMOs have effects that are not solely exerted 
within the gut itself. The majority of HMOs travel unaltered to the terminal small 
bowel and large intestine. Here they are consumed by the microbiota or pass out in 
the faeces.

4  Possible Roles for HMOs

HMOs have frequently been considered as simply prebiotics within milk that can 
provide nutritional support for healthy microbiota within the infant’s digestive sys-
tem [10]. There is, nonetheless, evidence suggesting that this is not the only role 
they play. There are grounds for supposing that the original evolutionary advantage 
from HMOs came not from a prebiotic, but an antibiotic effect. In other words, they 
may have evolved to stop bacterial growth rather than shape the microbial flora [11]. 
The origins of milk appear to lie in the creation of a substance capable of maintain-
ing the moisture content of eggs. Since moist eggs were at risk of hosting bacteria 
or fungi, there would have been an evolutionary advantage if this substance had an 
antimicrobial function. It appears that such naturally occurring microbicides prob-
ably included oligosaccharides. Despite lactose being an invariable component of 
all current HMOs, this sugar is believed to have originated later than this egg- 
moistening stage, possibly through its role in energy production. If this is so, then 
HMOs were originally antimicrobial substances, with the prebiotic effect only 
evolving afterwards. Some studies have found that particular HMOs can arrest the 
multiplication of certain bacterial species, such as Streptococci belonging to Group 
B [12]. HMOs also resemble components of the cell surface receptors that many 
viral, bacterial and protozoal pathogens utilise for attachment, proliferation and, 
sometimes, invasion and infection [1]. They represent a kind of decoy that remain 
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within the gut lumen. Pathogens attach to these decoys rather than to the gut wall, 
thus preventing attachment, proliferation and infection [1]. That HMOs can prevent 
attachment of strains of Campylobacter jejuni has been demonstrated both in vivo 
and in other species [13]. A study following a cohort of infants and their mothers 
found that these same oligosaccharides were present in cases of diarrhoea originat-
ing lower down in the gut and associated with Campylobacter spp. [14]. 
Subsequently, HMOs that possess the ability to prevent enteropathogenic 
Escherichia coli strains (EPEC) from adhering to the gut and causing disease have 
been discovered. For these studies tissue culture or a murine model was used [15].

5  Do HMOs Have a Pre- or Antibiotic Function?

Most probably, not all HMOs perform the same role. Commensal bacterial species 
like the Bifidobacteria have an apparent preference for the shorter, less complex 
HMOs [16]. The longer, more complex oligosaccharides appear better suited to an 
antibiotic role. Indeed, the fact that the shorter HMOs, such as fucosyllactose, sialyl 
lactose and lacto-N-tetraose or lacto-N-neotetraose, serve as ready nutrition for 
microbes means the microbes preferentially metabolise these compounds, rather 
than breaking down the longer HMOs, which have antibiotic abilities.

Nonetheless, evolutionary pressure is unrelenting, and it is expected that some 
microorganisms would find ways to exploit HMOs. A recent study [16] demon-
strated that a certain variant of the rotavirus possessing a G10P spike protein was 
more capable of infecting cells when particular HMOs were present in tissue culture 
[17]. It was noted that for infants who showed the symptoms of a rotavirus infec-
tion, their mothers produced milk containing high levels of the same specific HMOs. 
In this case, the virus seems to have taken the evolutionary advantage. It has been 
suggested, however, that the same mechanism may be used to render vaccination 
more effective, conferring benefit to the host. The Rotavac vaccination consists of a 
live, attenuated virus. This strain also infects tissue cultures more effectively when 
specific HMOs are present. Administering the vaccine together with these HMOs 
may be a way to make vaccination more effective.

Beyond their role in modulating the interaction of the infant with microbes, there 
are also specific associations between particular HMOs and infant body composi-
tion. A study involving 25 infants and their mothers in the USA found associations 
between particular HMOs and the infant’s body mass, lean mass and fat mass [18]. 
A further study, which employed the same analytical equipment, looked at 30 infant 
and mother pairs living in Denmark and established associations between excessive 
infant body mass and particular HMOs [19]. In both these studies, there was a nega-
tive association between body mass and adipose deposition and lacto-N-neotetraose, 
whilst 2′-fucosyllactose had a positive association with increased infant body mass. 
The two studies referenced have low numbers of participants, but a larger study 
involving 802 infants and their mothers has been undertaken in Finland, although 
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the results are yet to be published. However, pre-publication results indicate that the 
same associations were established, but with the additional information that the 
association with increased infant body mass persisted up to the age of 5 years, at 
which point breastfeeding had long ceased. Thus, a longer lasting effect on the 
child’s growth and body structure seems to exist. However, these results should be 
interpreted with caution, as statistical association does not establish causality.

6  The Role of HMOs in Immunomodulation

The direct and indirect effects of HMOs on the infant gut lining and immune system 
that have so far been proven. For innate immunity to occur, the initial defence con-
sists of a healthy gut lining, which acts as a physical barrier. In the intestinal epithe-
lium, the cells at the base of the crypts undergo division, moving up along the crypts 
as they mature into fully functional epithelial cells. The Paneth cells present an 
exception, as their migration is in the opposite direction. HMOs decrease the divi-
sion of cells in the crypt bases [20–24], accelerate the development of the lining 
cells [24] and strengthen the integrity of the barrier [24]. The goblet cells secrete a 
lubricating and protective mucinous substance formed of glycoproteins, which sep-
arates the epithelium from the material within the gut lumen. It is possible that 
HMOs modulate the behaviour of mucin-secreting cells. This effect has been 
observed with galactose-containing oligosaccharides [25]. HMOs can influence the 
synthesis of immune molecules by the mucosa, an effect that may be direct [23–25] 
or indirect [26], via an effect on the gut flora [26]. As previously discussed, HMOs 
have a probiotic effect on beneficial microbial flora, especially Bifidobacteria spp. 
and Bacteroides spp. [27]. This is shown by 7. HMOs also reduce the infective 
potential of viral and bacterial pathogens through acting as decoys or interfering 
with pathogen attachment to the epithelial glycoprotein receptors [12, 13, 28]. This 
is shown by 8. Furthermore, oligosaccharides in the diet are found along the walls 
of the gut, which increase the variety of glycoproteins found at that site [29]. HMOs 
are metabolised by Bifidobacterium infantis within the intestines of the infant [8, 
16]. This organism secretes peptides that cause the intestine to assume a healthy 
state of permeability via increased synthesis of proteins forming tight junctions. 
This was shown in a murine colitis model [30]. HMOs have a probable role in pro-
moting the survival of other beneficial bacteria within the intestine. The way the 
intestine performs its barrier role then also influences the function of the immune 
system, both locally and systemically [31]. HMOs have effects on both the numbers 
of each type of immunocytes and the release of cytokines [28, 32]. There is also 
absorption of HMOs into the systemic circulation [33–35]. Here they may cause 
monocytes, lymphocytes or neutrophils to attach to the vascular lining [36] and 
stimulate neutrophilic attachment to thrombocytes [37].
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7  HMOs May Modulate the Immune Response through 
Binding of Carbohydrates

A significant mechanism by which the immune system exerts its responses is 
through the use of carbohydrate signals and the proteins that bind to them. Individual 
cells carry distinctive glycoproteins on their surface composed of particular molecu-
lar motifs. These signals are transferred to other cells and the surrounding environ-
ment [38, 39]. The glycoproteins located on the plasma membrane are similar to 
those located on the surface of microbes or in food, such as breast milk. This cir-
cumstance means that there are many ways in which the infant, the microorganism 
and the HMOs can interact.

The lectins are a class of proteins located on the plasma membrane, which have 
the ability to recognise certain molecular signatures and the way these are laid out, 
and to translate recognition into a cellular response. Lectins are classified according 
to the carbohydrate recognition domain (CRD) they carry. More than 12 CRDs are 
recognised in mammalian species. However, the three categories of lectins of a spe-
cial significance in immunomodulation by the HMOs are the C-type lectins, siglecs 
(sialic acid-binding Ig-like lectins) and galectins.

Calcium must be present for the C-type lectins to perform their role. This group 
encompasses the selectins, mannan-binding protein and dendritic cell-specific inter-
cellular adhesion molecule 3-grabbing non-integrin (DC-SIGN). This class of lec-
tins is bound to the outer plasma membrane of dendritic cells, where they may either 
activate a lymphocytic response to an antigen or ignore it (i.e. immunotolerance) 
[40]. The DC-SIGN molecule is especially relevant to understanding how HMOs 
modulate the immune response, since its carbohydrate-binding domain can recog-
nise fucosyl groups and it is present on the plasma membrane of certain gut cells in 
infants [41]. The cells expressing DC-SIGN have a probable antigen presentation 
role, since this molecule is typically found on other cells specialised to present anti-
gen, such as dendritic cells [39]. Whilst the attachment of DC-SIGN to fucose- 
containing carbohydrates is a part of the development of immunotolerance, further 
recognition events must happen at the same time for a cellular response to be stimu-
lated [39].

Siglecs can recognise sialic acid residues and are generally expressed on particu-
lar types of immune cells [42]. A minimum of 16 different siglecs exist, such as 
sialoadhesin (siglec-1), CD22 (siglec-2), myelin-associated glycoprotein (MAG, 
siglec-4), siglec-15, and CD33-related siglecs. These are found on various white 
cells. The particular recognition abilities of individual siglecs depend on variety in 
their secondary binding sites [39]. Siglecs bind to recognised antigens and then trig-
ger endocytosis to engulf the antigen and bring it into the cytoplasm for further 
processing. The majority of cells bearing siglecs are specialised to process and pres-
ent antigens [39]. Molecules that carry a sialic acid group can be endocytosed by 
macrophages following recognition by siglecs on the outer plasma membrane [42]. 

Breast Milk Oligosaccharides



68

In mammalian species there are certain carbohydrates that include sialic acid, the 
purpose of which is to induce tolerance to innocuous antigens by classifying them 
as ‘self’. After specific siglecs recognise an antigen, interleukin-10 (IL-10) release 
is triggered [43].

The galectins play a key role in cellular proliferation and immunomodulation. 
Galectins specifically recognise the beta-galactosides. Removal of sialic acid resi-
dues results in a greater concentration of galactosyl units on the outer plasma mem-
brane. CD45, for example, is a molecule containing sialic acid in an alpha 
configuration bound from the second carbon atom of one unit to the sixth carbon on 
the second. This molecule is expressed on unactivated T-lymphocytes. When this 
bond is cleaved in the activated cell, the lymphocyte may undergo apoptosis after 
being bound to galectin-1 [44]. If HMOs containing sialic acid bind to cells, this 
prevents galectins from triggering programmed cell death.

8  The Immunomodulatory Role of HMOs on Mucosae

Cell culture methods have been used to study how HMOs affect the degree to which 
genes related to immunity are expressed and their products are synthesised in cells 
of the gut. To simulate the effect of infection by a bacterium [24], various experi-
ments have been undertaken, including incubating cells with oligosaccharides [23], 
bacterial organisms [44] or lipopolysaccharides. In Caco-2 gut cell cultures incu-
bated with Bifidobacterium organisms, where HMOs were added there was 
decreased expression of chemokine-related genes when compared with cultures 
using glucose or lactose in place of HMOs [24]. In contrast, HT-29 cell cultures, to 
which HMOs were added but without simultaneous presence of any bacterium, 
reacted by upregulating expression of a number of chemokine-related genes [23]. 
Further studies utilising cell cultures of T84 and HCT8 lineages have demonstrated 
that inflammatory responses by these cells are downgraded in the presence of a 
mixture of HMOs or 2′-fucosyllactose alone [24].

It has also been shown that HMOs can alter the progression of a gastrointestinal 
infection caused by a virus. One study modelled infection with rotavirus using a 
technique that isolated the ileum in a 21-day piglet without removing it from the 
animal. The section of intestine inoculated with rotavirus and simultaneous applica-
tion of HMOs expressed fewer mRNA transcripts for the viral protein NSP-4 (non- 
structural protein 4). This result demonstrates that HMOs limit viral replication in 
intestinal cells [45]. Nonetheless, the application of HMOs had no effect on produc-
tion of cytokines or chemokines. In the piglet model, expression of the viral protein 
was reduced in the presence of both neutral and acidic HMOs. This contrasts with 
the result from in vitro studies, where virus-limiting effects were only seen with 
acidic HMOs [45].
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9  Systemic Immunomodulatory and Protective 
Role of HMOs

Since HMOs are present in the peripheral circulation of breastfed infants at a level 
between 1 and 133 mg/L [33, 35], it seems probable that HMOs in breast milk may 
directly modulate the infant immune cell systemic responses. As stated earlier, 
many of the immunoreceptors are bound by proteoglycans and the oligosaccharide 
portion of the molecule is key to recognition [12, 13]. Furthermore, the structural 
similarities between HMOs and selectin ligands [12] suggest the possibility that 
HMOs may cause direct activation of circulating immunocytes and provoke the 
release of immune signals that alter the balance and behaviour of various immune 
cells. To take an example, P- and E-selectins can bind to CD15s, a carbohydrate 
sequence found on multiple HMOs [9]. A further point to consider is that selectin 
binding is frequently affected by the addition of fucose or sialic acid to a glycan and 
HMOs frequently exhibit such modifications [46]. HMOs have been shown to be 
capable of preventing pavementing [36] and recruitment [37] of neutrophils by dis-
rupting the binding of immune proteins and glycans. When peripheral mononucleo-
cytes (PMNs) taken from newborn pigs were examined ex vivo, it was noted that 
HMOs influenced their propensity to divide and to express cytokines [32]. When 
HMOs only were supplied to PMNs, they responded by synthesising IL-10, a cyto-
kine involved in immune regulation [32]. Separate studies have noted that IL-10 
synthesis increases in response to acidic HMOs. Ex vivo studies with mononucleo-
cytes derived from human umbilical cord samples have shown that interferon 
gamma increases in the presence of acidic HMOs [41]. PMNs divided more rapidly 
when HMOs were administered to PMNs that had been primed with phytohaemag-
glutinin, which stimulates T-cell proliferation. Meanwhile, PMNs primed to divide 
by being presented with lipopolysaccharide increased their rate of division when 
HMOs containing sialic acid residues were present [32]. If PMNs were not stimu-
lated and remained in culture for 3 days, the presence of 2′-fucosyllactose prevented 
their division. Accordingly, we can expect HMOs to have different effects on infant 
immune systems depending on their state of activation. If there is no stimulus pres-
ent to encourage immune proliferation, HMOs keep proliferation levels low, 
whereas they increase division when immunocytes are already proliferating.

Currently, limited research has examined the immunological response to feeding 
infants HMOs [24, 25, 47–49, 52]. Although one study did supply dietary 2′-fucosyl-
lactose to piglets [53], the reports only concern growth and toxicity. A recent trial 
compared the immunological effects of artificial baby milk containing varying 
amounts of HMOs with normal breast milk [49]. The artificial milk contained 
2.4  g/L oligogalactose, 2.2  g/L oligogalactose plus 0.2  g/L 2′-fucosyllactose or 
1.4  g oligogalactose plus 1.0  g 2′-fucosyllactose. The human infants in the trial 
received artificial milk between the ages of 5 days and 4 months, with blood sam-
pling at the age of 6 weeks to quantify cytokine levels, phenotype the immunocytes 
present and observe the effects of stimulating ex vivo PMNs separated from the 
blood samples. There were similarities between the control group and the infants 
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who received either type of artificial milk containing 2′-fucosyllactose. These sub-
jects expressed decreased levels of inflammatory cytokines than those taking for-
mula milk containing no HMOs. Furthermore, looking at the results of cytokine 
secretion by the isolated PMNs, when respiratory syncytial virus was inoculated 
into these samples, investigators could observe similarities between the breastfed 
infants and those receiving supplemental 2′-fucosyllactose in the formula prepara-
tions. These infants had lower levels of tumour necrosis factor (TNF)-alpha and 
interferon gamma, with a tendency to decrease levels of IL-1Ra, IL-6, and IL-1β, as 
compared with the babies receiving standard artificial milk [49].
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Breast Milk as a Biological System

Ayten Guner Atayoglu

1  Introduction

According to official recommendations, mothers should exclusively breastfeed their 
infants up to the age of 6 months [1], since the data show this reduces the infant’s 
chances of developing various illnesses and of dying [2]. Globally, there are many 
large public-health campaigns devoted to encouraging women to breastfeed their 
infants. Human milk (i.e. breast milk) may be considered a system possessing vari-
ous active roles and capable of delivering benefit to neonates in terms of nutrition, 
immunological support at the point when neonates have the least effective immune 
defences of their own, and support for healthy growth and development, including 
that of the gastrointestinal tract. Furthermore, breastfeeding is also beneficial for 
maternal health [3]. The more that human milk is investigated, the more apparent it 
becomes that milk cannot be adequately understood as simply a source of infant 
nutrition. Instead, milk both affects the infant and mother and is affected by them, 
working in a complex way to deliver its benefits. In this chapter the terms ‘milk’, 
‘breast milk’ or ‘human milk’ will be used interchangeably to refer to the milk gen-
erated by the human mammary gland and consumed by another human being. Milk 
may be from the mother of the infant herself (mother’s own milk, MOM), in which 
case it is provided to the infant directly from the breast or after being expressed into 
a container, or it may be a donated sample from another woman, in which case it is 
referred to as donated or banked milk. Although banked milk is broadly similar to 
MOM, it is not exactly the same. The use of banked milk is generally recommended 
for where MOM is unavailable or is of insufficient quantity to supply the infant’s 
needs [4].
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Infants who breastfeed soon after delivery (less than an hour after completion) 
and consume colostrum have a greater rate of survival than those who do not [5]. 
Breastfeeding that continues beyond the age of 6 months is beneficial to the infant, 
both in terms of immunity and for consuming an adequate diet, particularly if the 
foods for supplementing breastfeeding are unsatisfactory or consist of a very lim-
ited range of items. Although it is generally held that the amount of breast milk and 
several of its key constituents are independent of inadequacies in the mother’s diet 
(provided the dietary inadequacy is not severe) [6], scientific understanding of sev-
eral micronutrients and molecules possessing bioactivity in milk is still at an early 
stage. The health status and diet consumed by the mother are potentially key factors 
impinging upon the success and benefits of breastfeeding, even if further research is 
still needed to clarify exactly why this is so [4, 7].

2  How Breast Milk Functions as a Biological System

Breast milk is the factor of most importance in how infants grow and develop in a 
healthy way. It is clear that breast milk contains many essential nutrients and mol-
ecules possessing bioactivity necessary for infant health, but there remain questions 
about how it comes to be produced, the mutual interactions between milk, mother 
and child and the way that the many components of this fluid function. In many 
respects, milk may be best considered another physiological system of the body [4].

Breast milk is a biofluid with a unique composition. Its sophistication reflects 
millions of years of evolution in mammals, where the composition of each species’ 
milk reflects the needs of the offspring. In humans, some of the key functions per-
formed by this biofluid are rectifying the deficits caused by the immaturity of the 
gastrointestinal and immune systems at birth [8, 9].

2.1  Development of the Human Breast

The breast, or mammary gland, is an organ with a highly specialised exocrine func-
tion. It is under a complex set of endocrine and other physiological signals, the 
details of which are increasingly better understood [9]. Development of the fully 
functional mammary gland can be divided into three separate phases, starting dur-
ing foetal life and extending over the lifetime of the human female, so that an 
embryonic, pubertal and adult reproductive phase can be identified. At the time of 
birth, the rudimentary breast organ is already present, and this organ continues to 
grow during childhood up until puberty occurs, when the breast tissues differentiate 
further, with an increase in ductal branching. At this stage the breast becomes capa-
ble of exocrine function and is responsive to growth hormone, oestrogen and 
insulin- like growth factor (IGF-1). The combined signals of a raised progesterone 
and prolactin level during pregnancy cause the alveolar lobules to differentiate into 
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milk-producing cells. As the phase of lactation draws to an end and the infant begins 
weaning, the breast undergoes an involutionary change, reverting to a tissue archi-
tecture resembling that existing before pregnancy occurred. It is already known that 
diet (both in terms of macro- and micronutrient content) affects endocrine activity, 
therefore diet is likely to affect the anatomy and physiology of the breast. It has been 
hypothesised, for example, that vitamin A and retinoic acid play a role in the devel-
opment of the breast in utero [10]. Furthermore, there are potential environmental 
effects on breast physiology. It has been demonstrated that molecules that interfere 
with endocrine signalling, as well as being exposed to heavy metals, have negative 
effects on in utero development [11]. The way the breast develops and its function-
ality are both impacted by how women respond to psychosocial and environmental 
stress when pregnant [12].

2.2  Constituents of Milk

Knowledge concerning the individual constituents in breast milk and how their 
associated bioactivity affects the healthy development of infants is increasing cur-
rently. The macronutrients in breast milk (namely lipids, proteins and carbohy-
drates) have been intensively researched for several decades now, and micronutrients 
(in particular vitamins, minerals, aliphatic acids and individual amino acids) have 
also been quantified in breast milk samples. Studies addressing the specific role of 
micronutrients in infant metabolism have only rarely, however, been published [4].

2.3  The Chronobiology of Breast Milk

The composition of breast milk varies widely between different women, but there 
are also differences within the breast milk of any particular woman at different 
stages of lactation. Colostrum, for example, which is produced for around 4–5 days 
after delivery, contains abundant carotenoids, high electrolyte levels (especially 
sodium and calcium ions) and a high concentration of protein, including antibodies. 
Its lactose and lipid concentration is low. Transitional milk is the type produced 
from around the fifth to tenth day post-partum. Finally, at around day 10 post- 
partum, mature milk begins to be secreted, and lactation is considered fully under 
way at that point. There is a variable lipid content in breast milk of different kinds, 
mature milk containing a higher level (3.6% on average) than either transitional 
milk or colostrum. The lipid content is also affected by the time of day the milk is 
secreted, the mother’s dietary intake and how long feeding continues. The extent of 
the interval between feeds also influences the lipid level [13]. The vitamin content 
of breast milk is known to be influenced by the duration of feeding and circadian 
rhythm [14]. Women taking vitamin supplements secrete a higher vitamin content 
into the milk, not only the lipid-soluble vitamins A and D, but also those that are 
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hydrophilic, such as B vitamins (1, 2, 5, 12 and 6) and vitamin C. Comparison of the 
rates of vitamins detected in breast milk from different countries reveals a wide 
range of values. There is only a slender evidence base on which the daily allowances 
recommended for infants and during breastfeeding by, for example, the Institute for 
Medicine or the World Health Organisation (WHO) are based. Indeed, the recom-
mendations for vitamin A were based on data from 3 patients, whilst that for niacin 
was based on 23 patients [7]. A recently published review on the subject of vitamin 
A in breast milk found that colostrum held the highest amount of retinol:fat and reti-
nol, but this was markedly lower within days and reached a baseline value around 
weeks 2–4 of breastfeeding [15]. It appears likely that the levels of other micronu-
trients also rise or fall depending on the stage of breastfeeding [16]. How the vol-
ume of milk produced affects the level of nutrients in breast milk is not fully known. 
It is clear, however, that the energy content of milk mainly depends on lipid levels, 
and lipid levels in milk are likely to be related to the mother’s dietary intake of fats, 
especially as free fatty acids.

3  How Extracellular Vesicles in Breast Milk Behave 
as a Biological System

All types of cells in mammals appear to possess the ability to secrete extracellular 
vesicles or exosomes. These exosomes are particles less than a micron in diameter 
that are wrapped in plasma membrane derived from the cell and are secreted into 
extracellular compartments. The main way exosomes act is in transportation of spe-
cific cellular machinery (which may consist of protein, lipids or nucleic acids) from 
one cell to another. Exosomes can initiate major, complicated alterations in the cells 
with which they combine, with effects on normal physiology and pathological pro-
cesses [17, 18]. The discovery of the exosomic transportation mechanism and its 
ability to trigger changes in the cells to which exosomes fuse was rewarded by a 
Nobel Prize in 2013 for the co-discoverers, Rothman, Schekman and Südhof, in the 
category of Physiology or Medicine [19, 20].

Breast milk is a sophisticated biologically active liquid that may act in a dynamic 
way to support the growing infant through the delivery of nutrients as well as boost-
ing the infant’s immunity to various conditions [21–24]. It has been demonstrated in 
clinical trials as well as through epidemiological methods that breast milk offers 
greater benefit to the child than artificial baby milk in terms of susceptibility to 
necrotising enterocolitis, sepsis in the newborn period, infections of the gut and 
respiratory tract, atopic conditions, obesity, diabetes mellitus and neoplasia [21–
24]. Scientific understanding of the ways in which specific parts of this biological 
system contribute to healthy development in childhood and early adulthood is 
increasing. There are several constituents of breast milk, the biological activity of 
which has been clearly demonstrated, namely various proteins (antibodies, lactofer-
rin), growth factors, cytokines, adipokines, non-digestible oligosaccharides 
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(20-fucosyllactose [20FL], lacto-N-tetraose [LNT], lacto-N-neotetraose [LNnT], 
sialyllactoses [3SL, 6SL]), white blood cells and stem cells [25–28]. Exosomes 
containing major histocompatibility proteins of class I and II were identified by 
Admyr et al. in 2007 [29]. These exosomes potentially suppress immune responses. 
The current understanding of milk exosomes is that they play functional roles in 
breast milk. More research is now needed to clarify how molecular signalling 
between the mother and infant occurs and the long-term effects this has on the 
child’s future health [20].

4  Biogenesis and Subpopulations

Three distinct types of vesicle are recognised as extracellular vesicles, namely exo-
somes, microvesicles and apoptotic bodies. All three types of vesicle consist of 
components of the cytosol and outer cell membrane derived from an ordinary human 
cell, but they originate in different ways from cells and fulfil different purposes, 
hence their magnitude and precise constituents differ [30, 31]. Exosomes have a 
diameter of around 40–150 nm. They are formed when endosomes created by invag-
ination of cell membrane into the cytosol join together to form multivesicular bod-
ies (MVBs). These MVBs move towards the outer cell membrane, with which they 
fuse, afterwards releasing exosomes out into the extracellular environment [32, 33]. 
There are a minimum of two separate pathways that lead to the formation of MVBs. 
These pathways include apportioning specific molecules to intraluminal vesicles. 
One of the pathways involves ESCRT—Endosomal Sorting Complex Required for 
Transport – an array of as many as 30 distinct proteins. The proteins that make up 
ESCRT can be classified into four main groups, namely ESCRT-0, -I, -II and -III. In 
addition there is the ATPase Vps4 complex [34–37]. The actions of ESCRT-0 
include recognition and sorting of ubiquitin-tagged cargo proteins, so that they can 
be apportioned to the lipid-rich area of the vesicle [38, 39]. ESCRT-I and II cause 
invagination of the membrane of late-stage endosomes, which allows budding with 
specific sorted proteins intended to be transported [40, 41]. ESCRT-III removes 
ubiquitin from the proteins carried in the vesicle [42, 43]. It joins with the Vps4 
complex to be able to perform molecular scission. The ESCRT-III-Vps4 complex 
can shape intraluminal vesicles, which are then put together as MVBs [44–46]. 
Vps4 is also involved in disassembling ESCRT and gathering molecular subunits 
that can be used again in generating further vesicles [47, 48]. There is also a second 
pathway leading to generation of MVBs, which does not depend on ESCRT [32, 33, 
49]. This pathway forms MVBs from the raft-based microdomains of the endo-
some. Ceramide is synthesised from sphingolipids by the action of the neutral 
sphingomyelinase 2 (nSMase2) enzyme [50]. When the sphingolipid is converted 
into ceramide, the microdomains coalesce, forming larger units. The generation of 
intraluminal vesicles and MVBs is then initiated by these domains, and involves 
budding [32, 49]. Whilst blocking the action of nSMase 2 does downgrade the pro-
duction of exosomes by several cell populations, this reduction in exosomal 
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formation is not seen in all cell types. It seems, therefore, that ceramide may play 
different roles in the formation of exosomes in different cell types [20, 33, 49–54].

At present, the evidence points to human milk extracellular vesicles (hMEVs) 
originating within the breast itself, as well as from elsewhere in the body [29, 55, 
56]. The majority of hMEVs are generated and released by epithelial cells of the 
breast in the course of lactation [29, 55]. A portion of the hMEVs is bound to the 
external surface of the milk fat globules. Some of the extracellular vesicles present 
in breast milk are likely generated by cells in the milk. Such cells include lympho-
cytes, macrophages and stem cells. However, some extracellular vesicles also arrive 
from more distant parts of the body, travelling to the breast via the blood stream [26, 
27, 29, 56]. The ratio of the extracellular vesicles of mammary gland origin to those 
from elsewhere in the body has not yet been ascertained, due to the limits of the 
current techniques. It would be a useful figure to know, as it would help clarify the 
wider understanding of how extracellular vesicles in breast milk function overall. 
One possibility is that techniques where a single extracellular vesicle is isolated and 
its characteristics investigated [57–60] may be employed to categorise the extracel-
lular vesicles in breast milk and thus provide an insight into their originating organ 
system and its relative contribution to the biological activity of milk [20].

5  Molecular Constituents

The formation of exosomes is vitally dependent on the tetraspanin proteins (such as 
CD9, CD63 and CD81), as well as Tsg101 and Alix. In experiments involving sepa-
ration of hMEVs from milk, these proteins are measured to indicate how successful 
enrichment has been. Some other proteins may also be used in this way, namely 
lactadherin (also termed Milk Fat Globule-EGF factor VIII [MFGE8]), butyrophilin 
and xanthine dehydrogenase/oxidase. These are important constituents of the breast 
milk fat globules [61, 62]. Butyrophilin, major histocompatibility complex (MHC) 
proteins and transforming growth factor-β (TGF-β) probably act synergistically to 
regulate the immune system of the infant, a process known to involve hMEVs [20, 
29, 63, 64].
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Microbiota Composition of Breast Milk

Seyhan Erişir Oygucu and Özlem Bekem

1  Introduction

The community of microorganisms, including bacteria, viruses, fungi, and protozoa 
residing within the human intestinal tract, which is defined as gut microbiota, plays 
a significant role in metabolic, neurobehavioral, endocrine, and immune pathways 
influencing child growth and development [1–3].

Early microbiota colonization, which starts with birth, is affected by maternal 
obesity and diet, birth mode, antibiotic exposure, and feeding type [4]. Breast milk 
modifies gut microbial composition by prebiotic properties of human milk oligosac-
charides and anti-infective properties of lactoferrin, lysozyme, and immunoglobu-
lins [5]. In addition, breast milk itself is a significant source of microbes for the 
infant’s gut [6–8]. An infant consuming about 800 mL breast milk daily has been 
reported to ingest about 8 × 104–8 × 106 commensal bacteria by suckling [9]. It 
provides vertical microbiota transmission from mothers to their infants, which for-
mats infant gut microbiota [10].

Scientists have been interested in microbiological components of human milk 
since the 1890s, mostly focusing on pathogenic effects on infant’s health [11]. Until 
the 2000s, human milk has been traditionally considered sterile. Based on the stud-
ies reporting the presence of lactic acid bacteria in breast milk, it was suggested that 
human breast milk might be a source of potentially probiotic bacteria and may be 
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considered a symbiotic food [9, 12]. Today, it is recognized that the dynamics of 
human milk microbiota in the mammary gland ecosystem are essential for infant 
and mother health together [13].

2  Origins of Human Milk Microbiota

Although the mechanism of action of human milk microbiota formation is not 
entirely understood, two main hypotheses are suggested as sources of human milk 
microbiota: retrograde flow and the entero-mammary pathway [14].

Retrograde flow is the transmission of areolar bacteria and the infant’s oral 
inhabitants back into the mammary ducts during nursing, which has been shown by 
infrared photography [15]. This could be an explanation for the presence of bacteria 
derived from maternal areolar microbial flora and infant oral cavity in breast milk 
[16, 17].

The second hypothesis suggests that the source of breast milk microbiota is the 
entero-mammary pathway that links the milk-gut bacteria [18]. Dendritic cells 
that cross the intestinal epithelium of the mother take the bacteria from the intes-
tinal lumen and through lymphoid circulation transfers to mammary glands, 
including precolostrum and milk anaerobes [19–24]. This theory was also sup-
ported by the detection of a single strain of Bifidobacterium breve in the maternal 
intestine, breast milk, and infant stool in an infant delivered via the caesarian sec-
tion [17].

3  Human Milk Microbiota Composition

Human milk contains a complex community of microorganisms with bacterial, 
viral, fungal, and archaeal components [25, 26]. Culture-dependent methods 
reported the presence of Streptococcus, Enterococcus, and Staphylococcus in 
addition to lactic acid bacteria such as Lactobacillus, Lactococcus, and 
Bifidobacterium [9, 12, 27]. The implementation of culture-independent tech-
niques made it possible to determine higher microbial diversity in breast milk [26, 
28, 29]. Methods including polymerase chain reaction (PCR) [30–34], PCR-
denaturing gradient gel electrophoresis (DGGE) [35], 16S rRNA gene sequencing 
[36–40], matrix-assisted laser desorption ionization-time of flight mass spectrom-
etry (MALDI-TOF-MS) [24, 41, 42],and metagenomic shotgun sequencing [41, 
43, 44] were used for identification of microbiota composition. Diversity of micro-
biota in human milk was reported to be higher than in maternal or infant feces 
[20, 45–47].
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3.1  Bacterial Component

In a recent review, 820 species of bacteria have been identified in human milk, 
mainly composed of Gram-negative Proteobacteria and Gram-positive Firmicutes 
[48]. Proteobacteria phyla include Escherichia, Pseudomonas, Serratia, Enterobacter, 
Ralstonia, Sphingomonas, and Bradyrhizobium whereas Firmicutes phyla include 
Streptococcus, Staphylococcus, Lactobacillus, Bifidobacterium, Enterococcus, 
Veilonella, Gemella, and Clostridium. Human milk also contains Propionibacterium, 
Actinomyces, Corynebacterium from Actinobacteria and Prevotella from 
Bacteroidetes phyla [49]. The “core” bacterium representing about half of the milk 
microbial content in human milk consists of nine genera: Streptococcus, 
Staphylococcus, Pseudomonas, Serratia, Sphingomonas, Ralstonia, Bradyrhizobium, 
Propionibacterium, and Corynebacterium [50]. Results of the studies varying in 
geographic locations, collection and storage of samples, and analytic methods 
showed that the predominant species are Staphylococcus and Streptococcus fol-
lowed by Bifidobacterium, Lactobacillus, Propionibacterium, and Enterococcus [51].

3.2  Viral Component and Phages

Recent studies have demonstrated that human milk also contains eukaryotic viruses 
(Herpesviridae, Poxviridae, Mimiviridae, and Iridoviridae) and bacterium-infecting 
viruses named bacteriophages (Myoviridae, Siphoviridae, and Podoviridae) [52]. 
The majority of the human milk virome is consisted of bacteriophages and they are 
transmitted to the infant from the mother by breastfeeding, to colonize and shape 
the infant’s gut microbiome [53, 54].

3.3  Fungal and Other Microbial Components

Fungal component of the human milk microbiome, also named as “mycobiome,” is 
suggested to have a potential beneficial role in infant’s gut mycobiome develop-
ment. The first study investigating the presence of fungi in human milk detected 
DNA of fungi in 85% of the milk samples, which were belonging to two phyla 
(Ascomycota and Basidiomycota) and ten species (Malassezia globosa, Calocera 
cornea, Guepiniopsis buccina, Podospora anserine, Sordaria macrospora, Candida 
dubliniensis, Malassezia restricta, Talaromyces stipitatus, and Yarrowia lipolytica) 
[41]. The fungal load of human milk has been estimated as 3.5 × 105 cells/mL with 
a composition dominated by Malassezia, Candida, and Saccharomyces [7]. Although 
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a core mycobiome was formed by Malassezia, Davidiella, Penicillium, and 
Sistotrema, changes in mycobiome composition were detected, associated with 
geographic location and delivery mode [55].
Other than bacteria, viruses, and fungi, archaea and eukaryotes also contribute to 
the breast milk microbiota. Researchers have been focusing on human archaeome, 
with recognition of the importance of human-archaeal-bacterial mutualism for 
human health and metabolism through methanogenesis. Methanobrevibacter 
smithii, which is the main human methanogenic archaea, has been shown to 
improve energy harvest by consuming end products of microbial fermentation [56, 
57]. The correlation between decreased frequency of Methanobrevibacter smithii 
in human feces and obesity supports the critical commensal role of archaea on 
weight regulation [58, 59]. The study investigating the presence of archaea in 
human milk has detected Methanobrevibacter smithii and Methanobrevibacter 
oralis in human colostrum and milk by using culture and real-time 
PCR.  Interestingly, compared with lean mothers, Methanobrevibacter smithii 
count was higher in milk samples of overweight mothers. Additionally, differ-
ences in the distribution of maternal body mass index (BMI) correlated with the 
presence of Methanobrevibacter smithii supported the association of this neglected 
element of breast milk microbiota with maternal metabolic phenotype [60]. 
Furthermore, in the study comparing milk samples of mothers with or without 
mastitis, the metagenomic analysis demonstrated the presence of archaeal DNA in 
80% of milk samples only collected from healthy mothers, thus proposing a pro-
tective effect for maternal health [41].

4  Factors That Influence the Composition of Human 
Milk Microbiota

Breast milk harbors a unique, complex, and dynamic ecosystem that plays a critical 
role in seeding the infant gut microbiota [12, 13, 24, 38, 42, 47, 61, 62]. Multiple 
factors influence the composition, including mode of delivery, lactation stage, ges-
tational age, antibiotic usage, genetics, mode of breastfeeding, method of milk 
expression, parity, ethnicity, maternal BMI, and infant gender [29, 38, 63].

4.1  Mode of Delivery

The effect of mode of delivery on breast milk microbiota composition is still a 
topic of interest among scientists since studies report contradictory and debatable 
findings. Three studies reported no difference in microbial profiles based on the 
mode of delivery [64–66], while others demonstrated that colostrum and milk 
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following vaginal delivery have been shown to display higher microbial diversity 
and abundance of Bifidobacterium and Lactobacillus spp. compared to cesarean 
delivery [30, 67–70]. A recent study reported a remarkable difference in the 
microbial composition of breast milk between cesarean section and vaginal deliv-
eries [16]. Compared with vaginal delivery, mothers who gave birth by elective 
cesarean section showed a different microbial composition with low amounts of 
Leuconostocaceae and high amounts of Carnobacteriaceae. Interestingly micro-
biota composition of mothers who gave birth by nonelective cesarean section was 
more similar to mothers who gave vaginal delivery than the elective cesarean 
group. This result was interpreted as the results of changes in the microbial trans-
mission process affected by physiological stress and hormonal signals [16]. In a 
similar study, colostrum obtained from mothers who underwent vaginal delivery 
had higher biodiversity with a higher abundance of Haemophilus and Streptococcus 
genera and a lower abundance of Finegoldia, Halomonas, Prevotella, Pseudomonas, 
and Staphylococcus genera compared to cesarean delivery group [71]. Colostrum 
bacterial networks were also identified by using Auto contractive maps in both 
groups and bacteria having three or more connections with others were accepted 
as main bacterial hubs. Haemophilus genera, which was more abundant in the 
colostrum of the vaginal delivery group, acted as a main bacterial hub only in the 
cesarean colostrum group, which had interactions with Peptostreptococcus, 
Achromobacter, and Kluyvera spp. This result was interpreted as a supportive 
finding for the idea that the pathogenicity of a microorganism does not only 
depend on its abundance but also on other factors, including the relationship with 
other microorganisms [71]. In addition, a study investigating the impact of peri-
natal factors on bifidobacteria and lactobacilli species in human milk of healthy 
mothers demonstrated that isolation of Lactobacillus fermentum and Lactobacillus 
salivarius were higher in the breast milk of women who gave birth by vaginal 
delivery compared to cesarean section. A similar effect was seen in women who 
received anesthesia during delivery as the same species were more frequent in the 
breast milk samples of women who did not receive anesthesia [68].

Differences in virome and mycobiota compositions of human milk have also 
been documented in relation to the delivery mode. In the study comparing the 
virome compositions of transient and mature human milk, the bacteriophage 
counts of both groups were found to be higher in the spontaneous vaginal deliv-
ery group than in cesarean section deliveries [72]. Mycobiota compositions of 
breast milk samples of mothers from different geographic origins who delivered 
vaginally showed statistically significant higher counts of Cryptococcus than 
breast milk samples of mothers who gave birth by cesarean delivery [55]. In 
another study, Malassezia globosa was reported as the most abundant species in 
the normal spontaneous vaginally delivery group, whereas Saccharomyces cere-
visiae and Penicillium Rubens were the most abundant species in transient and 
mature milk samples of mothers who underwent cesarean delivery, respec-
tively [73].

Microbiota Composition of Breast Milk



88

4.2  Gestational Age

Differences in microbial composition are reported between breast milk of mothers 
of preterm and term babies. The quantity of Enterococcus spp. was significantly 
lower in colostrum, while the quantity of Bifidobacterium spp. was significantly 
higher at all lactation stages of mothers of term babies. Furthermore, a direct cor-
relation was present between Bifidobacterium content and gestational age in all 
stages, while there was no correlation with Staphylococcus, Streptococcus, and 
Lactobacillus counts [30]. Breast milk samples collected from mothers of very pre-
term babies (27.6 ± 2.6 weeks gestation) showed individualized microbial profiles, 
which changed over time with an increase in abundance of Stenotrophomonas, 
Acinetobacter, and Lactobacillus and a decrease in Staphylococcus and 
Corynebacterium. Additionally, changes in microbial composition were found to be 
related to maternal BMI, antibiotic usage, and mode of delivery [74].

4.3  Lactation Stage

Breast milk is classified into three stages according to the time of production: colos-
trum (first 5  days postpartum), transitional (5  days to 2  weeks postpartum), and 
mature milk (2 weeks and onwards) [75]. Colostrum is produced in low quantities 
with relatively low lactose concentrations but rich in proteins, triacylglycerol, 
immune active substances, and growth factors [76–78]. Levels of macronutrient, 
micronutrient, immunological, and bioactive components change throughout the 
lactation period accompanied by changes in microbial composition [30, 77, 79–82]. 
Colostrum, containing Weisella, Leuconoctoc, Streptococcus, Staphylococcus, and 
Lactococcus as the most common genera, has been reported to have higher bacterial 
diversity than transition and mature milk. Typical oral cavity inhabitants like 
Leptotrichia, Veillonella, and Prevotella have been shown to progressively increase 
in addition to lactic acid bacteria genera at later stages of lactation [16]. In addition, 
total bacteria count, Bifidobacterium and Enterococcus spp. were shown to be sig-
nificantly lower in colostrum than in transitional and mature milk [30]. In one study, 
mature milk was shown to contain a greater quantity of anaerobic bacteria com-
pared with colostrum [83]. Conversely, other researchers reported consistent com-
position in some breast milk samples over time and significant variation in others 
[84]. Results of other studies showed relatively constant milk microbiome composi-
tion with minor changes in less abundant genera like Veillonella, Propionibacterium, 
Granulicatella, and Prevotella [65] or no effect of the stage of lactation at all [85]. 
The subsequent studies supported the findings of previous ones showing the effect 
of the lactation stage on human milk microbiota. A recent longitudinal study 
reported the highest microbial diversity in colostrum, which decreased gradually 
over lactation. Staphylococcus, Streptococcus, Acinetobacter, Pseudomonas, and 
Lactobacillus were predominant in colostrum samples. The abundance of 
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Proteobacteria was shown to increase while Firmicutes decreased across lactation 
[86]. Additionally, the study observing the lactation period from birth to postnatal 
24 weeks reported a significant decrease in the diversity of human milk microbiota 
throughout lactation. Nine predominating genera including Streptococcus, 
Staphylococcus, Acinetobacter, Pseudomonas, Bifidobacterium, Brevundimonas, 
Mesorhizobium, Rhodococcus, and Flavobacterium showed apparent changes over 
time. Streptococcus was shown to predominate at weeks 1 and 24, whereas 
Pseudomonas had the highest mean relative abundance at weeks 4 and 8. 
Bifidobacterium and Lactobacillus predominated in week 4 [66].

In the study investigating the virome composition of transient and mature milk, 
it was reported that bacteriophages were predominant in both groups (79.5%), 
mainly composed of Siphoviridae, Podoviridae, and Myoviridae families and 
eukaryotic viruses accounted for 20.5% of the total count with Herpesviridae as the 
most abundant order. When the two groups were compared, bacteriophages were 
found to be predominant at 87.6% in transient human milk and decreased to 67% in 
mature milk. While Podoviridae and Myoviridae were predominant in transient 
human milk, a decrease in the abundance of Podoviridae and an increase in the 
abundance of Siphoviridae family were observed in mature human milk [72].

Regarding fungal composition, Saccharomyces cerevisiae (33.3%) and 
Aspergillus glaucus (27.4%) were reported to be the most abundant species in tran-
sient human milk whereas Penicillium Rubens (35.5%), followed by Aspergillus 
glaucus (33.7%) were predominant in mature human milk [73].

5  Maternal Health Status

Maternal pathologies including obesity, hypertension, perinatal antibiotherapy, 
celiac disease, and human immunodeficiency virus (HIV) status, also have been 
linked to differences in microbial diversity and composition of human milk [16, 34, 
87, 88]. Deviations in gut microbiota, which is a transmissible trait, are linked to 
obesity by the abundance of specific microbes with increased capacity to harvest 
energy [89]. Prepregnancy weight and BMI of women were shown to be correlated 
with the abundance of Bacteroides, Clostridium, Staphylococcus, and excessive 
weight gain over pregnancy was associated with high Bacteroides concentrations in 
gut microbiota [90]. Maternal BMI has been shown to influence milk microbiota 
composition as well. Studies investigating the impact of obesity on the composition 
of human milk microbiota report different compositions. Breast milk microbiota 
from obese mothers showed less diversity compared with normal-weight mothers. 
Higher maternal BMI was correlated with a higher proportion of Lactobacillus in 
colostrum and a higher proportion of Staphylococcus accompanied with lower 
numbers of Bifidobacterium in mature milk. Immoderate weight gain during preg-
nancy was also found to be related with higher counts of Staphylococcus in breast 
milk samples obtained at postnatal 1 month with higher Lactobacillus and lower 
Bifidobacterium counts in breast milk samples obtained at 6 months [16]. In another 

Microbiota Composition of Breast Milk



90

study, postpartum BMI had a negative correlation with Lactobacillus and a positive 
correlation with Staphylococcus counts [37].

No association was found between pre-pregnancy BMI with the most prevalent 
bacterial taxa, but breast milk of obese and overweight mothers had higher relative 
counts of Granulicatella than milk produced by normal-weight mothers. In addition, 
relative abundance of some bacteria was found to be associated with the maternal 
diet. Relative abundance of Gemella was positively correlated with protein intake 
whereas relative abundance of Corynebacterium was negatively associated with 
saturated fatty acid and monounsaturated fatty acid intakes. Total disaccharides, 
carbohydrates, and lactose consumption were inversely associated with Firmicutes. 
Consumption of diet with highly insoluble fiber had a positive effect on the abun-
dance of Rothia [65]. Breastfeeding habits have been shown to have an additional 
effect on milk microbiota profile modulated with mother BMI, as a higher abun-
dance of Bifidobacterium genus and significantly higher richness and diversity were 
observed in milk samples obtained from exclusively breastfeeding mothers with 
pre-gestational normal weight compared to overweight mothers [91].

Breast milk samples from mothers with celiac disease under a gluten-free diet 
have been reported to contain significantly lower levels of interleukin-12, trans-
forming growth factor-β1, secretory immunoglobulin A with a significant reduction 
in Bifidobacterium spp. and Bacteroides spp. in comparison with healthy mothers’ 
milk [88]. Acinetobacter ursingii, Rothia mucilaginosa, and Bacillus cereus were 
found in increased abundance in transient milk samples from mothers with celiac 
disease. At the same time, Bacteroides, Faecalibacterium prausnitzii, Clostridiales, 
and Gemella were abundant in milk samples from healthy mothers [92]. Interestingly 
increased abundance of Rothia mucilaginosa and decreased abundance of 
Faecalibacterium prausnitzii have been previously linked to autoimmune inflamma-
tory conditions [93, 94]. Regarding viral composition, Dill cryptic virus 2, and 
Rosellinia necatrix partitivirus 2 were found in increased abundance in the breast 
milk of healthy women compared with milk samples from mothers with celiac dis-
ease [92].

A recent study compared the microbiota profiles of mature milk samples from 
mothers with celiac disease to investigate the role of breast milk microbiota profiles 
in the development of the disease in the offspring. Milk of mothers whose children 
also developed celiac disease later on contained a high proportion of Verrucomicrobia 
and Beijerinckiaceae species in addition to increased abundance of operational tax-
onomic units of Methylobacterium komagatae, Methylocapsa palsarum, 
Parabacteroides distasonis, and Bacteroides vulgatus [95].

Gestational hypertensive status is another maternal factor that affects human 
milk bacterial composition. Reduction of microbial diversity and richness were 
observed in colostrum, transition milk, and mature milk of mothers with gestational 
prehypertension compared with those from normotensive mothers [86].

The presence of HIV infection also has an impact on the microbiological compo-
sition of human milk. Although total bacterial counts showed no difference between 
HIV RNA positive and negative milk samples, the frequency of Lactobacillus is 
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reported to be higher while the frequencies of Staphylococcus hominis and 
Staphylococcus aureus were statistically significantly lower in samples with HIV 
RNA positive samples [34].

Perinatal antibiotic consumption may alter breast milk microbiota by decreasing 
Lactobacillus and Bifidobacterium counts [68]. In the study analyzing the effect of 
delivery mode and intrapartum antibiotic administration on human milk microbiota 
one month after delivery, although no statistically significant differences were 
detected in the most abundant families which were Streptococcaceae and 
Staphylococcaceae, Bifidobacterium spp. was only detected in milk samples of 
mothers who did not use antibiotics [70].

High maternal psychosocial distress has been shown to decrease the bacterial 
diversity of breast milk. Increased human milk bacterial diversity among women 
with low maternal psychosocial distress has been related to a decrease in the relative 
abundance of Staphylococcus as the leading bacterial genera, accompanied with 
increased abundance of Lactobacillus, Acinetobacter, and Flavobacterium [96].

6  Geographic Location

The geographic location and lifestyle factors are known to affect milk microbiota 
diversity and taxonomic composition [97]. Breast milk samples originating from 
developing countries or rural sites have been reported to have a higher diversity of 
bacteria compared to samples from developed or urban sites [98]. It has been 
reported that the microbiota profile of Spanish and South African milk samples 
were more diverse than Finnish and Chinese milk samples. Breast milk of Spanish 
women had the highest levels of Bacteroidetes, while South African women’s milk 
samples had a high abundance of Proteobacteria. Conversely, milk samples from 
Finland contained lower levels of Proteobacteria and higher levels of Firmicutes. As 
well Chinese women had the highest level of Actinobacteria in their milk samples 
[97]. The study, which explored the microbiota network of mature milk and colos-
trum samples from Burundian and Italian mothers using an auto-contractive map, 
documented different bacterial hubs and central nodes in two groups, which were 
attributed to different lifestyles and dietary habits [83]. The systematic review of 
human milk microbiota, including 12 studies from Finland, Spain, Türkiye, 
Switzerland, Canada, and the United States, demonstrated the predominance of 
Staphylococcus and Streptococcus in human milk microbiota [51]. In addition, even 
though every sample revealed a unique microbial profile, Staphylococcus and 
Streptococcus have been reported as the most prevalent genera, while Lactobacillus 
and Bifidobacterium were detected in very small counts in milk samples from 
Taiwan [99]. The suggestion of universal predominance of these two genera [51] 
was supported by the study analyzing milk samples of 11 populations from Africa, 
Europe, North and South America by demonstration of Staphylococcus and 
Streptococcus as the core microbiota in all human milk samples [98].
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7  Mode of Breastfeeding, Method of Milk Expression

Variations in feeding methods have been reported to alter the composition of human 
milk microbiota. Exclusively breastfeeding mothers contained a higher proportion 
of Staphylococcus parasanguinis in their milk samples compared to women who 
reported mixed infant feeding [34]. Breast milk obtained by pump versus manual 
expression was associated with lower bacterial richness. In addition, Nocardioides, 
Gemellaceae, and Vogesella showed higher relative abundances with direct breast-
feeding, whereas Pseudomonas and Enterobacteriaceae were relatively more abun-
dant with indirect breastfeeding [38].

8  Infant Gender

The biological sex of the infant is described as a factor influencing the composition 
of human milk microbiota. Several studies have reported lower diversity and rich-
ness in addition to higher counts of Streptococcus and lower counts of Staphylococcus 
in milk samples of mothers of male infants compared to mothers of female infants 
[38, 65], while others showed no statistically significant association [6, 64, 66].

9  Future Perspectives

Metabolic programming, which starts at the prenatal period and continues through-
out infancy with nutrition, may result with increased risk for cardiovascular dis-
eases, type 2 diabetes, and obesity [100, 101]. In addition to dietary factors, intestinal 
microbiome composition also has an impact on metabolic programming. Even 
though gut microbiota profile has been shown to be related to childhood obesity 
[102, 103], studies report discordant results. While the relative abundance ratio of 
Firmicutes and Bacteroidetes has been reported to be significantly higher in the gut 
microbiota of obese children [104], another study has reported the opposite, with 
decreased counts of Lactobacillus and Bifidobacterium [105]. In addition to modu-
lating the effects of breastfeeding on gut microbial colonization, interventions to 
use breast milk as a source of microbes remains to be determined. Even though 
maternal oral Lactobacillus reuteri supplementation for the last 4 weeks of preg-
nancy was associated with a higher abundance of the organism in colostrum [106], 
maternal probiotic supplementation with Lactobacillus rhamnosus GG, Lactobacillus 
acidophilus La-5, and Bifidobacterium animalis ssp. lactis Bb-12 during 1 month 
prenatal and 3 months postnatal periods, has been shown not to have a significant 
effect on the composition of breast milk [39]. Further studies are needed, including 
mothers from different geographic locations with varying health status, and nutri-
tional and environmental conditions, to increase our knowledge about breast milk 
microbiota and modulation of its composition, in order to reduce the risk of diseases 
related to imbalanced microbiota profiles.
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Renal Physiology of Pregnancy

Fatih Palit

1  Introduction

The term “physiologic” does not adequately describe the state of a woman during 
pregnancy. There are several shifts in biochemistry, psychology, and physiology. 
Every component of kidney physiology is modified by pregnancy. It is a physiologi-
cal marvel that these alterations can be orchestrated. Significant volume expansion 
and vasodilation characterize kidney and systemic hemodynamics. Renal plasma 
flow (RPF) and glomerular filtration rate (GFR) rise by as much as 80% relative to 
pre-pregnancy values. Healthcare providers, to best serve their pregnant patients, 
need a thorough understanding of all how pregnancy changes their bodies [1–3].

Changes in glomerular filtration rate, tubular function, electrolyte and acid/base 
management, and other processes are all driven by the kidneys to ensure the health 
of both mother and child throughout pregnancy (Table 1).

Increased renal blood flow and glomerular filtration rate occur early in preg-
nancy due to systemic vasodilation, which is mediated by a change in the quantity 
of and a reaction to numerous hormones. Alterations in total body storage of elec-
trolytes are brought on by the activation of the renin-angiotensin-aldosterone axis, 
which occurs in response to vasodilation, and by changes in renal tubular pro-
cessing [4].

Hemodynamic shifts and fluid and electrolyte balance must be precisely orches-
trated to develop and maintain a healthy pregnancy for both mother and child.
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Table 1 Physiologic changes 
in pregnancy

Increased

   • Blood volume
   • Cardiac output
   • Levels of nitric oxide and relaxin
   • Relative resistance to vasoconstrictors
   • GFR by 50%
   • Urine protein excretion
Decreased
   • Systemic vascular resistance
   • Systemic blood pressure
   • Serum creatinine

Abbreviations: GFR Glomerular filtration rate

2  Basic Physiology of the Kidney

Kidney function is based on the nephron, which has three different subunits: Blood 
vessels, including the afferent arteriole (before the glomerulus) and the efferent 
arteriole(after the glomerulus), and the tubules (from the proximal tubule to the 
more distal collecting tubule), are responsible for the selective reabsorption and 
secretion of several molecules (electrolytes, proteins, and glucose) (after the glom-
erulus). Some molecules, like glucose and amino acids, are actively exchanged for 
others via the sodium/potassium pump. In contrast, others, like urea and hydrogen 
ions, are secreted by other portions of the tubules to maintain homeostasis and ulti-
mately contribute to the generation of urine. In a typical pregnancy, the nephron’s 
filtration, reabsorption, and secretion mechanisms all change [1–5].

3  Hemodynamic Alterations in the Kidneys

Vasodilation and increased volume are two hallmarks of pregnancy, both resulting 
from a complex interplay between several hormones (Table 2). By the end of the 
second trimester, the average blood pressure of a pregnant woman has dropped by 
around 10 mmHg to 105/60 mmHg. Several factors contribute to this, such as shifts 
in hormone levels and modifications to the renin-angiotensin-aldosterone system 
(RAAS). Maternal hormones may influence pregnancy-related alterations in mater-
nal hemodynamics. During the mid-luteal phase of menstruation, there is a decrease 
in vascular resistance and an increase in cardiac output, which leads to a drop in 
mean arterial pressure compared to the mid-follicular phase [6, 7].  Although pro-
gesterone can raise RPF and GFR, it cannot explain the dramatic rise observed dur-
ing pregnancy. The corpus luteum, decidua, and placenta secrete relaxin, a 
vasodilating hormone. Increasing vascular gelatinase activity via the endothelium 
endothelin B receptor-nitric oxide pathway plays a role in mouse kidney physiology 
during pregnancy. As measured by Ogueh and coworkers, the levels of relaxin 
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Table 2 Typical laboratory 
values during pregnancy 
(Adopted from reference [6])

Variable Average values in pregnancy

Plasma osmolality 270 mOsm/kg
Serum sodium 135 mEq/L
Serum potassium 3.8 mEq/L
Serum bicarbonate 18–20 mEq/L
Serum creatinine 0.5 mg/dL
Blood urea nitrogen 9.0 mg/dL
Uric acid 2–3 mg/dL

increased steadily during pregnancy and then declined after delivery. At least in late 
pregnancy and the postpartum period, clinical connections between relaxin levels 
and hemodynamic measures have not been shown [5–7].

RAAS is upregulated during a healthy pregnancy. The ovaries and the decidua 
are two extrarenal sources that secrete renin. When a pregnant woman’s body gener-
ates estrogen, it stimulates the liver to make more angiotensinogen, increasing the 
production of angiotensin II (ANG II). Despite this, it is well documented that sys-
tolic blood pressure often drops during pregnancy. The refractoriness could explain 
the vasodilated condition during pregnancy to ANG II that develops at this time. 
The presence of additional chemicals, such as progesterone and vascular endothelial 
growth factor-mediated prostacyclins, and/or the monomeric form of angiotensin 1 
(AT1) receptors might account for this insensitivity [2, 3]. Return of ANG II sensi-
tivity, decreased aldosterone production, heterodimeric AT1 receptors, and the pres-
ence of autoantibodies to AT1 all indicate that the RAAS is dysregulated in 
pregnancy (AT1-AA). At week 8 of a healthy pregnancy, aldosterone levels begin to 
climb, and by the end of the third trimester, they have increased by a factor of three 
to six over the upper range of normal (80 to 100 ng/dL). Overall, blood volume 
increases by 30%–50%, or 1.1–1.6 L, compared to women who are not pregnant 
[6, 8, 9].

4  Changes in GFR

Renal vascular dilatation results from systemic vasodilation that occurs during 
pregnancy. This causes a rise in the GFR and the ERPF (RPF). By the third month 
of pregnancy, the glomerular filtration rate (GFR) has increased by 40–50%, reach-
ing a maximum of 180 mL/min. This plateau lasts until around week 36 of preg-
nancy. Changes in blood levels of analytes and changes in the clearance of drugs 
eliminated by the kidneys can result from even a modest increase in GFR. Four 
weeks into pregnancy, creatinine clearance has increased by 25%, and by 9 weeks, 
it has increased by 45%. While GFR rises and glomerular membrane charge selec-
tivity shifts, protein and albumin are excreted more significantly in the urine 
[10–13].
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5  Measurement of GFR

Estimating GFR is essential for the management of pregnant patients. In pregnancy, 
like in nephrology, there is still much room for improvement regarding GFR esti-
mates. Like its known propensity to underestimate when GFR is more than 60 mL/
min, the Modification of Diet in Renal Disease (MDRD) equation overestimates 
GFR in pregnant women with and without preeclampsia. In research comparing 
both equations to 24-h urine collections in preeclamptic patients, the CKD 
Epidemiology Collaboration equation was shown to underestimate GFR to a com-
parable degree as the MDRD equation. Comparing MDRD and cystatin-C-based 
equations, both produce mean GFR values greater than 120 mL/min. However, cys-
tatin C produced higher first and second-trimester GFRs, followed by a fall in GFR 
in the third trimester. This contradicts evidence from early studies showing that 
GFR increases steadily until the term. Postpartum, GFR was shown to decrease 
using the MDRD equation but increase using the cystatin C equation. Recent pro-
spective research comparing cystatin-C-based GFR estimations with inulin clear-
ances at three time points in 12 pregnant individuals revealed no association. The 
best method for determining GFR in expectant mothers is still a 24-h urine collec-
tion to calculate creatinine clearance. [6, 8–15].

6  Mechanism of Increased GFR

The GFR rises by around 50% from its pre-pregnancy value during pregnancy. It 
needs to be better understood what processes are responsible for this growth. Keep 
in mind that GFR is expressed in several different ways and that different parts of it 
change at different stages of pregnancy.

 GFR
GC f

= −( )×∆P Kπ  
where (ΔP) is the oncotic pressure at the glomerulus and (πGC) is the net hydrau-

lic pressure in the glomerulus. Although direct measurement of transcapillary 
hydraulic pressure in humans is impossible, this parameter can be studied in animal 
models utilizing micropuncture. The πGC value is calculated by averaging the affer-
ent (πA) and efferent (πE) oncotic pressures. Oncotic pressure (P) at the entrance to 
the afferent arteriole (A) is expressed as a fraction 1 minus FF, where FF is the 
percent of plasma filtered by the glomerulus.

 π π
E A

FF= −( )/ 1  

The FF value is calculated by dividing the GFR by the RPF.

 FF GFR RPF= /  
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The capacity to ultrafiltrate through the three layers of the glomerulus is mea-
sured by the glomerular ultrafiltration coefficient, Kf, which is the product of the 
surface area accessible for filtration and the hydraulic permeability (k). The perme-
ability estimate is calculated using the data obtained from the autopsy and the com-
puter simulation.

During pregnancy, there is a significant reduction in oncotic pressure due to the 
increase in plasma volume, which helps to increase GFR [6]. Modifications to the 
filter surface area and the hydraulic permeability may also cause slight shifts in Kf. 
WhetherpP rises during human pregnancy is still a matter of debate. Baylis found 
no difference in hydrostatic or oncotic pressure in his early tests of the 12-day preg-
nant rat, and he credited the increase in GFR to higher RPF [16]. Pregnant women’s 
glomerular size selectivity appeared to change, and oncotic pressure was lower, 
although increased P was not [17]. They reasoned that the elevated RPF was the 
primary cause of the improved GFR. Since RPF constantly decreases approaching 
the term, this explanation cannot account for the fact that GFR continues to rise later 
in pregnancy. An evaluation of the dynamics of glomerular filtration in postpartum 
humans revealed that the persistent increase in GFR after delivery was caused by 
either an increase in P of up to 16%, an increase in Kf of around 50%, or a combina-
tion of these two factors [18]. It is impossible to rule out the likelihood that P does 
vary, according to Odutayo and Hlaudunewich, because both estimated and observed 
changes in Kf and GC are relatively small [18].

7  Alterations in Tubular Function

Changes in tubular waste and nutrition processing occur during pregnancy. Increases 
in GFR and reductions in proximal tubular reabsorption contribute to increased uric 
acid excretion. At around 22–24 weeks of pregnancy, serum uric acid levels drop to 
their lowest point, between 2.0 and 3.0 mg/dL, and then gradually return to normal 
levels by term. It is believed that higher clearance is required to deal with the extra 
output from the placenta and baby during pregnancy.

After being freely filtered at the glomerulus, glucose is reabsorbed almost 
entirely in the proximal tubule and just a little in the collecting tubule. When glu-
cose is excreted in the urine, it is usually because the amount filtered out is more 
than what the kidneys can absorb. The reabsorption of glucose is less efficient, and 
glucose excretion is more variable during pregnancy. Earlier research hypothesized 
that glucosuria with normoglycemia or physiologic glucosuria resulted when an 
elevated GFR and the resulting elevated filtered load of glucose exceeded the ability 
of the proximal tubule to reabsorb glucose. Research involving glucose infusion and 
simultaneous assessments of glucose excretion and inulin clearance in 29 pregnant 
women showed that this effect was independent of glucosuria. Those without glu-
cosuria regained their average reabsorption ability 8–12 weeks after giving birth, 
but those who had had glucosuria to varied degrees during pregnancy retained a 
residual impairment in reabsorption capacity. Pregnancy may also reduce 
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reabsorption efficiency at the distal end of the nephron. The fractional reabsorption 
of amino acids and b-microglobulin is diminished, leading to higher excretion, simi-
lar to what happens with uric acid and glucose [5–20].

Total urine protein and albumin excretion rise throughout a healthy pregnancy, 
peaking around week 20. Most of the protein in urine is of the Tamm-Horsfall type, 
with some albumin and other circulating proteins present in trace amounts. Although 
the time of the increase in proteinuria during pregnancy falls outside the window of 
the peak increase in GFR, this is generally explained as a result of the increase in 
GFR. In late pregnancy, there is an increase in albuminuria, although not at abnor-
mally high levels [20]. Increases in circulating soluble antiangiogenic factors, which 
are present in abnormally high amounts in preeclampsia and disturb the slit dia-
phragm, are also observed late in normal pregnancy and may account for late-term 
increases in proteinuria [21]. Third-trimester selective changes in glomerular charge 
or the presence of additional protein substances are another possible explanation 
[21, 22].

Protein levels in urine, more significant than 300 mg every 24 h, are considered 
abnormal in pregnant women [23]. This estimate was based on a limited sample 
size, and subsequent research has demonstrated that average protein excretion is far 
lower than 200 mg/24 h [24, 25]. The 24-h urine collection remains the gold stan-
dard for quantifying proteinuria in pregnant patients, despite the widespread adop-
tion of urine protein/creatinine for quantification of proteinuria in nonpregnant 
patients and its usefulness as a screening tool for the presence or absence of protein-
uria. Since pregnant women’s dilated urinary tracts may hold more pee than usual, 
a high proportion of scheduled urine samples are lost due to timing and retention 
issues [25].

Control of fluid and electrolyte balance by the kidneys.
During pregnancy, the body has a decreased threshold for triggering osmorecep-

tors associated with antidiuretic hormone (ADH) and thirst. Serum sodium levels 
typically drop by around 5 mEq/L, and plasma osmolality approaches 270 mOsm/
kg. The hormone b-human chorionic gonadotropin may have a role in this shift, as 
it is elevated during the luteal phase of the menstrual cycle [26]. Vasodilation, arte-
rial underfilling, and ADH release have all been linked to decreased serum sodium. 
Relaxin levels are elevated in pregnant women, and in animals, relaxin has been 
found to promote ADH secretion and water consumption [27]. An increase in aldo-
sterone and its antinatriuretic effects coincides with mild hyponatremia.

Additionally, deoxycorticosterone increases the activity of sodium pumps across 
several membranes, which aids in salt retention. The natriuretic effects of elevated 
GFR, atrial natriuretic peptide, and progesterone levels counteract these effects. 
However, the net balance between these effects is the preferred retention of water 
over salt and decreased osmolality, even though the total sodium increase during 
pregnancy is predicted to be 900–1000 mEq. By the time pregnancy is through, the 
body’s total supply of potassium has increased by around 320 mEq. This happens 
because progesterone has anti-kaliuretic actions, which counteract the effects of 
aldosterone’s salt retention. During pregnancy, the amount of potassium excreted 
remains constant, whereas the amount reabsorbed by the tubules adjusts to the 
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changing filtered load. Progesterone was not discovered to play a role in the acute 
control of potassium or sodium excretion in the pioneering investigation by Brown 
and colleagues [28].

Notably, a placental enzyme called vasopressin causes a rise in the metabolic 
clearance of ADH beginning about week ten and continuing through the middle of 
pregnancy. Enzyme activity reaches its highest point in the third trimester, remains 
elevated during labor and delivery, and then drops to undetectable levels within the 
first 2–4 weeks after giving birth. However, increased production in pregnancy often 
maintains average plasma ADH concentrations. Polydipsia, polyuria, high-normal 
blood sodium, and abnormally low urine osmolality are all symptoms of transitory 
diabetes insipidus (DI), which affects a small percentage of women. Compared to 
women without DI, these ladies can have higher vasopressinase activity. 
Desmopressin (DDAVP), resistant to degradation by vasopressinase, can be used to 
treat this condition. While many pregnant women report urinating often, genuine 
polyuria (0.3 L/day) is unusual [29].

8  Conclusion

During pregnancy, the kidneys are subjected to extreme stress. Hence a nephrologist 
needs to be familiar with the kidneys’ typical responses to this situation. Numerous 
physiological changes occur throughout pregnancy. The kidneys play crucial roles 
in various pregnancy-related processes, including salt, potassium, water retention, 
blood pressure regulation, and many more. These shifts are governed by mecha-
nisms that are complex and only partially understood. Our current knowledge of 
kidney development in the mother is mainly based on studies conducted in the 
1970s and 1980s. As women live longer, they have more children later in life, and 
as a result, more women are experiencing complications during pregnancy. To better 
recognize pathology in our ever-changing patient population, it is crucial to have a 
firm grasp of typical physiologic changes [29].
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The Evolution and Genomic Aspects 
of Milk

Özlem Naciye Şahin and Gian Carlo Di Renzo

1  Introduction

Lactation can be defined as a process by which milk is secreted in large amounts by 
mammary glands in order to nourish the organism’s offspring. It plays a key role in 
the reproductive strategy of mammals, so much so that the Linnaean classification 
that created the class Mammalia in 1758 did so on the basis of the ability to lactate, 
rather than on other features of anatomy shared by the group. Choosing lactation as 
the basis to categorize the group is reflective of the great significance lactation plays 
in nourishing the young of all mammalian species, including humans. Indeed, lacta-
tion is said to have created a unique nutritional environment in this group of organ-
isms [1].

According to the fossil record and molecular evolutionary studies, the earliest 
mammals evolved during the Triassic era (252–201 million years ago (Mya)), from 
Synapsid animals which had diverged from Sauropsids within the Permian era 
(299–252 Mya). A comparison of genomes undertaken recently has proven that the 
molecules which make lactation possible have existed for a very long time. The 
beginnings of lactation are seen in the therapsids, developing over the course of the 
Triassic era. Lactation is likely to have been present in the earliest common ancestor 
of all current mammalian species, as well as in the mammaliaformes, by the late 
Triassic. Lactation appears to have evolved in cynodonts at the same times as the 
other features associated with the mammals as a group, such as the integumentary 
system, ability to generate their own body heat and growth of hair/fur [1, 2].
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Thus, mammalian lactation has been evolving for over 200 million years, which 
has helped to generate the radical differences in reproductive strategy seen within 
the group. Nowhere is this more apparent than in the lactational differences, which 
may affect either an entire lineage or a single species. Within mammals, there are 
three subgroups, which diverged around 220 Mya: the Prototheria (known nowa-
days as the monotremes), the Metatheria (containing the marsupials), and the 
Eutheria (the placental mammals). There are only two families extant from the 
monotremes, both in Australasia, namely the platypus (Ornithorhynchus anatinus) 
and the echidnas (belonging to the genus Tachyglossus or Zaglosus). The mono-
tremes lay eggs and possess a more primitive system for lactation than that found in 
the other two groups of mammals. Molecular-based research using genomic and 
transcriptomic techniques has permitted comparison between the prototherian, 
metatherian, and eutherian lactational systems [2–5].

There is a great deal of complexity in the way lactation occurs within different 
mammalian species and the process involves more than simply meeting the nutri-
tional requirements of the offspring. Milk itself exerts a regulatory role on the mam-
mary gland and the growth of the offspring. The complexity of the processes 
involved is emerging through studies of highly specialized lactational systems, such 
as those possessed by fur seals or marsupials [6].

2  The Evolution of Mammals and how Lactation Originated

The exact evolutionary mechanism which must have operated on the mammary 
gland and lactation over the course of time in the synapsid branch is much debated 
since direct evidence in the form of extant species showing intermediate stages or 
fossils indicating parental care and the changing morphology of the mammary 
gland are not found. In current mammalian species, lactation is a sophisticated pro-
cess that exhibits many different features in terms of morphology, physiology, bio-
chemistry, ecology, and ethology. It is improbable that such diversity could appear 
all at once, and a more primitive system must clearly have once existed, from which 
the adaptations arose. There is almost no evidence for such a primitive system in 
any living species. So, striking is this absence that it has even been cited as a reason 
why evolutionary theory may be flawed. After all, what evolutionary advantage 
would accrue from a system providing small quantities of low-quality secretion? 
This argument even goes back to the time of Charles Darwin, whose 1872 second 
edition of “On the Origin of Species” put forward the hypothesis that the evolution-
ary precursor of the mammary gland was the intrauterine brood patch identified in 
certain sea-dwelling animals, such as sharks and certain fish. This structure guards 
the eggs and provides nutrition after hatching. Darwin’s hypothesis arose from the 
conviction that the pouch possessed by metatherian and prototherian species had 
evolved from the uterus. Currently, however, the consensus is that the mammary 
glands are specialized adaptations of the glands within the integument, and had 
already evolved within the therapsids [1, 7].
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3  Genomic Factors Affecting Milk

Breast milk varies in its composition. There are a number of causes for this variety, 
such as the lactational stage, how many previous pregnancies the mother has had, 
the stage of gestation, mother’s nutritional intake, the time feeding starts, and how 
long it has been continuing for [8–12]. Much of the variability in milk composition 
arises for normal physiological reasons and is tailored to the nutritional require-
ments of the child, such as the variation within a feeding session. However, there 
may be other, harmful causes for variation, such as when the mother’s diet is unbal-
anced. This type of variability impairs the nutritional benefits of breast milk, and 
may cause malnutrition in the infant, either an insufficiency or a surfeit of calo-
ries [8].

It is overly simplistic to see breast milk as supplying only the energy require-
ments of the child or as providing a supply of raw materials to fuel growth. Some 
breast milk constituents also influence gene activity [5]. For example, aliphatic 
acids in breast milk not only serve as energetic metabolic substrates but also may be 
incorporated into plasma membranes, be modified to become immunoregulatory 
signaling molecules or control the expression of specific gene products [6–13]. 
There are now two new branches of nutritional science that attempt to understand 
this complexity. Nutrigenomics examines the direct or indirect mechanisms through 
which genetic expression is regulated by specific nutrients, while nutrigenetics 
examines how the genes individuals inherit determine the response to a particular 
nutrient [9].These new disciplines may eventually explain why the nutritional 
requirements differ so greatly between individuals and explain how specific indi-
viduals are likely to respond to nutritional interventions [5].

This chapter accordingly focuses on the way a lactating mother’s consumption of 
fatty acids in the diet affects the amount of milk lipids she expresses, both through 
the nutrigenomic effects of the fatty acids on maternal genetic expression and the 
nutrigenetic effects of the mother’s genetic composition on the resulting breast milk 
she excretes. The initial discussion covers what role fatty acids in milk play and 
where they originate, before discussing how the breast milk composition is influ-
enced by maternal nutrigenomic and nutrigenetic factors.

4  Anatomy of the Breast and Fatty Acids Contained 
in Breast Milk

Production of milk occurs within the breast itself. The breast is made up of a variety 
of tissue types, namely glandular (containing the lactocytes), connective, adipose, 
and a stroma with its own blood supply. Within the glands, the epithelium contains 
two layers of different cell types, i.e., secretory cells facing the lumen and myoepi-
thelial cells constituting the base layer. The myoepithelial cells form a branched 
network enveloping the alveoli and small-caliber ducts. Myoepithelial cells possess 
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longitudinal striations [10]. When the myoepithelium contracts, milk is ejected out 
of the alveoli, through the smaller ducts and into the principal lactiferous duct, 
which terminates at the nipple [11].

The mammary glands begin to assume their adult form at puberty. When a 
woman becomes pregnant, the breast keeps on developing up to the point when 
lactation commences. The breast goes through four phases of development, i.e., 
mammogenesis, lactogenesis, galactopoiesis, and involution [12]. There are steady 
alterations in the composition of breast milk as the period of breast feeding contin-
ues, both in terms of macro- and micronutrient levels. Three specific types of breast 
milk have been identified, namely colostrum, transitional, and mature types. These 
types are different in several ways from each other [8, 14].

5  Roles Played by Aliphatic Acids in Milk

Lipids comprise the second most abundant constituent of human breast milk. They 
are key to the development of the infant, both as a metabolic substrate to generate 
energy and to supply essential fats [13, 15]. The principal lipids within milk are 
aliphatic acids bound to glycerol as triglycerides. Some 98% of the milk lipids are 
in this form [16]. These fatty acids can be categorized as saturated (containing only 
single bonds) or unsaturated (with one or more double bonds). The role milk lipids 
play as a substrate for energy generation and to dissolve lipophilic vitamins, as well 
as to support the child’s development has been well-described elsewhere [7, 14, 17]. 
The aliphatic acids in milk also play a role in regulating the hepatic synthesis of 
lipoproteins at the transcription level [18], which ensures that infants are competent 
to synthesize the lipoproteins they need. Furthermore, n-3 long-chain PUFAs are 
essential for the development of the central nervous system (CNS) and retina [19–
21]. If they are lacking, the plasticity of the CNS is impaired and neurological func-
tion is affected when the child grows into an adult [22]. The results from a number 
of studies support the hypothesis that mothers who consume omega-3 long-chain 
PUFAs while pregnant produce infants with improved cognitive function and focus 
than the infants of those who do not [23, 24].

6  Nutrigenomic Aspects of Aliphatic Acids in Milk

Lipids have recently been shown, in research involving rodents, cattle, and humans, 
to possess the ability to regulate hepatic and mammary gland expression of particu-
lar genes, so as to ensure sufficient local levels of saturated fatty acids and mono- 
and poly-unsaturated fatty acids [22, 23]. Fats in the diet potentially regulate the 
synthesis of lipids through interactions with certain transcription factors, notably 
the peroxisome proliferator-activated receptor (PPAR) and sterol regulatory ele-
ment binding protein (SREBP), both found in the cell nucleus [23, 24]. These two 

Ö. N. Şahin and G. C. Di Renzo



115

receptors regulate the expression of the gene FADS1, which encodes delta-5 desatu-
rase and FADS2, the product of which is delta-6 desaturase. They also regulate the 
genes which encode the elongase enzymes, i.e., ELOV-2 and 5. The PPAR super-
family of proteins includes alpha, gamma, and beta/delta variants. When the gamma 
and beta/delta variants are activated, the genetic expression of molecules involved 
in de novo manufacture of fatty acids increases. The activated alpha variant, by 
contrast, increases the genetic expression of molecules involved in oxidizing fatty 
acids [25]. SREBP denotes a group of related transcription factors, three of which 
have been discovered, namely SREBP1a, 1c, and 2. They have a proven role in 
maintaining cholesterol levels within cells and also help to control the manufacture 
of fatty acids and their uptake. Despite the fact that SREBP-1c and 2 share similari-
ties in their structure, there are many differences in their hepatic function in response 
to endocrine signals, nutrient levels, and according to the stage in infant develop-
ment [25, 26]. SREBP2 increases the manufacture of cholesterol, whereas 
SREBP-1a and -1c upregulate the production of fatty acids through their control of 
specific genes, in particular lipoprotein lipase, acetyl-CoA carboxylase α, FAS, 
SCD, and FADS1 and 2, as well as FA ELOVL-2 and ELOVL-5 [26, 27]. The syn-
thesis of SREBP-1c involves an initially larger gene product that adheres to the 
endoplasmic reticulum. This protein is then truncated, the N-terminal region mov-
ing into the nucleoplasm, where it becomes bound to the sterol regulatory element. 
In this position, it can regulate its target genes [25].

7  Nutrigenetic Factors Related to Aliphatic Acids in Milk

The extent to which genetics affects the fatty acids present in milk is an ongoing 
research topic in cattle and other ruminants. Candidate genes for more detailed 
research have been identified through quantitative trait locus analysis, which linked 
particular patterns of fatty acids with specific regions within the genome [28, 29]. 
The existence of single nucleotide polymorphisms has established that genetic vari-
ability in these regions is indeed related to which fatty acids are present in milk 
[30–36]. These studies were driven by the commercial need to breed cattle or other 
ruminants that produce milk with the desired fatty acid content. Such milk offers 
better health benefits to human consumers or fits with the need for particular dairy 
products, such as butter that can be spread more easily. Once the genes were identi-
fied, the animals could be selectively bred and given a tailored diet to produce the 
maximum yield of milk. Currently, the dairy industry wants to produce milk that 
contains more C18 monounsaturated fatty acids and polyunsaturated fatty acids, 
especially eicosapentaenoic acid, docosahexaenoic acid, and conjugated linoleic 
acid [37, 38].

By contrast, there has been relatively little research on nutrigenetic factors affect-
ing the fatty acid composition of human breast milk. This topic appears to have 
become of interest once it became known that specific SNPs correlated with the 
amounts of some fatty acids (especially LC-PUFAs) in the circulation and within 
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the tissues. Frequently noted SNPs occurring in the region where FADS is encoded 
were shown by Schaeffer et al. [39] to be related to the level of LC-PUFA seen in 
phospholipids within the cell membrane. This finding has since been replicated 
[40–43]. Simultaneously, it was shown by the work of Rodriguez-Cruz et al. that 
rats express fatty acid desaturases in their mammary glands [26]. This prompted 
researchers to investigate whether the same enzymes might be present in human 
mammary glands and involved in manufacturing LC-PUFA for packaging in breast 
milk. Other researchers, notably Xie and Innis [44] and Moltó-Puigmartí and col-
leagues [45], taking this as the basis for their inquiry, found that SNPs in the FADS 
region had effects beyond the one shown by Schaeffer et  al., viz regulation of 
LC-PUFA content [39].

Dietary PUFA actually serves to regulate the level in breast milk through its 
effects on the SREBP, which regulates the genetic expression of FADS1 and 2 and 
ELOVL-2 and 5. Unfortunately, maternal dietary intake of artificially produced 
trans-fatty acids (TFAs) has a detrimental effect on the fatty acid composition of 
breast milk. This is because these TFAs alter lipid metabolism.

However, the way the mother responds to dietary intake of fatty acids may alter 
depending on her genetics, as the association of variability within the FADS and 
ELOVL coding regions has been established. Specifically, mothers with two copies 
of the minor allele secreted breast milk with lower levels of arachidonic acid and 
docosahexaenoic acid (DHA) than women with at least one copy of the major allele. 
The levels in the maternal circulation were also lower. Furthermore, SNP mutations 
in the FADS encoding region were also noted by Moltó-Puigmartí et al. [45] to have 
an association with the level of DHA in breast milk. Mothers with the major allele 
secreted milk richer in DHA in response to increased dietary consumption in the 
form of fish, but increasing dietary consumption of DHA did not produce the same 
effect in women with two copies of the minor allele, within the limits of the obser-
vations. This result may have important consequences for public health since 
LC-PUFAs are essential for the normal development of the nervous system. 
Breastfed infants of mothers with two copies of the minor allele potentially face a 
risk of abnormal neurodevelopment. Since this initial research was published, find-
ings connecting SNPs in the FADS encoding region with the fatty acid content of 
breast milk have been replicated on three occasions [45, 46]. Furthermore, the 
PUFA content of breast milk has now also been connected to SNPs in the regions 
containing the ELOVL-2 and -5 genes, which encode elongases [46]. It is reason-
able to suppose that, as understanding of the metabolism of aliphatic acids moves 
forward and more genetic analyses are undertaken, there will emerge new associa-
tions between genetic variants and the fatty acid content of human milk. It does not 
appear currently that any group has studied the effect of dietary manipulation on 
breast milk composition in groups with different genetics, other than the study pre-
viously mentioned [45]. A knowledge of the effect that genetics plays in concert 
with dietary modifications to alter the composition of breast milk lays open the 
exciting possibility that breast milk quality can be improved as needed by nutrige-
netic techniques [45].
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8  Conclusion

The ideal way to feed an infant is by breastfeeding since breast milk delivers the full 
range of nutritional requirements and other molecules with beneficial biological 
activity needed for the infant to develop normally, including the nervous system. It 
has been shown several times that dietary modification in the mother while pregnant 
and lactating influences the quality of breast milk and hence affects how the child 
grows. This chapter has touched on both the nutrigenomics and nutrigenetic aspects 
of this problem, in other words, both how the mother’s diet influences her expres-
sion of genes and how her genes affect the processing of nutrients.
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Programming Molecules in Early Life

Özlem Naciye Şahin and Despina D. Briana

1  Introduction

Children whose mothers suffered from obesity, diabetes mellitus, or who had feed-
ing difficulties face an increased risk of metabolic disorders, research has shown [1, 
2]. Furthermore, being bottle fed or starting supplementary formula milk at an early 
stage may result in obesity as a child and adult [3, 4]. This research also indicates 
that the mother’s diet plays a role in how metabolism is programmed in her off-
spring. Children who consume a diet with excessive amounts of lipids and proteins 
from an early age may lay down more fat and have an increased body mass index 
(BMI). A diet very rich in protein may result in raised insulin levels, which can 
cause insulin insensitivity. Since blood glucose also increases as a consequence of 
raised insulin, lipogenesis is stimulated. Infant birth weight and a maternal diet with 
high macronutrient levels were found to be significantly correlated [5–8].

Within developed countries, the incidence of obesity has undergone a dramatic 
rise, such that obesity now represents a major public health concern, since there is 
expected to be a greatly increased demand for healthcare as a result. It has recently 
been calculated that over one in three individuals within the USA qualify as obese 
in adulthood, whilst in the UK, more than 50% of adults are over the recommended 
BMI. Obesity acts to increase the risk of developing related problems with metabo-
lism, namely diabetes mellitus type 2, circulatory disorders, high blood pressure, 
and osteoarthritis. The aetiology of these metabolic complications involves multiple 
factors related to both genetics and the environment [1].
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Research employing an observational methodological design indicates that indi-
viduals whose diet contains elevated levels of protein are prone to obesity in adult-
hood. When breast milk is compared with typical artificial baby milk (formula), it 
can be seen that breast milk contains between 60 and 70% lower levels of protein, 
with a calorific value 10–18% less than formula. Intervening at an early stage in life 
to correct dietary problems appears necessary if the metabolic disease in later life is 
to be prevented. Two studies both found that disorders affecting the circulation, 
such as diabetes mellitus type 2, advanced hypertension and hypercholesterolaemia 
were less common in individuals who had been breast fed [8, 9]. Research on both 
humans and other mammalian species leads to the conclusion that there are biologi-
cally active molecules in human milk which ensure the infant develops optimally, 
with a robust immune system and a balanced metabolism. Because of these find-
ings, both the WHO (World Health Organization) and UNICEF offer the recom-
mendation that, up to the age of 6 months, all infants should be exclusively breast 
fed, that other food may begin from 6 months onward, but that breast feeding should 
continue up to the second birthday or beyond [9–11].

2  Programming the Growth of Infants and Their Appetite 
During the Perinatal Period

Prior to birth, the foetus grows in response to the supply of nutrients from the mother 
and according to maternal hormonal levels. The initial stage in embryological 
development involves cellular differentiation and organogenesis. Although the first 
stage is the most dramatic, the third trimester is when the maximum increase in size 
occurs. During the last 3 months of foetal development, insulin and IGF-1 are vital 
to regulating growth and the maintenance of stable glucose levels. The factors con-
trolling appetite in the final trimester also include changes within the immediate 
environment surrounding the foetus. Following birth, the circulating level of mole-
cules which sense the presence of nutrients, such as L-citrulline, rises following 
feeding. The offspring of mothers whose diet was rich in lipids whilst pregnant and 
lactating demonstrate raised levels of Agouti-related peptide and AMP-activated 
protein kinase, the effect of which is to stimulate appetite in the presence of 
L-citrulline. It has also been proven that the type of diet followed by the mother also 
influences the activity of the hypothalamic-pituitary axis, resulting in an increase in 
neuropeptide Y and Agouti-related peptide levels, which influences the way the 
infant manages the input of nutrients. In fact, these increases stimulate appetite to 
the level where obesity becomes a risk and hypothalamic dysregulation occurs, with 
low levels of proopiomelanocortins. Experiments on mice have demonstrated that 
an excess of nutrients in early life produces leptin resistance and a change in 
response to insulin. The individual tends to eat excessive levels of fat. Raised leptin 
in the period following birth has effects on orexigenesis through an effect on hypo-
thalamic connectivity. Gupta was able to show that maternal intake which was rich 
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in fats prior to conception and during pregnancy resulted in elevated levels of both 
leptin and insulin, which altered the foetal hypothalamic propensity to stimulate the 
release of peptide signals for appetite and satiety. The net result is believed to be 
that, following birth, the child overeats and becomes obese. The breastfed offspring 
of mothers with obesity grow rapidly and gain weight quickly following birth. This 
swift increase in body mass appears to be a risk factor for becoming obese later in 
life [12–16].

The association between the pattern of child growth and the development of 
disease was established by Wells, who noted the difference between the concepts of 
‘metabolic capacity’ occurring in homeostasis and ‘metabolic load’, the latter influ-
enced by an overly calorific diet and sedentary lifestyle. In the mother, the physio-
logical processes needed to ensure the growth of the foetus may be affected where 
the metabolic capacity is exceeded by the metabolic load. In considering where this 
is likely to occur, it is important to consider the maternal body characteristics, since 
the same mismatch will also affect her phenotypical appearance [17].

Barker et al. [18] were the first to suggest that somehow the metabolic circum-
stances pertaining before birth played a role in programming metabolic problems 
later in life. The observation that a low weight at birth was strongly associated with 
the subsequent development of circulatory disease and diabetes mellitus type 2 as 
an adult prompted this suggestion [19, 20]. Since then, a number of studies with a 
retrospective methodology have confirmed that the risk of metabolic disorders in 
adulthood is tied to early life events [21, 22]. From such studies, there has arisen the 
‘thrifty phenotype’ hypothesis, according to which foetal metabolic programming 
and the establishment of a metabolic type in early life set the stage for metabolic 
disorders in adulthood. According to this way of thinking, any foetal adversity 
resulting from an inadequate nutritional environment in utero (such as occurs with 
an undernourished mother) results in metabolic reprogramming. When, at a later 
stage in life, nutrients become available in surplus, there is a risk that this repro-
grammed metabolism will result in a metabolic syndrome [20]. It is now increas-
ingly clear, however, that if the mother eats too much whilst pregnant, this also 
predisposes to faulty metabolism, in this case, high birth weight and obesity. When 
the risk of becoming an obese adult and suffering from a metabolic syndrome is 
plotted against the weight at birth, a U-shaped curve result, indicating that risk 
arises at both extremes of the birth weight range [23].

Control of orexigenesis occurs within the hypothalamus, a system that develops 
early in foetal life. Whether the mother’s diet is hypo- or hypercaloric, the conse-
quence is an alteration in the orexigenic mechanism. The hypothalamus is a key 
area where maternal nutritional imbalance exerts long-term effects that can result in 
metabolic dysequilibrium. Within the hypothalamus, epigenetic modifications occur 
to several genes of importance in metabolic regulation. The rest of this chapter will 
review the latest evidence confirming the role of the hypothalamus in resetting the 
metabolism to produce an obese individual, plus consider what effect epigenetic 
modifications have in producing an abnormal phenotype in the children of mothers 
whose own nutritional balance was disturbed [24, 25].
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2.1  Neuronal Circuitry Within the Hypothalamus Responsible 
for Regulating Energy Balance

There is a central mechanism controlling energy balance within the body, mostly 
under hypothalamic control. The key region in which the neuronal circuitry is 
located in the arcuate nucleus (ARC), although some of the control is exercised in 
the hypothalamic paraventricular nucleus (PVN) and the dorsomedial hypothala-
mus (DMH). The ARC is located in proximity to the median eminence and the third 
ventricle. It may be referred to as the ‘feeding centre’. Within this part of the central 
nervous system, the blood-brain barrier is more permeable than elsewhere, which 
permits circulating endocrine messenger molecules to enter. There are neurones 
with a proappetite action (orexigenic) and an antiappetite action (anorexigenic). 
Both categories of neurone release peptide signalling molecules, and it is the overall 
balance between these signals that largely controls how many calories the individ-
ual consumes or expends and thus what the eventual body mass is [1].

There are projections formed by neurones within the ARC expressing proopi-
omelanocortin (POMC) and either Agouti-related peptide (AGP) or neuropeptide Y 
(NPY) toward the hypothalamic paraventricular nucleus (PVN). This circuitry regu-
lates dietary intake and manages energy balance. The activity of these neurones is 
modulated by glucocorticoids, leptin, and insulin.

Key to abbreviations used in figure: ARC Arcuate nucleus, AgRP Agouti-related 
peptide, GCs Glucocorticoids, GR Glucocorticoid receptor, IR Insulin receptor, 
LepR Leptin receptor, MC4R melanocortin 4 receptor, α-MSH α melanocyte stimu-
lating hormone, NPY Neuropeptide Y, POMC Pro-opiomelanocortin, PVN 
Paraventricular nucleus, Y1/Y5 Y1 and Y5 receptors, 3V Third Ventricle.

3  Anorexigenic Neurones of the Arcuate Nucleus

Within the arcuate nucleus, those expressing proopiomelanocortin (POMC) have 
been the subject of most scientific scrutiny, since these neurones, besides producing 
POMC, also express the cocaine and amphetamine-regulated transcript (CART). 
The latter plays a role in reducing the consumption of calories. Virtually all the 
POMC neurones are found within the ARC, whence they send out projections to the 
paraventricular and lateral hypothalamic regions plus the brainstem. All these 
regions play a role in regulating the balance of energy [1] (see Fig. 1).

The POMC molecule undergoes cleavage at various points, resulting in the for-
mation of a number of important signalling peptides, especially adrenocorticotro-
phic hormone (ACTH), beta-endorphin, and alpha-melanocyte-stimulating hormone 
(α-MSH). The majority of studies of anorexigenic signals in the ARC have focused 
on the role played by α-MSH. This neuropeptide has agonistic action on the hypo-
thalamic melanocortin 3 and melanocortin 4 receptors (MC3R and MC4R). The 
MC3R and MC4R are abundant on second-order neurones located within the 
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Fig. 1 Neuroendocrine circuitry responsible for energy balance. (Adopted from reference [1])

PVN. Stimulation of these receptors results in decreased appetite and higher utilisa-
tion of energy. Genetic knock-out studies have been helpful in elucidating the role 
played by POMC. In a murine model, complete removal of the POMC gene results 
in an animal that eats to excess and attains an abnormally high BMI. Moreover, loss 
of either type of melanocortin receptor results in obesity and increased adiposity. It 
has also been demonstrated in humans that mutated POMC alleles result in obesity. 
It is thus clear that POMC and the products derived from it play a part in decreasing 
appetite and lowering BMI [1, 26].

There is one more signalling molecule within the ARC which has an important 
role in decreasing appetite, namely, CART.  It is not fully understood yet which 
receptors the molecule acts on, which has meant fewer studies have so far been 
undertaken [27]. The same neurones which express POMC also express CART, and 
the effects of appetite and greater energy utilisation are comparable. However, 
CART, unlike POMC, is expressed in multiple locations both within the CNS and 
elsewhere in the body. In a murine model where the CART gene was knocked out, 
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the animals ate excessively and gained abnormal weight, as predicted. It appears 
that CART also regulates energy balance in the body [1, 28].

4  Neurones of Orexigenic Type within the ARC

There are also neurones located in the ARC which increase appetite (orexigenesis). 
The main signals they express are neuropeptide Y, Agouti-related peptide, and 
gamma-aminobutyric acid (GABA). Projections from the orexigenic neurones go to 
the PVN, the dorsomedial hypothalamic nucleus, the perifornical region, the lateral 
hypothalamus, and the medial preoptic region [1, 29].

A study which has recently been published revealed that all of these regions play 
a role. The method consisted of the deletion of each component separately. This 
then showed that NPY, AgRP, and GABA work in synergy to regulate appetite. If 
the entire orexigenic neurone within the ARC is deleted after the mouse is born, the 
animal fails to eat and dies. Thus, the orexigenic neurones appear to be vital for 
orexgenesis to occur [1, 30].

AgRP exerts an antagonistic effect on the melanocortin 4 receptor, where it can 
prevent stimulation of the receptor by α-MSH. This then results in greater expres-
sion of appetite. If AgRP is deleted at the neuronal level in a murine model, there are 
only very minor changes in the appearance of the animal and any effects only appear 
as the mouse ages. From the age of 6 months onward, mice lacking neuronal AgRP 
show decreased BMI in association with greater use of energy. Interestingly, despite 
the relatively undramatic effect of gene deletion of AgRP, if extraneous AgRP is 
injected directly into the ventricles, the animal begins to eat more and this change 
lasts up to 7 days. The latest studies using genetic modification techniques point to 
the fact that AgRP has a long term, rather than short term, effect on the tendency to 
eat more [1, 31, 32].

The mechanism through which neuropeptide Y affects appetite and energy bal-
ance is through acting on the hypothalamic receptors Y1 and Y5 [30]. This mecha-
nism was elucidated by a rodent animal model involving the injection of NPY into 
the ventricles, after which the animals began steadily eating for several hours. When 
this procedure was repeated over the course of subsequent days, the animals contin-
ued to feed more than usual, to gain body mass and to lay down fat. When an anti-
sense oligonucleotide to NPY was injected, feeding decreased and the rodents lost 
body mass. It is unclear exactly why animals in whom the NPY gene has been 
deleted still eat normally and attain a usual body mass, in addition to responding to 
48 hours of fasting normally, although it suggests that there exist other signalling 
mechanisms operating when NPY fails.

In addition to NPY and AgRP, the neurones promoting appetite also release 
GABA. Research which made use of modified receptors that were activated only by 
a specially altered molecule produced evidence that GABA and NPY act in compa-
rable ways. GABA can affect the beginning of the feeding and replace NPY. Thus, 
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GABA, NPY, and AgRP secreted by orexigenic neurones in the ARC all act to pro-
mote extra feeding [33, 34].

5  Glucocorticoids as a Regulator of Appetite

Glucocorticoids are a class of steroid hormones released by the adrenals in response 
to stimulation by the hypothalamo-pituitary-adrenal axis. Their function includes 
regulating orexigenesis in addition to conserving energy balance. These hormones 
bind to the glucocorticoid receptor, leading to a series of events beginning with the 
steroid-receptor complex binding to the glucocorticoid response elements (GREs) 
within the genomic DNA. The GREs are located in the promoter segments leading 
to the genes encoding AgRP and NPY [1, 35].

Murine models of weight gain indicate that glucocorticoids result in raised appe-
tite and higher body mass index. This result occurs whether corticosterone (meta-
bolically active) or 17-deoxy cortisone is administered. Metabolic syndrome and 
Cushing’s syndrome could both be artificially induced in this manner. Both clinical 
conditions involve elevated glucocorticoid levels and excessive eating. Furthermore, 
in clinical practice, where synthetic glucocorticoids are administered long term, the 
side effects also resemble these conditions. If the adrenals are excised from rodents 
who have a genetic predisposition to obesity, resulting in a state where no glucocor-
ticoids are naturally present, the animals lose body mass and eat less [1, 27].

6  Conclusion

There is an overwhelming volume of evidence to show that adverse metabolic con-
ditions in early life can cause metabolism to be reprogrammed in the long term, 
predisposing some individuals to obesity and metabolic syndromes. The reason for 
this may relate to epigenetic modifications. If the mother has an unbalanced diet 
(excess or insufficiency of macronutrients), there occur epigenetic modifications to 
the genes responsible for appetite and energy use. These genes are located in neu-
rones that form the hypothalamic circuitry controlling metabolism. A corollary of 
this is that the rising number of obese patients may be partially due to malnutrition 
in early life. When these imbalances occur and how severe they are also affect the 
pathophysiology. In other words, not only what we ourselves eat, but also what our 
mothers ate influences our current metabolism. There is still a great deal to be 
learned about the role of external factors, such as nutrient levels, on epigenetic 
modifications and more research is needed. Nonetheless, since it appears that epi-
genetic changes can be reset, targeted interventions to achieve this goal may play a 
key role in future in overcoming the obesity epidemic.
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The Part Breast Milk Plays in Epigenetic 
Programming

Özlem Naciye Şahin

1  Introduction

For mammals, following birth, the source of their entire nutrition is milk. Milk pro-
vides a transition between placental nutrition and an adult diet. Weaning is the stage 
of moving onto an adult diet. Evolutionary pressures in mammals have led to milk 
which performs many complex functions, displays dynamic characteristics and 
enables molecular signalling to occur. Thus, breast milk can optimally support the 
infant’s growth needs [1]. The nutritional environment at this early stage creates 
epigenetic modifications which may programme metabolism in a way that predis-
poses individuals in the longer term to metabolic disorders [2]. Detailed research in 
recent years has shown that micro-RNA (miRNA) transcripts may function in cell- 
to- cell molecular signalling [3–5]. These transcripts consist of RNA sequences with 
a typical length of around 20 nucleotides. They are highly conserved within phyla. 
A miRNA sequence binds to a matching messenger RNA (mRNA) sequence, pre-
venting the mRNA being translated into the protein for which it encodes [6]. A new 
approach makes use of miRNA as a diagnostic probe, allowing identification of 
targets and visualisation [7]. Milk is secreted by lactocytes in the mammary gland 
as a fluid containing an unusually large volume of both RNA and miRNA [8]. The 
miRNAs are encased within an exosomic protective vesicle encased by a lipid 
bilayer and measuring around 100  nm in diameter. This extracellular vesicle is 
excreted by the lactocyte [9]. miRNA is thus transported and may be taken up into 
the infant’s cells by the process of endocytosis [10–12]. The exosomes within both 
breast milk and milk from other mammals, such as cows, act therefore to permit 
genetic material to enter the body of the infant or whoever else consumes the milk.

Ö. N. Şahin (*) 
Department of Child Health and Diseases, Arel University, Medical Faculty, Istanbul, Türkiye

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
Ö. N. Şahin et al. (eds.), Breastfeeding and Metabolic Programming, 
https://doi.org/10.1007/978-3-031-33278-4_12

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33278-4_12&domain=pdf
https://doi.org/10.1007/978-3-031-33278-4_12


132

It is regrettable that the epigenetic modification that can be achieved by breast 
milk through transfer of miRNA is not possible for infants fed using artificial baby 
milk. However, there is some contamination of the food chain caused by human 
consumption of cows’ milk, and it seems that the efforts to increase the amount of 
milk cows can produce for human consumption is also exposing consumers to 
greater amounts of bovine miRNA [13, 14]. This ongoing exposure of human con-
sumers to bovine genetic signals may risk inducing epigenetic modifications that 
predispose to severe chronic metabolic problems including obesity and diabetes 
mellitus type 2.

2  Milk Exosomes

Exosomes contained in breast milk are amongst the most essential ways for the 
mother–infant dyad to communicate during breastfeeding [15]. The initial isolation 
and characterisation of exosomes in human colostrum and breast milk was under-
taken by Admyre et al. [16]. Following this study, milk exosomes have been noted 
to occur in the colostrum and mature milk of a number of mammals apart from 
humans, in particular the cow, buffalo, goat, pig, Macropus eugenii (a wallaby, i.e. 
marsupial mammal) and rodents [17–19]. Exosomes in milk either enter milk 
directly from lactocytes or enter via the cytoplasmic crescents within the fat glob-
ules, which appear to contain exosomes [20]. The miRNA that occurs at the highest 
level, miRNA-148a, is a significant ingredient in skimmed milk, both as globules 
and within exosomes [21–23].

3  How Well Do Milk Exosomes Survive Passage Through 
the Gut?

There is increasing evidence to show that milk exosomes are not degraded within 
the gut. The exosome performs an important function in protecting miRNA and 
ensuring it can be delivered in a stable form to the infant. Exogenous, artificially 
produced miRNA is broken down by the unfavourable conditions within the gut, but 
miRNAs performing immune functions and protected within exosomes survive 
much better [21]. When commercially produced cows’ milk was examined, the milk 
miRNA remains stable when subjected to acid exposure, RNAse degradation or 
freezing, but did break down when detergents were applied or bacteria were permit-
ted to ferment the milk [22, 24].
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4  Biological Availability of miRNA Derived from Milk

The bioavailability of miRNAs derived from cows’ milk was at the level of biologi-
cal significance when consumed at a level typical of a normal diet by human volun-
teers, as evidenced by the altered genetic expression within circulating 
polymorphonucleocytes [25]. In another study, piglets were fed either colostrum or 
mature sow milk. Colostrum contained higher levels of miRNAs of immunological 
significance and piglets receiving this type of milk had higher circulating levels of 
the miRNAs in question. Thus, bioavailability depends on dose [20]. In newly born 
wallabies (M. eugenii) the circulating levels of particular miRNAs known to be 
secreted in milk are significantly higher than in adult animals, which supports the 
idea the miRNAs in the circulation have been absorbed from ingested milk [26]. A 
study which combined genomics with a computerised analysis concluded that trans-
fer of miRNAs from milk to the plasma probably occurred [27]. When mice were 
force-fed each day with cows’ milk containing exosomes labelled by a fluorescent 
probe, the label was detectable both in the ileal epithelium and in the cells of the 
spleen [28]. In a recent paper, Manca et  al. demonstrated the bioavailability of 
bovine milk exosomes tagged with a fluorescent probe, using a murine model [29, 
30]. A significant finding was that some of the exosomes were absorbed without any 
change in their packaging. There was hepatic and splenic accumulation of the milk- 
derived exosomes. In research investigating the fate of exosomes in the diet using a 
murine model, exosomes in bovine milk containing RNA to which a red-coloured 
GLOW label was attached were noted in central nervous, renal, pulmonary and 
hepatic tissues, leading the authors to the conclusion that RNA in the diet can ulti-
mately reach tissues at distant sites in the body [29, 30].

5  Artificial Baby Milk Is Low in miRNAs

Cows’ milk which had undergone sterilisation and evaporation to render it suitable 
for feeding infants first entered the market in 1929. Doctors in the 1920s saw breast 
milk as a food just like any other, and many mothers soon took up the option to feed 
their infants formula rather than rely on breastfeeding [31, 32]. Until more recently, 
it was unknown that breast milk could function to pass miRNAs from the mother to 
the neonate. At present, artificial milk lacks the majority of miRNAs found in breast 
milk. Thus, formula milk does not offer the protective benefits that breast milk does 
in terms of immunity and programming of the metabolism [12]. When Chen et al. 
compared artificial baby milk with untreated bovine milk, they noted the formula 
milk contained only a tenth as many miRNA-148a sequences as the unpasteurised 
milk [33]. This finding of depleted miRNAs in powder-form artificial baby milk was 
also noted by Golan-Gerstl et al. [34].
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6  Homologous Features of miRNA Shared by 
Different Species

There is considerable preservation of miRNA sequences and seed sequences 
between different mammalian species, which is especially clear in the case of 
miRNA-148a-3p, as has been demonstrated in recent research [35]. Thus, the 
miRNA signals in mammals appear to go back far into the evolutionary past. The 
seed sequences for miRNA-148a-3p are the same in both cows and humans. The 
base pairing between the heptameric seed sequence and the complementary mRNA 
sequence on the DNMT1 messenger RNA transcript is very strong. If a miRNA 
sequence binds weakly to an mRNA sequence, inhibition of mRNA translation 
occurs, but if the base pairs match up exactly, the mRNA is disassembled by the 
cellular machinery [4]. It seems likely that consumption of miRNA-148a-3p leads 
to downregulation of DNMT1 mRNA expression and thus its gene product.

The p53 transcription factor performs such an important role that it is sometimes 
referred to as a genomic guardian [36]. There is close control on how the p53 gene 
(TP53) is expressed both at the level of transcription and after the mRNA has been 
translated [28, 37, 38]. A number of miRNAs present in large quantities in milk [20, 
21, 24] act to downgrade mRNA transcribed from the TP53 gene, namely 
miRNA- 125b, miRNA-30d and miRNA-25 [28, 37, 38]. The function of 
miRNA- 125b in regulating p53 exhibits preservation of molecular interactions for 
all members of the subphylum Vertebrata [24]. Rather surprisingly, there are no dif-
ferences between humans and cows in the seed sequence of this particular miRNA.

7  How Genes Involved in Development Are Activated 
Through CpG Demethylation of DNA

7.1  FTO

Since milk provides the entire nutritional requirements of the developing infant, it 
is to be expected that it will contain some mechanism capable of directing the tran-
scribing and translating of appropriate genes. There is indirect evidence suggesting 
that breast milk can activate the FTO enzyme (fat mass and obesity-associated pro-
tein), which controls transcription. It can also activate translation under the control 
of mTORC1 (mechanistic target of rapamycin complex 1). FTO is an enzyme which 
catalyses the demethylation of N6-methyladenosine (m6A) contained in messenger 
RNA sequences. Messenger RNA bearing m6A is found in many cellular processes 
and greatly influences the composition of the transcriptome in eukaryotic cells. It 
regulates the splicing, export, addressing, translation and stabilisation of 
mRNA. M6A methylation/demethylation has a role in many processes under the 
control of RNA, such as development, circadian cycles and resetting of the pro-
grammed cellular function. Typically, RNA bearing m6A is thought to inhibit the 
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expression of particular genes and thus formation of the gene product. The m6A 
modification is most common on stop codons as well as on the three prime untrans-
lated regions. These sequences are targeted by members of the human YTH domain 
family 2 (YTHDF2) in the course of selecting which mRNAs should be degraded. 
The modification also prevents mRNA from attaching to human antigen R (HuR) 
which increases the stability of mRNA [27, 39–47].

A mutated allele for m6A demethylase FTO resulting in a non-functional protein 
causes humans with the mutation to have delayed growth following birth. Similarly, 
when the FTO gene was silenced in a murine model, the animals put on less weight, 
exhibited metabolic changes and had delayed growth. On the other hand, when the 
FTO gene was overexpressed, also in a murine model, the mice gained weight and 
laid down more fat in proportion to the degree of overexpression. These changes 
were related to the animals overfeeding and eventually becoming obese. Thus, it 
seems clear that growth following birth and energy balance fall under the vital con-
trol of FTO.  In mice with the overexpressed FTO gene, the numbers of RNA 
sequences with an m6A modification were reduced overall. There are already asso-
ciations known between SNPs within the initial intron of the FTO gene and raised 
BMI, fat deposition and development of diabetes mellitus type 2. The FTO protein 
is overactive both in individuals with specific SNPs and in cases where there has 
occurred an epigenetic modification of the gene as a result of CpG demethylation at 
certain points within the initial intron. Certain miRNAs found within exosomes in 
milk, specifically miRNA-148a, miRNA-152, miRNA-21 and miRNA-29 s, poten-
tially fulfil a key function in epigenetic modification of the FTO gene by blocking 
CpG demethylation at key points on the gene. This then means FTO expression goes 
up and more of the mRNA can be transcribed [48–60].

7.2  Nuclear Factor Erythroid 2-Related Factor 2 (NRF2)

The actions of FTO occur in close conjunction with those of mTORC1, a kinase 
whose function alters depending on nutrient levels. mTORC1 increases translation 
and anabolism in response to milk. It becomes activated in the presence of leucine, 
in particular, through the action of another enzyme, leucyl-tRNA synthase. FTO 
participates in the activation. In particular, the activity of mTORC1 in response to 
high levels of amino acids can only occur due to FTO-related demethylation events. 
Thus, the fact that components of milk modify how the FTO gene is expressed 
through epigenetic modifications means that this mechanism also has downstream 
effects on the activity of mTORC1.

Furthermore, there are other epigenetically mediated ways in which milk affects 
the activity of mTORC1, including translation of mRNA. Another transcription fac-
tor, the behaviour of which is controlled epigenetically, is nuclear factor erythroid 
2-related factor 2 (NRF2). When the DNA methyltransferase enzyme is inhibited, 
NRF2 activity rose, both in terms of mRNA transcripts produced and gene products 
synthesised. This effect was mediated through NRF2 demethylating DNA. NRF2 
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can directly activate transcription of the MTOR gene. This gene encodes the core 
protein contained within the mTORC1 and 2 molecular complexes. NRF2 also 
stimulates RagD, a low molecular weight G-protein that makes mTORC1 more 
active. Furthermore, miRNA-29 production goes up under the influence of NRF2, 
resulting in a downgraded level of DNMT3B. This last event acts as positive feed 
forward for epigenetic modifications enhancing the expression of NRF2 [36, 61–70].

7.3  The Insulin Gene (INS)

Insulin plays a major role in stimulating anabolic metabolism through signals regu-
lated by PI3K-mTORC1. Following consumption of milk, the circulating insulin 
level rises. Transcription of the INS (insulin) gene is controlled by methylation of 
the DNA sequence encoding for the gene. According to Kuroda et al., the demethyl-
ated INS is expressed in pancreatic beta cells, whilst methylated copies of the gene 
remain unexpressed [66, 68]. In cells synthesising insulin, the INS promoter region 
in particular is demethylated. Indeed the CpG demethylation of this region of the 
gene appears essential for the beta cell to fully differentiate and for insulin to be 
expressed only within a certain tissue. Accordingly, miRNAs which downregulate 
the activity of DNMT, namely miRNA-148a, miRNA-21 and miRNA-29s and 
which originate in milk may exert control over the activity of mTORC1 on transla-
tion and anabolism (see Fig. 2). This suggestion is supported by recent evidence 
showing that, in mice, miRNA-29a positively regulates the release of insulin 
in vivo [69].

7.4  Insulin-like Growth Factor-1 (IGF1)

Insulin-like growth factor-1 (IGF1) acts in a similar manner to insulin. It is the most 
potent factor controlling growth and acts by stimulating the mTORC1 signalling 
pathway [65–73]. A diet containing milk results in a significant rise in the circulat-
ing IGF1 level. Children who drink bovine milk attain a greater height. Ouni et al.
[72] undertook a study investigating the effect of CpG methylation on the promoter 
regions for IGF1 (i.e. P1 and P2), since they already knew that this gene is respon-
sible for growth following birth. They wondered if demethylation could account for 
the different levels of IGF1 seen in the plasma of children as they grow. Results 
showed that, where six particular CpGs, which occur proximally in the P2 region, 
were methylated, the circulating IGF1 level and the child’s growth were both lower. 
The level of transcription occurring at the P2 region in the circulating polymorpho-
nucleocytes of patients who are administered growth hormone has a negative asso-
ciation with the degree of CpG methylation in that region of the gene [65–73].

The cumulative evidence from transcriptomic studies points to the conclusion 
that miRNAs in milk play a normal role in increasing the activity of signals which 
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themselves activate mTORC1, namely mTOR, FTO, insulin and IGF1. The miR-
NAs achieve this through influencing epigenetic modification by (de)methylation.

7.5  Caveolin 1 (CAV1)

This molecule is a protein embedded in a microdomain of the plasma membrane. It 
can modify signals depending on the context in which they occur. CAV1 has inter-
actions with the insulin and IGF1 receptors (IR and IGF1R), which encourages 
these signals to be transduced. When CAV1 is bound to low density lipoprotein 
receptor-related protein 6 (LRP6), the complex takes on a signalling function and 
can activate both the IGF1 receptor and IR, leading to strengthening of signals by 
Akt-mTORC1. CAV1 is, surprisingly, strongly expressed following demethylation 
of the initial exon and intron of the gene. This change is noted to occur when adipo-
cytes are maturing. One possibility is that miRNAs derived from milk and targeting 
DNMTs actually strengthen signalling by insulin, IGF1 and mTORC through their 
epigenetic modificatory effects on the CAV1 gene, which mean CAV1 synthesis 
increases. The consequence of this is then that exosomes in milk are absorbed in 
higher quantities [74–77].

7.6  FOXP3

FOXP3 exerts overall control over transcriptional events in regulatory T-lymphocytes 
(Tregs). These lymphocytes play a key role in ensuring the immune system does not 
target self-antigens (i.e. does not cause autoimmunity to occur). They also prevent 
immunoreactivity against innocuous allergens in the environment, including in the 
diet. Thus, they are anti-allergenic. It has been demonstrated that when milk-derived 
exosomes are presented to circulating polymorphonucleocytes, the levels of Tregs 
expressing FOXP3 rose. The presence of this protein is sufficient to indicate that the 
T lymphocytes expressing it possess a unique role in immunosuppression. FOXP3 
is expressed at a fixed rate when certain epigenetic switches are set on Tregs in the 
Treg-specific demethylated region (TSDR) of the FOXP3 gene. This region is rich 
in CpG sequences. Indeed, FOXP3 is only steadily expressed where this section of 
the DNA is demethylated. In recent studies, it has even been noted that the extent of 
demethylation within the TSDR region correlates directly with the level of FOXP3 in 
the cell. Accordingly, the TSDR is considered a key location for epigenetic control 
of FOXP3. If the epigenetic modifications do not occur here, Treg numbers may 
fluctuate widely. On the other hand, if the FOXP3 gene region contains an excessive 
level of methylation, Tregs fail to prevent allergic responses from developing. It is 
noteworthy that patients with a tendency to allergic disorders have fewer Tregs in 
which the FOXP3 region is demethylated [78–88].
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DNMT1 and DNMT3b both act on the FOXP3 gene in CD4+ T lymphocytes. 
When DNA methyltransferase action was prevented by the enzyme inhibitory agent 
decitabine, the TSDR region remained relatively demethylated and FOXP3 was 
expressed steadily and at high levels. This result suggests that expression of FOXP3 
can be reliably regulated at the epigenetic level by preventing DNA methyltransfer-
ase activity. This then results in adequate numbers of well- functioning Tregs. 
MiRNAs capable of downgrading DNMT1 and DNMT3b (i.e. miRNA-148a and 
miRNA-21, and miRNA-148a and miRNA-29b, respectively) and entering the body 
via milk exosomes are accordingly believed to participate in the epigenetic regula-
tion of FOXP3 and thus are of major importance in stabilising the generation of 
competent Tregs. The evidence is growing that miRNAs found in milk exosomes 
play a key part in epigenetic modulation and thus influence the immunological 
behaviour of the gut and the body as a whole [92–96].

A study that was recently undertaken in the Netherlands examined the relation-
ship between hypermethylated DNA generally and allergic sensitivity to bovine 
milk. Children with and without an allergy to milk were compared. The TSDR of 
FOXP3 was more highly methylated in those cases where an allergic response to 
milk mediated through IgE was known to occur than in children who no longer 
exhibited an active allergic response or in whom allergy to milk had never occurred. 
In a rodent model involving atopic very young rats, the rat pups were given either 
rat milk or artificial formula. The rat milk contained the normal level of miRNAs, 
unlike the formula milk. When the mesenteric lymph nodes were examined for 
FOXP3 expression, the pups fed rat milk had higher levels. The circulating IgE 
specific for beta-lactoglobulin was also lower in the rats fed rat milk. Seemingly, 
miRNAs have the effect of inhibiting DNA methylation and thus ensuring FOXP3 
is expressed at higher levels. In such a situation, Tregs can efficiently induce immu-
notolerance. Thus, all evidence points to miRNAs in milk exosomes functioning to 
regulate FOXP3 expression at the epigenetic level, which then has a key role in 
halting the development of autoimmune and allergic reactions. It also seems reason-
able to suppose that breast milk, through its effects on Tregs, lays the ground for 
appropriate immunotolerance of non-self-innocuous food antigens when the child is 
eventually weaned [89–95].

7.7  NRA4

There are a number of receptors within the NR4A (nuclear receptor subfamily 4a) 
grouping where the endogenous ligand is unknown. This subfamily is contained 
within the nuclear receptor superfamily. These receptors all function as transcrip-
tion factors and can switch gene expression on and off, thereby regulating an intri-
cate system of interacting pathways by which signals are transduced within the cell. 
A number of members of the NR4A subfamily, notably NR4A1, NR4A2 and 
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NR4A3 have all been implicated in modulating the growth of Tregs via an effect 
upon FOXP3. These receptors have a direct action on the promoter region of 
FOXP3. When NR4A members are stimulated artificially, Tregs begin to be pro-
duced, hence they may be considered ‘nursing factors’ in the growth of this cellular 
population [96–101].

Milk has a potential role in regulating immunological development in the infant 
through an epigenetic mechanism and may also regulate how the NR4A subfamily 
is expressed. When the promoter region underwent CpG demethylation and the sur-
rounding histones where hyperacetylated, the result was a rise in the synthesis of the 
luteinising hormone receptor (LHR). When the promoter region of NR4A3 was 
methylated, the gene stopped being expressed, but demethylation of the same region 
leads to upgraded synthesis. Moreover, the effect of deactivating the HDAC1 and 3 
histone deacetylases is to increase the transcription of the NR4A3 gene. DNMT1 
has been frequently associated with the histone deacetylases and there are interac-
tions between these enzymes. An important way in which methylated regions of 
DNA are silenced is by the interaction of methyl CpG binding protein 2 (MeCP2) 
with sections of methylated CpGs. In part this restriction of transcription by MeCP2 
relies on the synergistic activity of histone deacetylases. To take an example, the 
H19 imprinting control region is not transcribed when MeCP2 and a histone deacet-
ylase act jointly on it. If miRNA-148a from milk exosomes can downgrade the 
activity of DNMT1, neither MeCP2 nor the histone deacetylase can function and 
the histone will be hyperacetylated. This hyperacetylated state upgrades transcrip-
tion of genes involved in development, in particular the NR4A orphan receptors 
[102–108].

7.8  Nuclear Factor Kappa B (NF-κB)

Milk importantly influences the health of the gastrointestinal system in newborns. 
Breastfed premature babies are at lower risk of necrotising enterocolitis (NEC) than 
bottle-fed infants. There is an association between NEC and a raised level of certain 
pro-inflammatory cytokines (especially interleukin 1 (IL1) and tumour necrosis fac-
tor alpha (TNFα)) in the peripheral circulation. These effects occur through the 
action of Nuclear Factor Kappa B (NF-κB). In a study involving a tissue culture 
model of NEC, the supernatant from breast milk was applied to plates cultured with 
Caco-2 gut epitheliocytes. The effect of doing so was to prevent interleukin-1β, IL-6 
TNFα from being expressed. Expression of these cytokines is stimulated by NF-κB 
and promotes an inflammatory response. One of the key molecules with the ability 
to deactivate NF-κB is IκBα. It achieves this inhibition by blocking signals that 
precede migration of NF-κB into the nucleus. Instead, the proteins remain within 
the cytoplasm and lack activity. Additionally, NF-κB is prevented from attaching to 
DNA, a vital step in its function. IκBα is expressed more strongly by epithelial cells 
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of the gut which lack DNA methyltransferase activity than in those where these 
enzymes are highly active. The extent to which the promoter region of NfκBI is 
CpG methylated strongly affects how the NfκB functions in gut lining cells. A high 
degree of demethylation results in IκBα being highly expressed, whilst extensive 
methylation has the opposite effect. Epithelial cells without DNMTs exhibit less 
activity by NFκB. Since miRNAs derived from milk decrease the level of DNMT 
synthesis, the anti-inflammatory effect of breast milk may occur because a lower 
level of demethylation occurs. This then means IκBα is relatively more active and 
NF-κB less active as a result. The actions of miRNAs in breast milk thus resembles 
that of glucocorticoids, which exert their effects through enhancing IκBα activity 
[109, 110].

7.9  The Lactase Gene (LCT)

For virtually all other mammals than humans, lactase is no longer synthesised 
within the gut once the young have been weaned onto adult food. Humans are 
unusual in this regard, namely by virtue of showing lactase persistence. The mecha-
nism by which the expression of LCT declines so massively with age in certain 
humans, but not all, is not understood currently. However, the latest evidence sug-
gests that the varying levels of mRNA transcripts of LCT expressed in different 
people, different cell populations or different species are accounted for by an epi-
genetic mechanism. It appears highly probable that the reason some adults continue 
to transcribe mRNA from LCT as adults is thanks to epigenetic regulation of the 
LCT gene. The ongoing expression of LCT in European adults has a strong associa-
tion with a particular SNP in MCM6, a gene located next to the LCT region. The 
SNP consists of 13910C>T within intron 13. The effect of the substitution is to 
promote expression of the LCT gene. There are 7 different sites where epigenetic 
control of LCT occurs, including that at the 13910 location. Individuals who do not 
exhibit lactase persistence are found to have a greater extent of methylation within 
intron 13, the opposite being the case for those individuals demonstrating lactase 
persistence and therefore continuing to express a significant amount of lactase 
[110–115].

One possible explanation of how lactase remains available for the duration of 
breastfeeding is that miRNAs regulating expression of DNMTs thereby ensure 
intron 13 remains relatively demethylated and thus actively transcribed while 
breastfeeding occurs. Once breastfeeding ceases, lactase levels then would fall since 
miRNAs no longer prevent the silencing of the LCT gene, and it is no longer needed. 
In the Neolithic period, humans may have continued milk consumption after wean-
ing and this then meant a selective pressure favouring those individuals with the 
13910C>T mutation. This mutation might ensure that intron 13 remains demethyl-
ated and thus the LCT gene continues to be translated into lactase.
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8  Conclusion

The earlier medical view of breast milk as a straightforward source of nutrition has 
altered to one in which milk is seen as a complex medium carrying both nutrients 
and key communicative signals between mother and child. These signals are the 
way the youngest children’s metabolism is programmed. A major part of the signal-
ling occurs through transfer of miRNAs via exosomes and fat globules in milk. 
These miRNAs are secreted by the lactocytes of the breast. Exosomes are capable 
of avoiding degradation in the gut and are endocytosed by the gut lining, eventually 
reaching the systemic circulation of the child. The miRNA expressed in the highest 
amount is miRNA-148a, noted in both human and bovine milk exosomes and fat 
globules, and known to downgrade the activity of DNMT.  This enzyme plays a 
pivotal role in epigenetic control. miRNA-125b is a further miRNA with major 
effects and it regulates p53, a protein responsible for the integrity of genomic 
DNA. P53 has multiple effects on different processes. The fact that exosomes con-
taining miRNAs are largely lacking in artificial baby milk but present in bovine 
milk, which may continue to be consumed long after infancy, raises some concerns 
about potential ill-effects on the health of people over the longer term [116, 117].

The current era, in which genomic studies are becoming prevalent, offers the 
chance that individuals at risk of specific disorders can be identified before the con-
dition itself manifests. Genetics alone does not explain predisposition, however, 
since there are epigenetic modifications and environmental causes to consider. The 
influence of the environment is especially strong during in utero life and in the neo-
natal period. It is hypothesised that changes to the metabolism at this early stage in 
life produce effects at much older ages. One key environmental effect to consider is 
diet. An essential component of avoiding diseases linked to lifestyle at later ages is 
for neonates and infants to be breastfed. There is a steadily accumulating evidence 
base showing that being breastfed at this stage reduces the likelihood of the indi-
viduals becoming obese, hypertensive, dyslipidaemic or exhibiting insulin insensi-
tivity as they grow older. Nonetheless, for a complete understanding to emerge, 
there need to be well-controlled studies for long periods, so that the benefits of 
breast milk can be properly appreciated [116, 117].
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The Metabolome of Breast Milk and Its 
Potential Long-Term Effects on the Child

Özlem Naciye Şahin, Despina D. Briana, and Gian Carlo Di Renzo

1  Introduction

Current recommendations suggest that the optimal way to feed a neonate is by 
breastfeeding alone. Human breast milk supplies the complete nutritional require-
ments of the rapidly growing and developing infant up to the age of 6 months [1]. In 
accordance with this view, the recommendations from both the World Health 
Organisation (WHO) and the United Nations Children’s Fund (UNICEF) are for 
infants up to the age of 6 months to receive exclusively breast milk, with other foods 
being gradually introduced alongside continuing breast milk until the child’s second 
birthday. The time from initial conception up to the second birthday, often referred 
to as the first 1000 days, is a vital period influencing the metabolic programming of 
the child thereafter. During the period for which the mother is lactating, the compo-
sition of breast milk alters significantly, which may reflect the changing nutritional 
needs of the child [2].

Breast milk has been the subject of intensive research for several decades now. It 
is known to contain both the macro- and micronutrients necessary for infant growth 
as well as other molecules which are biologically active. The constituents of breast 
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milk supply the basic molecular building blocks for the child’s development [3] and 
provide a suitable environment in the maturing gut for an optimal microbiome to 
establish [3–6].

2  The Breast Milk Metabolome

Metabolomic studies focus on the entirety of metabolites in a particular fluid. 
Human milk is one such fluid. The metabolites are typically of relatively low molec-
ular mass. There have been studies of the composition of the metabolome, the inter-
molecular interactions and its relation to other factors, in particular gestational age, 
the stage of lactation and the health of the mother, including her nutritional intake, 
use of medication or illicit drugs. There has also been research focusing on metabo-
lism in the infant, including metabolomic studies of the infant urine and faeces. The 
former is helpful in understanding the metabolic fate of milk constituents, whilst the 
latter provides information about microbial involvement in the overall handling of 
nutrients within the body [7–11].

Marincola et al. [12] were amongst the first to conduct metabolomic research 
into breast milk. This study relied on nuclear magnetic resonance (NMR) spectros-
copy and gas chromatography-mass spectrometry techniques and was published in 
2012. A more complete analysis was subsequently performed and the results pub-
lished by Smilowitz et al. and Praticò et al., in 2013 and 2014, respectively [13, 14]. 
These last two studies both used NMR analysis and examined milk from mothers 
whose offspring were born at full-term. Smilowitz and colleagues analysed milk 
from mothers 90 days after lactation commenced and identified 65 different con-
stituents. Praticò and colleagues used samples from mothers who had been breast-
feeding for a month and identified 43 separate constituents. The constituents 
included a number of different amino acids, and metabolites thereof, substrates for 
energy generation, products of the citric acid cycle, short chain aliphatic acids, lac-
tose and oligosaccharides. The component present in the largest quantity was lac-
tose. Next in abundance were the human milk oligosaccharides, citric acid, urea and 
glutamate. It is generally agreed that the two key determinants responsible for the 
varied composition between breast milk from different mothers are the mother’s 
Lewis gene type and secretor status. These differences are expressed by the number 
and structural type of fucosylated HMOs present in the sample [14–16].

There have also been metabolomic investigations comparing the metabolomes of 
breast milk and baby formula. Qian et  al. [16] provide a detailed review of this 
research. By comparing milk in this way, it has been possible to discover how breast 
milk is unique. In particular, breast milk contains HMOs, decanoates, octanoates 
and aliphatic acids lacking esterification. Baby formula, in contrast, contains abun-
dant sugars (fructose and glucose), benzamidoacetic acid, ethanoate, 
2- oxopropanoate, phenylalanine and intermediate products of the citric acid cycle 
[16, 17].
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Thus, in metabolomic terms, baby formula and breast milk are markedly differ-
ent. The metabolomic studies comparing the consequences of breastfeeding versus 
use of baby formula have been reviewed twice [18, 19].

2.1  Breast Milk and Its Metabolome

In the initial months after birth, breast milk can supply the nutritional requirements 
of the child, whilst also nourishing a healthy gastrointestinal microbiome. Not only 
does milk supply the building blocks for the growing and developing infant, namely 
both the macro- and micronutrients, but it also delivers a range of cytokines and 
other immunologically active signals to the baby. These constituents are reviewed 
by Bardanzellu et al. [20] and Slupsky [21].

There is considerable variation in the composition of breast milk over the period 
of breastfeeding. Colostrum, for example, contains the highest levels of immuno-
logically active molecules and oligosaccharides. Concentrations of these molecules 
reduce over time. There are also other compositional changes over the course of 
lactation, affecting amino acids, sugars, aliphatic acids and certain other molecules 
[21–25] (see Table 1).

Oligosaccharide levels follow a general trend of reduction over time, whereas 
lactose, a number of amino acids and free aliphatic acids of various lengths all tend 
to increase. Thus, milk does not consist of a fixed ratio of components. The regula-
tion of which molecules are present and at what level lies with the breast tissue and 
depends on maternal genetic factors. The alterations in composition are continuous 
in response to the infant’s changing need for particular metabolites and is instru-
mental in preparing the growth of a healthy microbiome, potentially throughout life. 
There is a much greater degree of similarity in the microbial flora and faecal metab-
olites of different infants fed artificial milk than between infants breastfed by differ-
ent mothers. This dissimilarity stems from the differences in the contents of breast 
milk over the course of breastfeeding. The composition of artificial milk is fixed, 
however. The choice of breastfeeding or artificial milk seems to play a vital role in 
determining the eventual composition of the gut microbiome [20, 25].
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Table 1 How the composition of milk varies at different stages of lactation in mothers with a 
secretor phenotype (adapted from reference [21])

Molecules, the 
concentration of which 
rises during the period of 
breastfeeding

Molecules, the 
concentration of which 
falls during the period 
of breastfeeding

Molecules, the 
concentration of which 
exhibits no significant 
alteration during the 
period of breastfeeding

Sugars Lactose
3-Fucosyllactose
Glucose

2′-Fucosyllactose
3′-Galactosyllactose
3′-Sialyllactose
6′-Sialyllactose
Fucose
Lacto-N-tetraose
Lacto-N-neotetraose
Lacto-N-fucopentaose I
Lacto-N-fucopentaose 
III
Sialic acid
Myoinositol

Galactose
Lactodifucotetraose
Lacto-N-fucopentaose II

Amino acids Alanine
Glutamate
Glutamine
Phenylalanine
Threonine
Valine

Leucine
Lysine
Proline

Asparagine
Aspartate
Histidine I
Soleucine
Methionine
Tyrosine

Free aliphatic 
acids and 
derivatives 
thereof

Ethanone
Azelaic acid
Butyrate
Carnitine
Decanoate
Octanoate

Ethanoate

Glycolysis Lactate pyruvate
Intermediate 
products of 
citric acid 
cycle

Cis-Aconitate Citric acid
Fumarate
Succinate

2-Oxoglutarate

Others 2-Aminobutyrate
Choline
Glycerophosphocholine
Urea

Ascorbate
Betaine
Creatine
Methanoic acid
Benzamidoacetic acid
Hypoxanthine 
phosphocholine
Taurine

Pantothenate
Methanol
Creatine phosphate 
creatinine
Ethanolamine
Uridine

3  Human Milk Responds to the Needs of the Neonate

Breast milk has a unique composition exactly tailored to the requirements for 
growth in the neonate. When breast milk is substituted with milk from other species, 
this deeply affects the metabolism of the neonate. For instance, baby formula-fed 
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infants have raised circulating levels of amino acids and this high level potentially 
interferes with normal signalling by insulin [26]. The persistently high levels of 
plasma amino acids may prevent the mitochondria in the liver from functioning 
properly. This then potentially causes obesity, insulin insensitivity and dyslipidae-
mias [27].

The molecules within breast milk may also produce direct interactions with par-
ticular metabolic processes. An example is modulation of the action of the mecha-
nistic target of rapamycin (mTOR) molecule, which guides optimal development 
[28]. mTOR forms a complex (mTORC1) which performs a kinase function depend-
ing on nutrient levels and regulates various processes affecting cellular growth, pro-
tein manufacture and lipid assembly, alongside deposition of fat within adipose 
tissues. MTORC1 is especially significant in regulating growth and metabolism of 
osseous tissues, voluntary muscle, the brain and spinal cord, gut, blood cellular 
components and certain other systems [29]. The amino acid level also controls the 
activity of mTORC1. The level of leucine in the whey portion of breast milk corre-
lates with the circulating level of leucine in breastfed children [30]. In fruit flies 
(Drosophila spp.), the way nutrient levels can be detected by the TOR system is also 
affected by the presence of Lactobacillus plantarum, amongst other bacteria. A 
recent study found that L. plantarum may actually be passed from the mother to the 
infant during feeding [31, 32]. It seems likely, therefore, that the microbiome in the 
infant has an effect on the way the mTOR network functions, although this has not 
yet been decisively proven.

4  Metabolites Originating from the Microbiota at 
Different Times

The effect of breast feeding or bottle feeding at different points on how the gut flora 
metabolises amino acids with aromatic residues is another topic to be considered.

5  Being Bottle-Fed Results in More Secondary Metabolites 
of Bile Salts Produced by Microbial Action

There is a significant effect of being bottle-fed versus breastfed on the bile salts 
identifiable in faeces. Approximately 20 metabolites of bile salts have been detected, 
as well as cyprinol sulphate, the metabolic precursor. Bile acids exhibiting primary 
and secondary conjugation, as well as bound to glycine, taurine and sulphate moi-
eties have been noted. The bile compound most strongly associated with breastfeed-
ing is cyprinol sulphate, the faecal level of which rises up to the age of 7 months in 
exclusively breastfed infants. The molecule glycochenodeoxycholate is present in 
characteristic amounts depending on the type of feeding, as some bile acids are 
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conjugated to a sulphate group, such as sulphated chenodeoxycholate. Surprisingly, 
however, the metabolite lithocholate was barely detectable in faeces from infants 
below the age of 1 year. In any case, secondary bile metabolites are present in lower 
levels in children’s faeces than in those of adults [33].

Infants who are breastfed have higher levels of 4-hydroxyphenyllactate and 
indolelactate in their faeces up to the age of 1 year. There is no difference in the 
levels of these compounds between infants who are exclusively breastfed and those 
who receive supplemental formula milk; however, children who are given addi-
tional supplementation with bifidobacteria have been shown to have higher levels. It 
has been noted in the literature already that the amino acids possessing an aromatic 
residue (phenylalanine, tyrosine and tryptophan) are metabolised by bifidobacteria 
to phenyllactate, 4-hydroxyphenyllactate and indolelactate, respectively [34–36]. 
Bifidobacteria represent the most important bacterial flora in children receiving 
breast milk. It is not clear what happens to the aromatic amino acids in the gut by 
assessing their concentrations in faeces, and this likely results from their having 
multiple metabolic fates. Phenyllactate stands out in this respect. The infant diet 
does not appear to affect its level, which always appears to increase as the infant 
gets older. One explanation for this is colonisation of the gastrointestinal tract by 
other bacterial genera that are also capable of converting phenylalanine to phenyl-
lactate. In contrast, once weaning had begun at the second birthday, the levels of 
4-hydroxyphenyllactate and indolelactate became virtually undetectable. Brink 
et al. have noted that tryptophan can be metabolised into kyneurate, indole- 3- lactate 
and indole-3-ethanoate. These products were detected at higher levels in faecal 
samples from children receiving breast milk compared to those consuming dairy or 
soy milk formula [37].

Children aged between 1 and 1
1

2
 years are already colonised by bacterial species 

capable of synthesising lithocholate by 7α-dehydroxylation of bile acids [38]. 
Indeed, according to Hammons et al., lithocholate can even be detected in faeces 
from 3 months old children, albeit the levels vary considerably [39]. It was more 
common in faecal samples from these very young children to identify other second-
ary metabolites of bile salts, such as 7-keto lithocholate, 3-dehydrochenodeoxy- 
cholate, Ursodeoxycholate, 7,12-dioxolithocholate, 7-ketodeoxycholate, 
3-dehydrocholate and 7-epicholate. The existence of unexpected metabolites in fae-
ces has already been noted by Lester et al., in reference to ursodeoxycholate [40]. 
Infants who received formula alone or with breast milk had higher faecal levels of 
7-keto lithocholate, 3-dehydrochenodeoxy-cholate, Ursodeoxycholate and 
7- epicholate. These metabolites may be indicative of a more varied gut microflora 
in children fed formula than in those exclusively fed breast milk [41]. Hammons 
et al. have also noted that secondary metabolites of bile salts were more abundant in 
infants receiving baby formula [39]. In research using young pigs, the faeces also 
contained raised amounts of the secondary metabolite, deoxycholate.
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6  Conclusion

The microbial flora of the gastrointestinal tract, metabolism and the immune system 
all undergo important alterations in response to a person’s diet. The fact that breast 
milk affects all these processes suggests that it is a highly evolved and sophisticated 
nutritional and communication system that exists to offer the neonate the greatest 
chance to be healthy. The alterations in the constituents of breast milk over the 
course of lactation are probably reflective of the infant’s developing requirements 
and the evolutionary advantage of a particular type of gut flora. Metabolomics is an 
important type of phenotypical investigation and is vital in any research examining 
the metabolic consequences of changes in diet. Metabolomic studies on faeces help 
to establish the roles played by microbial gut flora. If values are established in 
healthy individuals, metabolomic analysis of peripheral blood, urine and faeces can 
be used to assess short- and long-term consequences of dietary interventions.

There is a need for further research on various aspects of breast milk on the 
child’s growth and development. This research should also encompass metabolic 
programming and immunological effects. The health status of the mother and the 
effects of the environment also need to be factored in. In order to fully comprehend 
how a dietary change affects specific individuals and their microbiome, there is a 
need to also consider genetic and epigenetic aspects. The application of nutrige-
nomics and microbiomics together will elucidate how milk and the various com-
pounds it contains modulate genetic expression in the infant, either directly or via 
microbial activity. This is an ambitious aim, and will take many more years, but 
ultimately such research can only lead to a much more effective use of dietary 
manipulations to promote health.
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The Infant–Mother Molecular 
Conversation Involving Breast Milk mRNA

Özlem Naciye Şahin and Despina D. Briana

1  Introduction

In mammalian species, there is an ongoing biological dialogue between the mother 
and offspring from the moment the blastocyst first implants up to the end of breast-
feeding. In utero, signals pass via the placenta, whilst postpartum signalling occurs 
via milk to the gut. MicroRNAs (miRNAs) are brief unpaired sequences of RNA, 
around 22 nucleotides in total, which feature in many aspects of normal physiology 
and development. This chapter looks at the part played by miRNAs in the complex 
molecular dialogue shaping the development of the child, from the moment of 
implantation up to birth and beyond. The fact that miRNAs can be identified in so 
many body fluids, including amniotic fluid, the blood of the cord and in human milk 
means that a new way to understand normal and abnormal physiological processes 
in development has appeared, and raises the hope that one day new, non-invasive 
biomarkers will be found [1].

In mammalian species, both in utero and postpartum the offspring are at risk of 
overwhelming infection due to their undeveloped immune systems. The mother 
supplies protective factors which enter the foetus through the placenta or amniotic 
fluid prior to birth, and afterwards via lactation [2, 3].

This biological dialogue commences from implantation, via the placenta/tropho-
blast [3]. The blastocyst communicates with the reproductive system of the mother 
[4]. In utero, the placental role in developmental control is vital, and involves the 
transfer of endocrine signals, growth factors and cytokines [4], in addition to several 
other molecules capable of eliciting a response, such as miRNA [5, 6]. The 
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bioactivity occurs on both a local and systemic level, enabling co-ordination of the 
physiological and metabolic parameters to enable the foetus to develop properly 
within the womb [3–5]. Not only do the conditions prevailing in the uterus affect 
how the foetus grows and develops, they also influence how healthy the mother and 
offspring remain for a prolonged period after delivery [6–9].

The gut is unusually permeable whilst the foetus is in utero, and this may permit 
amniotic fluid to be absorbed into the foetal circulation. Amniotic fluid shares some 
similarities with breast milk in terms of containing nutrients, protective and regula-
tory factors [10]. It is noteworthy that premature piglets who were given amniotic 
fluid postpartum exhibited a similar response to those fed colostrum. In both cases, 
the effect was to regulate gut inflammatory processes, raise body mass, change the 
microbiome of the intestine and alter RNA transcription of regions encoding mole-
cules responsible for inflammation [11].

Postpartum, breast milk assumes the role of molecular communicator with the 
offspring that was previously played by amniotic fluid [1, 2]. Breast milk supplies 
complete nutrition to the neonate, enabling him or her to develop and grow health-
ily. However, it also goes beyond providing the raw materials needed for healthy 
metabolism to occur. It also fulfils protective and molecular programming roles 
with long-term consequences [11]. It has been suggested that a suitable term to refer 
to the multiple signals emanating from the breast and transferred to the infant in 
milk is ‘lactocrine’ signalling [12].

The existence of a complex molecular dialogue between the mother and off-
spring both in utero and postpartum is believed to date back to the beginning of 
lactation in mammalian species, with further development related to the evolving 
placental organ [13, 14]. Compared to other primates, human beings are born in a 
less mature state and call for more maternal care. Indeed, proteomic comparison of 
breast milk with the milk of rhesus macaques demonstrated that breast milk had a 
greater abundance of proteins destined to aid in maturation of the gut, immune 
defences and central nervous system [15]. Evolutionary forces have shaped the form 
lactation takes as well as the constituents found in milk, explaining both the variety 
between species and that seen between animals of the same species [16, 17]. This 
chapter first addresses the evidence base for the existence and physiological role of 
specific miRNAs in milk, then reviews the latest evidence pointing towards involve-
ment of miRNAs in an ongoing biological dialogue between mother and offspring, 
both in utero and whilst being breastfed.

2  A Short Introduction to the Short Sequences Known 
as miRNAs

A typical miRNA is approximately 22 nucleotides long, does not code for any gene 
and consists of an unpaired strand. Transcription of nuclear miRNA genes results in 
formation of primary miRNAs, which contain a hairpin twist and are subsequently 
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truncated by Drosha, an endoribonuclease enzyme, resulting in formation of precur-
sor miRNA.  The exportin-5 molecule transports the precursor miRNAs into the 
cytoplasm for further modification. Dicer, another endoribonuclease, modifies the 
precursor molecule to produce miRNA as a duplexed strand [18, 19]. In this form 
the miRNA is made up of a guide and messenger strand. The messenger strand 
undergoes degradation, at which point the miRNA is finally in its mature form. 
MiRNAs bind to argonaute proteins, which form part of the RNA-induced silencing 
complex (RISC). The miRNAs partially match the 3′ untranslated segment of spe-
cific mRNAs and this allows RISC to process the mRNA [18], either preventing 
them being translated into protein or causing the mRNA to be degraded. This effec-
tively knocks down gene expression selectively [19]. It is possible for a particular 
miRNA to detect several different mRNAs, or for several miRNAs to all detect the 
same mRNA [20, 21]. The expression of genetic expression by miRNAs may be 
termed ‘meta-regulation’, since it acts to limit transcription and translation events 
and assists in degradation of synthesised protein products of genes [22]. Of special 
significance is the ability of miRNAs to perform epigenetic modifications, with 
important consequences for the metabolic programming of the foetus [23, 24]. 
These alterations to target tissues persist within the developing human for lengthy 
periods [24, 25]. Epigenetic factors and miRNAs have reciprocal roles in regulating 
each other [24, 25]. It has been proven that miRNAs affect the physiology and 
development of eukaryotic organisms in many different aspects, including cellular 
division and differentiation, tissue-specificity, programmed cell death, immune 
maturation and immune reactions. They have also been demonstrated to be of sig-
nificance in the pathophysiology of neoplasia [26], circulatory disorders [27, 28] 
and diabetes mellitus [24, 29].

There is an online database, miRBase, currently located at http://www.mirbase.
org/, which contains useful information about primary miRNA sequences, the 
nomenclature to use, and mature miRNA sequences that have been confirmed to 
exist through experiments. As of October 2016, this database listed 28,645 hairpin 
precursor sequences for miRNAs, identified across multiple species of animals and 
plants. There were 1881 hairpin sequences and 2588 mature miRNAs listed as 
known to occur in humans. This site also links to TarBase, a repository for con-
firmed targets of miRNA, as well as to sites reporting in silico predictions of which 
mRNAs are the probable targets (DIANA-microT, tools4mirs.org, miRDB, RNA22, 
TargetMiner, PicTar-vertebrates). There are a number of applications now suitable 
for analysing the probable function of miRNAs, such as MAGIA (miRNA And 
Genes Integrated Analysis), which can be downloaded from http://gencomp.bio.
unipd.it/magia/start/. This software compares the way miRNA and mRNA levels of 
expression are correlated and thus provides key insights to enable the complex 
underlying regulatory mechanisms to be unravelled. It is also possible to learn how 
miRNAs are typically expressed in specific diseases using the miR2 disease data-
base, located at http://www.mir2disease.org/. Ingenuity Pathway Analysis 
(QIAGEN) is an application routinely employed to predict in silico which mRNA 
specific miRNA sequences may target.
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MiRNAs are ubiquitous, not just intracellular or within the tissues, but in every 
body, fluid examined so far, namely breast milk, blood, urine, saliva, sweat, semen 
and amniotic fluid [4]. They have also been identified in the blood of the umbilical 
cord [30]. It was previously thought that RNA was inherently short-lived, since 
there are ribonucleases (RNases) ever-present as a defence against nucleic acids 
belonging to bacteria or viruses. More recently it has become clear that RNA is in 
fact preserved well in body fluids [4]. The role of the RNases has been elucidated in 
ensuring immunity (both innate and acquired), in triggering the immune system to 
attack and in preserving the barrier function of mucosae [31]. The idea that RNA 
may play a role as a messenger outside the cell was first voiced by Benner in 1988. 
In proposing that intercellular communication might occur via RNA, he put forward 
the theory that RNA regulates the balance between RNA degradation and RNA 
preservation. The suggestion was also that RNA played a pathophysiological role, 
especially in malignancy and formation of new blood vessels [32]. In the two 
decades following the announcement of Benner’s theory, there was an ongoing 
research effort to understand how RNA influences the expression of particular genes 
[33] and where it may perform an intercellular communicative function [34]. 
Currently it is clear that there are forms of RNA that do not code for genes but have 
other key functions. Examples include miRNA and long non-coding RNA (lncRNA). 
These non-coding sequences act as signals between cells and orchestrate develop-
ment of the child. They are prevented from being degraded by being bound by 
RNA-binding proteins or by being packaged into vesicles that are then released by 
the cell into the extracellular environment [35–37].

Over the last 10 years, there has been intensive research into the biosynthesis, 
functional role and contents of extracellular vesicles (EV). EVs are used to package 
proteins, lipids and nucleic acids, not least miRNA and lncRNAs [35]. They are now 
known to be key players in cell-to-cell signalling, whether in eukaryotic or bacterial 
species [38]. Their functional role encompasses the development of mature sperm 
capable of motion, growth of follicles, meiosis of the oocyte, the synthesis of steroid 
hormones and inhibition of polyspermy after the zygote has formed. Within the 
uterine cavity, communication between the developing embryo and the endometrial 
lining at the time of implantation occurs via EVs [39], and this communicative role 
persists for the entire pregnancy [40, 41].

3  Recent Appreciation of how Important miRNAs Really Are

A significant role in the physiological regulation of pregnancy seems to be played 
by miRNAs acting as signals between mother and foetus [5]. In eutherian mammals, 
miRNAs regulate how ready the endometrium becomes for implantation, implanta-
tion itself, the way the placenta works and labour [42, 43]. Following formation of 
the zygote, miRNAs within the seminal fluid or spermatocyte may regulate genetic 
expression, which influences the success rate for implantation of the zygote. Exactly 
what levels and kind of miRNAs are found in single sperm cells are still not known 
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[2]. miRNAs help to ensure the conceptus is not targeted by the maternal immune 
system [44]. A survey of 48 patients showed that the outcomes of the later stages of 
pregnancy appear linked to particular miRNAs with ability to modulate immune 
function present before conception occurs and in the first trimester [44]. As the pla-
centa grows, miRNAs may attach to genetic regions coding for genes involved in 
invasion, cellular division, programmed cell death and new vessel formation [43]. 
There are also characteristic miRNAs present in the placental tissues and mother’s 
systemic circulation [45]. It is common for the miRNAs to be grouped on the basis 
of synergy, and their expression may depend on common promoters, which are 
principally active during pregnancy [46]. The fact that these clusters of miRNAs 
largely cease being expressed following delivery is suggestive of their being synthe-
sised by the foetus or placenta and thus specific to the pregnant state [47]. It is not 
yet established why certain miRNAs are continuously synthesised whereas other 
miRNAs are only produced in particular tissues when specific environmental condi-
tions pertain. It is noteworthy that both normal delivery at full term and premature 
delivery have been linked to miRNAs. A study involving 17 women, 8 of whom had 
a pregnancy at full term and 9 of whom were undergoing spontaneous delivery at 
term, found that microRNA223 and microRNA34 were expressed by cervical tis-
sues during birth [47]. In mice, the microRNA200 family of transcripts act on the 
progesterone receptor and ZEB1 and 2 (transcription factors) to make the uterus 
remain relaxed or begin to contract. This finding was confirmed in human beings by 
examining myometrial tissue obtained whilst a Caesarean section was being under-
taken, in women who were active in labour and in those where active labour had not 
yet commenced [48]. Furthermore, the foetus may be the source of miRNAs which 
pass via the placenta or amniotic fluid into the mother’s bloodstream [49]. Alongside 
these sources of miRNA within the mother and foetus, there are also non-coding 
RNAs in the mother’s diet and these may enter the foetal circulation via the placenta 
[50]. miRNA identified in amniotic fluid plays roles as diverse as guiding the path 
axons take, intercellular adhesion and the signals regulated by the mitogen-activated 
protein kinase. Thus, they regulate how the nervous system and other foetal organs 
develop [51]. There has been research examining miRNA expression in blood taken 
from women who delivered vaginally versus those undergoing Caesarean section, 
but this comparison has not been repeated for breast milk or amniotic fluid levels. It 
would be illuminating to see whether the levels in breast milk vary according to how 
delivery occurred, so hopefully such research will be undertaken soon [52].

Enteral feeding from an early age may cause epigenetic modification of the 
genome, with consequences for the health of the child later in life. In a murine 
model, it was found that providing mice with a protein-depleted diet following 
weaning resulted in changes to the levels of several miRNAs, the majority playing 
a role in the division of cells. The miRNAs involved were miR-98, miR-199, 
miR-21, lethal-7 and miR-210 [53]. It has recently been discovered that miRNA 
plays a role in the remodelling of chromatin. Genetic expression is potentially con-
trolled by the complex interactions between miRNAs, (de)methylation of particular 
regions and alterations to the histone proteins [53]. Formerly, many of the studies 
concerning the methylation of particular genes took diet as the key variable. More 
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recent studies have examined how dietary changes alter the expression of particular 
miRNAs [54]. An ovine model examined the effect of maternal undernourishment 
at the time of conception. The foetuses expressed a different miRNA profile in vol-
untary muscle from usual, which also appeared to be found in sheep developing 
insulin insensitivity [55]. Moreover, in an ovine model of obese mothers, the foetus 
expressed miRNA in muscle in a pattern which appeared to predispose them to lay-
ing down fat within the muscles [56]. The altered pattern of miRNA expression may 
result from maternal signalling to the foetus via the amniotic fluid. Nonetheless, this 
research is still at a relatively early stage and further research will be needed to 
clarify how the mother’s state of health influences miRNA expression in the foetus 
and newborn animal.

4  Potentially Significant miRNA Biomarkers in Human Milk

The neonatal period and infancy are when very significant growth and development 
occurs in mammals, particularly in humans. Breast milk has been definitively shown 
to provide immune benefits as well as other advantages, both immediate and in the 
future. Breastfed infants have lower rates of illness and death and their cognitive 
development is more advanced [57–59]. At least 12 different body fluids have been 
evaluated for their RNA content, but the highest level is found in breast milk. Indeed, 
breast milk RNA concentration exceeds that of amniotic fluid 80-fold [4]. Human 
milk contains over 1400 fully matured miRNAs [60]. The origin of this RBA is 
believed to be the lactocytes [61]. When skimmed preparations are examined, it is 
seen that miRNAs are bound to specific proteins (Ago2, plus other specialised pro-
teins), which protect them [61, 62]. They may also be in lactocytes within the milk 
[63] or packaged into the many different types of vesicles found in milk, such as fat 
globules or exosomes [64–66]. It is believed that the exosomes bearing miRNA 
resist gastric acid degradation and are absorbed, such that they can enter the plasma 
and then be taken up by particular tissues in the infant [67]. An experimental model 
has been employed to demonstrate that exosomes in cow milk are not degraded by 
the severe conditions of the gastrointestinal tract [68]. Several miRNAs which only 
occur in human lactocytes or in fat globules during lactation have either been char-
acterised or are known to exist [69]. miRNAs originating in the diet have apparent 
stability within the mouth and the gut and are absorbed into the adult circulation, 
where they seem to have epigenetic effects [70–72]. It has recently been shown that 
exosomes derived from cows’ milk are endocytosed by the lining cells of the gut 
and blood vessels. Although this occurs in adults, it has not yet been conclusively 
demonstrated that miRNAs can be absorbed intact from the infant gut [73, 74]. 
Recently it has been shown in an in vitro study that temperature plays a role in 
endocytosis of cows’ milk exosomes by the gut and that this also affects how much 
degradation actually occurs. An even newer study has demonstrated the ability of 
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miRNAs from sows’ milk to influence genetic expression and to encourage gut cells 
to divide, both in the animal itself and in the laboratory. miRNAs may either provide 
a nutritional benefit or perform a regulatory function. Theories stipulating a func-
tional role for miRNAs suggest that the miRNAs act to better regulate particular 
aspects of infant physiology, such as through modulating T lymphocytic behaviour, 
controlling the maturation of B lymphocytes and obstructing the development of 
allergic hypersensitivity. Theories of miRNA as a nutritional resource, by contrast, 
imply that miRNA cannot be absorbed into the infant circulation intact and merely 
provide the building blocks the infant requires [73, 74].

What physiological function is performed by miRNAs and other types of RNA 
not destined for translation, as well as their fate, has not yet been fully elucidated. 
Human milk has an abundance of miRNAs known to be involved in immune regula-
tions. Other miRNAs with varied physiological roles, such as cellular phenotypical 
maturation and development, tissue specificity, metabolism and developmental 
guidance have also been identified [69]. Certain miRNAs contained in breast milk 
have a role in neural development and potentially modulate the way the brain devel-
ops. An example of this is miR-118.2, which regulates expression of the Teneurin 
Transmembrane Protein 2. This protein is widely expressed within the brain and 
spinal cord and has a significant role in how neurones work. There are also miRNAs 
in breast milk which target particular tissues, e.g. miR-142-5p [70]. miR- 142-5p is 
involved in the generation of new blood cells. It appears probable, therefore, that 
miRNA in breast milk does in fact play a regulatory role on particular physiological 
systems in the infant as they develop. Moreover, miRNAs also influence the way 
metabolism develops. Postnatally, the mTORC1 signalling pathways are regulated 
to a significant extent by miR-21 [70, 72, 74], whereas members of the let-7 RNA 
family play a role in how the infant handles glucose, including the setting of glycae-
mic levels and the degree to which the body responds to insulin [70, 72, 75]. A 
group of miRNAs which exist in large amounts in the lipid portion and exosomes of 
breast milk, namely miR-33, miR-122, miR-370, miR- 378-3p, and miR-125a-5p, 
play possible major roles in how the infant handles lipids, as well as potentially 
regulating the way the lactating breast functions [72–75].

miRNAs which are involved in epigenetic modification of gene expression pro-
duce effects that are chronic and endure. One miRNA in particular, miR-148-3p, 
which exists at an especially high level in breast milk [72], takes DNA methyltrans-
ferase 3b as its target. This enzyme plays an essential role in the developing infant 
[75] and is a vital agent for DNA methylation in the gut lining [76]. Breastfed 
infants may obtain benefit from regulation of maturation of specific physiological 
systems, such as the gut, thanks to the miRNAs contained in breast milk. There is a 
never-ending regeneration of the crypt-villus axis in the intestine, a process modu-
lated through epigenetic alterations to DNA and transcription factors [77]. The addi-
tion of methyl or acetyl moieties to the histone proteins are key events in shaping the 
way the crypt cells multiply and mature [77]. In the stem cells of the gut the DNA 
has specific regions where methylation acts as an epigenetic regulatory mechanism. 
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It seems that miRNAs within breast milk may take as their target molecules which 
methylate DNA or modify histones, and this would then explain how milk helps the 
gastrointestinal tract to mature [78–80].

The levels of mRNA and miRNA is breast milk vary at different times of day, 
which may be indicative of a further physiological role. This circadian fluctuation 
in miRNA levels has a potential role in setting up or governing circadian rhythmic-
ity in the infant, especially within the gut. This type of control is currently referred 
to as lactocrine circadian signalling [78–81].

For the period of lactation, the amounts of specific miRNAs synthesised, espe-
cially miR-25, miR-155, miR-182, miR-191, miR-221 and miR-223, vary in bovine, 
porcine, rodent and human mammary glands [79–81]. The lactocytes in cows 
respond to the presence of lactogenic endocrine signals, such as the prolactin level, 
by altering the level of miRNA found both inside and outside the cell [82]. This 
variation supports the notion that miRNA is a normal component of physiological 
lactation in healthy animals. It is significant that abnormal levels of miRNAs cor-
relate with breast pathology, which may mean they can be used in the future as 
biomarkers indicating how well the breast is functioning in breastfeeding and 
whether disease is present [78, 79]. The plasma level of miRNA has been employed 
in calculating the risk of malignancy in the breast, as well as other pathological 
conditions, such as mastitis [83–85]. In an analogous way, miRNA evaluation in 
milk may be a useful proxy for the presence of pathological conditions in neonates 
and infants. In any case, the unique molecular communicative mechanism between 
breastfeeding mother and child is worthy of deeper investigation.

5  Conclusion

In mammalian species, there is an ongoing biological dialogue between the mother 
and offspring from the moment the blastocyst first implants up to the end of breast-
feeding. In utero, signals pass via the placenta. At present, there is a deepening 
appreciation of the way miRNA functions to modulate and govern both physiologi-
cal and pathophysiological mechanisms in the mother and child, through the molec-
ular communicative medium of the placenta and breast milk. miRNAs are found 
very widely expressed in both the intracellular and extracellular spaces of both the 
mother and her offspring. This chapter has examined how miRNAs may direct 
development of the foetus and infant. More specifically, we have looked at the evi-
dence indicating that miRNAs in breast milk have a role beyond merely providing 
nutrition for the growing human, through their being absorbed and acting as regula-
tors of specific gene expression.
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1  Introduction

Obesity has many different causes. Although rates of obesity are higher in devel-
oped countries, its incidence has recently undergone a sharp rise in developing 
countries [1, 2]. Unless the current trend alters, it appears that, by the year 2030, 
there will be 1.12bn obese people globally, representing one in five of the world’s 
population, whilst 2.16bn people will be overweight, a further 38% of all humans 
on Earth [2, 3]. There are genetic factors that have favoured this positive energy 
imbalance during the last few decades [4]. Genetic mutations in a number of differ-
ent genes cause increased appetite and altered metabolism. There have been a num-
ber of techniques in use within the last 20 years in an attempt to identify genetic 
factors implicated in obesity, with an emphasis on severely affected individuals, 
including both genome-wide linkage studies (GWLS) and genome-wide association 
studies (GWAS), in addition to a detailed investigation of specific genes. The cur-
rent state of knowledge from GWAS reveals around 127 locations on the human 
genome that have a connection with obesity. This approach has been active since 
2005 and has revealed key information about the role of genetic factors in common 
obesity. Evidence from animal studies as well as single nucleotide polymorphism 
(SNP) screens point to the need to examine the entire genome in order to understand 
how obesity occurs. SNP screens look for non-synonymous SNPs (nsSNPs) which 
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may help identify mutations, which lead to functionally altered protein products. It 
is anticipated that contemporary genetic investigations and deeper research will 
enable further elucidation of the genetic factors controlling obesity, paving the way 
for new and successful treatment approaches [4–6].

Up to now, the gene found to be associated with the highest risk of obesity is 
FTO (fat mass and obesity-associated protein). Possession of any of the risk- 
associated allelic variants of FTO correlated with a rise in body mass of between 1 
and 1.5 kg and an elevation of between 20% and 30% in the risk of becoming obese 
[7, 8]. Interactions between an individual’s genes and the environment (known as 
GEIs) result in obesity and the development of a number of metabolic disorders [8, 
9]. Epigenetic changes are heritable alterations to the way a gene functions that do 
not involve mutation of the DNA sequence [9]. The mechanisms by which epigen-
etic modifications occur include DNA methylation, remodelled chromatin, altered 
DNA packing around the nucleosomes and alteration of histone proteins. Each of 
these epigenetic modifications, in concert with a GEI, may lead to obesity and meta-
bolic problems [10–13].

The hypothalamus is known to play a significant role in regulating the use of 
energy in the body. In the 1950s, the scientific consensus was that storage of fat was 
intimately connected to the level of energy intake. However, the role of specific 
molecules in regulating the feeling of satiety, especially glucagon (from the pan-
creas), bombesin and cholecystokinin, began to be appreciated from the latter half 
of the 1970s and into the 1990s [14, 15].

A series of molecules that fulfil a signalling function and influence the hypotha-
lamic control of feeding will be discussed.

2  Leptin

The name ‘leptin’ derives from the Greek adjective λεπτός (leptos), signifying 
‘thin’. Discovery was due to Zhang et al., who noted in 1994 [16, 17] that it was the 
protein product of the ob (LEP) gene. Leptin is a protein composed of 167 amino 
acid residues and principally expressed by fat tissues, at a level corresponding to the 
body’s adipose volume [18]. Leptin also occurs in breast milk and has a regulatory 
function in energy metabolism [19–21]. The circulating level of leptin corresponds 
to the body mass and it is capable of traversing the blood-brain barrier to inform the 
CNS about the energy reserves held by the body [22, 23].

Leptin has its own dedicated receptor, expressed in the arcuate nucleus. It modu-
lates the expression of orexin by neurons which have their cell bodies within the 
lateral hippocampus [22, 24, 25]. Miralles demonstrated in 2006 that leptin had a 
significant effect on how the hypothalamus developed after birth, a finding high-
lighting the need to control feeding in the infant. Infants who feed excessively lay 
down additional fat and have a raised body mass index. Their circulating leptin level 
is raised and they begin to be insensitive to the presence of this molecular sig-
nal [22].
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Stimulation of leptin receptors on the hypothalamic arcuate nucleus results in 
decreased appetite. Leptin also inhibits the activity of orexigenic neurons. The over-
all result is that feeding reduces and energy expenditure goes up [21]. Adipose tis-
sue also expresses the leptin receptor. Stimulation of these receptors results in 
breakdown of lipids and decreased lipid formation [26]. Moreover, in addition to its 
role in energy balance, leptin acts on the reproductive and immune systems and 
affects bone metabolism [27–29]. It has been postulated by some experts that leptin 
in breast milk is involved in programming the metabolism into childhood and even 
adulthood, by virtue of its leading the infant to feel quickly satiated [22, 27]. 
According to Schuster, leptin is present at a raised level in human milk for the first 
month post-partum. If maternal BMI is within the average range, there is a correla-
tion between breast milk leptin, circulating leptin levels, the degree of fat laid down 
and BMI. The circulating leptin titre is higher in breastfeeding mothers than in those 
whose infants were bottle-fed (1.16 ± 0.99 vs 0.68 ± 1.11 ng/mL, respectively), 
although why this should be so is unknown. It is theorised that leptin in breast milk 
enters the bloodstream of the infant [27]. In any case, data clearly demonstrate that 
leptin in breast milk plays a key role in the infant feeling satiated. The role of leptin 
in this respect is of special concern in developed countries, where obesity has 
already reached epidemic proportions [30, 31].

Leptin is expressed by a variety of organs, namely adipose tissue, stomach, pla-
centa and breast [31, 32]. The discovery of this hormone fills in many gaps in the 
current understanding of how appetite is regulated in the longer term. It is notable, 
however, that in the majority of patients suffering from obesity, there is still a high 
level of leptin, and administration of extraneous leptin does not affect appetite [33, 
34]. This is also the case when lean individuals are treated in this way [35, 36]. 
There are, however, some reports suggesting that extraneous leptin is of value in 
treating obesity [37, 38]. Bado et al. found that leptin was expressed in murine gas-
tric mucosae and was readily absorbed into circulation when cholecystokinin was 
present, making the animals stop eating [39]. Another study revealed that leptin 
could produce both endocrine and exocrine effects when the contents of the stom-
ach were mixed into the circulation [32, 40]. Nonetheless, it has subsequently been 
demonstrated that leptin entering the bloodstream via the gastric wall is less effec-
tive than endogenous leptin expressed by adipose tissue [41]. Leptin is principally 
released by the stomach in response to the presence of a food bolus [42]. Two dif-
ferent studies, both dating from 1997, have demonstrated that human milk contains 
leptin. Not only was leptin synthesised in the mammary gland itself, but it also 
passed from maternal bloodstream into breast milk. At present, it is still unknown 
which of these two sources of the hormone is the major one [43]. The perinatal 
period, including the weeks leading up to delivery, plays a key role in how metabo-
lism is programmed in later life. Malnutrition at this stage predisposes to activation 
of certain metabolic switches. Likewise, if the mother is overweight or obese, this 
also alters the metabolic programming, predisposing the infant to obesity and its 
metabolic complications as he or she grows into adulthood [44, 45]. It has been 
shown that breastfeeding encourages much more favourable metabolic program-
ming as compared to bottle-feeding.
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3  Adiponectin

The expression of adiponectin is regulated at the gene expression level by factors 
including IGF-1. It has a regulatory function in metabolism [46, 47]. This molecule 
both stimulates beta oxidation of lipids by skeletal muscle and inhibits the release 
of glucose by the liver. Adiponectin regulates plasma levels of various metabolic 
substrates, in particular the aliphatic acids. It has also been shown to influence 
appetite- related behaviour [47, 48]. One study found that premature infants 
expressed lower levels of the hormone than those born at full term [49]. It is also 
present in breast milk and can traverse the intestinal wall to enter the bloodstream, 
where it has a direct effect on infantile metabolism [50–52]. The level of adiponec-
tin is inversely correlated to specific anthropometric measurements of the neonate 
and young infant [48, 53–56]. Nonetheless, breast milk contains falling levels of 
adiponectin over the course of lactation. It has been hypothesised that breastfed 
individuals are less prone to obesity in adult life due to the presence of adiponectin 
in breast milk. During the early stages of weaning, adiponectin has an important 
role in ensuring catabolism occurs [57, 58].

4  Insulin

Insulin is a hormone playing a vital role in the handling of carbohydrates by the 
body. Its main effects are anabolic. The release of insulin is rapidly stimulated by 
food intake. The level of insulin released corresponds to the fat mass of the indi-
vidual. Insulin, therefore, plays a central role in how glucose is metabolised by 
promoting cellular uptake of glucose and stimulating glycogenesis [59, 60].

Insulin acts on the hypothalamus to reduce appetite (i.e. it is anorexigenic), and 
it also participates in processes related to satiety. When insulin is bound by its recep-
tor, a cascade of pathways is activated and the FOXP-1 protein (Forkhead box pro-
tein 1), a transcription factor, enters its phosphorylated form. Insulin also influences 
neurotransmitter release. POMC expression is increased, whereas agouti-related 
peptide levels fall. This hormone also has major effects during pregnancy. Pregnant 
mothers may exhibit raised plasma glucose, elevated insulin levels and insulin resis-
tance, but these metabolic abnormalities usually revert to normal 5 days after deliv-
ery if the mother is otherwise healthy [60, 61]. In the presence of maternal diabetes 
mellitus or obesity, the hyperglycaemia does not spontaneously remit and the level 
of insulin also remains outside the normal range. These endocrine alterations can 
also affect the foetus adversely, resulting in low birthweight, and the mother may 
express less milk post-partum [62]. Jovanovic-Peterson was the first to identify 
insulin within breast milk, approximately 20 years ago, but how the presence of this 
hormone in human milk affects the neonate is still not fully understood [62]. 
Nonetheless, there is evidence from a number of studies that insulin in human milk 
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affects the health and functional development of the infant [60, 61]. A study using a 
rodent model discovered a potential role for insulin in milk in guiding the develop-
ment of the intestinal epithelium and regulating amylase synthesis by the pancreas 
at the stage when the rat was weaned [63]. The concentration of insulin in breast 
milk is correlated to the maternal circulating level of this hormone [63]. Mothers 
with obesity were noted to have a plasma insulin concentration sevenfold that of 
their healthy peers at 6  months after delivery [64]. It has been noted by some 
researchers that breast milk insulin levels do not correlate with maternal body mass 
index. High breast milk insulin levels may be harmful to the breastfed infant. Indeed, 
Whitmore’s 2012 study found that a raised insulin level had potentially adverse 
effects on infantile body composition during the first months of life [60].

5  Ghrelin

Greenberg was the first to demonstrate that ghrelin is secreted by the breast [65, 66]. 
This hormone enters the central nervous system from the circulation by traversing 
the blood-brain barrier. It then acts on the arcuate nucleus, where it stimulates NPY 
and AgRP secretion, which activates a rise in the levels of orexin A and B. Ghrelin 
release is stimulated by feeding and has a wide range of actions, including how 
glucose is handled by the body, energy balance, the motility of the gut, release of 
stomach acid, circulatory functioning and immune activity [56]. Ghrelin is a com-
petitive antagonist to leptin at receptors on the tenth cranial nerve. It stimulates the 
neurons of the tractus solitarius and increases dorsomotor activity, thereby stimulat-
ing increased stomach acid release [21]. Circulating ghrelin levels correlate to 
maternal age, height and weight, as well as infantile length and weight. Research 
has shown that ghrelin levels rise over the course of lactation, being highest in 
mature milk [55]. Bottle-fed infants have a more elevated circulating level of ghre-
lin and weigh more than infants who are breastfed [56]; however, the precise mech-
anisms of action are still not known and need to be investigated.

6  Obestatin

Obestatin produces the opposite action to ghrelin. This hormone facilitates cellular 
uptake of glucose, regardless of whether insulin is present or not. This is believed to 
occur by the hormone prompting translocation of the GLUT4 transporter protein. 
This probably occurs through a signalling process, since inhibition of the signals 
prevents glucose from being taken up into the cell in the presence of obestatin [67, 
68]. This molecule is also present in breast milk, although, according to Aydın et al. 
(2008), the level is higher in colostrum than in mature milk [69].
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7  Resistin

Amongst several other actions, resistin also increases appetite, particularly if body 
mass is low or metabolism is perturbed in some way. The mechanism appears 
closely linked to the expressed levels of a number of neuropeptides, in particular 
NPY and AMPK [17]. There is a strong association of resistin with being obese, 
insensitive to insulin and acquiring diabetes mellitus [70]. The peak circulating 
level of resistin in the infant occurs in the initial three post-partum days, declining 
thereafter [71]. It has been observed that breast milk contains resistin, but the level 
gradually declines over the course of breastfeeding. In any case, there is only a very 
weak correlation between circulating resistin levels in the infant and breast milk 
concentrations [72].

8  PPARγ

PPARγ (peroxisome proliferator-activated receptor-gamma), together with the asso-
ciated co-activator, form a myokine, the release of which is under the control of 
PGC-1α. This complex regulates oxygen intake, mitochondrial synthetic activity 
and expression of UCP1 (uncoupling protein 1), the net effect of which is to regulate 
heat production and energy use by the mitochondria. Exactly what role PPARγ 
plays in foetal growth and development is not fully understood, but one major role 
is to stimulate adipose tissue deposition in utero [73]. The peak level of PPARγ 
occurs within the initial month post-partum [74, 75].

9  Copeptin

Copeptin appears to have numerous roles, involving both acid-base balance and act-
ing as a growth factor [76, 77]. Dobsa and Cullen [78] report that copeptin has an 
indirect effect on the excretion of water and thus the circulatory system, as well as 
muscular contraction occurring during labour and breastfeeding [78]. There is an 
association of circulating copeptin level with obesity, and thus this molecule may 
also exert indirect effects on feeding behaviour [77]. The connection is likely to 
occur through the association of raised arginine vasopressin with higher levels of 
cortisol. This then leads to increased adipose deposition, especially in the area of the 
trunk, provoked by the orexigenic effects of cortisol [79]. Circulating copeptin con-
centration is independent of both glucose and insulin levels in patients with type 2 
diabetes mellitus [43, 80]. Aydın et al. discovered in 2013 [74] that the concentra-
tion of copeptin in breast milk rose alongside the plasma level and showed an 
increasing trend over the course of breastfeeding [74].

Ö. N. Şahin et al.



179

10  Apelin

High levels of both insulin and apelin have been reported in obese patients. Apelin 
levels are dysregulated in obese individuals and it has been proposed that if insulin 
rises, so must apelin [81]. Research has revealed that there is a correlation between 
obesity and apelin, but no research so far has addressed how apelin levels relate to 
food intake [82]. Given this association of apelin with obesity, it seems reasonable 
to hypothesise that this hormone has effects on both metabolism and the circulatory 
system. Further research is called for, however, before the relationship can be fully 
understood [83]. Habata was the first to discover apelin in mammalian colostrum (in 
mice) in 1990, and it was identified in breast milk in 2010 [84]. The level of apelin 
in milk increases over the course of breastfeeding, being highest in mature milk. 
The fact that the hormone is present in breast milk and that it has an altered level in 
cases of obesity probably confirms its role in promoting neonatal gain weight.

11  Nesfatin

Dong (2014) demonstrated an association of raised hypothalamic levels of nesfatin-
 1 with lower food intake because of earlier satiety. Weight loss was also observed as 
adipose mass had also decreased. Aydın et  al. were the first to examine nesfatin 
levels in breast milk [85], concluding that mature milk has a higher concentration of 
this hormone than colostrum. Mothers suffering from gestational diabetes but oth-
erwise healthy expressed a lower level of nesfatin than healthy controls. This 
decreased level meant the mothers with gestational diabetes had a larger appetite 
than usual and anorexigenic mechanisms were impaired. There may be similar 
effects on the foetus or infant, too [85].

12  Glucagon-like Peptide (GLP-1)

GLP-1 is transcribed from the pro-glucagon gene. Its effect is anorexigenic [86]. 
GLP-1 has a brief half-life (around 2 min) since it is degraded by dipeptidases. The 
levels of carbohydrates, lipids and protein influence the secretion of GLP-1 [87]. 
The principal role of this hormone is glucose homeostasis, in addition to stimulating 
the release of insulin (i.e. insulinotropic). Where GLP-1 is present, the pancreatic 
alpha and beta cells become more sensitive to glucose levels. The insulinotropic 
effect occurs only when there is hyperglycaemia [88]. Glucagon mainly serves to 
signal satiety.
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13  Insulin-like Growth Factor-1 (IGF-1)

The way serum IGF-1 level and body composition are interrelated may differ 
between adults and children. Whilst some research has been able to demonstrate 
that IGF-1 levels are inversely related to the degree of body fat, when children were 
examined, IGF-1 levels and BMI were directly linked [39, 89]. There is a slow rise 
in IGF-1 concentration in breast milk over the course of lactation. Since neonates 
have deficient levels of growth factors, it has been suggested that growth factors 
might be absorbed from breast milk to remedy this deficit [53]. Indeed, IGF-1 does 
appear to undergo active uptake from breast milk and can enter circulation. 
Accordingly, breastfed infants have higher circulating levels of IGF-1 than bottle- 
fed infants. A putative action of IGF-1 is weight gain. According to Ohkawa et al., 
obesity in adults may be caused by elevated IGF-1 levels [78]. There have been calls 
for more studies addressing the relationship between the level of IGF-1 in breast 
milk and how the infant develops [50, 90].

14  Cortisol

Breast milk performs an essential physiological role by carrying bioactive mole-
cules of maternal origin to the developing infant. Cortisol is one such bioactive 
molecule. This transfer allows the regulation of infant growth and the expression of 
particular phenotypes [91]. Cortisol carries out multiple physiological functions 
related to metabolism, immunity and the development of the nervous system. It 
plays an important role in regulating levels of glucose and lipids in the circulation 
to match energy requirements [92]. Cortisol also activates the conversion of the 
inactive hormone, cortisone, to bioactive cortisol through the action of 11-beta 
hydroxysteroid dehydrogenase [93]. Cortisol also appears in breast milk when the 
mother is well-nourished. Cortisol in breast milk correlates with having a normal 
birthweight and gaining weight in the neonate [94]. According to a study by Van der 
Voon (2016), the level of glucocorticoids expressed in breast milk was higher if the 
child had been born at term than if born prematurely [95].

15  IL-6

IL-6 is a cytokine that has a pleiotropic effect. It acts on inflammatory processes, 
immune response and haemopoiesis. Adipose tissue accounts for 15–35% of the 
expression of this cytokine [96]. In humans, this molecule is a protein formed of 212 
amino acid residues with a signalling peptide composed of 28 residues. The IL-6 
gene is located on Chromosome 7. IL-6 is generated at the site of inflammation and 
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transported via the bloodstream to the liver, where it triggers the expression of 
C-reactive protein, serum amyloid A (SAA), haptoglobin, alpha-1- antichymotrypsin 
and fibrinogen [97]. IL-6 simultaneously raises the levels of cytokines but inhibits 
the synthesis of transferrin, albumin and fibronectin. A-type amyloidosis occurs due 
to the accumulation of SAA in particular tissues [98]. Although the pro- inflammatory 
role is what IL-6 is best known for, paradoxically it also participates in the suppres-
sion of inflammation and in regeneration [99]. Notably, IL-6 expression is higher in 
cases of obesity than in healthy controls [100]. Whilst it is not yet proven whether 
an elevated level of IL-6 expression exerts a damaging or a protective effect in obe-
sity, it has been established that insulin insensitivity and inflammation do increase 
through the upgraded expression of SOCS3 (suppressor of cytokine signalling 3) 
[101]. IL-6 stimulates a pro-inflammatory response by binding to soluble IL-6Rα in 
the circulation, which then interacts with glycoprotein-130 on the cell’s outer mem-
brane, so-called ‘trans-signalling’. It performs its anti- inflammatory role through 
the classic signalling mechanism activated when IL-6 interacts with membrane-
bound IL-6Rα and glycoprotein-130 [102]. Inflammation, as indicated by infiltra-
tion of macrophages into white adipose tissue, was less active in a murine model 
involving feeding the animals high fat whilst selectively blocking the actions of 
IL-6 on fat tissue [103]. Il-6 stimulates osteoclasts, cells implicated in osteoporosis 
and in physiological osseous resorption. Furthermore, it acts on RANKL (receptor 
activator of nuclear factor kappa-Β ligand) [104]. By stimulating a higher level of 
VEGF (vascular endothelial growth factor) secretion, IL-6 causes the formation of 
new blood vessels and increases endothelium permeability. This effect is seen in the 
synovium in cases of rheumatoid arthritis and is part of the pathophysiological 
mechanisms of the disease [105].

IL-6 has a molecular mass of 28 kDa and is a glycoprotein. It contains four heli-
cal structures. The molecular region interacting with the receptor is denoted as Zone 
1. Three binding sites have been identified on the molecule. The human herpesvirus 
6 (HHV-6) also synthesises an IL-6, which has an identical sequence to the human 
type in regions 2 and 3. The IL-6R molecule is soluble in circulating blood and can 
perform a regulatory role in inflammation, in common with other soluble receptors, 
which may act agonistically or antagonistically in cytokine signalling events. The 
antagonistic function depends on the inhibition of IL-1α and TNF-α. The soluble 
IL-6 receptor amplifies the signal produced by IL-6. There are, in fact, only certain 
cell populations that express a membrane-bound IL-6 receptor, specifically macro-
phages, neutrophils, some types of T-lymphocytes and hepatocytes.

A number of researchers have reported that IL-6 has metabolic effects. For 
example, there is a significant release of IL-6 from muscles during exercise [106, 
107]. In a different study, there was a connection between body fat mass of obese 
individuals and IL-6 levels released by adipose tissue [108]. Obesity is thus classi-
fied as a condition involving a persistent low level of inflammation. One study 
reported that homozygous IL-6 knockout mice were obese at an advanced age, but 
this finding has not been replicated elsewhere [109]. Another study noted that 
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homozygous IL-6 knockout mice demonstrated both insulin resistance and glucose 
intolerance [110].It is noteworthy that the mice involved had a form of hepatitis that 
was dampened by inhibiting TNF-α, a finding which suggests a direct connection 
between the activity of IL-6 and TNF-α. In patients receiving tocilizumab, which 
neutralises the IL-6 receptor, there was around a 4 kg increase in body mass (i.e. 7% 
change) and severe hypertriglyceridaemia, accompanied by hypercholesterolaemia. 
These findings led to the hypothesis that IL-6 was somehow implicated in metabolic 
disorders in humans. In studies involving transgenic mice which overexpress IL-6 
and IL-6R, the transgenic animals were smaller than the non- transgenic mice and 
their adipose tissue mass was lower, an effect mediated through the signalling path-
way. In mice that lack IL-6, the IL6 receptor is still expressed by hepatocytes. IL-6 
is believed to moderate the sensitivity of the liver to insulin and control glucose 
tolerance, both effects being mediated via the classical IL-6 signalling pathway. 
When IL-6 is present at a high concentration, lipolysis occurs and fatty acids are 
oxidised. IL-6Rα mediates lipolysis by releasing fatty acids stored around the vis-
cera. Nonetheless, this mobilisation of fatty acids may cause the liver and heart to 
accumulate adipose tissue and may result in insulin insensitivity.

16  Other Cytokines

There has been research examining the level of cytokines present in breast milk. 
Measurements were undertaken in breast milk samples from 15 mothers at 1, 4, 8 
and 12 weeks post-partum. The cytokines measured were monocyte chemoattrac-
tant protein, epithelial neutrophil-activating factor-78, hepatocyte growth factor and 
insulin-like growth factor binding protein-1. There has also been the study of inter-
leukins 6 and 8, colony stimulating factor-1, osteoclastogenesis inhibitory factor 
and metalloproteinase tissue inhibiting factor-2 amongst others. It was noted that 
these cytokines demonstrated a time-related decline in expression. Cytokines are 
responsible for producing inflammatory and neoplastic alterations within the breast 
and thus they have been proposed as potential biomarkers for disease [80]. However, 
research indicates that cytokine levels in breast milk do not increase with time, and 
there appears to be no correlation between parity and the levels of cytokines. The 
short-term expression of particular cytokines during breastfeeding may influence 
changes in the breast. Whilst animal models have been extensively and successfully 
employed to inform knowledge about cytokine levels in the mammary gland during 
the process after delivery, as well as during neoplastic changes, there is a lack of 
agreement on how to interpret breast milk cytokine levels due to considerable het-
erogeneity in study methods employed. These reports mainly study the potential 
effects of cytokines on an infant’s health, as well as the functions of cytokines impli-
cated in mastitis.
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Autocrine rather than endocrine signalling appears to be the dominant mode at 
an early stage of lactation. In this initial phase, milk production is governed by how 
much milk is already being discharged and how frequently the infant tugs on the 
breast. Given their established role in secretion and signalling, cytokine levels have 
been suspected to be linked to how quickly milk is produced.

However, whilst there are several studies that have found an association between 
IL-6 and IL-8 expression and neoplasia of the mammary gland, involution or inflam-
mation, only one study so far has addressed the relationship between pregnancy and 
the levels of cytokines in breast milk.

17  Tumour Necrosis Factor-Alpha (TNF-α)

TNF-α was named after its ability to cause necrosis in tumours. However, it is 
widely expressed, for example, by macrophages and adipose tissue. This molecule 
reduces the uptake of glucose in response to insulin and inhibits the actions of lipo-
protein lipase. It contributes to normal development and functioning of the immune 
system in infants. TNF-α is secreted into breast milk by macrophages and the epi-
thelium of the breast. The contribution of TNF-α to maturation of infant immunity 
is essential. The immunoprotectivity of breast milk stems from its containing few 
inflammatory mediators and producing a general effect of suppressing inflammation 
[109]. Rudloff was the first to report on the level of TNF-α in breast milk one and 
2 days after delivery [89]. In the initial 2 days of breastfeeding, infants are exposed 
to 60 ng of TNF-α. The levels of this factor have been compared in colostrum and 
mature milk by Meki [110]. Colostrum was found to contain 402.8 ± 29.7 pg/mL, 
whereas mature milk contained 178.3  ±  14.4  pg/mL.  However, studies of how 
TNF-α levels correlate to the health of the infant have been very infrequent. One 
finding of significance, however, is that TNF-α levels and lean mass are negatively 
correlated at 1 month of age [19].
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Epigenetic Causes of Obesity

Özlem Naciye Şahin, Samim Ozen, and Despina D. Briana

1  Introduction

Obesity is a multifactorial disorder in which genetics, epigenetics and the environ-
ment all act and interact with each other. Through a number of investigative tech-
niques, including linkage analysis, genome-wide association studies and large-scale 
sequencing of either the entire genome or the exon-containing component, a large 
number of genes have been implicated in the processes predisposing to severe obe-
sity [1, 2]. At present, the number of locations on the genome with established 
associations with obesity exceeds 200 [3, 4]. Nonetheless, genetic variability is 
insufficient to account for the patterns of inheritance observed in obese individuals, 
and clustering in families also indicates epigenetic factors. Epigenetic modifications 
are also caused by changes in the environment, such as overfeeding [5, 6], and a 
proportion of epigenetic alterations appear irreversible.

Epigenetic modifications are mechanisms for altering the expression of particu-
lar genes that do not result in alteration of the sequence of bases in DNA, but do 
persist through both mitotic and meiotic cell divisions [6]. Epigenetic alterations 
may be accomplished by methylation of DNA sequences, by the action of miRNA 
transcripts not destined for translation and through changes to histones. They are 
crucial in understanding differences between individuals and are potential 
candidates for explaining various complex phenotypes, including obesity. In 
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population studies, DNA methylation is the most commonly used investigative tech-
nique, mainly because the modifications are somewhat stable and can be readily 
assessed by high-throughput assays. The usual way methylation occurs is by the 
addition of a methyl residue at the 5′ position on a cytosine bound via a phosphate 
group to a guanine, i.e. on a CpG dinucleotide [6]. CpG methylations have been 
confirmed to influence cell differentiation and fate in mammalian species. DNA 
methyltransferase enzymes (DNMTs) largely preserve the methylation of specific 
DNA regions that originally occurred at specific stages of development [6]. A 
molecular cellular mechanism should mediate the ability of phenotypes to be shaped 
by changes in the environment. The epigenome is thus capable of being modified in 
utero, during the neonatal period, at puberty and as the individual grows older. If 
epigenetic modifications in particular DNA regions already exist prior to gastrula-
tion, specific cell lineages exhibit differences between otherwise genetically identi-
cal individuals. These changes are designated metastable epialleles. Such epialleles 
are believed to be especially sensitive to environmental changes[7, 8]. There may be 
also epigenetic modifications at other points in the genome, resulting from interac-
tion with the environment. This type of epigenetic changes, however, are specific to 
a particular tissue and only happen in adulthood [9, 10].

MicroRNAs (miRNAs) are short sequences of RNA that do not code for a prod-
uct. They are between 21 and 25 nucleotides in length. miRNAs play a vital role as 
modulators of genetic expression at the post-transcriptional level. Through attach-
ment to cis-elements in the 3′ untranslated region of messenger RNAs, miRNAs 
render the mRNAs less stable and they are unable to be translated into protein [11, 
12]. The majority of miRNAs have the capability of targeting multiple mRNAs. In 
addition, a single mRNA may become the target of several different miRNAs [13].

This chapter discusses the principal epigenetic modifications of the genome 
achieved through DNA methylation and the miRNA expression profiles observed in 
obese individuals. Generally, the results of human studies will be compared along-
side experiments in animal models.

2  How DNA Methylation Occurring In Utero 
and in the Neonatal Period Affects Obesity

There is a range of epidemiological evidence supporting the notion that in utero 
events contribute to the development of diseases in adulthood. The risk of becoming 
obese and developing metabolic problems is increased where a foetus has been both 
under- and over-nourished as a result of maternal diet during pregnancy [14, 15]. 
There are two especially well-documented examples of this phenomenon, viz the 
Hunger Winter of 1944–1945 in the Netherlands [16] and the 1959–1961 famine in 
China [17], both of which showed that foetal exposure to under-nutrition increased 
the likelihood of types 2 diabetes and cardiovascular disease in later life. The fact 
that this effect occurs through epigenetic modifications in early life is suggested by 
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various findings. The IGF2 gene was less subject to DNA methylation in cells 
derived from peripheral blood taken from individuals born during the Hunger 
Winter when compared with their siblings of the same sex born earlier. This associa-
tion was especially strong for the time around which conception must have occurred; 
thus, epigenetic modifications may occur even at the very earliest stages of develop-
ment [15].

Although genetic factors significantly affect the risk of a person becoming obese, 
there is still a major part of the risk that is attributable to the environment and to how 
genes interact with it. Epigenetics help to explain why the number of obese indi-
viduals has expanded so rapidly despite the relative stability of the human genome. 
Organisms other than unicellular ones carry the same genome throughout their dif-
ferent tissues, yet the genes expressed vary between cell populations. Epigenetics 
induce alterations in the phenotype which may be inherited yet do not involve any 
alteration in the DNA bases [18]. Epigenetic changes may be conceptualised as 
involving different ways to pack the cellular DNA, meaning that some genes are 
accessible for expression, whereas others remain quiescent. The environment, 
including nutrition and the microbiome, may induce epigenetic alterations in the 
germ cells of the parents, the foetal cells or those of an infant, resulting in a different 
epigenetic programme being followed. Some changes can also occur later in 
life [19].

3  Mechanisms for Epigenetic Alterations

The following processes are now known to operate to produce epigenetic changes: 
methylation of DNA, alteration of histones and miRNA-mediated post- transcriptional 
modifications. These epigenetic changes can be inherited in somatic cells by mitotic 
division or passed down through meiotic divisions.

4  Methylation of DNA

The enzymes that catalyse the transfer of a methyl group to a CpG site (see earlier 
for definition) are the DNA methyltransferases. CpG sites commonly occur in 
regions of the gene acting as promoters. When a methyl group is attached, transcrip-
tion factors cannot easily attach to the target sequence due to conformational change 
in the DNA helix. Thus, the gene’s expression is hindered. Accordingly, a signifi-
cant degree of methylation effectively prevents the expression of the gene, whereas 
in the absence of methylation, transcription will usually occur [18]. A number of 
processes appear to be under epigenetic control via methylation, in particular excess 
weight gain, orexigenesis, energy balance, insulin signalling, immune function, 
inflammatory responses, growth and timing of physiological events by circadian 
rhythm [19]. One study used genome-wide analysis to evaluate the methylation 
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status in CpG sites in 479 adult volunteers, all of European origin. It was found that 
the HIF3A gene (hypoxia-inducible factor 3α) was hypermethylated in blood and 
fat cells [20]. Since hypoxic responses are implicated in obese patients, there are 
grounds to hypothesise that alterations in HIF function occur in obesity and its com-
plications, including metabolic complications [21]. Leptin (LEP) and POMC genes 
also contain abundant CpG sequences, which make them liable to epigenetic modi-
fications via methylation. Both genes are highly significant in regulating body mass. 
Lesseur et al. evaluated the level of methylation of the leptin gene in blood cells 
taken from mothers, the placenta and the umbilical cord. In cases mothers had been 
obese prior to conception, their blood cells were hypermethylated. Maternal tobacco 
use prior to conception and low birth weight were associated with hypermethylated 
cord blood cells. Furthermore, hypermethylation of the maternal LEP gene strongly 
correlated with hypermethylation of this gene in neonatal blood [22]. Likewise, the 
leptin gene was highly methylated in males born to mothers who went through the 
Netherlands Hunger Winter, when compared with brothers who were not exposed to 
this situation [23]. Researchers investigating obesity and metabolic disorders have 
also examined a number of other genes, notably ADIPOQ (adiponectin), PGC1α 
(peroxisome proliferator-activated receptor coactivator 1α), IGF-2 (insulin-like 
growth factor 2), IRS-1 (insulin receptor substrate 1) and LY86 (lymphocyte anti-
gen 86) [18, 19]. The presence of epigenetic modifications as a biomarker for a 
chronic reduction in body mass (or its reversal) has also been investigated. Crujeiras 
et al. evaluated 18 adult males who lost at least 5% of their body mass following a 
special diet lasting 8 weeks. Men who were able to keep the weight off were those 
who had a more highly methylated POMC and a less methylated NPY gene region 
prior to the intervention [24]. There is currently research underway looking at 
whether the methylation status of the POMC region can identify those at risk of 
metabolic syndrome at an early stage [25]. The investigation of DNA methylation is 
still ongoing in humans and animal models and is beginning to elucidate the interac-
tions between genes and the environment.

5  Modification of Histones

5.1  miRNA

DNA within the cell is wrapped around specific proteins, known as histones. These 
proteins contain a globular and tail domain, the latter found at the N-terminal end. 
The tail region of histones has a high pH and sticks out from the nucleosome. Thus, 
it is accessible to modification by the addition of a methyl, acetyl, ubiquitin or phos-
phoryl moiety. If these modifications occur, the DNA becomes exposed, meaning its 
genes can be expressed, repaired, copied or used in recombination [26]. The epigen-
etic regulation of adipose tissue formation and thus obesity occurs through modifi-
cation of the scaffolding histones. There are five genes, in particular, where 
histone-level modifications play a key role in regulating their behaviour during 
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adipogenesis, namely pre-adipocyte factor-1 (Pref-1), CCAAT-enhancer-binding 
protein β (C/EBP β), C/EBPα, PPARγ and adipocyte protein 2 (aP2) [27]. A group 
of enzymes termed HDACs (histone deacetylases) play a crucial role in regulating 
gene expression in stressful situations. One study used an animal model and exam-
ined chromatin structure in two situations: a high fat or a normal diet. The hepato-
cytes of those animals with a high fat intake had chromatin that had been reshaped 
through the activity of HDAC, the changes then producing differential expression of 
the liver transcription factors HNFα, CCAAT/enhancer binding protein α (CEBP/α) 
and FOXA1 [28]. This study also noted that the histone modification remained even 
after the high fat diet was stopped, at least in one species under study. A different 
species, however, underwent histone remodelling that reverted later. These altera-
tions in the reversibility of histone modification were attributed to genetic differ-
ences between species [29]. The levels of HDAC in the hypothalamus have also 
been noted to vary between fasting and fed states and in cases a fat-rich diet led to 
obesity [30].

MicroRNAs, as described earlier, are RNA sequences of no longer than 25 nucle-
otides in length which do not encode a gene product. Instead, they perform an epi-
genetic role by preventing genes from being expressed or by changing synthetic 
events after mRNA has been transcribed [31]. It has been proven that miRNAs 
feature in numerous physiological and pathophysiological mechanisms, one of 
which is the division and maturation of adipocytes. They are also implicated in 
insulin insensitivity and the chronic mild inflammatory response that accompanies 
obesity [32]. A study noted that paediatric patients who were obese had a significant 
association between their body mass and the levels of specific miRNAs, in particu-
lar miR-486-5p, miR-486-3p, miR-142-3p, miR-130 b and miR-423-5p. When 
weight was gained or lost, 10 miRNAs altered in level [18]. Zhao et al. were able to 
associate miRNA expression with an increase in body mass and noted that eight 
specific miRNAs, if raised, led to a three times increase in the likelihood of obesity 
[19]. The expression of miRNAs in exosomes produced by fat cells has also been 
noted to change when loss of body mass and raised sensitivity to insulin were 
achieved following gastric bypass surgery [20]. Thus, evidence accumulating from 
a wide variety of different investigations points to the fact that miRNAs are signifi-
cant factors in obesity and obesity-associated metabolic alterations. There is poten-
tial for miRNAs to be employed as useful biomarkers or even as drug targets in 
the future.

6  Epigenetic Modifications Triggered In Utero 
and in Early Development

The conditions pertaining to in utero are vitally important in foetal development. 
The intrauterine environment may induce epigenetic changes with long-term conse-
quences for the child’s metabolism. There is valuable evidence for this phenomenon 
from epidemiological data gathered on two populations, both subjected to severe 
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under-nutrition at the same period in history (the 1940s), but whose later nourish-
ment differed considerably. The two populations in question are those children born 
following the Hunger Winter in the Netherlands, whose nutrition reverted to a satis-
factory level afterwards [21], and the children born during the siege of Leningrad 
[22, 23]. In the latter case, under-nutrition persisted for a long time after the siege. 
The children in the Dutch cohort had a lower degree of DNA methylation in the 
region of the IGF2 gene than their siblings of the same gender who were not under-
nourished in utero. Furthermore, these individuals also suffered from greater sus-
ceptibility to metabolic disorders than the survivors of the Leningrad siege. The 
findings support the notion that intrauterine events programme the metabolism 
through epigenetic modifications. Further support for this hypothesis comes from 
animal models of metabolism. In a murine model, the offspring of nutrition-depleted 
mothers, which were then fed a fat-rich diet, developed circulatory and metabolic 
disorders [24]. However, it is not just foetal under-nutrition that increases the risk of 
future obesity. This also applies to situations where the mother suffers from obesity 
and related metabolic disorders. Furthermore, it appears that transgenerational 
transmission of obesogenic programming is possible, which raises the disturbing 
possibility that the cycle of obesity and metabolic disorders may remain unbroken 
between generations [25].

7  Obesogens—Endocrine Disrupting Chemicals (EDCs)

Whilst considering epigenetic modifications, the part played by the so-called ‘obe-
sogens’, i.e. chemicals capable of interfering with endocrine signalling, should be 
considered. These EDCs play a putative role in the cellular biology of adipocytes, 
endocrine signalling and the homeostatic regulation of body mass. There is evi-
dence from epidemiological research to suggest that maternal exposure to EDCs is 
linked to a predisposition to become obese and develop metabolic disorders in later 
life. This effect is potentially due to epigenetic modifications. In animal studies, 
maternal exposure to polycyclic aromatic hydrocarbons whilst pregnant leads to 
increased body and adipose tissue mass in the offspring, in addition to raised levels 
of PPARγ, C/EBPα, Cox2, FAS and adiponectin. The PPARγ region was also rela-
tively demethylated. These epigenetic modifications were also observed in the sec-
ond generation [26, 27]. A study that examined the whole genome for epigenetic 
modifications found that female adult mice which were exposed at the time of birth 
to bisphenol A (at a dose that causes physiological effects in humans) had a different 
pattern from unexposed mice in terms of methylation in genes responsible for 
metabolism. A specific metabolic phenotype has been linked to the degree of meth-
ylation of DNA for the following genes: Janus kinase-2 (Jak-2), retinoid X receptor 
(Rxr), regulatory factor x-associated protein (Rfxap), and transmembrane protein 
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238 (Tmem 238). Whilst a detailed overview of how EDCs are implicated in obesity 
and the evidence from human and animal studies is beyond the aims of this chapter, 
there do appear to be compelling reasons for linking EDC exposure to obesity in 
childhood and the development of metabolic complications [29, 33].

8  Conclusion

Obesity is a disorder that is both highly complex and can present differently in dif-
ferent patients. This heterogeneity is partly caused by epigenetic factors. Obesity 
can develop in childhood, adolescence or young adulthood due to interactions 
between genes and the environment. When caring for obese patients, it is necessary 
to take into consideration the genetic and epigenetic factors that underlie the disor-
der, as this helps illuminate possible options for treatment.

Knowledge about methylation in the genome and patterns of miRNA expression 
is in its infancy, and there is still an incomplete understanding of what the growing 
experimental data are telling us. At present, and especially in research using human 
subjects, the data regarding methylation or miRNA expression cannot pinpoint how 
exactly these changes influence gene expression. Thus, the exact ways genes are 
promoted in particular organs, the modifications to metabolic pathways and the 
influence on body mass remain a matter of conjecture. Deeper research using ani-
mals or biopsy samples from humans will be required.

It is already clear, however, that epigenetic modifications mostly originate in 
early development. To what extent epigenetic modification is susceptible to altera-
tion is not known. Research using a longitudinal design will be needed to clarify 
how far and how epigenetic changes may be undone. Future epigenetic studies may 
help to quantify risk for particular individuals and may allow more precise targeting 
of specific interventions. It is possible that such epigenetic studies may allow clus-
ters of miRNA or methylation patterns to be grouped into phenotypes of clinical 
significance. The effects of exercise on such phenotypical expression have already 
been noted in the literature. There may be benefits for individuals with particular 
phenotypes from particular diets, intermittent fasting or other treatments. However, 
before such benefits can be investigated, there is a need for the following to occur:

• Studies enrolling high numbers with extensive clinical details
• New methods that can pick up the entirety of epigenetic alterations
• Animal data to confirm the likely disease mechanisms in humans
• Assessment of the reversibility of specific epigenetic modifications
• Studies with long-term follow-up treatments
• Bioinformatics applications capable of summarising and analysing the wealth of 

data generated
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Gestational Diabetes and Variety 
in the Composition of Breast Milk

Özlem Naciye Şahin and Gian Carlo Di Renzo

1  Introduction

Diabetes commonly occurs in pregnant women and may cause a number of compli-
cations both for the mother and the child, including in the neonatal period. The 
effects that abnormal maternal metabolism may have on the newborn and infant in 
terms of nutrition supplied and effects on metabolic programming are important 
subjects for research since it is already known that individuals born to women with 
either gestational or pre-existing diabetes mellitus (DM) are at raised risk of devel-
oping type 2 diabetes eventually, albeit epidemiological data also demonstrate that 
being breastfed in infancy protects in the longer term against both becoming obese 
and suffering from type 2 DM. Since maternal and neonatal metabolic abnormali-
ties are so strongly associated, an understanding of how DM affects the composition 
of breast milk is especially valuable, particularly given the fact that breast milk is 
the medium through which protective benefit is conferred on neonates [1–3].

Milk is a biological fluid of dynamic composition, with features that make it 
unique to each species and to the mother from whom it comes. In humans, breast 
milk composition is under continuous change during lactation, stimulated by the 
requirements of the growing infant. This change is also the result of the way the 
breast matures in pregnancy, under control by the placenta. The American Academy 
of Pediatrics (AAP) states very clearly its view that ‘Breastfeeding and human milk 
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are the normative standards for infant feeding and nutrition’. Furthermore, accord-
ing to the AAP, even premature infants should receive mainly breast milk, albeit 
supplemented as required. The rationale behind recommending breast milk as the 
primary diet also involves recognition of the way breastfeeding offers both immedi-
ate and longer term benefits to mother and child [1–3].

One theory advocates the idea that nutritional signals received by the infant in 
the postpartum period alter the development of metabolism, causing irreversible 
changes in metabolic programming, which then raise or lower the risk of metabolic 
abnormalities. Evidence for this theory includes the observation that being breastfed 
can protect against both becoming obese and developing type 2 DM later in life. 
This protective effect occurs due to breast milk containing certain bioactive mole-
cules capable of modulating how the neonatal organ systems develop and grow [4–8].

These bioactive molecules in breast milk include hormones, antibodies, lyso-
zyme, lactoferrin, sugars, nucleotide growth factors and antioxidant enzymes. They 
play significant roles in immunity and control of metabolism and are believed to 
regulate how the infant grows and develops. Breast milk has a dynamic composi-
tion, with the precise constituents and their levels affected by various factors, 
including the gestational age at which delivery occurred, the mother’s diet and the 
extent to which the maternal metabolism is healthy or unhealthy [9–11].

Maternal DM may either pre-date the pregnancy (in the form of type 1, i.e. insu-
lin dependent, or type 2 DM) or may only develop once the woman is pregnant, in 
which case the term ‘gestational diabetes mellitus’ (GDM) is appropriate. The latter 
is a frequently occurring complication in pregnant women. In cases of GDM, the 
mother displays carbohydrate intolerance, which ranges in the degree of severity. 
The definition precludes pre-existing DM of either type. Being diabetic exposes the 
mother and child to various risks in both the short and the long term. The second 
phase of lactogenesis occurs late in diabetic mothers and breast milk composition is 
altered. There have been a number of studies investigating the composition of breast 
milk in an attempt to unravel the mechanisms by which breast milk protects the 
neonate and also exposes the child to the risk of future metabolic complications [12].

2 Gestational Diabetes

2.1  Energetic Value

There have been two studies that specifically noted the calorific value of breast milk 
in mothers with GDM. However, they obtained conflicting results. In one of the 
studies, the calorific value exceeded that of milk from healthy mothers throughout 
the course of lactation. However, the other study noted that mature milk samples 
from mothers with GDM had a lower than usual calorific value. In both investiga-
tions, the same analyser was employed (manufactured by Miris). The way the breast 
milk was gathered and stored did, however, differ between studies [13, 14].
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2.2  Protein Content

There have been three investigations into the amount of protein contained in the 
breast milk of diabetic versus healthy mothers. These studies all concluded that the 
protein level in colostrum did not differ depending on the presence of diabetes. 
However, there was some disagreement about the findings in transitional and mature 
milk samples. Whilst the study undertaken by Saphira et al. noted the levels did not 
differ significantly, Dritsaku et al. found the protein level was reduced in breast milk 
from mothers with diabetes [13–15].

2.3  Endocrinological Differences

The insulin content of both colostrum and mature breast milk has been investigated 
several times. According to Ley et al., whose method utilised an immunoassay with 
electrogenerated chemiluminescence, insulin is present at a higher concentration in 
early than mature breast milk. There was an association between certain maternal 
factors and a raised insulin level in mature milk. These factors included a raised 
BMI prior to conception, hyperglycaemia whilst pregnant, reduced sensitivity to 
insulin and a raised level of circulating adiponectin. There were no associations 
between these factors and insulin concentration in early milk. Two different investi-
gations utilised ELISA to calculate insulin levels in breast milk. Both studies com-
pared milk from women with gestational DM with milk from healthy mothers. 
Whilst Nunes et al. concluded that insulin levels were the same, whether in colos-
trum or in mature milk, Yu et al. noted that insulin was raised in both types in the 
samples from diabetic mothers, an effect that was particularly pronounced if the 
mother was being administered injectable insulin [16–18].

There is also disagreement on how GDM affects adiponectin levels in breast 
milk. Although two studies concluded that GDM made no difference to the adipo-
nectin concentration in breast milk, Yu et  al. noted that adiponectin levels were 
decreased in milk from mothers with GDM on days 3 (i.e. colostrum) and 90 (i.e. 
mature milk), but were normal on day 42 [16–18].

The data for ghrelin levels, however, are in agreement with each other. In milk 
from mothers with GDM, the ghrelin level is decreased in colostrum and mature 
milk, albeit it is present at a normal level in transitional milk [17, 19, 20].

When milk (colostrum and transitional) from mothers with GDM was investi-
gated in two different studies, the level of irisin was determined as decreased below 
normal. However, in mature breast milk, one study found a reduced level (Fatima 
et al.), whilst the other did not (Aydın et al.). Furthermore, in the latter study, a trend 
of increasing irisin was ascertained as milk matured from colostrum to mature via 
transitional, regardless of whether the mother’s glucose tolerance was normal or not 
[21, 22].
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Aydın et al. also evaluated a number of other bioactive molecules in milk that can 
fulfil an endocrine function. The subjects in this research were not receiving extra-
neous insulin, had an uncomplicated pregnancy and had delivered at full-term. In 
samples from mothers with GDM, the levels of apelin and nesfatin-1 were decreased 
compared to those from glucose normotolerant controls. Moreover, mature milk 
contained more of these compounds than colostrum [19]. Three molecules with 
endocrine activity involved in energy balance and diabetes are copeptin, adropin 
and irisin. The study revealed that colostrum contains a significantly greater level of 
copeptin than transitional milk, with mature milk having the greatest amount, 
regardless of the mother’s glucose tolerance status. By contrast, mature milk con-
tained the lowest levels of adropin, regardless of the mother’s glucose tolerance 
status, whilst transitional milk and colostrum both contain a higher level, but the 
transitional milk level is above that found in colostrum. The study also assessed the 
levels of several other bioactive compounds over the course of lactation, specifically 
preptin, salusin-α, salusin-β, pro-hepcidin and hepcidin-25. It was discovered that 
there were elevated levels of certain of these molecules in the samples from mothers 
with GDM: in colostrum, preptin, pro-hepcidin and hepcidin-25 were raised, the 
latter two molecules also being present at an increased concentration in transitional 
milk. However, colostrum from the mothers with GDM contained reduced levels of 
salusin-α and salusin-β. The analysis of SREBP1-c indicated that its concentration 
was very low in colostrum and unable to be detected in mature milk [19–23].

2.4  Proteins Involved in Immunity

The concentration of IgA in breast milk from subjects who were healthy or with 
GDM has been investigated in two different studies, one focusing on colostrum and 
the other on transitional milk [15, 24]. The colostrum did not differ in terms of IgA, 
but in transitional milk the total protein and the level of glycosylated protein were 
both discovered to be lower. Only the study undertaken by Smilowitz et al. evalu-
ated lactoferrin levels. It was noted that transitional milk contains an unusually high 
level of glycosylation in the samples from GDM mothers. These findings support 
the notion that maternal hyperglycaemia may have enduring consequences on the 
development of immune function in infants [24].

An analysis undertaken by Ustebay et al. focused on the levels of chemerin and 
dermcidin throughout the stages of lactation, noting that these were raised in the 
milk of mothers with GDM. The levels peaked in colostrum, whilst the lowest levels 
were in samples of mature milk [25].

One study assessed the concentrations of neutrophil gelatinase-associated lipo-
calin (NGAL), together with the complexed form containing matrix metalloprotein-
ase- 9 (MMP-9) in colostrum. In samples taken from mothers with diabetes, the 
complexed form was present in greater amounts than in breast milk from normal 
subjects [26].
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2.5  Proteomic Profile

Two studies generated a proteomic profile for breast milk from mothers with 
GDM. One study utilised high-performance liquid chromatography, whilst the other 
employed high-sensitivity, label-free, semi-quantitative mass spectrometry [27, 28]. 
Klein and colleagues examined the levels of 11 different free amino acids in breast 
milk samples (colostrum and mature milk) from both healthy and diabetic mothers. 
A trend of increasing levels of free amino acids was observed in both groups, whilst 
there was no significant difference between the groups in terms of any of the amino 
acids tested [27].

The study undertaken by Grapov et al. concentrated on colostrum alone. Some 
601 proteins were found to be present. For 260 of these proteins, quantification was 
carried out. By means of an orthogonal partial least-squares discriminant analysis, 
a group of 27 proteins was determined to have the highest predictive power for the 
presence of GDM. It was also ascertained that there was a statistically significant 
difference between the levels of 10 of these proteins in milk from healthy versus 
diabetic mothers. This analysis depended on use of the power law global error 
model, with correction for multiple testing. These findings reveal that maternal glu-
cose intolerance affects the levels of proteins found in colostrum, with knock-on 
effects on immune function and nutrition [28].

2.6  Sugars

Two studies have evaluated the total level of sugars in breast milk, comparing milk 
from healthy and diabetic mothers. These studies noted that the sugar content in 
colostrum and transitional milk did not differ significantly, although this was not the 
case in the mature milk samples. Whilst Saphira et al. found the saccharide content 
lower in the GDM samples, Dritsaku et  al. identified no systematic difference 
[13, 14].

A single study has examined lactose and glucose levels in breast milk in 
GDM. The samples involved were all of the colostrum. Whilst GDM was associated 
with decreased levels of lactose, the glucose level did not differ significantly 
between milk from healthy and diabetic mothers [15].

Only one study has evaluated the levels of oligosaccharides in transitional milk 
in women with GDM and the authors concluded that GDM does not significantly 
affect these levels [24].

2.7  Lipids

Three studies have measured the lipid levels in breast milk in cases of GDM, with 
results that somewhat contradicted each other. According to Kaushik et al. [15], in 
cases of maternal GDM, the lipid content in colostrum is reduced. However, both 
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Dritsaku’s and Saphira’s studies indicated no significant difference in lipids in 
colostrum. There is also some disagreement about lipids in mature milk, with 
Saphira et al. reporting lowered levels, but Dritsaku et al. failing to find any system-
atic difference. However, all three studies were in agreement that there is no differ-
ence between groups in the lipid content of mature milk [13, 14].

The study conducted by Kaushik et al. also measured the level of triacylglycer-
ides and cholesterol in colostrum, noting that the groups did not differ signifi-
cantly [15].

The research undertaken by Azular Certok et al. evaluated how maternal diabetes 
affected the fatty acid content of colostrum. The main difference was that four ali-
phatic acids, in particular, were present at raised levels in the colostrum of diabetic 
mothers, i.e. γ-linolenic, eicosatrienoic, arachidonic and docosatetraenoic acid. 
These acids are all of the omega-6 unsaturated type [29].

2.8  Electrolyte Content

In colostrum from diabetic mothers, the sodium level was raised, according to two 
studies [15, 30]. Galipau, furthermore, noted that insulin administration also caused 
sodium to rise. Kaushik et al. [15] note that the levels of potassium, phosphate and 
calcium do not differ significantly between samples of colostrum gathered from 
diabetic or healthy mothers.

2.9  MicroRNA

There has recently been research into the levels of particular microRNAs (miRNAs) 
in breast milk with an established role in the development of adipose tissue. The 
miRNAs involved were let-7a, miRNA-30B and miRNA-378. Levels of the first and 
last of these differed significantly between samples from diabetic and healthy moth-
ers. Nonetheless, if the mother’s body mass index was factored in, this result became 
statistically insignificant, since body mass index alone predicts the risk of metabolic 
problems in pregnant women [31].

2.10  Metabolome

The metabolomic profile of breast milk has been investigated by Wen et al. They 
noted the presence of 187 metabolic compounds in human milk, amongst which 
there were 4 alkanes, 17 molecules derived from amino acid precursors, 21 amino 
acids, 22 aliphatic acids of saturated type, 29 aliphatic acids with double bonds, 8 
metabolites found in the citric acid cycle, 3 co-factors or vitamins, 3 oxoacids and 
metabolites thereof, 1 compound in the glycolytic pathway, 43 organic acids and 36 
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carbon-containing other compounds. There were many features of the metabolomic 
profile of breast milk that were common to samples from both healthy and diabetic 
mothers. Nonetheless, when colostrum, transitional milk and mature milk were all 
examined, 28 metabolites were present at concentrations that differed at the level of 
statistical significance [32].

3  Type 1 Diabetes Mellitus

There are eight studies in the literature that examine breast milk in mothers with 
type 1 DM, the disease having had its onset prior to the pregnancy. All of these stud-
ies are more than 20 years old. The studies investigate the effects of length of diag-
nosis and the effects of different interventions. Four of the studies have the 
same design.

3.1  Proteins

According to three published studies, the overall protein level does not differ signifi-
cantly between milk from diabetic and non-diabetic mothers [33–35]. A single 
study [33] assessed the levels of lactoferrin and secreted IgA in breast milk. Being 
diabetic did not result in a statistically significant difference in milk protein levels.

One study measured the level of prolactin in breast milk in healthy or type 1 
diabetic mothers and ascertained that, 1 week after delivery, the prolactin level was 
decreased in the milk from diabetic mothers, as determined by immunoassay [36]. 
This decrease in prolactin level may be attributable to hyperglycaemia in the dia-
betic mothers since elevated capillary glucose measurements correlated well with 
the prolactin level in breast milk from the diabetic mothers. Those mothers whose 
blood glucose level had been well controlled during the pregnancy and shortly after 
birth tended to have a greater prolactin concentration in breast milk. The level of 
prolactin is inversely related to the milk lactose level, which was demonstrable in 
milk samples from healthy controls on the second day after birth. This inverse rela-
tionship did not appear until 2 weeks after birth in the diabetic group. Thus, the data 
confirm that lactogenesis is retarded and lactation delayed in cases of maternal type 
1 diabetes [36].

3.2  Lipids

The macronutrient constituent of breast milk from diabetic mothers that has attracted 
the most research interest is lipid. There are four published studies addressing this 
topic. However, the studies do not agree with their conclusions. Whilst three studies 
concluded that diabetes had no significant effect on the overall lipid content, the 
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study by Bitman et al. found that breast milk from diabetic mothers contained only 
two thirds the level seen in milk from controls.

The topic of breast milk aliphatic acids in type 1 diabetes has been addressed by 
three studies. According to van Beusekom, the aliphatic acid content overall was 
normal in milk from diabetic mothers. Bitman et al. noted that medium length ali-
phatic acid synthesis was lower in diabetic samples, pointing to reduced manufac-
ture of these acids by the breast, whilst oleic acid and polyunsaturated aliphatic 
acids were raised, which implied metabolism favoured lengthening of the hydrocar-
bon tail in diabetes. Ferris et al., by contrast, noted that the milk from diabetic moth-
ers actually contained a level of medium length aliphatic acids that was always 
above that found in the control group, but still within the normal reference range. 
This study also found that the lengthier aliphatic acids were, in fact, present at 
decreased concentrations in the diabetic group, when assessed at 2  weeks and 
12 weeks after delivery [34–37].

3.3  Carbohydrates

There have been three published investigations into carbohydrate levels in the breast 
milk of diabetic mothers. These studies all conclude that lactose levels do not sig-
nificantly differ from normal samples. However, whilst Butte et al. noted the level 
of glucose 2.3-fold higher than normal in the diabetic samples, van Beusekom did 
not detect such a difference. A single study assessed the inositol concentration in 
breast milk and found it normal in diabetic mothers’ milk [35].

3.4  Electrolytes

Two separate investigations into electrolyte levels in breast milk from diabetic 
mothers found that potassium, calcium and magnesium levels were all normal in the 
diabetic samples. However, there is no consensus regarding sodium levels, since 
Butte et al. noted a 1.2-fold elevation in level, whilst Bitman et al. reported the level 
as normal.

One investigation noted that phosphate, zinc, copper and iron levels in breast 
milk remained normal regardless of diabetic status, whilst another found the chlo-
rite and citrate levels also normal in both groups [33, 34].

3.5  Vitamins

The sole vitamin investigated so far in the breast milk of diabetic mothers is vitamin 
E. The concentration of this vitamin fell by half at 7–14 days after delivery, irre-
spective of diabetic status [38].
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4  Conclusion

There has been relatively little detailed research into breast milk from diabetic 
mothers and those studies published so far have only addressed a limited number of 
breast milk constituents, involving variables of various types. Thus, given the evi-
dence base that exists currently, it is challenging to draw conclusions on how diabe-
tes affects the composition of breast milk or what benefits breastfeeding still offers 
in such cases. More research is called for to flesh out the picture. In particular, stud-
ies should follow a case-control design methodology and should address the effects 
of premature birth and gestational age. Studies of the impact on breast milk pro-
duced by the various treatments available in diabetes are required. Moreover, since 
cases of type 2 DM are steadily increasing, research into breast milk from mothers 
with this condition is also a necessity. The results of all these studies should lead to 
the situation in which nutritional support for the mother and premature infants can 
be more precisely and effectively targeted.
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Maternal PUFA Supplementation 
and Epigenetic Influences on Fat Tissue

Özlem Naciye Şahin and Aysel Özpınar

1  Introduction

Brown adipose tissue (BAT) has the unique ability amongst fat cells of generating 
heat without causing muscular movement (i.e. shivering). It achieves this by con-
verting surplus chemical energy into heat via UCP1 (uncoupling protein 1), located 
within mitochondria. At present, research is focusing on BAT due to its essential 
role in regulating energy balance through the consumption of calories to generate 
body heat. Although the majority of children, adolescents and healthy adults have 
extensive deposits of BAT [1–4], adults suffering from obesity do not possess this 
tissue, which implies a role in how individuals become obese. Children who are 
obese and are susceptible to metabolic disorders are at risk of continuing to be obese 
in adulthood and of developing type 2 diabetes mellitus. Accordingly, ways to pre-
vent children becoming obese and a knowledge of the factors governing the devel-
opment of an excessive body mass index are vital for interventions to halt the vast 
numbers of adults who are now obese. How BAT grows in utero and shortly after 
birth is crucial to the longer term persistence of BAT in children and adults [5, 6]. 
Up to now, however, researchers have not addressed in detail how the mother’s diet 
may affect the maturation of foetal BAT. Although it is clear that the presence or 
absence of BAT has a major impact on the development of obesity, the relationship 
between the quantity of BAT present neonatally, the speed with which BAT is lost 
and the risk of becoming obese at a later stage has not yet been elucidated. It is 
known, however, that BAT is lost either through degeneration or a switch in 
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phenotype to white adipose. Specifically, the potential for reducing obesity in her 
children by manipulating the mother’s diet in pregnancy remains unknown [6–9].

There are areas of BAT at a deep level in the neck, above the clavicles, lying 
alongside the vertebrae, around the kidneys and in the axilla. BAT is 50-fold more 
metabolically active than white adipose tissue. BAT makes up 1.5% of the entire 
body mass, but 5% of the mass consisting of adipocytes. Approaching 90% of BATs 
are in a state of activation. A study using imaging to identify anatomical regions 
where rodents have BAT demonstrated that the deposition of BAT in humans and 
rodents is in the same anatomical locations; hence, rodent BAT is considered analo-
gous to human BAT in experimental studies. In terms of thermogenesis and activity 
by the mitochondria, BAT located above the clavicle in humans was similar to inter-
scapular BAT in rodents. The crucial period for BAT to be laid down is in the third 
trimester, i.e. during the last stage of pregnancy. In humans, interscapular BAT 
quickly disappears postnatally. BAT degenerates and its place is taken by white fat 
cells, or the brown fat alters its phenotype to become white fat. The BATs found at 
a deep level in the cervical region and above the clavicle do not degenerate in this 
way and are still functioning in adolescents and adults. BAT thermogenesis does, 
however, cease to be functional eventually as the individual ages, or if obesity and 
type 2 diabetes occur. Since rodents and humans demonstrate similar features in 
terms of BAT function and development, interscapular BAT in rodents is a reason-
able model for cervical and supraclavicular BAT in humans [10–18].

There is epigenetic control over the development of BAT. Epigenetic refers to 
mechanisms that can reversibly alter genetic expression in a heritable manner with-
out fundamentally altering the sequence of bases in DNA. Thus, epigenetic mecha-
nisms include the addition of methyl groups to particular regions, modification of 
histones (i.e. chromatic restructuring) and expression of microRNAs, which do not 
encode a gene product but modify expression of mRNA [19]. There are around ten 
miRNAs which are known to affect the expression of genes involved in BAT devel-
opment [20]. Modification of histones involves addition of methyl or acetyl moi-
eties to the lysine residues on the tail portion of the histone, specifically at position 
H3K9 or H3K27. These modifications affect which genetic sequences are expressed 
or silenced [21, 22]. The mother’s diet plays a major role in influencing epigenetic 
modifications and thus foetal growth. At present, it has not been established whether 
the epigenetic mechanisms controlling the development of BAT can be modified by 
dietary interventions.

There is a growing volume of data to indicate that n-3 PUFA encourages the 
development of BAT and thermogenic function [23–27]. It has been shown in mice 
that the stimulation of BAT development by eicosapentaenoic acid occurs via an 
epigenetic mechanism, namely miRNA function [28]. Thus, it is reasonable to 
enquire whether supplying the pregnant mother with n-3 PUFA may lead the foetus 
to increase its deposition of BAT. A study has examined whether administration of 
n-3 PUFA to the mother in early pregnancy affects the way the foetus develops 
BAT. It noted that n-3 PUFAs could stimulate the transcription of genes related to 
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BAT formation by means of chromatic remodelling and miRNA expression, i.e. an 
epigenetic mechanism. Taking these findings into consideration, there does appear 
to be benefit in a strategy for combatting childhood obesity through stimulation of 
BAT development. BAT thermogenesis can rapidly consume calories and prevent 
storage of excess energy as white adipose.

2  How Being Exposed to n-3 PUFAs in the Mother’s Diet 
Causes Epigenetic Changes Modulating the Development 
of BAT in the Foetus

MicroRNAs are brief sequences of RNA which do not encode a gene product, but 
serve to regulate genetic transcription events. They are of major importance in the 
development of BAT [1, 28, 29]. If the dicer endoribonuclease prevents miRNA 
being expressed, adipocyte precursors are prevented from differentiating into brown 
adipocytes [30]. One particular miRNA, miR-193b/365, acts on Myf5+ cells to pre-
vent their differentiation into muscle, and instead causes them to express a brown 
adipocytic phenotype [31]. Another miRNA, miR-30b also stimulates the expres-
sion of genes giving a brown adipocytic phenotype, in this case leading to greater 
mitochondrial respiratory metabolism by means of encouraging the transcriptional 
co-repressor receptor-interacting protein 140 (Rip140) to be degraded. n-3 PUFAs 
also act on the undifferentiated precursors of brown adipocytes to raise the levels of 
other miRNAs particular to the BAT type, namely miR-30b and miR-193b/365 [28]. 
It has been shown experimentally (both in vitro and in vivo) that animals whose 
mothers were administered n-3 PUFAs whilst pregnant expressed miRNA in a pat-
tern favouring BTA formation, such as expression of miR-30b and miR-193/365.

Increased heat generation by BAT is associated with raised expression of the 
Drosha gene and its protein product. Drosha is a ribonuclease enzyme which plays 
an essential part in cleaving primary transcript RNA into stem loop precursor 
miRNA. This operation is carried out by the so-called ‘microprocessor’. Potentially 
the level of n-3 PUFAs modulates how the microprocessor functions, thereby 
increasing precursor miRNAs within interscapular brown fat and altering the 
miRNA expression profile. Some evidence confirming this hypothesis is that knock-
out mice lacking adipose-specific Dgcr8 do not lay down functional levels of BAT 
and are unable to tolerate any type of cold. Dgcr8 forms a subunit within the micro-
processor capable of recognition of primary transcript miRNA and processing it to 
the precursor form. There is research ongoing into the effect of increased dietary 
intake in the mother on foetal miRNA processing, especially the conversion of pri-
mary miRNA to precursor miRNA [30–32].

A further key way in which genetic transcription may be modified epigenetically 
is through the modification of the histones in chromatin. This influences cellular 
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differentiation and the genes expressed by particular tissues. There is growing evi-
dence to link the growth of BAT to epigenetic modifications produced by addition 
of acetyl or methyl groups to the N-terminal tail of histones [22]. Overall, chromatin 
adopts a looser conformation and is less positively charged when acetyl groups are 
added to lysine residues on histones, which enables a higher level of transcription. 
The numbers of acetyl groups added depend on how active two groups of enzymes 
with opposing actions are i.e. histone acetyltransferases (HAT) and histone deacety-
lases (HDACs). It has been demonstrated that one HAT in particular, Gen5/PCAF, 
enhances the development of BAT [33]. When the activity of HDAC1 or 9 is inhib-
ited, transcription-level events activating BAT can be observed [30, 34, 35]. 
Thermogenesis by BAT depends on HDAC3 being active. The addition of a methyl 
functional group to histones can occur on lysine or arginine residues in the polypep-
tide chain. The conformational change this induces renders DNA more or less easy 
for various transcription factors or epigenetically controlled molecules to access. 
The addition of a methyl group at the H3K9 position by the G9a methyltransferase 
prevents cells differentiating into BAT [36], whereas methylation by EHMT1 acti-
vates thermogenic activity in BAT [34]. Loss of the JMJD1a histone demethylase, 
which acts at the H3K9 site, has been alleged to cause obesity. A further key loca-
tion on histones where methylases act is H3K27. The removal of the three methyl 
groups at position H3K27 by the enzymes UTX or JMJD3 is necessary for BAT to 
develop. Recent evidence has shown that there are alternating additions of acetyl 
and methyl groups at position H3K27 as BAT is growing. When the beta3- 
adrenoceptor was stimulated, HDAC1 detached from its position and the H3K27 
site was acetylated and then three methyl groups were removed. These events per-
mitted transcription events associated with the development of BAT to occur.

3  Conclusion

The majority of the evidence for how BAT develops has come from animal models 
or cell cultures where specific genes for epigenetic writers or erasers had been 
knocked out. Epigenetic writers add epigenetic markers to DNA or chromatin, 
whereas epigenetic erasers delete such markers. These are surprisingly few data in 
existence showing the effect of dietary alterations on epigenetic events linked to the 
development of BAT. It is known, however, that transcription is altered in a specific 
way by n3-PUFAs. The epigenetic markers are increased acetylation at H3K27 and 
reduced trimethylation at the same point. This occurs via the action of the enzymes 
HDAC1 and JMJD3. Furthermore, n-3 PUFAs result in increased dimethylation at 
H3K9, which activates the epigenetic writer enzyme EHMT1, but does not affect 
the activity of the demethylator enzyme JMJD1. In conclusion, then, foetal expo-
sure to n3-PUFAs modifies epigenetic marking, which increases the development of 
BAT capable of thermogenesis [33–37].
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Breast Milk Proteases

Özlem Naciye Şahin and Despina D. Briana

1  Introduction

The proteins contained in milk carry out a broad array of complicated biological 
functions. Some proteins in milk have one function in their intact form, whilst also 
containing a sequence of latent function that becomes active following splitting of 
the main peptide chain. This bioactivity may involve attacking harmful microbes in 
the gut as well as regulating the infant’s immune response. Thus, they may confer 
an evolutionary advantage. Current evidence suggests that this unmasking of latent 
bioactivity actually begins even, whilst milk is still within the breast. A range of 
proteolytic enzymes (proteases) in milk act on proteins in the milk to produce these 
bioactive peptide sequences. Furthermore, these same enzymes retain their func-
tionality in the infant’s intestine, potentially performing a more important catalytic 
function than even the proteases secreted by the infant’s developing gut. This may 
reflect the fact that newborn infants are somewhat inefficient in digesting milk 
unless assisted by the proteases present in milk. The bioactive sequences latent in 
certain milk protein precursors are released through a series of steps involving both 
milk-derived proteases and proteases secreted by the infant gut. One of the aims of 
research is to understand how this release of latent bioactivity orchestrated through 
protease activity contributes to an evolutionary advantage for the mother and 
child [1, 2].
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2  Milk as a Complex Biofluid

There has been a growing awareness amongst researchers investigating lactation in 
mammals and the unique nature of milk as a complete nutritional system for mam-
malian offspring that the use of the single term ‘milk’ for this entire dynamic system 
understates its true complexity. Referring to milk might suggest that there is a sim-
ple archetype for this biofluid and that it can be readily defined in terms of typical 
constituents. This simple picture is now known to be erroneous. The composition of 
milk varies continuously over the course of breastfeeding. Thus, researchers need to 
develop paradigms that reflect this dynamic change in milk. Not only is there a need 
to catalogue how composition alters, but also what effects this alteration results in. 
The goal is to comprehend both the nutritional benefits of varying composition and 
how milk exerts a protective role in the offspring. Milk is a complex fluid and the 
constituents are also complex. Alongside enzymes there are immunoglobulins, 
entire cells and several microbes. This wider appreciation of milk’s constituents has 
often been overlooked, resulting in methods for storing breast milk and processing 
it, which lead to a loss of bioactivity by both molecules and microbes. Thus, its 
benefits may be lost if consumed following storage rather than directly. None of the 
artificial baby milks now on the market offer the range of bioactivity possessed by 
fresh, natural breast milk.

The full development of lactation in mammals has been shaped by the constant 
influence of selective evolutionary pressure, ensuring maximum success for the 
mother and offspring. Milk can be seen as the outcome of a more than 200-million- 
year old process of evolutionary pressures [3]. Any addition to milk comes at mater-
nal biological cost, potentially reducing her own survival. Thus, unless the additional 
constituent confers some selective advantage for the infant, it is unlikely to be pre-
served by evolution. It is obvious that those constituents that offer complete nour-
ishment to the infant have been selected by evolution, but the constituents which 
offer a protective rather than nutritional role have also been subject to the same 
evolutionary pressure. Only now is the rich protein chemistry of milk beginning to 
be appreciated, as providing both nutrition and protection to the developing baby 
and varying to match the developmental stage reached by the infant. This system 
has a previously unsuspected complexity. Proteins, specifically, perform a wider set 
of roles than initially believed.

3  Functions of Proteins in Intact and Truncated Form

Proteins are biological polymers which possess specific characteristics. This applies 
to both their intact and truncated (partially proteolyzed) forms. The truncated 
sequence may be more active than, or carry out a separate role from, its intact pre-
cursor. Truncation occurs through proteolytic degradation by proteases originating 
in milk or secreted by the infant gut. Research is currently focusing on why 
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evolution has favoured this way of activating peptide sequences. The bioactive role 
of the latent sequences is already known to include attacking harmful microbes, 
regulating immunity and carrying out other roles that prevent infection, regulate 
growth and provide the breastfed infant with a greater chance of survival to repro-
ductive age [1–3].

4  A New Way to Understand Protein Nutrition

The currently accepted model for how proteins are digested in human beings envis-
ages several stages in the process. First, gastric acid causes denaturation of ingested 
proteins, which are then subject to initial proteolysis within the gastric cavity. As the 
chyme continues into the small intestine, hydrolytic degradation at a more neutral 
pH is the next step. The proteins are thus broken up into separate amino acids, 
capable of absorption via the gut epithelium.

5  Protein Digestion by Infants

This model requires adaptation when considering neonates. At this stage the gut is 
still undergoing development and there is a less acidic environment within the stom-
ach as well as decreased proteolysis. Despite this situation, infants can still absorb 
proteins within milk in an efficient manner. Thus, the standard model requires the 
addition of a range of maternally-derived proteases present in milk, which are capa-
ble of performing proteolysis in the infant gut in a specific manner. These proteases 
then supplement the infant’s endogenous digestive capabilities. It appears from cur-
rent evidence that this process is so well orchestrated that these proteases can not 
only reduce proteins into absorbable fragments (i.e. individual amino acids) but can 
ensure that truncated proteins are released with an active, specific, biological func-
tion that helps ensure immunity, healthy metabolism or normal development.

The investigation of protein digestion within the gut took many years but ulti-
mately yielded a detailed understanding of how this process occurs. There are also 
studies which have looked at how these gut enzymes affect the proteins in milk. The 
peptides formed by hydrolysis have also been examined [3, 4]. Several studies run-
ning alongside each other have assessed how peptides derived from milk can exert 
an antimicrobial action, control inflammation, promote mucosal repair, decrease 
hypertension, inhibit thrombus and transport calcium [5]. There is now an increas-
ing array of techniques emerging from chemical, genomic, computational biologi-
cal and clinical investigations suitable for investigating infant digestion in  vivo. 
These techniques may be used for the identification of individual peptides in the gut 
of breastfed children as well as to confirm which enzymes actually truncate the 
protein to expose the bioactive peptide. The bioactivity of the released peptides is 
also under investigation. The multidisciplinary approach has been used in studies 
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conducted in infants fed via an indwelling gastric tube, whether born at full term or 
prematurely. These studies used highly advanced analytical techniques such as mass 
spectrometry combined with similarity searching in silico [6–8].

Several hundred previously unknown peptides have now been characterised 
thanks to advances in the field of peptide analytical chemistry [9]. There now 
remains the significant task of matching individual peptides to specific roles, such 
as control of microbial flora or regulation of the immune system [9]. The roles that 
have been assigned to some of these peptides include protection, nutrition and 
developmental regulation of the child, as well as preventing pathogenic infection of 
the mother’s breast.

Developments in the field of milk protein chemistry continue to elucidate peptide 
structures and their roles and this will hopefully translate into advances in infant 
nutrition. Advancing scientific understanding of the molecular and physiological 
mechanisms involved has the potential to improve the clinical and nutritional man-
agement of premature neonates, elderly patients or those whose intestinal function 
is impaired by drug actions. In neonates, the mature expression of digestive enzymes 
has not yet developed, whereas in elderly patients the ability to digest is impaired. 
There is considerable hope amongst researchers that the lessons learned will be 
applicable to health interventions across the entire age range.

6  Which Proteases Are Present in Milk?

A study by Demers-Mathieu et al. detected several functional proteases in breast 
milk from mothers whose infants were born before full term. These proteases 
included kallikrein, carboxypeptidase, plasmin, thrombin, elastase and cytosol ami-
nopeptidase. In addition, cathepsin D was found in an inactive form. There was 
minimal effect of gestational age or time elapsed since delivery on how active the 
proteases were, their level or that of protease inhibitors. It appears that most studies 
of breast milk have only used antibody methods to detect a limited number of pep-
tides (procathepsin D and elastase), but studies on cows’ milk have extensively 
employed immunodetection to identify these two peptides plus plasmin and several 
other peptides of interest. Although several studies have been able to measure the 
concentration of plasmin in breast milk, the detection of elastase has so far only 
been qualitative [10–14].

Studies investigating how active plasmin and elastase are in cows’ milk have also 
been published [15, 16]. Other studies have examined plasmin activity in breast 
milk in cases where delivery occurred at term and prematurely. Due to differences 
in the units employed while reporting on these studies, comparisons are compli-
cated or impossible. It has also been established that the pro-enzyme, plasminogen, 
plasmin itself and both activator enzymes (namely urokinase and tissue-type plas-
minogen activators) and inhibitors are present in breast milk. Further research is 
needed to confirm exactly how these various molecules interact in milk [15–17].
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Although plasmin is the most extensively studied of the proteases present in 
milk, it is, in fact, kallikrein which is present at the highest concentration and has 
the highest activity. One reason for the research focus on plasmin is that this prote-
ase is of particular interest to the dairy industry. Plasmin in bovine milk is active in 
cheese ripening, helping to generate its specific textures and taste. Thus, the quality 
of the resulting product depends on plasmin activity. Furthermore, in cases of mas-
titis, plasmin demonstrates enhanced activity, which speeds up the breakdown of 
milk proteins and spoils the milk [18, 19].

Kallikrein is a protease present at high concentration in blood, but which has also 
been identified in proteomic studies as a constituent of breast milk [9]. Its exact 
function in milk is currently unknown, although it is evidently involved in coagula-
tion, degradation of fibrin and production of kinin. An investigation of the transcrip-
tome of epithelial cells in cow udders indicates these cells release kallikrein into 
milk. There are therefore two potential origins for kallikrein in breast milk—either 
production from the epithelial cells of the breast or absorption from the circulation 
into milk [20, 21].

The level of kallikrein and its activity both differ significantly in milk produced 
following premature birth, but is steady after term, regardless of how much time has 
elapsed since birth. The varying levels may result from alterations in the synthesis 
of kallikrein and its precursor, how permeable the glandular epithelium of the breast 
is or variation in the expression levels of protease inhibitors. The experimental data 
do not indicate that the levels of protease inhibitors differ according to gestational 
age at delivery or time elapsed since birth, but there remains a lack of evidence 
pertaining to the level of α2-Macroglobulin, a known inhibitor of kallikrein present 
in milk. Proteomic studies have shown that this molecule is present in breast milk, 
but its concentration is too low to be reliably quantified using ELISA [12]. In unpas-
teurised cows’ milk the level of α2-macroglobulin is relatively high at 126.8 mg L−1 
[21–23].

7  Implications for the Health of the Breastfed Infant

One of the most well-established functions of milk is its ability to supply highly 
nutritious proteins to the neonate. Research carried out over the last one hundred 
years has identified many hundred different proteins, which collectively perform 
numerous physiological functions, including antimicrobial and immuno-regulatory 
roles. The proteins in milk originate from the epithelium of the breast, absorption 
from the circulation (either by passive diffusion or by assisted transfer) or are 
released by maternal immunocytes. To the present knowledge of milk protein chem-
istry must also be added the role of proteases in releasing encrypted peptide 
sequences. In this way, a complete picture can be constructed of how milk assists in 
healthy infant development.

There is a large number of different factors contributing to the control of enzy-
matic activity in milk, including that of the proteases. The components involved 
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include inhibitory molecules, activating molecules, pre-enzymes, proteases, acidity, 
precise location in the gut and the conformation of the protein substrate. The prote-
ases present in milk act specifically on particular proteins, such as the caseins, but 
do not hydrolyse lactoferrin, antibodies or certain other types of protein. Thus, 
within the infant gut, certain proteins are unaffected and retain bioactivity, including 
the release of specific peptide sequences at the required microlocation.

Further studies are needed to elucidate protease activity within the infant gut. It 
is already apparent that proteases in milk play a very significant role in digestion, 
and it has been calculated that most breakdown of protein in the infant’s gastric cav-
ity occurs in this way [5, 6]. The evidence so far supports the notion that proteases 
in milk have arisen due to selective evolutionary pressure, since that confer a health 
advantage to the infant through more efficient intestinal digestion and release of 
peptides with specific functions. It used to be thought that the fact that proteolysis 
in the infant stomach develops slowly was a weakness, but this may be an incorrect 
conclusion. Infants certainly digest less efficiently than adults, but this inefficiency 
is partly balanced by proteases in milk, which help to meet physiological needs. 
Evolution may have favoured a solution to infant digestion where the mother con-
tinues to control nutrition during the first stages of life of her offspring.

8  Conclusion

Recent technological advancements mean that some of the more surprising func-
tions of milk as a complex and bioactive fluid are becoming known. From now on, 
researchers need to view infant nutrition as part of a system where the mother and 
child interact through milk. The dynamic features of milk, its varied composition 
and bioactivity all require further elucidation.

Proteases in milk carry out several functions, amongst which is the release of 
specific peptide sequences at particular points, both in the breast and when milk 
enters the infant gut. This function involves the specific proteases in milk and the 
fact that particular locations in the infant gut trigger particular forms of hydrolysis. 
Not only is an understanding of this system of value in managing infants, but it has 
also potential implications for patients of all ages and in all types of illness.
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Breast Milk and Leptin Resistance

Özlem Naciye Şahin and Muhittin Abdülkadir Serdar

1  Introduction

Leptin, an endocrine signalling molecule released by fat tissue in proportion to the 
body fat mass, was discovered in 1994. It is a protein with a molecular mass of 
160 kDa. The investigative focus following discovery was principally on the effects 
of the hormone on energy balance through its actions on the brain. The fact that 
leptin plays a key part in controlling energy balance came from observing patients 
lacking leptin. These individuals eat excessively and become obese as children. 
However, if leptin is replaced by artificial means, their appetite diminishes and they 
expend larger amounts of energy. This discovery led to the decision to try treating 
obese adults in general by leptin replacement or supplementation. This strategy is 
flawed, however, since the majority of obese individuals do not have any abnormal-
ity in the leptin alleles. Surprisingly, obese individuals actually have higher plasma 
concentrations of leptin than non-obese controls, yet they become obese. Thus, it 
appears they develop an insensitivity to leptin, meaning they are predisposed to 
weight gain and are unable to lose this extra weight. How leptin insensitivity occurs 
has not yet been fully elucidated, although several theories have been put forward, 
in particular the involvement of increased C-reactive protein, reduced transduction 
of signals triggered by leptin or lowered levels of activity by histone deacetylases 
[1–5]. At present the picture is incomplete, but it appears that the transportation of 
leptin across the blood-brain barrier is compromised in some way, and this is a key 
factor in pathogenesis [6–8].
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Evidence is accumulating, both from epidemiological and experimental research, 
to show that the environment has a critical effect on the likelihood of individuals 
becoming obese or developing metabolic abnormalities as adults. These environ-
mental effects occur at specific stages in development, especially in utero and dur-
ing breastfeeding. These alterations in an individual’s metabolic tendencies are 
termed ‘metabolic programming’. The programming consists of epigenetic altera-
tions to the genome through such mechanisms as methylation of particular DNA 
sequences or chromatin remodelling through acetylation of histones. A recently 
published study in rats demonstrated that feeding a lipid-enhanced diet to rats in 
pregnancy and during lactation meant the offspring had a raised body mass, became 
obese and had hypothalamic insensitivity to leptin [9–11].

It has been shown in a number of studies that rats born in small litters, which 
therefore have access to more milk, are prone to becoming obese and over-eating. 
They are also relatively insensitive to leptin’s effects on the hypothalamus as well as 
insulin’s effects on the liver. The liver, furthermore, exhibits signs of oxidative stress 
[9, 12, 13]. However, whilst over-suckling may cause such problems, other studies 
demonstrate that breastfeeding confers a lower risk of becoming obese and/or dia-
betic at a later stage. It has recently been demonstrated that animals transferred to 
different mothers from those in which obesity had been induced using monosodium 
l-glutamate went back to a normal body mass, were not hyperphagic and resumed 
normal leptin responses. However, the details of how this occurs and the relevance 
to human physiology are not yet fully clear. Furthermore, there needs to be research 
into what happens if the dams are given other kinds of diet resulting in obesity and 
only during lactation. In particular, the effects of such an intervention on the moth-
er’s fat mass, metabolic programme and type of breast milk need to be noted, along-
side how these changes impact energy usage in the young and the sensitivity to 
insulin and leptin as adults [14–18].

In rats, differentiated structures within the central nervous system which regulate 
or exigenesis and energy balance, notably the arcuate nucleus of the hypothalamus, 
begin to form at the end of the in utero period (the final 7 days) and keep progressing 
whilst lactation continues [19, 20]. There are several factors influencing how these 
structures mature and develop, one of which is the composition of milk. The exis-
tence of a pathway under control by leptin is demonstrable around 6–14 days post-
partum. At that time, the blood level of leptin is raised to the point where it is 
referred to as the ‘postnatal leptin surge’. It appears, therefore, that the concentra-
tion of leptin whilst the animal is still suckling affects the way the central nervous 
system develops [21, 22].

It was noted by Harder et al. that an excessive level of insulin around the time of 
birth results in an abnormal neuroanatomy and physiology of the hypothalamus. 
Other studies note how hyper-insulinaemia during breastfeeding cause the offspring 
to become overweight, intolerant to glucose and hypertensive [23]. When rats born 
to obese mothers were administered a lipid-enhanced diet or overfed shortly after 
birth, they later became prone to overeating, obesity, excessive circulating lipid lev-
els and their glucose tolerance was impaired. These features are potentially due to 
insensitivity of the hypothalamus to leptin and insulin [9, 24, 25].
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There is therefore considerable research interest in exactly how maternal obesity 
relates to later obesity in offspring, abnormal metabolism of glucose and reduced 
hypothalamic responsiveness to leptin and insulin.

2  How Does Metabolic Programming Happen?

Rats born to mothers with experimentally-induced obesity have been used to assess 
the potential for metabolic programming to occur. These animals develop a raised 
body mass in conjunction with being intolerant of glucose and insensitive to insulin. 
There is abnormality of action of the hypothalamus in response to leptin or insulin, 
and overfeeding is always present at all ages. It has thus been shown in an animal 
model that an abnormal maternal diet induces maladaptive metabolic programming 
in offspring at the stage of suckling.

When female rodents were administered a lipid-enhanced died during pregnancy 
or lactation, they became obese and the metabolism of both lipids and carbohy-
drates developed abnormalities [3, 26, 27]. Breast milk ensures that infants develop 
normally and may provide immunity against a number of pathogens [19, 28]. If the 
child is weaned prematurely, this may trigger pathological development [29]. 
Accordingly, there are tight limits to the composition of breast milk if these func-
tions are to be fulfilled. If any of the macronutrients (carbohydrates, lipids or pro-
teins) is out of balance or the levels of endocrine signalling molecules, such as 
insulin or leptin, are abnormal, there may be enduring changes to the physiology 
and metabolism of the offspring [7, 13]. It has been noted recently that if insulin 
levels in the offspring are lowered during feeding, the incidence of metabolic disor-
ders linked to overfeeding is reduced [26]. Animals with experimentally-induced 
obesity produce mature milk which has elevated concentrations of glucose, pro-
teins, cholesterol and triacylglycerides. The same changes in milk were also noted 
by Franco et al., who employed rats fed a lipid-enriched diet from a period 2 months 
before mating until the end of lactation. The offspring of these rat dams had abnor-
mally high circulating levels when weaned, alongside a raised body fat mass and 
body mass overall [16]. In contrast, Guarda et  al. demonstrated, in 2014, how 
administering linseed oil to rats with suckling offspring changed the composition of 
milk and resulted in a healthier amount of adipose tissue in offspring of either sex. 
It seems, therefore, that the composition of breast milk does play a key role at this 
early stage [13].

After feeding, there is a rise in the circulating glucose level, resulting in a cor-
responding rise in insulin. The surplus energy is stored in the form of triacylglycer-
ides in fat tissues, and this process raises the circulating leptin level. Both insulin 
and leptin act on the arcuate nucleus of the hypothalamus, resulting in a fall in 
secretion of NPY (neuropeptide Y) and a rise in secreted POMC (proopiomelano-
cortin). This combination of signals induces satiety and encourages the use of 
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energy [27–30]. The offspring of animals where obesity had been experimentally 
induced fed continuously, which is expected if NPY levels are high and POMC 
levels low.

A number of molecules have been investigated in experiments aiming to under-
stand how insulin and leptin interact in their effects on the hypothalamus. These 
molecules include the IRβ and ObRb receptors, as well as IRS-2, PI3K, Akt, JAK-2 
and STAT-3. They were also quantified in adult animals. Where the dam had been 
rendered obese through administration of a diet with excess sugar, the levels of all 
of these molecules were below normal, implying the hypothalamus is relatively 
insensitive to leptin and insulin, a condition leading to obesity in adulthood.

In a study by Rodrigues et al. [31], rats born to dams fed an excessive diet during 
the period of lactation demonstrated abnormal action of leptin on the hypothalamus 
and an ongoing tendency to overfeed. Additionally, it has been found that milk from 
dams with small litters has a raised level of triacylglycerides. It was also noted in 
earlier studies that the action of leptin on the hypothalamus is abnormal in rats born 
to mothers fed a lipid-enhanced diet during pregnancy [27–31].

There is a relative paucity of experimental evidence regarding the effects of 
unusual diet solely during lactation. It appears from the evidence gathered so far 
that a maternal diet containing an excess level of sugar not only produces obesity 
but also sets up abnormal metabolic programming.

The offspring of these mothers had an increased fat mass and the fat cells were 
hypertrophic. The circulating leptin concentration was also raised. It has already 
been established that the synthesis of leptin increases as fat mass rises [16]. A recent 
study also showed that undernourished dams produced offspring which were obese 
and demonstrated hyperleptinaemia as adults [30]. According to a study undertaken 
by Franco et al. in 2012, these abnormalities were also detectable at the stage of 
weaning (i.e. at day 21) in offspring where the maternal diet had been lipid-enriched. 
The body adipose was greater in extent than normal. Alongside a raised fat mass, the 
inguinal fat cells also expressed an increased level of mRNA coding for leptin and 
the circulating level was also above normal [16, 24]. A further study [32] using a rat 
animal model also linked obesity and abnormally raised leptin levels in adulthood 
to a metabolic programme induced by feeding the mother rats a lipid-enriched diet 
whilst pregnant and lactating [32].

The offspring of mothers with experimentally-induced obesity also exhibited 
insulin insensitivity in peripheral tissues, which was apparent from an abnormally 
raised circulating insulin level and increased HOMA (homeostatic model assess-
ment) index. Furthermore, the rate at which glucose levels fell in an insulin toler-
ance test was retarded, which confirms that insensitivity to insulin was present. If 
there was maternal obesity in animals, the offspring put on excess weight, laid down 
more fat tissue and exhibited hyperphagia. The effects of insulin, both centrally and 
peripherally, were impaired and there was evidence that inflammation had been 
initiated [33, 34]. The existence of hyperinsulinaemia in conjunction with obesity 
and insulin insensitivity was also demonstrated by Ashino et al. in their 2012 study 
of rats born to dams oversupplied with lipids in pregnancy and lactation [27].
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3  Conclusion

Thus, experimental data indicate that various kinds of physiological stress on lactat-
ing mothers set up abnormal metabolic programming in their offspring. Furthermore, 
the period of breastfeeding is highly significant in terms of whether the offspring 
eventually develops obesity during adulthood [33–34]. The findings so far highlight 
lactation as a key moment in the development of an abnormal metabolic programme, 
with dietary abnormalities at this point reflected in epigenetic alterations in the off-
spring, especially during the leptin surge that follows birth. This process occurs 
because the central nervous system is especially sensitive to environmental insults 
at a very young age, such as when breastfeeding takes place. The offspring of moth-
ers whose obesity was due to excess sugar intake are especially at risk of metabolic 
abnormalities initiated during lactation. A maternal diet very rich in sugar is espe-
cially risky for making offspring eat excessively and become obese. The mechanism 
for this pathology involves the hypothalamus losing its normal responses to leptin 
and insulin and the peripheral tissues becoming insensitive to insulin.
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The Effects of Metabolic Alteration 
on Embryonic Stem Cells

Özlem Naciye Şahin and Muhittin Abdülkadir Serdar

Stem cells exist in multicellular organisms as a reservoir of precursor cells which 
are pluripotent and can renew themselves multiple times. More differentiated cell 
types develop from these stem cells. In the majority of somatic cells, the lifespan is 
relatively fixed and if they are severely damaged, they can only be replaced from 
less differentiated cell types. Thus, for tissue integrity, a pool of stem cells is gener-
ally essential. Since stem cells possess these valuable capabilities of regeneration 
and differentiation, they have become the subject of considerable research interest. 
Areas where stem cells have been studied include in regenerative medicine and as a 
way to understand how humans develop and age [1, 2].

The way stem cells regenerate themselves and differentiate into specific cell 
types has been investigated using metabolomic and transcriptomic approaches. The 
eventual path a stem cell takes towards differentiation is governed by a number of 
morphogens, growth factors and pathways linked to metabolism. The eventual fate 
of stem cells is determined by the degree of glycolysis and oxidative phosphoryla-
tion as well as by epigenetic modifications within the cells, such as the addition of 
methyl or acetyl groups to the histones around which DNA is packaged. It is becom-
ing increasingly evident that the metabolic conditions in the surrounding environ-
ment also play a role in the fate of stem cells. The metabolic settings of stem cells 
reflect both the individual cell’s metabolic requirements and the limits imposed by 
the metabolic environment in which it finds itself [1, 3].
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1  Metabolic Conditions Supporting Pluripotent Stem Cells

Oxidative phosphorylation is the term used to describe the metabolic process occur-
ring in mitochondria whereby energy substrates are oxidised in the tricarboxylic 
acid cycle and other reactions, generating electrons via the oxidation and reduction 
of NADH which are fed in to the electron transport chain and ultimately used to 
generated ATP via ATP synthases. In the majority of cells in mammals, this is the 
preferred method of generating energy, although a few cell populations do utilise a 
mechanism whereby ATP is generated at substrate level, despite its relative 
inefficiency.

The capacity to give rise to different cell lineages (pluripotency) appears within 
the embryonic epiblast prior to implantation. Pluripotent stem cells (PSCs) are 
found in the epiblast prior to implantation and are designated naive. After implanta-
tion occurs, the PSCs become committed to producing particular lineages [4]. 
Epiblasts obtained before implantation from rats may be cultured in vitro, where 
they are referred to as embryonic stem cells (ESCs). They may be halted in the PSC 
stage for as long as required by use of a cell culture medium providing LIF, GSK3β 
and MEK inhibitors. This experimental setup is frequently termed ‘2iL conditions’ 
[5]. There are several key ways in which PSCs in their naive or primed states differ 
from each other, in particular: their ability to produce PSCs destined for the germ-
line; the epigenomic composition; whether they express genes associated with plu-
ripotent naivety or particular lineages; the signals they need to receive to keep 
regenerating themselves; and how they metabolise energetic substrates [6]. PSCs in 
their naive state typically prefer oxidative phosphorylation to generate energy, 
whereas PSCs which have undergone priming are virtually dependent on glycolysis 
alone [7–9]. It is not yet established whether these metabolic preferences expressed 
in vitro represent the situation in vivo, i.e. whether oxidative phosphorylation occurs 
before implantation but anaerobic glycolysis is the preferred modality once the 
embryo implants itself in the uterus [10, 11]. One recently published study came to 
the conclusion that the switch between anaerobic and aerobic metabolism mainly 
depended on culture conditions, rather than representing an intrinsic difference in 
the cells themselves [7]. There is, nonetheless, also evidence to show that the choice 
of method used to generate ATP depends on intrinsic factors within the stem cells, 
whether primed or naive. This intrinsic preference may be expressed through epi-
genetic alterations [8]. Candidate transcription factors involved in switching from 
one form of energy generation to another are LIF-induced Stat3, which increases 
the level of mitochondrial genetic expression [7], and Esrrb, which increases expres-
sion of genes involved in aerobic metabolism [7, 12, 13]. During aerobic metabo-
lism, NAD+ is constantly regenerated, as it is needed in the tricarboxylic acid cycle. 
This form of metabolism also ensures a steady supply of α-ketoglutarate (αKG), a 
co-factor involved in epigenetic alterations, such as the Jumonji domain- containing 
(JmjC) histone demethylases and ten-eleven translocation (TET) methyl cytosine 
dioxygenases. TETs also require ferrous ions to perform their role of demethylating 
histones and DNA, which are both mechanisms used in epigenetic regulation.
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Changing the cell culture conditions can alter how stem cells handle glucose and 
glutamine. The 2i conditions, which involve addition of inhibitors for both GSK3β 
and MEK, result in an alteration in the level of alpha-ketoglutarate [13], an interme-
diate product in the tricarboxylic acid cycle. This results in increased levels of suc-
cinate. Alpha-ketoglutarate acts as co-factor for the dioxygenases responsible for 
epigenetic modifications, whereas succinate competes to inhibit the same enzymes. 
If the level of alpha-ketoglutarate rises relative to succinate, the dioxygenase 
enzymes act to reverse the epigenetic silencing achieved by trimethylation of the 
histones at positions H3K9, H3K27 and H4K20, as well as methylation of DNA 
sequences themselves. This then means the stem cells retain their naive pluripo-
tency [13]. Indeed, supplementing the alpha-ketoglutarate level caused the cells to 
express a naive pluripotent phenotype, whereas they began to differentiate when the 
succinate level was supplemented. Alpha-ketoglutarate alone does not guarantee 
retention of pluripotent naivety, however, as it may also affect demethylation of 
histones and thus lead to a more differentiated phenotype [14].

The evidence, therefore, favours assigning a key role to alpha-ketoglutarate and 
the dioxygenases which depend on its co-presence with ferrous ions for their action 
in setting the epigenetic switches resulting in a naive pluripotent or more differenti-
ated phenotype. This role may explain the fact that aerobic metabolism involving 
the mitochondria is seen in PSCs of naive type and those in the process of differen-
tiation, but not in primed PSCs, where anaerobic metabolism is normal. The picture, 
nonetheless, is still incomplete and further research is needed to assign definite 
connections between different pluripotent states and preferred modality of metabo-
lism. As long as there is a lack of consensus about the ideal cell culture conditions 
for studying PSCs, conclusions about metabolism are likely to remain tentative.

There is one more co-factor required for the action of the dioxygenases alongside 
alpha-ketoglutarate and ferrous ions, i.e. ascorbic acid (vitamin C). This co-factor’s 
presence can change the phenotype of somatic cells into that of an induced PSC, 
through removal of the methyl group on 5-methylcytosine in DNA or removing the 
three methyl groups found at position K9 on the H3 histone [15, 16]. However, 
whereas alpha-ketoglutarate is found in all mammalian cells, ascorbic acid is not 
synthesised intrinsically by humans and must come from the diet. The fact that the 
dioxygenases depend for their epigenetic function on both endogenous metabolic 
by-products and molecules of exogenous origin means they combine inputs from 
both the embryo itself and the environment in determining how stem cells will dif-
ferentiate [17, 18].

Glycolysis occurs via a sequence of cytosolic reactions of redox type and results 
in the six-membered glucose ring being split to form two pyruvic acid molecules, 
each containing three carbon atoms. This generates two extra ATP molecules. The 
generation of ATP in this way is known as substrate level phosphorylation. In the 
majority of cells, pyruvic acid can be subsequently converted into lactic acid through 
the action of lactic acid dehydrogenase or into acetyl-CoA through the action of 
pyruvic acid dehydrogenase.

Glycolytic intermediate products may also be utilised in synthesis of macromol-
ecules at times of rapid cell division. The advantages of anaerobic  metabolism/
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glycolysis are that it can synthesise ATP swiftly and produce smaller molecules 
needed to assemble macromolecules for growth. However, it has the disadvantage 
that it fails to generate as much ATP from each glucose molecule as is possible 
through oxidative phosphorylation [1].

In the murine model, stem cells which are differentiating into a primed pluripo-
tent phenotype from the naive type automatically decrease reliance on oxidative 
phosphorylation and rely instead on substrate level phosphorylation to generate 
ATP. Accordingly, they express large numbers of glucose transporters, resulting in 
increased volumes of glucose uptake and greater glycolytic activity [7, 19]. 
Furthermore, the increased glucose utilisation also fuels the pentose phosphate 
pathway by which nucleotides can be manufactured in the cell [20, 21]. These 
changes can be understood as intended to facilitate rapid cell division of the pluripo-
tent stem cells. Similar metabolic alterations are seen in the so-called ‘Warburg 
effect’, which occurs in neoplasia [22]. This effect occurs in cells that undergo rapid 
proliferation, especially in malignancy. It involves the stockpiling of intermediate 
molecules in the glycolytic pathway, which are then utilised in cellular division, at 
the same time as injury resulting from the production of reactive oxygen species is 
minimised. The accumulated intermediates may be utilised in various synthetic 
pathways: to generate amino acids via 3-phosphoglycerate; to generate lipids via 
dihydoxyacetone phosphate and acetyl CoA; and to form nucleotides and NADPH 
through glucose-6-phosphate and the pentose phosphate pathway. Thus, the meta-
bolic needs of rapidly dividing cells, whether in neoplasia or in the normal physio-
logical differentiation of pluripotent stem cells, can be supplied.

2  Conclusion

There is increasing evidence to implicate numerous metabolic pathways in regulat-
ing the type of differentiation undergone by many stem cells. Although a significant 
number of metabolic adaptations in stem cells reflect the local environment around 
the cell, this does not mean that such metabolic adaptations have no long-term pro-
gramming effects on cells. In the same way that cells may be reprogrammed through 
signalling by growth factors; so, too, different metabolic preferences may induce 
epigenetic alterations, changes in the rate of division and expression of different 
phenotypes. Furthermore, the evidence also shows that there are intrinsic prefer-
ences for specific metabolic settings in specific states of differentiation. The meta-
bolic state of specific cells reflects the outcome of different factors operating 
simultaneously, i.e. intrinsic preferences attached to a phenotype and the surround-
ing microenvironmental conditions. When this interplay of different factors is better 
understood, it will be possible to change the conditions in a targeted way to achieve 
particular aims both for tissue engineering in the laboratory and for regenerative 
procedures in human patients [1].
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Neural Maturation of Breastfed Infants

Özge Serçe Pehlevan, Bülent Kara, and Despina D. Briana

1  Introduction

Brain development starts from fetal life, and proceeds well into adolescence [1]. 
Brain structures and functioning develop sequentially [2]. Caudal to rostral progres-
sion occurs in brain development [2]. This progression starts from the rhomben-
cephalon followed by the diencephalon and telencephalon. Cortical growth goes 
behind primary cortical structure formation [2, 3]. Neuronal maturation also occurs 
in a hierarchical progression. It starts from the “primitive” brainstem, and pro-
gresses to form “advanced” cortical and cognitive functions. This process proceeds 
beyond the first weeks of postnatal life [2–4]. The “triune brain” evolutionary 
hypothesis supports this hierarchical fashion of neuronal development. In this 
hypothesis, the early primitive brain, the intermediate brain, and the most advanced 
brain structure develop consecutively. The role of the early primitive brain is an 
arrangement of movement, vital functions, and self-preservation. The intermediate 
brain is associated with hunger, instincts, emotions, fight or flight, and memory and 
sensory input, and the last developed brain structures play roles in reasoning, motor 
functions, and perception [2, 5]. Neural structures grow rapidly and peak 
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synaptogenesis of the medulla presents during the last weeks of gestation [2, 4, 6]. 
The one-third of brain growth takes place during the last 2 months of gestation [2, 
7]. Therefore, preterm neonates have nearly 60% of the brain volume of a full-term 
neonate at birth. This smaller brain will continue to grow after birth [2, 7, 8]. Preterm 
infants also have decreased corpus callosum, white matter, and cortical gray matter 
volume in the adolescent period [9–13].

The average newborn brain weight is 350 g. It will have rapidly tripled its birth 
weight size by age 1 and quadrupled its birth weight size by age 3 [14, 15]. After 
this year, the brain grows slowly, and it approaches the quintuple mark by age 15 
[14, 16]. The dentate gyrus of the hippocampus is responsible for memory. Neuron 
proliferation also takes place in this area. It is the most vulnerable process to envi-
ronmental factors during the first several weeks of life [14, 17]. In this period, the 
proliferation of the other forms of neural tissue occurs concordantly in the brain 
[14]. The accelerated tempo of postnatal myelination and neuron migration to the 
various parts of the brain presents during the first 2  years of life [14, 18, 19]. 
Dramatic growth in synapse formation is the key element of these years [14, 17]. 
Pruning, an example of programmed cell death, leads to a decline in synaptic den-
sity. It is necessary for appropriate neurodevelopment [14, 17, 20–22]. Inadequate 
pruning is one of the proposed etiologic factors for autism spectrum disorders [14, 
23]. The permeability and vulnerability to neurotoxins of the blood-brain barrier 
(BBB) are higher in the first years of life than later [14, 17]. Building brain architec-
ture via cells and connections formation and creating a selectively permeable barrier 
within the brain and the environment are the summary of neurodevelopmental pro-
cedures during infancy. An infant’s diet presents key elements required for optimum 
brain development during this process.

2  The Composition of Breast Milk

The content and interactions of the milk bioactive components are adapted to the 
growth velocity of infants, and dependent on specific target points of each species 
[24–26]. In humans, these target points are mainly the central nervous system 
(CNS), the immune system, and the achievement of affiliative behavior [26]. Human 
milk is an essential nutrition for the infant’s development contributing to survival 
and life quality that can extend to adulthood [25, 27–32]. So, the main health poli-
cies recommend exclusive breastfeeding as the most appropriate type of feeding 
during the first 6 months of life, and continuation of breastfeeding along with com-
plementary foods for at least 2 years [32–37].

Human milk contains a variety of nutrients that potentially have synergistic 
effects [14]. Breast milk composition does not have a uniform character as infant 
formula. It is a dynamic liquid that rapidly adapts to the nutritional requirements of 
infants [24, 25, 36]. Its composition changes within a day, during lactation, and 
according to infantile demand (Table 1) [24–28, 37]. For example, the protein con-
tent is higher in breast milk from mothers of preterm infants than in term infants 
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(Table 1) [24, 26, 38]. Another example is lactoferrin which decreases during the 
first several days of lactation [26]. Colostrum, the milk of the first 5 days of postna-
tal life, evolves through transitional milk between 6 and 13 days. Then, mature milk 
presents for 14 days and beyond [25, 26].

2.1  Breast Milk Proteins

Proteins in human milk exert various physiological activities that include the pro-
motion of the immune and gastrointestinal systems [26]. Casein supplies amino 
acids and supports calcium and phosphorus absorption [26]. The whey-to-casein 
percentage in breast milk changes during lactation [26, 39]. Lactoferrin and alpha- 
lactalbumin are the main contents of whey proteins. Alpha-lactalbumin is a valuable 
nutritional element and has antitumor activity [26, 40–42]. Lactoferrin, an iron- 
binding protein, supports the growth of gut epithelium and has bacteriocidal proper-
ties. Brain-derived neurotrophic factor (BDNF) is another protein in human milk. 
Its serum level is associated with neuronal development in infants [32, 43]. However, 
the persistence of BDNF levels do not extend to prepubertal age [32]. The main 
expression of this protein is in the hippocampus [32, 44]. It supports synaptic con-
nections, it is associated with the development and growth of the brain, and is 
responsible for dendrite formation and differentiation, as well as plasticity 
[32, 45–47].

2.2  The Non-protein Nitrogen Content of Breast Milk

The nonprotein nitrogen fraction of breast milk contains peptide hormones, poly-
amines, urea, uric acid, carnitine, ammonia, free amino acids, creatine, creatinine, 
choline, amino alcohols of phospholipids, amino sugars, growth factors such as 
nerve growth factor, nucleotides, and nucleic acids [14, 25, 26]. Nucleotides play 
roles in the immune system and gut environment regulation, as well as in the absorp-
tion and digestion of foods [26]. Carnitine is involved in long-chain polyunsaturated 
fatty acids (LC-PUFA) metabolism that is important for favoring neurodevelopment 
[14, 20]. Breast milk provides nearly 9% of the creatine intake [25, 46]. The brain 
is significantly vulnerable to creatine deficiency which leads to worse neurodevel-
opmental outcomes like mental retardation and autism [25].

2.3  Carbohydrates in Breast Milk

The principal carbohydrate in human milk is lactose [26]. Lactose inhibits entero-
pathogen binding to host cell receptors and enhances calcium absorption [26]. 
Besides these benefits, it has a significant role in rapid brain development in early 
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life [26]. Galactolipids are the key elements of myelination [26]. The infant’s liver 
is unable to synthesize all of the galactolipid requirements [26]. Fortunately, milk 
galactose is an excellent source of galactolipids [26]. Human milk has higher lac-
tose levels than other species’ milk [26]. A correlation between the volume of the 
brain and the lactose content in the milk is considered [26].

The integral part of the plasma membranes of nerves contains sialic acid. It 
locates mainly in the nerve endings and dendrites [14, 26, 48]. Sialic acid is present 
in gangliosides, glycoproteins, and oligosaccharides [49]. Oligosaccharides are bio-
logically active carbohydrates, and one of the main largest solid elements of breast 
milk [24, 26, 50]. They favor the colonization of the infant’s intestinal microbiota 
[24]. Gangliosides are glycosphingolipids that take part in neuronal migration and 
maturation, myelin, and synapse formation [49–52]. Sialic acid fortification sup-
ports learning performance in animals by increasing its amount in the frontal cortex 
[26, 49, 53]. The human brain has the highest sialic acid quantity in the world. In 
humans, breastfeeding leads to higher amounts of sialic acid than formula feeding 
[26, 49, 54].

2.4  Lipids in Breast Milk

Lipids supply 50% of the calories in milk. The fat content of human milk changes 
dynamically to various factors (Table 1) [24, 26, 55, 56]. Specifically, human breast 
milk provides an abundance of lipid components, especially cholesterol and essen-
tial fatty acids that are vital for brain and retina development [15, 28, 57–60].

2.4.1  The Sterols in Breast Milk

The sterol content of breast milk rises over the lactation period. Serum cholesterol 
levels are higher in breastfed infants than in formula-fed ones [14, 26]. Cholesterol, 
the major component of sterol content, is an essential part of all membranes. Nerve 
conduction in the brain requires the laying down of the myelin sheaths, and this 
process needs cholesterol [14, 25, 26]. It is also important for glial cells [14]. 
Cholesterol has been implicated in adult cognitive performance [15, 60].

2.4.2  The Fatty Acids in Breast Milk

Docosahexaenoic acid (DHA; polyunsaturated omega-3 fatty acid) and arachidonic 
acid (AA; polyunsaturated omega-6 fatty acid) forms nearly 20% of the fatty acid 
ingredient of the brain. They are mainly located in phospholipids of neural mem-
branes, particularly in the cerebral cortex and other gray matter regions [2, 15, 28, 
57, 61–66]. They play an important role in the early neurodevelopmental process 
including cortical maturation, neuronal growth, repair, and myelination [9, 15, 66–
70]. An infant’s immature liver synthesize capacity cannot meet the LC-PUFAs 
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needs of the developing brain without a dietary source [15, 26, 58, 71, 72]. These 
lipid-rich components of human milk may contribute to advanced cognitive and 
psychomotor development in breastfed children compared with formula-fed chil-
dren [9, 26, 71]. The main fatty acid content of the brain is DHA, but DHA content 
in milk or brain tissue is significantly correlated with the mother’s diet and their 
biosynthesis from precursors [14, 27, 73]. Therefore, their concentrations in breast 
milk are highly variable. The amount of fatty acid in the diet is important due to its 
impact on the neural tissue, both gray and white matter structure [14]. These fatty 
acids also modulate the inflammatory response and energetic metabolism in adipose 
tissue, and muscle [57, 74, 75]. The last trimester of pregnancy and the first 2 years 
of life are characterized by accelerated brain growth. The brain has the most abun-
dant accretion of main fatty acids in these periods [2, 15, 61, 76–78]. Preterm infants 
are devoid of this significant transplacental transfer of fatty acids during the last 
trimester of pregnancy. Therefore, they are prone to fatty acid deficiency. The impact 
of DHA levels in the brain on the clinical outcomes of preterm infants is unknown 
[2, 77]. Several studies reported positive correlations between PUFA levels in red 
blood cells and maturation of white matter, cerebral cortex volume, thalamus, and 
basal ganglia in late preterm infants [62, 76, 79]. Despite opposing views of some 
authors, there have been reports stating encouraging outcomes on the visual and 
cognitive function of supplementation with PUFAs [15, 35, 61, 71, 80–89]. 
Therefore, PUFA fortification of the preterm infant may be a neurorestorative inter-
vention [61]. Fortunately, breast milk is an excellent source of fatty acids, and pre-
term mothers’ milk contains higher DHA values compared with term human milk 
[26, 61].

Various amounts of LC-PUFAs are added to formulas [26]. Although infant for-
mulas try to mimic human milk, infant formulas have quite different fatty acid pro-
files and shapes which are not used by the brain in the same way [26, 36, 90, 91]. 
These differences lead to a discrepancy in the fatty acid composition of cell mem-
branes and alter gene expression within those cells, leading to subsequent changes 
in brain structure and function. LC-PUFA dietary intake promotes the development 
of dendritic spines and the formation of synaptic membranes, thus bringing out 
neurotransmission and cell-to-cell signaling [14, 15, 92]. Rat pups fed a diet not 
containing n-3 fatty acids that have much less DHA, and more n-6 fatty acids in 
their brain [93]. This diet leads to learning and memory disorders in adult rats, and 
more depression scores [14, 94, 95]. Mothers with higher dietary intake of n-6 and 
a lower dietary intake of n-3 PUFAs during the last month of pregnancy and lacta-
tion transfer less DHA to their offspring [96]. The neuronal plasma membrane man-
ages signal transduction of neuronal growth and migration, synapse formation, and 
plasticity. This decreased transfer of DHA can influence the fluidity of this mem-
brane [57, 89]. Therefore, the amount of PUFAs and the proportion between n-6 and 
n-3 PUFAs in diet may influence infants’ speech-language skills [14].
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2.4.3  The Milk Fat Globule Membrane (MFGM)

The milk fat globule membrane in human milk has various bioactive elements [25, 
35, 49, 90]. The ratio of lipid and protein weight of the MFGM is 1:1 [49, 97, 98]. 
The lipid component of the MFGM is composed mainly of cholesterol and phos-
pholipids [35, 36, 49]. Thirty percent of the total phospholipid composition in 
MFGM consists of sphingomyelin, phosphatidylcholine, and phosphatidylethanol-
amine [25, 49, 97]. Several trials report the promising impact of MFGM supple-
ments on children’s microbiota, defense against infections, and neurodevelopment 
[25, 35, 49, 99–107]. Feeding by infant formula supplemented with bovine MFGM 
supplementation leads to similar cognitive outcomes with breastfed infants, and 
higher cognitive outcomes than standard formula-fed infants [25, 107].

2.5  The Vitamins in Breast Milk

The water-soluble vitamins in breast milk are ascorbic acid, pyridoxine, thiamin, 
folate, riboflavin, biotin, niacin, choline, pantothenate, and vitamin B12. Breast 
milk contains fat-soluble vitamins such as A, D, E, and K [14, 24, 26, 108, 109]. The 
number of water-soluble vitamins in human milk changes by various factors like the 
dietary intake of mothers, the stage of lactation, and preterm birth [24, 26].

2.5.1  Choline

Choline (vitamin B4), is abundant in human milk. The biosynthesis of the mem-
brane constituents, phosphatidylcholine, sphingomyelin, choline plasmalogens, and 
the neurotransmitter acetylcholine requires choline as a precursor [48]. Choline 
plays a significant role in neurodevelopment, and neural tube closure like folate [14, 
49, 110–112]. Choline supplementation influences memory and learning in animal 
studies [14, 49, 113]. Neurogenesis and synaptogenesis are the two sensitive peri-
ods to choline supplementation in rats that result in positive outcomes in brain func-
tion. This period in rats reflects the time period from in utero to 4 years of age in 
humans [49, 114]. The infants of mothers who have diminished choline levels dur-
ing the first months of pregnancy have poor cognitive functions at 18 months [49, 
115]. Sphingomyelin and its metabolites have roles in cell signaling and prolifera-
tion, apoptosis as well as inflammation [48, 116–118]. Oral sphingomyelin increases 
myelination in rats [49, 117]. It promotes the maturation of the intestine and inhibits 
intestinal absorption of cholesterol [49, 118, 119]. Very low birth weight infants 
who take the sphingomyelin fortification had better neurodevelopmental outcomes 
between 6 and 18 months of age [120].
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2.5.2  Folate

Folate is an essential cofactor in various biological pathways, including nucleotide 
synthesis [111, 121]. Folate deficiency leads to sensory axonal neuropathy, cogni-
tive impairment, depression, and schizophrenia [111, 122–126]. Folate and vitamin 
B12 deficiencies additively disrupt memory function in rats who have Alzheimer’s 
disease by blunting hippocampal insulin signaling and altering the intestinal micro-
bial environment [127].

2.5.3  Vitamin D

Active vitamin D has antioxidant properties. It influences brain development. 
Furthermore, it plays a significant role in neuron development and neuroprotection 
[111, 128, 129]. Vitamin D regulates immunity against certain bacteria, and the 
intestinal microbiota [111]. Vitamin D deficiency leads to aging and behavioral, 
social, motor, and sensory impairments [111, 130–133].

2.5.4  Vitamin A

Vitamin A deficiency influences gut microbiota by increasing the population of 
Bacteroides vulgatus [111, 134]. In recent years, the impact of carotenoids, espe-
cially lutein in the development and functions of the brain, has been investigated 
[15, 135]. The main accumulation of lutein is in the brain. Carotenoid-supplemented 
formulas increase brain carotenoids particularly in the hippocampus, occipital cor-
tex, and striatum [15, 135]. Lutein promotes cell communication and neuroprotec-
tion through antioxidant mechanisms [15, 135]. The formula-fed preterm decedents 
have lower brain lutein quantity than breastfed ones. On the other hand, formula-fed 
term decedents do not show this difference [15, 136]. Lutein absorption is also 
higher in human milk than in infant formula [15, 137, 138]. Further studies investi-
gating the impact of carotenoids on psychomotor outcomes are required.

2.6  Micronutrients and Trace Elements in Breast Milk

Breast milk consists of micronutrients and trace elements that have active roles in 
CNS development and functioning [24, 26]. Magnesium (Mg) regulates neuronal 
transmission and neuromuscular coordination. It is a cofactor for various enzymes. 
Moreover, Mg is responsible for RNA, DNA, and protein stability [110, 139, 140]. 
Mg inhibits the calcium channel in the N-methyl-D-aspartate (NMDA) receptor. 
Therefore, it preserves excitotoxicity, and neuronal apoptosis [111, 139, 141–143]. 
Brain Mg levels promote synaptic plasticity, and therefore affect learning and 
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memory skills [111, 144, 145]. Mg deficiency is associated with inflammation and 
oxidative response [111].

Zinc is located in structures of various proteins. It is a cofactor of a variety of 
enzymes that regulate many cellular functions and signaling pathways [111, 146]. 
Zinc is one of the trace elements that have neuroprotective functions [111, 147–
150]. Zinc is also located in synaptic vesicles, particularly in glutamatergic termi-
nals [111, 151–153]. Furthermore, Zinc is responsible for neuronal activity, and 
influences the activity of N-methyl-D-aspartate (NMDA), amino-3-hydroxyl- 5-
methyl- 4-isoxazole-propionate (AMPA), GABA-A, glycine inotropic, and GPR39 
receptors [111, 153–155].

2.7  The Role of Breast Milk in the Regulation 
of Immune Functions

Persistent inflammation is a well-known factor that causes neurodevelopmental dis-
orders. Diet in the early period of life influences the regulation of inflammation in a 
long-term manner [14, 156]. Shorter breastfeeding duration dysregulates immune 
functions and may lead to neuroinflammation as the predisposing etiology of autism 
spectrum disorders [14, 157].

2.8  Effects of Breastfeeding on Mother-Child Interactions

Maternal care is important in the early neurodevelopment and epigenetic program-
ming of their offspring’s CNS [158–161]. Breastfeeding affects both mothers and 
their infants by altering the maternal hormones [14]. Human milk consists of oxy-
tocin, which is a neuropeptide in the brain. Oxytocin is released in response to suck-
ing and stimulates the let-down of milk [158, 162, 163]. It is associated with 
affiliation and bonding [158, 164, 165]. Therefore, it may influence mother–infant 
relations [14, 158, 166, 167]. Genetic variations in the oxytocin pathway lead to 
alterations in limbic regions [167, 168]. Negative central constituent in the event- 
related brain potential occurs from frontal cortical regions, especially the anterior 
cingulate cortex [157, 169]. Therefore, chronic modulation of the oxytocin pathway 
can alter the brain structures which are responsible for mediating attention and emo-
tions [158]. Lactation can improve maternal stress levels [14, 169]. Lactating moth-
ers had greater brain activation than formula-feeding ones during the first postpartum 
month. This difference was correlated with improved maternal sensitivity when 
their offsprings were 3–4 months old [169, 170]. Maternal sensitivity during infancy 
is associated with language development [171]. In the study of Hardin et al., infants 
of depressed and breastfeeding mother had no dysregulation of the behavior or brain 
development in contrast to the depressed group who did not breastfeed [172]. Only 
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infants of depressed and bottle-feeding mother had right frontal EEG asymmetry 
and more right along with less left hemisphere activity [173]. These findings dem-
onstrate that breastfeeding may influence mother–child interactions in a long-term 
manner. Supporting this hypothesis, formula-fed infants have poorer speech pro-
cessing [24, 26, 174].

2.9  Effects of Breastfeeding on Modulation of Gut-Brain Axis

Altering gut microbiota with breast milk may also promote brain and myelin devel-
opment, resulting in improved brain function [67]. The gut-brain axis which repre-
sents the interactions between CNS and the intestinal microbiota is established in 
utero and grows through childhood [174, 175]. Bidirectional signals between the 
gastrointestinal tract and brain influence the sensory, motor, and secretory process 
of the gut, and also brain functions [111, 174]. This communication occurs continu-
ously through hormonal, immune, neuronal, and other pathways that are generally 
determined by the microbiota, and the transition of bacterial products through the 
gut wall [174, 176, 177]. Lipopolysaccharides, present in the cell wall of Gram- 
negative bacteria, translocate from the gut mucosa to the systemic circulation and 
produce pro-inflammatory cytokines that are critically affecting the CNS [174, 178, 
179]. On the other hand, probiotic microorganisms, for example, Lactobacillus, 
decrease the colonization of inflammatory microorganisms [174, 180]. Microbial 
gut-derived tryptophan metabolites modulate immunity by regulation of T cells 
[174, 181–183]. Furthermore, tryptophan metabolites increase kynurenine concen-
tration. Engagement with kynurenine and aryl hydrocarbon receptors stimulates the 
differentiation of regulatory T cells. It rises the levels of indoleamine 2,3- dioxygenase 
up. Indoleamine 2,3-dioxygenase stimulates the catabolism of tryptophan [174, 
183]. In mice, tryptophan metabolites that can transfer via the placenta impact CNS 
development in utero independently of the microbiota [174, 184]. Finally, trypto-
phan metabolites in systemic circulation influence the levels of serotonin and 
gamma-aminobutyric acid in the CNS and the production of neurotoxins in microg-
lia and astrocytes [174, 185, 186]. Bacterial fermentation of complex polysaccha-
rides in the colon is the source of short-chain fatty acids. These fatty acids alter 
mitochondrial function via the citric acid cycle and carnitine metabolism or have 
epigenetic effects [25, 174, 187]. The results of these factors are reversible behav-
ioral, inflammatory, metabolic, electrographic, and epigenetic changes in brain 
function [174]. Some microbial products increase hydroxytryptamine (5-HT) in the 
colon and blood. Consequently, they promote neuronal cell division and differentia-
tion in utero [188]. A decrease in 5-HT during the developmental process influences 
the maturation of cortical neurons, and barrel cortex development [189]. The blood-
brain barrier (BBB) is a control region of the molecular transfer between the 
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circulatory system and the brain parenchyma. GF mice have increased BBB perme-
ability compared with non-GF ones with normal gut microbiota [190]. The interac-
tions between the gut microbiota and the intestinal cells promote the production of 
peptides that activate afferent endings of the vagus nerve [13]. The transmission of 
signals to the CNS affects behavior and efferent neural activity as a pro- inflammatory 
response [174]. The brain receives information related to systemic inflammation, 
contributing to initiating behavioral responses [191]. Therefore, the gut microbiota 
is fundamental in the brain structure and modulation of function [174]. Therefore, 
dysbiosis may influence CNS development and functions during the most vulnera-
ble brain development period, the first years of life [175].

Maternal transfer of commensal bacteria to the fetus takes place before birth via 
the placenta and the amniotic fluid. Colonization after birth is a complex and 
dynamic process and is dependent on the duration of gestation, mode of delivery, 
use of antibiotics, and type of feeding [24, 35, 174].

The gut microbiota is dominant of Proteobacteria and Actinobacteria in term 
infants born to healthy mothers with vaginal delivery, breastfeeding, and with no 
exposure to antibiotics [174]. With time, breast milk that contains high Streptococci 
and Staphylococci and complex oligosaccharides that stimulate the growth of 
Staphylococci and Bifidobacteria, also acquires Firmicutes and Bacteroidetes spe-
cies [174]. By solid food intake, Bacteroides and Clostridium species enter the gut. 
The gut microbiota completes its final composition within 3 years [174]. A formula- 
fed infant has different gut microbiota with a wider microbiota composition than a 
breastfed infant [174]. Clostridium and Streptococcus species, Bacillus subtilis, 
Lactobacillus acidophilus, Bacteroides vulgatus, Escherichia coli, Veillonella par-
vula, and Pseudomonas aeruginosa are significantly higher in bottle-fed infants 
than in breastfed ones. On the contrary, Lactobacillus rhamnosus and Staphylococci 
are common in breastfed infants, whereas Staphylococcus epidermidis is almost 
absent in formula-fed infants [174]. Breast milk has also large amounts of oligosac-
charides that act as prebiotics, promoting the beneficial probiotic microorganisms 
(Table 1) [192]. Dysbiosis alters synaptic maturation that influences motor control 
and anxiety-like behavior [193]. Healthy colonization of the gut microbiota sup-
ports myelin formation in animals. The absence of microbiota during early life pro-
motes activity-related transcriptional pathways in the amygdala [194, 195]. Gut 
dysbiosis is related to significant neurological problems. Altered gut microbiota has 
a direct relationship with fine motor skills and childhood temperament at 18 months 
of age, cognition at 2 years of age, and communication, motor, personal, and social 
skills at 3 years of age [196–199]. All of these data confirm the significance of gut 
microbiota for appropriate CNS development and function. However, most of these 
data come from animal studies. Humans have greater expansion of the prefrontal 
cortex and the frontoinsular regions than animals. Because the human gut-brain axis 
has different characteristics from the axis of animals, these results cannot be gener-
alized to humans [35].
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2.10  The Impact of the Duration of Exclusive Breastfeeding 
on Neurodevelopment

Many neural outcomes, including white matter and total brain volume, and cortical 
thickness are associated with the duration of exclusive breastfeeding [9, 156]. There 
was a strict correlation between the extension of this duration and both increased 
parietal cortex thickness and higher cognitive scores in 571 adolescents [200]. 
Another study determined slower myelination in formula-fed children than in 
breastfed children [67]. Studies utilizing advanced magnetic resonance imaging 
(MRI) techniques reported that breastfed infants have better white matter matura-
tion [34, 67, 201–203]. Deoni et  al. compared white matter development by 
advanced MRI measures at age 10 months to 4 years between infants either exclu-
sively breastfed for a mean of 413 days or exclusively formula-fed or fed a mixture 
of formula and breast milk [67]. Early exclusive breastfeeding leads to better devel-
opment in relatively late-maturing white matter regions, including frontal and tem-
poral white matter, corticospinal tracts, and superior longitudinal and occipitofrontal 
fasciculi. Breastfed infants have improved performance in some of these higher- 
order cognitive regions [61, 67, 204]. Better cognitive functions and the spatiotem-
poral formation of the myelin sheath require rapid and synchronized brain messaging 
that is facilitated by the white matter [205]. This process develops coordinated 
movement and improves social, emotional, and other behaviors [67, 206]. 
Breastfeeding duration has a positive correlation with the improved development 
and functioning of myelin water fraction in the internal capsule, superior orbital- 
frontal fasciculus, and left superior-parietal lobe of 1–4-year-old toddlers. These 
regions are responsible for executive and social-emotional behaviors, planning, and 
language skills in which breastfed infants were also advanced [67, 204]. A recent 
study has investigated nearly the same correlation between 4 and 8 years old chil-
dren [9]. A remarkable association between the duration of breastfeeding and frac-
tional anisotropy scores in left-lateralized white matter tracts, including the left 
superior longitudinal fasciculus and left angular bundle, which is indicative of 
greater intrahemispheric connectivity, and no correlation with corpus callosum size 
was reported [9]. The left angular bundle is associated with verbal episodic memory 
performance [207]. The largest white matter tract in the brain is the corpus callo-
sum. It provides interhemispheric connectivity and is associated with developmen-
tal disorders [9, 208–210]. However, breast milk consumption is associated with the 
more global development of white matter volume or quality in other studies [9, 60, 
67, 70]. The authors explained these by complex underlying mechanisms of signifi-
cant association between breastfeeding duration and white matter connectivity [9]. 
Thus, breastfeeding could have neurorestorative potential through its impact on oli-
godendrocytes development and myelination [61]. Although not all findings are 
consistent, breastfeeding results in better intelligence quotient (IQ) scores, aca-
demic success, and neurocognitive, verbal, and language skills in later life [57, 60, 
61, 200, 211–218]. Children with attention deficit and hyperactivity or autism spec-
trum disorder have shorter breastfeeding durations than their counterparts 
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[219–222]. The immature and small brain that has altered structural connectivity 
leads to preterm infants more vulnerable to adverse neurological outcomes than 
term infants [2, 6, 223, 224]. Both brain injury and immaturity result in neurocogni-
tive, social, emotional, and behavioral deficits [225]. With the unique components 
not found in infant formula, human milk is essential in the development and protec-
tion of the preterm infant’s brain [2, 202, 226–228]. Breastfed preterm infants have 
better IQ scores and cognitive functions than formula-fed ones [202]. Isaac et al. 
demonstrated a correlation between IQ, white matter volume, and breast milk intake 
in premature male infants, but not in females who were followed up during adoles-
cence period [60]. Based on these data, the World Health Organization encourage 
feeding with breast milk for preterm infants as their term counterparts [229]. The 
underlying mechanisms of the various reported neurocognitive benefits of breast-
feeding are largely unknown. Indeed, the impact of breastfeeding duration on child 
neurodevelopment is controversial [57, 212, 216, 230, 231]. Some studies stated 
that breastfeeding improves children’s cognitive ability far into adult life [158, 212, 
214, 232–239], while others reported no significant relationship between them [58, 
231, 240–246].

3  Conclusion

Breast milk is an excellent nutritional source with its dynamic and rich content. It is 
a unique food that exactly fulfills the requirements of growing infants. It is qualified 
with complex content with various components that have different structures, 
amounts, and synergistic effects. Although the exact underlying mechanisms are 
largely unknown, the current data demonstrate that breastfeeding is a key element 
for optimal neurodevelopment. Lack of breast milk feeding has a lifelong impact on 
neurocognition and quality of life.
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Breastfeeding and Motor Development 
in Preterm and Term Infants

Gülten Öztürk, Bülent Kara, and Gian Carlo Di Renzo

1  Introduction

Development is a term used for improvement in the functional capacity of body 
organs, and it is known that the development rate of a child is the fastest in the first 
2 years of life [1]. Optimal neurodevelopment that includes cognitive and motor 
components are the keystone for healthy child growth and reflect central and periph-
eral nervous system maturation. Motor development is the progress in the coordina-
tion capacity of the musculoskeletal system and is a major indicator of postnatal 
healthy child growth [2–4].

Motor functions are subdivided into gross and fine motor skills. Gross motor 
functions like large body movements of the trunk and legs, allow achievement of 
walking, climbing, and running, whereas fine motor development reflects the 
improvement in the functional capacity of the shoulder, arm, and hand, which 
progresses to small hand and arm movements like pincer grasp and throwing [4]. 
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Gross motor improvement is followed by fine motor development, and this proceeds 
into the preschool years. It is known that healthy early motor development also 
reflects future cognitive development. Neurodevelopment is a dynamic process 
affected by multiple environmental and genetic factors some of which are still 
unclear [5].

Nutrition is the major known factor influencing infantile neurodevelopment. 
Nutrition is generally provided by maternal breast milk in the first months of life 
unless there is a contraindication and despite all the progress in the infant formula 
industry, World Health Organization (WHO) still recommends exclusive breast-
feeding in the first 6 months of life [2, 6–8].

Typically, postnatal nutrition for babies is provided by maternal breast milk, 
infant formula, or a combination of them. It is known that maternal breast milk has 
a unique composition of nutrients, some of which have still not been copied by 
infant formulas.

The contribution of nutrition to neurodevelopment is now a proven fact, but there 
is still debate about the individual effects of nutritional content (human milk or 
formula) and type of feeding process (breastfeeding or bottle feeding) [9].

This chapter will focus on the effects of breastfeeding on the motor development 
of preterm and term infants. Human milk composition and the breastfeeding process 
will be discussed individually, regarding their contribution to the motor develop-
ment of preterm and term infants.

2  Pathophysiology of Motor Development

Studies have shown that postnatal motor development is strongly related to myelin-
ation of the central nervous system’s corticospinal, pyramidal, and corticobulbar 
tracts. Myelination is completed with a neuroanatomical arc followed by a well- 
described pattern from posterior to anterior and from center to outwards [10]. 
Myelination begins prenatally at 32 weeks of gestation and progresses rapidly in the 
first 2 years of life at a slower rate till puberty. As myelination is completed, the 
subcortical system, which is responsible for primitive reflexes, is gradually inhib-
ited, and functional steps of motor development are achieved [11]. Regarding the 
complexity of its pathophysiology and the influence of psychosocial and socioeco-
nomic factors, scientific information related to breastfeeding and neuromotor devel-
opment is viewed with suspicion because of all the potential confounders [2].

The mother’s nutritional status during pregnancy, the infant’s birth weight, and 
the mother’s education level are some known factors that contribute to neurodevel-
opment in addition to the nutrition type of the infant [12]. Some studies have focused 
on nutrition content, whereas others have studied the impact of the type of feeding 
process on neurodevelopment. The results of most studies about the effects of 
breastfeeding on motor development are controversial and difficult to compare 
because of the heterogeneity in study designs and the confounding factors. Most of 
the studies performed in the literature are based on recalls of the parents about the 
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breastfeeding process. Although this raises suspicion about the reliability of the 
studies, it has been established that parental recall in the postnatal first 3 years of 
childhood about breastfeeding initiation and duration can be counted as reliable [13].

Prospective studies planned to evaluate the effects of human milk and the breast-
feeding process on neuromotor development have mainly used Bayley Scales of 
Infant Development and Denver Developmental screening tests, which are universal 
but there are other adapted developmental tests used in the studies [14].

3  Composition of Human Milk

Human milk has a rough composition of 87% water, 1% protein, 4% lipid, and 7% 
carbohydrate. The constitutional distribution of human milk is affected by the phys-
iological status of the mother. Gestational age and diet of the mother, the number of 
parities, and the stage of lactation are some known factors influencing the composi-
tion of human milk [7].

It is known that human milk has the lowest protein content among all mamma-
lian milk, and this leads to a relatively lower growth rate in newborns. However, 
some specific components of human milk contribute directly to brain development 
and it is a challenge to imitate the optimal composition of these components in for-
mulas as their ratio is affected by physiological changes in the body [7].

Hormones, antibodies, long-chain fatty acids, vitamins, minerals, growth factors, 
free amino acids, organic acids, oligosaccharides, and some other bioactive factors 
in human milk make it a unique and essential nutrient for newborn growth and 
development. Infant formulas contain similar nutritional content but still lack some 
physiological factors secreted by the human body, and studies have focused on the 
discovery of these unique factors and their effect on brain development.

4  Impact of Human Milk on Motor Development 
of Term Newborns

It is known that the constitution of human breast milk changes in different stages of 
lactation according to the needs of the neonate and is also affected by the mother’s 
diet [15].

It has been shown that a large proportion of long-chain polyunsaturated fatty 
acids (LC-PUFA’s) are derived from the essential fatty acid linoleic and alpha- 
linolenic acid. One of these fatty acids named 9,12-octadecadiynoic acid 
(C18H28O2) has been related to the development of adaptive behaviors in neo-
nates [16].

Docosahexaenoic acid (DHA; 22:6n-3) and arachidonic acid (AA or ARA; 
20:4n-6) are the long-chain polyunsaturated fatty acids (LC-PUFAs), which have 
been found rich in human milk but not in cow milk and most infant formulas; 
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accumulate in the human brain in the first months of life and have been found in 
greater amounts in breastfed infants’ brain tissue. Animal studies have shown a 
positive impact of LC-PUFAs on cognitive development with higher IQ and result-
ing in better neuromotor performance scores. Rodent experiments have shown that 
LC-PUFA’s have been found responsible for neurite growth and dendritic regenera-
tion after cell injury and these findings also lead investigators for studies focused on 
genes involved in LC-PUFA metabolism to search the effects of breastfeeding in 
children’s IQ [17]. A recent study has shown that n3 PUFA and n3-n6 PUFA con-
centration is higher in the mother’s colostrum and infants fed with colostrum had 
higher scores on the Bayley’s scales of infant development test at 14 months of 
evaluation [18].

A large number of oligosaccharides and the high cholesterol content of human 
milk specifically make a contribution to brain development. Sphingomyelin, iron, 
cholesterol, choline, and phospholipids of human milk are essential for myelin 
sheath formation in the brain [19]. Sialic acid in human milk is the building block 
of brain gangliosides [20]. Sialic acid is bound to oligosaccharides and after being 
absorbed from the newborn’s gut, circulating sialylated oligosaccharides contribute 
to neonates’ immune system and brain development [21].

Choline, myoinositol, and pantothenic acid, the major metabolites playing role 
in brain growth and cognitive functions have been found to have a time-dependent 
concentration in human milk, which makes it a challenge to provide infant formula 
with similar content [22].

Plasma concentrations of antioxidants found in human milk, which mainly are 
α- and β-carotenes, lutein, and α-tocopherol have been found higher in breastfed 
infants [15]. Lutein that is the main carotenoid of the human brain has been found 
to be related to gross motor skills [6, 23].

IgA and lactoferrin concentrations in human milk have been found inversely 
related to motor skills, whereas high lactalbumin concentration found in human 
milk had positive effects on motor functions [24].

Human breast milk contains 10–20% medium-chain fatty acids which can be 
converted directly to ketone bodies and 15–17% short-chain fatty acids which are 
the main energy supply of the brain in the form of ketone bodies [24]. Ketone bodies 
play an important role in a newborn’s developing brain and studies have shown that 
the ketone transporter at blood-brain barriers is expressed at the highest level during 
breastfeeding and this level decreases with the cessation of breastfeeding [25]. 
Ketone body levels were found higher in term infants fed with human milk com-
pared to formula-fed infants [26]. Some studies have shown a positive correlation 
between the docosahexaenoic acid (DHA) level in the mother’s milk and better 
visual and neurological function in developing infants and it has been shown that 
DHA concentration in human milk is affected by the mother’s diet. However, stud-
ies designed to evaluate the effects of DHA supplementation on the mother during 
lactation had controversial results regarding long-term neurodevelopmental out-
comes [25].
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Recently human milk has been found rich in miRNA which is non-coding RNA 
that takes part in the regulation of many developmental processes of the human 
body [27, 28]. A lipid bilayer enclosed extracellular vesicles and specifically, their 
milk exosome (MEX) subfraction which is released from mammary gland epithe-
lial cells have been found to carry specific biomolecular information important for 
postnatal neurological programming. MEX and miRNAs are not found in infant 
formulas, and future studies are needed to clarify their unique functions [29]. It has 
been claimed that human milk miRNA that is synthesized endogenously by human 
lactating mammary epithelium takes important roles in the neonates’ immune sys-
tem and development after they enter the circulation [27]. miR-118.2 coded human 
milk miRNA has been shown to take a major role in neurodevelopment and con-
nectivity of the central nervous system by targeting teneurin transmembrane pro-
tein 2 (TENM2), which is abundant in the central nervous system [30]. miRNA 
content in bovine milk and infant formula has been much less, compared to human 
milk and also difference has been detected in biological activity [21]. Donor milk 
has been shown to include more amount of miRNA content compared to infant 
formula or bovine milk and is preferred in cases of maternal human milk 
absence [30].

Alpha-tocopherol that is the biologically active form of vitamin E has been 
found essential for the development of Purkinje cells in the cerebellum and vita-
min E deficiency has been related to the impairment of motor functions [6]. 
Human milk α-tocopherol level was correlated with the mother’s total daily satu-
rated fat intake and has been found to be sufficient for the infant’s daily needs 
[31]. One study showed that total α-tocopherol that is naturally supplied by 
dietary intake of the mother from nuts, leafy green vegetables, almond oils, and 
sunflower seeds had a positive effect on motor skills [6]. However, a synthetic 
stereoisomer of RSR-α- tocopherol that is found in foods and supplements can 
accumulate in the liver and brain and negatively affect problem-solving. The 
alpha-tocopherol level has been found highest in colostrum and decreases in time 
during lactation. Infant formulas contain α-tocopherol levels similar to the 14th 
day of lactation, and as the concentration in breast milk changes at different 
stages of lactation, it stays stable in the formulas. One study found higher alpha-
tocopherol concentration at 90 days of postnatal age in breastfed infants com-
pared to formula-fed infants regardless of the gestational age [32]. Vitamin E 
supplementation has been suggested to formula-fed neonates who do not get 
colostrum in the first 2–3 days of life to prevent potential neurological effects of 
deficiency; however, these results have been controversial and need to be proven 
with larger studies [33]. The amount of γ-tocopherol isoform has increased in 
infant formulas in the last decades because of increased usage of soil oils, but the 
increased amount of this isomer is more related to proinflammatory properties 
and its high concentration might reverse the anti-inflammatory properties of 
alpha-tocopherol [34].
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5  Impact of Human Milk on the Neurodevelopment 
of Preterm Newborns

Maternal milk is the best-recommended nutrient for preterm feeding [22]. There are 
differences in the composition of human milk between term and preterm newborns. 
It is known that the protein content of the mother’s milk of preterms is higher by 
postnatal sixth weeks. The compositional difference also exists in free amino acids 
(valine, threonine, and arginine), lactoferrin, leptin, and albumin levels [15, 35]. 
Preterm milk has been found rich in IgA but deficient in leptin levels [15, 35]. 
Colostrum of the preterm has been found rich in myoinositol and is specifically 
recommended for better neurodevelopment [22].

Vitamin E deficiency has been detected specifically in preterm babies (<37 weeks 
of gestation), and the reason for this finding was explained as the reduction in the 
transfer of alfa tocopherol from the mother’s blood through the placenta due to oxi-
dative stress caused by preterm delivery. Low alpha-tocopherol levels have been 
associated with neurodevelopmental delay and spinocerebellar degeneration [32]. 
As colostrum contains the highest alpha-tocopherol, it is suggested that preterm 
newborns should be encouraged to be fed with their mother’s milk or at least donor 
milk if their own mother’s milk is not eligible [36].

One study demonstrated better cognitive functions in preterm infants fed with 
expressed breast milk compared to formula-fed infants [37]. The nutrition of pre-
term infants with expressed breast milk has been related to better scores in develop-
mental tests [37]. However, there are also studies that showed better cognitive scores 
with human milk supplementation of preterms in the intensive care unit, but they 
reported no difference in motor function at 20 months of age evaluation [38].

A Cochrane review including nine studies comparing formula with donor breast 
milk reported no differences in neuromotor development at 18 months, but still the 
results were interpreted cautiously because of the need for replication of the studies 
in larger cohorts [39]. Some studies report similar growth and neurodevelopment 
rates with exclusive human milk compared to infant formula in extremely low- 
weight preterm infants [30, 40]. Supplementation of extremely low birth infants 
(ELBW) with α-tocopherol from 6 months to 24 months of age has been linked to 
better mental development at school ages [34].

One study compared brain volumes, and cognitive and motor function outcomes 
of extremely low or preterm infants (<30 GW or <1250 g) at term equivalents and 
at 7 years of age according to their postnatal nutrition types and reported that greater 
breast milk exposure was correlated with greater brain volume at term and better 
cognitive and motor functions at 7 years of age [41].
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6  Effects of Breastfeeding on The Neurodevelopment 
of Term Newborns

Results of the studies focused on the relationship between breastfeeding and neuro-
motor development are inconsistent, and most have an insufficient study design 
because of confounding factors. Some studies in the literature reported no clear 
association between breastfeeding and motor development [2, 6]. However, there 
are well-designed prospective studies that have shown the positive effect of breast-
feeding on motor functions [11, 42].

One hypothesis about the role of breastfeeding on neuromotor development has 
claimed that the skin to skin contact during breastfeeding leads to increased mater-
nal brain stimulation, which has positive benefits on neurodevelopment [37]. 
Breastfeeding is related to better problem-solving and gross motor functions at 
school ages. This was also associated with the higher education level of mothers 
who breastfed, as increased parental reading level contributed positively to the 
infant’s cognitive development [11]. The higher parental reading level was consis-
tent with better maternal awareness about the benefits of mother’s milk to the new-
born with greater motivation and effort for nursing with the breastfeeding process. 
It was also observed that parents with higher education levels provided a home 
environment with more stimulus for the child’s neurodevelopment [6]. Skin-to-skin 
contact also causes emotional stimulation between the mother and the baby, which 
also contributes positively to the mental and motor development of the child 
[43–45].

Large epidemiological studies have shown better cognitive functions in exclu-
sively breastfed infants compared to formula-fed infants, even when factors such as 
birth weight, gestational age, maternal education level, and socioeconomic status 
are taken into consideration [46]. White matter and cortex volumes have been found 
greater with better myelination in breastfed infants, which was correlated with bet-
ter cognitive and verbal functions [6, 47].

Data about the duration of breastfeeding is inconsistent [48]. One study showed 
better cognitive and behavioral performance in longer-breastfed children [48]. 
Longer duration of breastfeeding has been linked to better performance in cognitive 
and behavioral domains, which suggests a positive effect of breastfeeding on frontal 
white matter areas. However, there are also studies in the literature that reject these 
findings [48]. One study that evaluated motor development at 4 months of age in 
term babies concluded that feeding differences do not impact motor achievements. 
Early solid food initiation, in addition to breastfeeding, might have an accelerating 
effect on motor functions in short term. However, there were still some confounding 
factors that might overshadow these results [40]. A counter-argument to refute these 
results could be the possibility that the reason for the early introduction of solid 
foods might be the readiness of the infants for this transition, which reflects their 
better neuromotor developmental status [49].

One study based on the child handbook records taken in infancy focused on the 
relationship between breastfeeding duration and brain regional volume during 
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adolescence and showed a significant positive correlation between breastfeeding 
duration and gray matter volume in the dorsal and ventral striatum and the medial 
orbital gyrus. They also showed that the duration of breastfeeding had an impact on 
emotional behavior [50]. The optimal duration of exclusive breastfeeding or mini-
mal total duration of breastfeeding was investigated through studies that measured 
neurobehavioral outcomes. A higher ratio of infants with optimal gross motor mile-
stones was found among exclusively breastfed infants within 6 weeks postnatally 
[45, 48].

A Spanish study that was planned to evaluate the effects of breastfeeding in the 
first 4  months on mental and psychomotor development was conducted on 154 
healthy infants who were followed from birth to 12 months of age and after exclud-
ing the confounding factors showed that infants who received breast milk for at least 
4  months had higher results in psychomotor development index (PDI) at 6 and 
12 months of age [51].

Another study showed that newborns who were ever breastfed showed better 
functions with 1.3 times better in gross and 1.6 times better in fine motor skills at 
9  months of age compared to their age-matched controls who have never been 
breastfed. The confounding factors to be considered were the child’s birth weight, 
maternal age, maternal education and smoking habits, ethnicity, household social 
class, and singleton status of the mother [52]. However, this study could not show 
any positive effect of the duration of exclusive breastfeeding on motor skills devel-
opment, which conflicts with other studies supporting the positive impact of the 
duration of breastfeeding on motor development [46]. One debate about these con-
flicting results is that maternal IQ which has not been measured in the studies could 
be an important confounding factor claiming that intelligence is inheritable also 
mothers with higher IQ might be tending more to breastfeed and their kids with 
inherited higher IQ might have higher performance on motor function tests apart 
from breastfeeding process. The advantages of breastfeeding on cognition have 
been shown, but there are also some controversial debates claiming that breastfed 
children are born to parents with better educational status with higher motivation for 
the breastfeeding process and who also spend more effort to improve their kids’ 
neuromotor development [52].

A Danish study performed on 1656 healthy infants focused on fine and general 
motor and language skills at 8 months of age and showed that an increase in the 
duration of breastfeeding is positively correlated with better scores in motor func-
tions [53]. Another study performed by Angelson et  al. showed that duration of 
breastfeeding has positive effects on cognitive scores in Bayley scales at 13 months 
of age and in Wechsler Preschool and Primary Scales of Intelligence-Revised 
(WPPSI-R) at 5 years of age, but they could not show any positive effects on motor 
scores of these scales after they adjusted the possible confounding factors like 
parental education and maternal age [54–56]. One more study performed in the US 
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claimed that the duration of exclusive breastfeeding has protective effects against 
gross motor developmental delay with no overt effect on fine motor functions [14].

Methodological differences in the designs of these studies make it difficult to 
compare them. In a study, in addition to the positive contributions of the nutritional 
content of human milk to motor development and general cognitive abilities, which 
was evaluated at 2 years of age, the positive effect of intake of human milk by 
breastfeeding on memory was emphasized [37].

A cohort study with 14,000 newborns has shown 9% of gross motor delay and 
6% of fine motor delay among babies who have never been breastfed and reported 
that they were 40–50% more prone to any kind of motor delay [9]. One study com-
pared neurophysiological studies including flash visual evoked potential (VEP), 
brainstem auditory evoked potential (BAEP), and somatosensory evoked potential 
(SSEP) between breastfed and formula-fed infants and obtained better results in the 
breastfeeding group, which was interpreted as the positive impact of breastfeeding 
on brain myelination and maturation [9].

7  Effects of Breastfeeding on the Neurodevelopment 
of Preterm Newborns

Studies that focused on the effects of human milk on preterm infants have revealed 
that more exposure to breast milk resulted in larger brain volume and better maturity 
and less injury from prematurity in deep nuclear gray matter, amygdala, hippocam-
pus, and cerebellum [57]. Human milk was found neuroprotective against the vul-
nerable brain regions of premature infants. Some studies have shown the beneficial 
effects of human milk on preterm infants against the disturbing environment of the 
neonatal intensive care unit (NICU) and led to better neurodevelopmental results at 
preschool ages [58]. Randomized studies have shown that early human milk inter-
vention resulted in a shorter duration of NICU care and decreased risk for necrotiz-
ing enterocolitis and sepsis. Decreased neonatal morbidity results in long-term 
better neurodevelopmental outcomes [58].

Studies that focused on the effects of breastfeeding on preterm infants (<37 weeks 
of gestation) are limited with controversial results because of the low percentage of 
breastfeeding process due to immaturity and accompanying pathologies of new-
borns. Preterm infants are already born with a risk of neurodevelopmental delay due 
to the lack of positive influences of in utero environment on brain development and 
the negative effects of oxidative stress during premature delivery [40].

Feeding preterm neonates at the breast is usually a challenge for mothers, as 
neonates at intensive care units are first encouraged to be fed by expressed breast 
milk, donor milk or formulas are used when the mother’s milk is not eligible. 
Transitioning from feeding with gavage or bottle to breastfeeding depends on the 
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feeding capacity of the neonate and the motivation of the mother. Mothers of pre-
term neonates who breastfeed have been found to have more confidence and less 
risk of postpartum depression, which positively affects neurodevelopment [59, 60].

Most small for gestational age (SGA) newborns are fed with enriched formulas 
to enhance their growth and development. One multicenter randomized controlled 
study reported better linear growth with enriched formulas but reported no extra 
benefit in neurodevelopmental outcomes [40]. A study that performed ‘Brazelton 
Neonatal Behavioral Assessment Scale’ on SGA neonates on the ninth postnatal 
day showed fewer abnormal reflexes and depressive signs in breastfed infants, 
which was interpreted as the favorable effect of breastfeeding on neurobehavioral 
development [9, 61].

8  Conclusion

Motor functions are the cornerstone of a child’s neuromotor development. Nutrition 
is the major known factor affecting the neuromotor development of a child. Despite 
all the rapid development in the infant formula industry, human milk is still the 
"gold standard" recommended unique nutrient for term and preterm neonates with 
major positive effects on motor development.

The breastfeeding process has a positive impact on the motor development of a 
child independently by allowing mother-child bonding and giving positive stimula-
tion to the nursing mother. Despite the concerns about the need for fortification of 
preterm infants’ nutrition, it has been shown that mother’s milk is the most superi-
orly recommended nutrient with an acceptable positive impact on the neuromotor 
development of the infant. Concerning the positive impact of human milk on the 
motor development of the central nervous system, postnatal nursing strategies of 
term and preterm neonates should be focused on breastfeeding motivation unless 
there is a contraindication.

There are still many unknowns about the constitution of human milk and current 
studies are mainly focused on exploring these unique factors and their functions on 
development.
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Breastfeeding, Intelligence, 
and Social- Language Development

İpek Dokurel Çetin and Bülent Kara

1  Introduction

Breastfeeding is a unique impulsive behavior of humanity that enhances the bond 
between mother and baby. Human milk is regarded as an optimal way of feeding 
infants because of its health benefits to infants and their mothers [1]. Promoting 
breastfeeding is the leading strategy to diminish the consequences of acquired infec-
tions, which results in infant mortality even in modern healthcare settings [2]. In the 
first several months after birth, breastfeeding is unquestionably the “gold standard” 
dietary source for humans [3]. Considering all of the evidence that indicates the 
favorable consequences of breastfeeding for the child and mother led the World 
Health Organization (WHO) and United Nations International Children’s Emergency 
Fund (UNICEF) to encourage the global goal of exclusive breastfeeding for 
4–6 months with the Innocenti Declaration [4]. The ideal strategy for breastfeeding 
is described as exclusive breastfeeding for 6 months and followed by continuing 
breastfeeding as long as the mother wishes while being introduced to complemen-
tary foods [5].

Mothers who are determined to breastfeed tend to have higher socioeconomic 
status and intelligence and to be older, more educated, and non-smokers [6]. Many 
mothers are willing to breastfeed in the first 6 months. However, just a minority of 
them can maintain breastfeeding for 2 years. Breastfeeding is a dynamic process 
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affected by socio-environmental factors and experiences. Common concerns for 
mothers dealing with daily life may affect a mother’s decision to cease breastfeed-
ing, like the perception of an infant’s inadequate milk intake and insufficient work-
place support [7]. Political and financial reinforcements are essential in promoting 
and supporting breastfeeding in favor of public health [8].

Existing researchers recognize the critical role of human milk, which provide 
nutrition, digestive enzymes, immunologic factors of many types, growth factors, 
hormones, and other bioactive factors that help to shape neurodevelopment and 
brain functions [9–11]. An immense number of studies are conducted to discover 
new components of human milk. Long-chain polyunsaturated fatty acids 
(LC-PUFAs), which are present in human milk but typically absent in formula, may 
be one of the nutrients related to these effects of breastfeeding on cognitive develop-
ment. Docosahexaenoic acid (DHA) and arachidonic acid (ARA) are two important 
LCPUFAs that play a role in neurodevelopment by promoting healthy neuronal 
growth, repair, and myelination [12]. Infants produce a little amount of DHA during 
the first 2 weeks of life, but they are unable to produce enough of it on their own 
until they are about 6 months old. This raises the idea of a developmental window 
in which LC-PUFAs delivered during breastfeeding may be particularly sensitive to 
the development of the human brain. In accordance with Kafouri et al. [13], increas-
ing the duration of exclusive breastfeeding—a result of more consumption of 
DHA—was significantly associated with improved cognitive abilities and a thicker 
parietal cortex. The FADS gene encodes an enzyme that directly impacts the metab-
olism of DHA and ARA.  Two single nucleotide polymorphisms (SNPs) on the 
FADS2 gene (rs174575 and rs1535) were investigated to evaluate the effect of indi-
vidual differences in the metabolism and production of LC-PUFAs and breastfeed-
ing on cognitive development [14]. As a result, all breastfed carriers having the 
FADS2 genotype of the C allele on rs174575, which is linked to more effective fatty 
acid processing (i.e., LC-PUFAs), had resulted in the best IQ ratings. Zeisel et al. 
[15] stated that choline that is rich in human milk is an important determinant for 
neural tube closure in human fetuses and proposed that perinatal choline supple-
mentation can have long-lasting effects on memory. Folate affects the embryogen-
esis of the brain and the supplementation of folate during the periconceptional 
period reduces the risk of serious defects in brain development [16]. Please refer to 
Table 1 for a brief explanation of the other nutrients, which affect early brain and 
neurocognitive development.

Epigenetics processes have been recognized as essential mediators in the origins 
of human health and disorders. Currently, the theoretical implications of the epigen-
etic process focus on DNA methylation [17]. There is some evidence to support 
these assumptions that breast milk influences DNA methylation. Moreover, breast 
milk contains long non-coding RNAs and small non-coding RNAs called microR-
NAs [18, 19]. These findings promote that the epigenetic effects of breast milk may 
not be restricted to DNA methylation. In breastfed individuals, higher gene expres-
sion levels of LEP gene (which encodes the anorexigenic hormone leptin), POMC 
gene (which encodes a precursor of many peptide hormones), and SLC2A4 gene 
(which encodes the Glut-4 protein, an insulin-regulated glucose transporter) genes 
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Table 1 Micronutrients affect early brain and neurocognitive development

Function

Results on 
metabolism/
disease Supplementary

Iron [98] Component of enzymes 
needed for 
neurotransmitters

Newborn iron 
deficiency

Lactoferrin binds free iron and 
possesses antimicrobial, anti- 
inflammatory, and 
immunomodulatory properties that 
serve to maintain homeostasis and 
control life-threatening diseases in 
the gut of newborns

Iodine [99] Synthesis of thyroid 
hormone which is 
necessary for infant 
growth, mental 
development

Cretinism 
(prenatal 
deficiency)
chronic iodine 
deficiency 
(postnatal 
deficiency)

Breast-milk iodine concentrations 
are related to current maternal 
iodine consumption rather than 
iodine status, depending on the 
geographic location.

Copper 
[100]

Due to its function as a 
cofactor for 
cuproenzymes and its 
involvement in signaling 
pathways, copper is an 
important nutrient

Copper-dependent 
anemia
Childhood 
cirrhosis 
associated with 
copper
Cirrhosis of Indian 
childhood

The processing of pro- 
neuropeptides, the metabolism of 
neurotransmitters, and the 
production of melanin are all 
carried out by copper-dependent 
enzymes found in the brain

Vitamin A 
[99]

Responsible for growth
and development, 
normal vision and
reproductive functions

Stunting, delayed 
puberty
Xerophthalmia
Anemia and weak 
resistance to 
infection,
Upper respiratory 
or gastrointestinal 
diseases

Vitamin A levels are correlated 
with
nocturnal growth hormone 
secretion

Thiamin 
[101]
(Vitamin 
B1)

Coenzyme in the 
metabolism of 
carbohydrates and 
BCAAs
Essential for synthesis 
of the primary 
neurotransmitter 
acetylcholine
involved in nerve 
impulse transmission

Infantile beriberi
Impairments in 
glucose tolerance 
in mother
Increasing the risk 
of low 
birth-weight

Transketolase activity in 
erythrocytes, which represents the 
sufficiency of body reserves, is 
typically used to test thiamin 
nutritional status

Riboflavin 
[101]
(Vitamin 
B2)

Involved in reactions of 
energy production and a 
free radical scavenge

Peripheral 
neuropathy,
Poor growth,
Impaired iron 
absorption

Riboflavin in stored milk is highly 
susceptible to
photodegradation upon exposure to 
sunlight

(continued)
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Table 1 (continued)

Function

Results on 
metabolism/
disease Supplementary

Niacin 
[101]

Co-dehydrogenase in 
the oxidation of fuel 
molecules or as a 
hydrogen donor in 
reductive processes for 
the production of fatty 
acids
Cofactor in oxidation- 
reduction reactions

Pellagra
Insomnia
Loss of appetite 
and exhaustion
Painful tongue and 
mouth
Indigestion

Niacin insufficiency is still a 
problem in countries with poor 
diets where corn and other grains 
are important food staples

Prydoxine 
[99]
(Vitamin 
B6)

A cofactor for many 
enzymes of
amino acid metabolism, 
glycolysis, and 
gluconeogenesis

Irritability
Increased startle 
response
Seizures

Plasma pyridoxal 5′-phosphate is 
the primary biomarker

Cobalamin 
[100]
(Vitamin 
B12)

A cofactor in essential 
reactions of folate 
metabolism and DNA 
synthesis

Long-term 
cognitive and 
developmental
retardation
Apathy, muscle 
hypotonia, and 
anorexia
Involuntary 
movements of the 
limbs/tongue

Vitamin B-12 is bound to 
apohaptocorrin, a cobalamin- 
binding protein in human milk

Vitamin D 
[98]

Essential in bone growth 
and immune system
Induces the nerve 
growth factor, promotes
neurite growth and 
inhibits neuronal 
apoptosis in the 
hippocampus

Rickets
Poor development, 
delayed motor 
skills, and unusual 
excitability/ 
irritability

For babies who are exclusively 
breastfed, vitamin D 
supplementation and sunshine 
exposure are advised to prevent 
vitamin D insufficiency. Maternal 
supplementation with 400–2000 IU 
per day can raise levels of vitamin 
D in breast milk.

Vitamin E 
[99]
(Alpha- 
tocopherol)

Boost the development 
of the immune system
Provide antioxidant 
defense against 
peroxidation

Preterm babies have lower levels of 
vitamin E (tocopherol), which 
makes them vulnerable to develop 
infections, thrombocytosis, 
hemolytic anemia, retrolental 
fibroplasia, intraventricular 
hemorrhage, bronchopulmonary 
dysplasia, spinocerebellar ataxia.
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Table 1 (continued)

Function

Results on 
metabolism/
disease Supplementary

Folate [98, 
102]

Necessary for protein, 
DNA, and RNA 
biosynthesis

neural tube defects 
(diminished 
periconceptual 
folate intake)
risk factor for 
cardiovascular 
disease due to 
elevated plasma 
homocysteine
cellular dysplasia, 
often the 
predecessor of 
cancerous lesions

The predominant form of folate in 
human milk is 
5-methyltetrahydrofolate

Biotin 
[100]

Essential component of 
four carboxylase 
enzymes that are 
essential for 
gluconeogenesis, fatty 
acid biosynthesis, amino 
acid metabolism, and 
odd-chain fatty acid 
catabolism

Biotinidase 
deficiency
Alopecia, dry 
scaly dermatitis, 
glossitis
Pallor, mental 
depression
Nausea, vomiting, 
and anorexia

Biotin regulates gene expression, 
cell growth, DNA damage repair, 
and the integrity of the chromatin 
structure through the biotinylation 
of histones

Choline 
[102]

A precursor of the 
neurotransmitter 
acetylcholine
Involved in structural 
integrity of cell 
membranes
Transmembrane 
signaling of lipid- 
cholesterol transport and 
metabolism
Methyl group 
metabolism

Stunting
Fatty liver
Liver, muscle, and 
DNA damage

Choline is important in embryonic 
development, notably in the brain, 
where its availability appears to 
influence neural tube closure and 
cognition

LCPUFAs
AA [103] Regulate neuronal firing, 

long-term potentiation, 
and hippocampal 
plasticity

DHA [103] Helps neonates to 
achieve better 
developmental results, 
such as improved 
cognitive and visual 
acuity

Newborns fed 
with formula that 
devoid of DHA 
had a 15% lower 
concentration of 
DHA in their 
frontal cortex

DHA are structural components of 
cell membrane phospholipids 
(phosphatidylcholine, 
phosphatidylethanolamine, 
phosphatidylserine, and 
phosphatidylinositol) particularly in 
the central nervous system

BCAA branched chain amino acid, LC-PUFAs long-chain polyunsaturated fatty acids, AA arachi-
donic acid; DHA docosahexaenoic acid
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and lower expression levels of the NPY gene (which encodes the neuropeptide Y) 
were found to be in agreement with other epidemiological shreds of evidence that 
breastfeeding might protect against obesity and diabetes [20]. Likewise, breastfeed-
ing increases CDKN2A gene expression via epigenetic changes, as a result, it has 
the potential to protect against cancer [21]. These findings provide the following 
insights for future research: the potential role of epigenetics in the associations of 
breastfeeding with long-term benefits on cognition is worth elucidating.

Much research on the benefits of breastfeeding has been mostly restricted to 
short-term outcomes that reduce mortality and morbidity due to infectious diseases 
such as lower respiratory tract infections, otitis media, and gastroenteritis in setting 
where poverty, poor sanitation, and malnutrition are prevalent [22, 23]. In the longer 
term, the risk of developing inflammatory bowel disease, childhood leukemia/lym-
phoma, hypertension, cardiovascular disease, hyperlipidemia, obesity, and diabetes 
(type I and II) is reduced by breastfeeding [24, 25].

Breastfeeding confers early skin-to-skin contact between mothers and newborns 
and has some neurobehavioral advantages, which may help to adopt extrauterine 
life [26]. Breastfeeding seems to have an analgesic effect during a painful proce-
dure, and this effect is due to the enhanced maternal-infant bond. Higher salivary 
cortisol levels found in breastfed infants affirmed this analgesic effect compared to 
formula-fed infants [27]. Exclusive breastfeeding and a longer duration of breast-
feeding render the greatest protection against sudden infant death syndrome [28]. 
This section presents the findings of the recent research, meta-analysis, and review 
that intended to raise awareness of this growing body of research, by focusing on the 
key themes of the influence of breastfeeding on intelligence and social-language 
development in the developing brain.

2  Breastfeeding and Intelligence

The cognitive development of an infant consists of erratic evolutionary drives 
formed by genetic and environmental factors that interact mutually. Breastfeeding 
mothers are engaged in behaviors that stimulate their children’s development. This 
might contribute to the observed differences in cognitive performance between 
breastfed children and others. Breastfeeding promotes reaching developmental 
milestones like language, cognition, and fine motor skills earlier. A large and grow-
ing body of literature has investigated the beneficial effect on intelligence with 
higher results on measures of cognitive development among children and adults 
who have been breastfed [29–32]. In light of the consensus of many reports on 
breastfed infants, it is recognized that IQ scores increased by 3–5 points in a dose- 
dependent manner [33, 34]. Bernard et al. [35] showed that prolonged duration of 
exclusive breastfeeding improved problem-solving abilities besides improved cog-
nitive and motor development in 2- and 3-year-old children. Some of the current 
literature on these cognitive benefits of breastfeeding pays particular attention to its 
enduring effect on childhood and adolescence.
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A small proportion of the studies presented thus far provide evidence that breast-
feeding does not influence on enhancement of the child’s intelligence [36–38]. 
However, the problem with these inferences is the deprived capacity to consider all 
the astonishing variables of social factors in the determination of cognitive develop-
ment into account. While presenting the current findings, it is important to consider 
how different methodologies for evaluating children’s intelligence and how those 
differ between studies in terms of how well they correlate with objective measure-
ments of human milk consumption. Additionally, earlier research has noted the con-
flicting impacts of elements like maternal IQ and obesity on children’s cognition 
[33, 39].

Regarding the comparison between human milk and other formulas’ effect on 
intelligence, Bellando et al. [40] showed favorable scores in breastfed children on 
tests of language and cognition with differences in performance notes, versus cow’s 
milk formula and soy formula in groups aged 5 years. Researchers have aspired to 
conduct these studies in such a convenient group of ‘Preschoolers’ in order to 
exclude the potential impact of school education and social stimuli on cognitive 
development. However, many analyze have a number of serious drawbacks. To dis-
tinguish whether the breastfeeding benefits on cognitive development reflect a real 
nutritional advantage derived from breast milk as indicated previously or from the 
socioeconomic advantage is complicated. The most surprising observation from the 
studies to emerge from the data comparison is mostly no significant differences 
have been revealed after adjusting for confounders such as socioeconomic status, 
home environment, and maternal verbal ability [30, 36, 41, 42].

Maternal sensitivity is a mother’s ability to perceive and capacity to understand 
her infant’s signs and the meaning behind her infant’s behavioral signals and to 
respond to them promptly and appropriately [43]. Mothers’ display of sensitive 
caregiving with their infants is shown to be related to breastfeeding. For this reason, 
breastfeeding is frequently encouraged in order to increase maternal sensitivity dur-
ing the postpartum period [44]. Breastfeeding has been linked to the production of 
oxytocin, a vital hormone connected to social competence and effective caregiving 
behaviors, as well as to the activation of brain regions associated with caregiving 
[45, 46]. Gibbs et al. [47] advocated that maternal frequency of reading and mater-
nal sensitivity is a primary component of the relationship between breastfeeding 
and early cognitive development. They suggested the assessment of other parenting 
habits beyond infant feeding practices in order to promote early children’s cognitive 
development.

Prior studies have shown that the longer duration of breastfeeding promotes 
brain development, especially of the white matter, and is associated with improved 
intelligence [33, 48, 49]. Mortensen et al. [50] reported that the duration of breast-
feeding was significantly associated with higher IQ scores of the Wechsler adult 
intelligence scores positively [99.4, 101.7, 102.3, 106.0, and 104.0 for breastfeeding 
durations of ≤1  month, 2–3  months, 4–6  months, 7–9  months, and >9 months, 
respectively (P  =  0.003)]. Jedrychowski et  al. [51] reported persisting cognitive 
benefits across ages from 1 to 7 years as a result of prolonged exclusive breastfeed-
ing duration by using the Wechsler Intelligence Scale for Children [51]. In a 

Breastfeeding, Intelligence, and Social-Language Development



288

population-based cohort study, Leventakou et al. [52] showed the positive associa-
tion of breastfeeding duration with increased scores in the scales of cognitive, lan-
guage, and fine motor scales development at 18 months of age by using the Bayley 
scales of infant toddler development. The long-term outcomes of the prospective 
birth cohort trial conducted with a three decades follow-up found strong associa-
tions between breastfeeding with a duration of 12 months and cognitive develop-
ment. It was shown that breastfeeding with a duration of 12 months has improved 
performance in intelligence tests, educational attainment, and monthly income [53].

A broader perspective has been adopted by studies that focused on the potential 
impact of breastfeeding on the cognitive development of the developing brain has 
expanded using methodologies such as electroencephalography (EEG) and mag-
netic resonance imaging (MRI) [3]. Correlations with structural and functional neu-
rodevelopment of breastfeeding showed that optimal evoked response potentials 
within visual and auditory areas, diminished ventricular volumes, increased head 
circumferences, and early brain maturation by myelination and white matter devel-
opment were obtained [54–56].

Mother-infant affectionate touch patterns influence both breastfeeding and the 
infant’s positive temperament and result in neuroprotective benefits for newborns. 
Infant EEG patterns have been linked by several studies to variations in the child- 
rearing environment. A relationship exists between an infant’s differential brain 
activation patterns (EEG asymmetry and power) and their differences in the trajec-
tory of neuroplasticity across development [57, 58]. One such study compared 
breastfed and formula-fed infants by measuring EEG spectral power longitudinally 
throughout the course of the first year of life in a cohort of healthy infants. This 
study revealed that formula-fed infants showed an earlier peak in EEG power than 
breast-fed infants (at 6 months) in the frequency range known to be most affected 
by myelination (0.1–3 Hz) [59]. These different patterns may reflect the early neu-
rodevelopment, which may lead to differential trajectories in brain and cognitive 
development between breastfed and formula-fed infants.

Over the first 24 months of life, maturational variations in newborn EEG power 
are linked to positive mother affect [60]. In babies of depressed mothers, patterns of 
right frontal EEG asymmetry (a dysregulated physiological pattern linked to depres-
sive disorders) have been found [61]. While in infants with stable breastfeeding, the 
interaction with the left frontal asymmetry was detected. It is not surprising to 
inform that left frontal activity in EEG has been associated with advancing matura-
tion and higher-order processing skills [58, 62–64]. In a recent study, Hardin et al. 
[58] found an interaction between the ‘left frontal asymmetry’ in infants to stable 
breastfeeding.

Breastfeeding mothers exhibit more interactive behaviors toward their infants, 
like touching and gazing, besides more affectionate reactions while feeding com-
pared to formula-feeding mothers. Brain imaging studies have shown an association 
between the structural composition of the human brain and breastfeeding. For 
instance, increased white matter volume, total gray matter volume, and regional 
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cortical thickness were correlated to increased breastfeeding duration and the per-
centage of breast milk in an infant’s diet [65]. Furthermore, neuroimaging finds 
have been associated with improved cognitive function as measured by IQ [13, 
66–68]. Kim et al. [45] examined the relationship between breastfeeding, the mater-
nal brain response to infant stimuli, and maternal sensitivity toward their infants 
with functional magnetic resonance imaging (fMRI). Their results proved that sev-
eral limbic and cortical brain regions previously known to be important for caregiv-
ing behaviors and empathy were more active among breastfeeding mothers in 
comparison with formula-feeding mothers while listening to their own baby cry 
versus a control baby cry [45]. Using fMRI scanning, Olsavsky et al. [69] concluded 
that increased amygdala activation to own infant’s cry and higher amygdala- 
supplementary motor area functional connectivity suggest motor responses to their 
baby’s distress.

Breastfeeding positively impacts ‘affectionate touch behaviors’ for both mothers 
and their offspring and is affiliated with an infant’s temperament positively, which 
results in better neuroprotective outcomes [58, 70]. The outbreak of coronavirus 
disease 2019 (COVID-19) which was caused by the severe acute respiratory syn-
drome coronavirus-2 was declared a pandemic by WHO in March 2020. A retro-
spective analysis of COVID-19 in pregnancy showed that none of the women had 
detectable viral loads of SARS-CoV-2  in breast milk, but the close proximity 
between mother and child arouse the concern of droplet transmission and cause 
disadvantage of some hesitancy in breastfeeding [71]. In a multinational study, 
Ceulemans et al. [72] found high levels of depressive symptoms and generalized 
anxiety among pregnant and breastfeeding women during the COVID-19 outbreak. 
These findings emphasized the importance of monitoring perinatal mental health 
during pandemics in order to maintain maternal and infant mental health. So far, 
there is not enough data to identify the consequences of this hesitancy and to distin-
guish the long-term risks of COVID-19 for ASD and cognitive disabilities in chil-
dren [73].

The current data highlight the importance of breastfeeding, which has a positive 
impact on a child’s and adolescent’s IQ scores. The causal role of breastfeeding in 
improving cognition has been demonstrated by the fact that mothers who breastfeed 
their children are more likely to give them a stimulating environment. The positive 
effect of breastfeeding on cognition could be due to the family environment besides 
breast milk’s nutritional facts. According to several reports, breastfeeding may be a 
sign of good parenting strategies that foster a child’s development. Depending on 
the methodological design, the impact of confounding factors should be taken into 
account in order to evaluate the validity of these reports. The methodology ought to 
be less prone to misclassification, self-selection bias, and residual confounding. 
Moreover, rapid improvements in neuroimaging techniques have opened the door to 
a more comprehensive assessment of the relationship between breastfeeding and 
brain development, including higher white matter volume and larger cortical thick-
ness in white matter as well as differential brain activation patterns.
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3  Breastfeeding and Social Development

Infants and toddlers need secure attachments to develop the social competency 
required to successfully cruise peer relationships [74]. Children’s nutrition in the 
first 1000 days (from conception to 2 years of age) is an essential factor in their 
neurodevelopment and lifelong mental health [75]. Children’s early years are criti-
cally important for socioemotional development, and their benefits extend far 
beyond the first 1000 days. In animal studies, monkey neonates exposed to increased 
tactile stimulation had advanced motor, social, and cognitive skills in the first 3 
months of life [76]. However, there are contradictory results among studies. For 
instance, Belfort et al. [77] suggested that a longer duration of exclusive or nonex-
clusive breastfeeding was not associated with better social-emotional development 
in mid-childhood. In the systematic review, Turner et al. [78] advocated that several 
studies showed a positive association between breastfeeding and socio-emotional 
competencies. However, they also emphasized there is a lack of satisfying evidence 
to confirm such an association. The contradictory results of the studies could be 
attributed to the difference in defining the socio-emotional competencies and the 
variability of the instruments preferred to use in assessing them.

Sensitive responding to emotions in others is a basic social skill that aids to pre-
dict the actions of others and coordinate our behaviors while interacting with them. 
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized 
by deficits in social communication and interaction and restricted, repetitive pat-
terns of behaviors, interests, or activities. Studies on autism spectrum disorder pro-
vide us with some evidence to suggest that attending to the eyes plays an important 
role in early social development. Krol et al. [79] demonstrated that infants pay atten-
tion to the emotional cues in their mother’s eye, as a vital social skill during infancy. 
Their findings associated this skill with genetic variations related to the oxytocin 
system and exclusive breastfeeding experience. In the literature on the etiology of 
ASD, the relative importance of breastfeeding is debated. The etiology of ASD is 
likely to involve genetic and nongenetic factors (sociodemographic features, preg-
nancy complications, breastfeeding, exposure to chemicals, maternal infections, 
and diet) [80, 81]. The association between the duration of breastfeeding in new-
borns and the pathogenesis of autism spectrum disorder is controversial. In light of 
a recent nationwide cross-sectional study by Huang et al. [82], toddlers who had 
partly or never breastfed for the first 6 months of life had a higher odds ratio (OR) 
of receiving a diagnosis of ASD versus those exclusively breastfed [OR: 2.34, 95% 
confidence interval (CI):1.10–4.82; OR: 1.55, CI:0.90–2.74]. Similarly, Ghozy 
et  al. [83] reported that breastfeeding was associated with a lower risk of being 
diagnosed with ASD in children in their meta-analysis (combined OR, 0.24; 95% 
CI, 0.18–0.32). Moreover, they suggested that breastfeeding for 12–24 months was 
associated with the most significant reduction in the risk of autism spectrum disor-
der. This concept has been challenged by the study of Dodds et  al. [84] among 
129,733 children, which argued that breastfeeding at discharge was not associated 
with an increased risk of ASD.  Likewise, Husk et  al. [85] carried out a large, 
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nationally representative survey of US children (n = 37,901, 2–5 years) and found 
no association between breastfeeding and ASD.

According to studies conducted to date, there is no conclusive evidence that the 
difficulties of breastfeeding are related to early developmental disturbances, such as 
emotion regulation problems, motor development, and sleep disturbances, in chil-
dren with ASD [86, 87]. To develop a full picture of breastfeeding affiliation to 
cognitive and social development, additional studies will be needed.

4  Breastfeeding and Language Development

Language is one of the key elements of cognitive development, which maintains 
communication between parents and their offspring, and envisions subsequent aca-
demic achievement. Children make rapid advancements in all aspects of develop-
ment during the first 3 years of life, including the development of communication 
and language skills. Children’s expressive gestures and vocalizations to caregivers 
are a part of their developing communication skills, which start in early infancy. It 
has been suggested that early communicative actions of toddlers served as the inspi-
ration for the development of more conventional oral language, which typically 
starts to emerge with children’s first expressive vocabulary at around 1 year of age.

The neurological system consists of a vast network organized throughout preg-
nancy, infancy, and toddlerhood. The fundamental building blocks of the system can 
vary with the early dietary status leading to diversities in brain structure. Infants 
must develop new connections between brain cells, reshape the brain’s architecture, 
and build a wall that is selectively permeable to the outside environment in addition 
to developing new brain cells. The raw resources needed for these tasks are pro-
vided by their diet [88]. There are some potential explanations put up to explain how 
infants’ diet affects their speech-language development. First, the fatty acid content 
of human milk is the essential ingredient of cell membranes that influence gene 
expression within those cells. Second, the variable constituents of human milk 
might promote optimal neurodevelopment. The third idea is that the positive impact 
of breastfeeding on immune regulation of neural inflammation, which becomes 
ineffective in neurodegenerative diseases, has a possible influence on learning and 
memory. A fourth potential mechanism involves the consequences of lactation on 
mothers, which in turn customizes their children’s learning and language. All of 
these possible mechanisms should be acknowledged together to provide a partially 
sufficient explanation for such a complex procedure as neurodevelopment.

Early examples of research into whether breastfeeding might influence speech- 
language outcomes found that formula-fed children, particularly boys, were more 
prone to have slower communicative development [88]. It has also been suggested 
that starting breastfeeding as soon as possible after birth will help lower children’s 
risk of developing cognitive impairment. In order to determine this, a clinical study 
compared the breastfeeding histories of 4- to 11-year-old children with specific lan-
guage impairment (SLI) to those of healthy children. Children with language 
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impairment were found to be considerably less likely than healthy children to have 
been breastfed immediately after birth [89]. The evidence suggests that high mater-
nal education is one of the other crucial factors for fostering children’s cognitive 
development and language. On the other hand, the evidence on the role of paternal 
education is more limited [90, 91]. According to Pancsofar et al. [92], children of 
more educated fathers showed advanced language and cognitive development, 
which persisted after adjustment for family income and mothers’ education.

Trends in this topic have led to an increment of studies that concern the duration 
of breastfeeding. The dose-related effect of breastfeeding is more potently observed 
with more exclusivity and duration. Vestergaard et al. [93] pointed out that 73.4% of 
the infants exclusively breastfed for 6 months were engaging in various babbling, 
compared to 34.0% of the formula-fed infants. Shorter breastfeeding duration was 
associated with lower scores on the Peabody picture vocabulary test among 6-year- 
old children and 10-year-old children [42, 94]. Quinn et  al. [95] found dose- 
dependent assistance of breastfeeding duration on verbal intelligence abilities with 
the revised Peabody picture vocabulary test in a cohort from infancy to 5 years of 
age. According to this study, at age 5, children who had been breastfed for at least 
six months scored the best in verbal intelligence, while children who had never been 
breastfed scored the lowest. Guzzardi et al. [96] found that exclusive breastfeeding 
ensures improved hearing and language scores in girls aged 5 years, independent of 
parents’ age, maternal weight, and IQ, or children’s weight and weight gain. Existing 
research recognized the critical role played by a longer duration of breastfeeding on 
communication development, which appears to improve communication develop-
ment at 18 months [52]. A recent randomized trial on children at 16 years of age 
found that prolonged exclusive breastfeeding had a sustained effect on linguistic 
skills but not on any other neurocognitive measures [97].

5  Conclusion

Breastfeeding provides a bond between mothers and their offspring besides supply-
ing an optimal way of adequate nutrition. In addition to being an essential source of 
nutrition for the infant, studies indicate that breastfeeding has profound implica-
tions on children’s cognition, behavior, and mental health. Furnishing a stimulating 
habitat for the infant is the essence of promoting cognitive development. In light of 
the literature, the recompense of improving public health efforts to increase exclu-
sive breastfeeding is far beyond short-term outcomes. Numerous studies from vari-
ous nations have shown a connection between breastfeeding and later cognitive 
development, including better memory retention, increased language skills, and IQ 
scores. These motivations should provide stronger arguments in public health for 
promoting not only initiating but also continuing a longer duration of breastfeeding.
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Breastfeeding in Immune-Mediated 
Demyelinating Disorders of the Central 
Nervous System

Tuğçe Damla Dilek, Sema Saltık, and Bülent Kara

1  Introduction

Neuroinflammation refers to the process by which the brain’s innate immune sys-
tem is triggered following an inflammatory challenge such as those caused by 
injury, infection, exposure to a toxin, neurodegenerative disease, or aging [1].

Neuroinflammatory diseases (NDs) are mainly immune-mediated and present 
with a wide variety of symptoms such as encephalopathy, seizures, and movement 
disorders [2]. NDs can be classified as acquired demyelinating diseases, immune- 
mediated epilepsies, primary rheumatologic conditions with central nervous system 
(CNS) manifestations, CNS vasculitis, and neurodegenerative/genetic conditions 
according to the clinical presentation, the pathophysiologic mechanism (antibody- 
mediated, innate immunity-mediated, etc.) or imaging and laboratory findings [3].

Demyelination refers to the loss of myelin that occurs due to various conditions 
targeting oligodendroglia or myelin membranes [4]. The immune-mediated demy-
elinating syndromes of the CNS are a group of acquired diseases and can be roughly 
divided into two groups, monophasic and multiphasic [5]. Monophasic diseases 
consist of acute disseminated encephalomyelitis (ADEM) and clinically isolated 
syndromes (CIS). Multiphasic diseases consist of multiple sclerosis (MS), neuro-
myelitis optica spectrum disorder (NMO-SD), and diseases associated with myelin- 
oligodendrocyte glycoprotein antibody (MOGAD) [6].
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In this section, breastfeeding will be discussed in children whose mothers suffer 
from immune-mediated demyelinating disorders of the central nervous system. In 
monophasic diseases, only breastfeeding during acute treatment will be described. 
Since prophylactic treatment will not be required for these diseases, breastfeeding 
will not be an issue. In multiphasic diseases, the prophylactic treatment options will 
be discussed and breastfeeding during these treatments will be mentioned.

2  Monophasic Demyelinating Diseases

2.1  Acute Disseminated Encephalomyelitis (ADEM)

ADEM is a monophasic inflammatory demyelinating disease characterized by 
encephalopathy and multifocal brain lesions. Neurologic deficits can include ataxia, 
dysarthria, focal weakness, vision loss due to optic neuritis, and weakness or sen-
sory changes due to spinal cord syndrome [7].

2.2  Clinically Isolated Syndromes (CIS)

Clinically isolated syndromes are another monophasic demyelinating event of 
CNS. It is usually considered the first presentation of MS. The typical patient with 
CIS is a young adult with a single episode of central nervous system dysfunction 
such as unilateral optic neuritis, a focal brain syndrome, a focal brainstem or cere-
bellar syndrome, or partial myelopathy [8]. Although CIS is limited to only a single 
attack, multifocal abnormalities can be seen. CIS is clinically indistinguishable 
from MS but does not fully meet the diagnostic criteria for MS. So, CIS is consid-
ered a potential precursor of MS. As the diagnostic criteria for MS have expanded, 
fewer patients meet the strict criteria for CIS [9].

3  Multiphasic Demyelinating Diseases

3.1  Neuromyelitis Optica Spectrum Disorder (NMO-SD)

NMO-SD is a spectrum of demyelinating diseases with prominent features of optic 
neuritis (ON) and longitudinally extensive transverse myelitis (LETM) [10]. 
NMO-SD is often associated with serum aquaporin-4 immunoglobulin G antibodies 
(AQP4-IgG), which differs from MS. The core findings of patients with NMO-SD 
include clinical symptoms of the spinal cord, optic nerve, brainstem, diencephalon, 
area postrema, and other cerebral localizations, and brain and/or spinal cord MRI 
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findings consistent with these symptoms [11]. NMO-SD has a relapsing course. The 
relapses can lead to vision loss due to ON, weakness, sensory changes, bowel/blad-
der issues due to LETM, and intractable nausea/vomiting due to area postrema syn-
drome [12].

Due to the high rate of relapses, prevention therapy should begin as soon as pos-
sible. Corticosteroids, azathioprine, mycophenolate mofetil, eculizumab, and ritux-
imab are first-line immunomodulatory drugs [13]. Methotrexate, mitoxantrone, and 
cyclophosphamide are second-line immunomodulatory drugs [14].

3.2  Myelin-Oligodendrocyte Glycoprotein 
Antibody-Associated Disease

Myelin-oligodendrocyte glycoprotein antibody-associated disease (MOGAD) is a 
recently identified autoimmune disorder that leads to CNS demyelination in both 
adults and children [15]. Although there are clinical phenotypic overlaps between 
MOGAD, MS, and NMO-SD, discrimination among them is based on neuropatho-
logical evidence [16].

Approximately 50% of patients with positive MOG antibodies have relapsing 
courses and these relapses can occur within a few months or years after the first 
attack. Long-term treatment regimens including monthly intravenous 
Immunoglobulin (IVIG), monthly high-dose steroids, mycophenolate mofetil, aza-
thioprine, and rituximab are used in relapsing cases [17].

3.3  Multiple Sclerosis (MS)

MS is the most common chronic autoimmune disorder of the CNS characterized by 
recurrent inflammation with demyelination and progressive neurodegeneration 
[18]. MS mostly affects young women of childbearing age and often occurs as a 
relapsing-remitting disease. In relapses, optic nerve dysfunction, diplopia, dizzi-
ness, and weakness or numbness in one extremity are common but may present with 
the involvement of any part of the central nervous system [19]. MS can also present 
with slowly progressive symptoms such as gait disorder, bladder/bowel dysfunc-
tion, and blindness. Diagnosis is based on the 2017- Mc Donald Criteria [20]. The 
etiology of MS is unknown. It is believed that genetic and environmental factors 
may play a role in the etiopathogenesis of MS. Family history, smoking, low vita-
min D level, and Epstein-Barr virus exposure can be counted among these fac-
tors [21].

Many treatment options have been developed for long-term therapy of MS. These 
treatment options are broadly subdivided into three categories—injectables, oral 
medications, and infusions [18]. Interferon-b (IFN-b) and glatiramer acetate are 
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injectable treatment options. Oral treatment options include fingolimod, dimethyl 
fumarate, and teriflunomide. Monoclonal antibodies such as natalizumab, ritux-
imab, alemtuzumab, ocrelizumab, and ofatumumab are used as infusions in the 
treatment [22].

MS commonly affects young women of childbearing age, so effect of pregnancy 
on MS is an important clinical issue. It is observed that the attack rate during preg-
nancy decreases in women with MS. The underlying mechanism is based on the 
transition from Th1 to Th2 responses during pregnancy. As a result, the transition 
from cellular immunity to humoral immunity occurs, and it is known that it returns 
to its original state after birth. On the other hand, clinical observations showed that 
the relapse rate in the postpartum period is increased. In the study where 227 patients 
with MS were followed prospectively, an approximately 70% reduction in relapse 
rates during the third trimester of pregnancy was shown, and the postpartum relapse 
rate was found higher than pre-pregnancy [23]. However, it was observed that this 
temporary increase in relapses subsided over the following postpartum year, and 
rates returned to baseline pre-pregnancy levels [23]. It is thought that estrogens and 
other sex hormones activate immunological transformation during pregnancy by 
shifting T helper cells to mostly Th2 (anti-inflammatory effect), instead of Th 1 
(pro-inflammatory effect), while after the delivery immunomodulation is reversed.

In animal studies, neuroprotective effects of sex hormones such as estrogens 
(17-estradiol (E2) and estriol (E3)), progesterone, and testosterone have been dem-
onstrated in experimental allergic encephalomyelitis (EAE). These results may 
explain the course of MS during pregnancy [24]. It is thought that delivery may have 
a proinflammatory impact and this may be valid on also CNS. Recent studies con-
ducted on women with NMO-SD support this idea. It was found that NMO-SD 
symptoms occur in the first year after pregnancy and the rate of relapse has been 
shown to increase in the first 6 months [25].

The number of studies investigating the risk of MS relapse in the postdelivery 
period is very limited, so the information on relapse risk factors in this period is very 
limited. The effects of factors such as breastfeeding, starting treatment after preg-
nancy, diet, and vitamin D deficiency are not clear [26]. Luteinizing hormone (LH) 
levels are low, while prolactin levels are high during breastfeeding. The ovaries are 
suppressed and lactational amenorrhea occurs [27]. As long as breastfeeding contin-
ues at intense and frequent intervals, this hormonal balance is maintained in this 
way. During the transition to supplementary food, the absorption times will be 
shortened and the durations will be shortened, and prolactin levels will decrease. 
Ovarian activity will return to pre-pregnancy and menses will soon resume [28]. It 
has also been observed that the proinflammatory molecule (TNF)-alpha, which is 
important in MS, fluctuates during the menstrual period [29]. Not breastfeeding or 
breastfeeding less frequently may cause earlier periods to return, which may mean 
returning to a period of more intense pro-inflammatory effects [26].

Studies have shown that relapses decrease in the third trimester of pregnancy, 
whereas increased relapses occur in the postpartum period [30]. Another study 

T. D. Dilek et al.



303

showed that the most important predictor of postpartum relapse risk was the fre-
quency of relapse before pregnancy [31]. The effect of breastfeeding on postpartum 
relapses has not been demonstrated.

There is no clear information on when to start treatment or when breastfeeding 
should be interrupted in the postpartum period in MS patients. The patients who 
have the active disease before pregnancy, restarting disease-modifying treatments 
(DMTs) could be considered earlier [32]. However, patients with milder MS may 
also have postpartum relapses. Individual patients and their clinicians must weigh 
their decision to breastfeed on a case-by-case basis.

4  Breastfeeding in Acute Attack Treatment 
of Immune- Mediated Demyelinating Disorders 
of the Central Nervous System

Acute attack treatment modalities include high-dose intravenous corticosteroids, 
therapeutic plasma exchange, and intravenous immunoglobulin.

4.1  Corticosteroids

Corticosteroids are approved by the United States Food and Drug Administration 
(FDA) for the treatment of acute exacerbations of MS and other immune-mediated 
demyelinating disorders [33]. Commonly, high-dose methylprednisolone, which 
has powerful anti-inflammatory and immunosuppressive activities, is administered. 
There is limited data about transferring corticosteroids to human milk. Generally, it 
has been recommended that a breastfeeding mother should discontinue breastfeed-
ing during corticosteroid treatment [34].

The methylprednisolone reaches its maximum level in the first hour after admin-
istration and then decreases rapidly in the milk of a mother with MS receiving 
intravenous methylprednisolone therapy [23]. Similar results have been observed in 
previous studies and the authors concluded that mothers who received intravenous 
corticosteroids could breastfeed 2–4 hours after administration [23].

4.2  Intravenous Immunoglobulin (IVIG)

IVIG is another treatment option for MS relapses. In a retrospective study of 108 
women with relapsing-remitting MS, 69 of these patients received IVIG in the post-
partum period, and no adverse effects were observed in any of these mothers’ babies 

Breastfeeding in Immune-Mediated Demyelinating Disorders of the Central Nervous…



304

[35]. Another study designed on 168 mothers with MS who received IVIG treat-
ment in the postpartum period showed no adverse effect in breastfed infants [36]. 
These studies suggest that IVIG can be used safely in the pregnant and/or breast-
feeding mother for MS relapses [37, 38].

5  Breastfeeding in Disease-Modifying Treatments 
of Immune-Mediated Demyelinating Disorders 
of the Central Nervous System

There is limited information about disease-modifying treatments (DMTs) in 
immune-mediated demyelinating disorders regarding the transition to human milk 
and its effects on the breastfed infant. Very limited numbers of DMTs are licensed 
for the use during breastfeeding [39]. It is suggested that decisions should be made 
on an individual basis [39].

The first-line of injectable medications such as interferons and glatiramer acetate 
is thought as safe during breastfeeding.

5.1  Interferons

Interferons are molecules with immunomodulatory, antiviral, and antiproliferative 
properties that have been used in the first-line therapy of MS for many years [40]. 
They have large protein sizes and are bound to plasma proteins in the mother’s body. 
It is considered that IFNs are not generally excreted in breast milk. Additionally, 
IFNs are not orally bioavailable. It is thought that although IFNs pass into breast 
milk, they will break down and be inactivated in the gastrointestinal tract of the 
baby. In a study of six women receiving IFN therapy, no significant adverse events 
occurred in the infants of these mothers [41]. Another study evaluated 39 women 
using IFNs and breastfeeding their babies [42]. In this study, infants who were 
exposed to IFNs (median duration 8.5 months) were followed in the first year of life 
and no adverse outcomes were observed. Therefore, breastfeeding of patients with 
MS receiving IFN therapy is considered to be theoretically safe [42].

According to the European Medicines Agency (EMA) Summaries of Product 
Characteristics of IFN beta-1a and beta-1b, both can be used during breastfeeding 
[43]. However, according to the FDA, interferon beta-1a can be used with caution 
in lactating women, but the use of IFN-1b should be decided by considering how 
necessary it is for the mother [44, 45].
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5.2  Glatiramer Acetate (GA)

GA is a synthetic polypeptide agent used to treat relapsing-remitting MS [18]. It 
directs the proinflammatory Th1 T cell response to the noninflammatory, regulatory 
Th2 T cell response. GA is administered as a subcutaneous injection like IFNs. Its 
molecular weight is also similar to IFNs. In a study conducted on 34 breastfeeding 
women who received glatiramer acetate, no side effect associated with potential 
infant exposure to glatiramer acetate was observed [42]. Though GA is considered 
safe by most experts, studies conducted on large groups are needed [42]. According 
to FDA, due to a lack of the knowledge about excretion of glatiramer acetate in 
human milk, caution should be exercised when GA is administered to a breastfeed-
ing woman [46].

5.3  Teriflunomide

Teriflunomide is a small molecule with a molecular weight of 270 Da and is received 
orally [47]. It shows its effect by selectively and reversibly blocking dihydro-orotate 
dehydrogenase, which is involved in de novo pyrimidine synthesis, and conse-
quently reduces the proliferation of activated T and B lymphocytes. In animal stud-
ies, teriflunomide was found teratogenic and embryotoxic [48]. So, teriflunomide is 
contraindicated for MS patients planning to conceive. Despite the various guide-
lines recommending efficient contraception, pregnancies exposed to teriflunomide 
have been recorded. In a study that analyzed the outcomes of 222 pregnancies 
occurring during treatment with teriflunomide, maternal death, stillbirth, spontane-
ous abortions, and birth defects were reported. Since teriflunomide is of small 
molecular weight, it is considered to have a high potential to pass into the milk, and 
according to the FDA, the use of teriflunomide in breastfed mothers is contraindi-
cated [48].

5.4  Dimethyl Fumarate

Dimethyl fumarate is a fumaric ester derivative. It is thought to exert its anti- 
inflammatory effects by reducing CD4+ and CD8+ T cells and adhesion molecules 
[49]. Its metabolites also have antioxidant effects. In animal studies, high-dose 
dimethyl fumarate has been shown to cause fetal growth retardation [50]. According 
to the information at the 2013 Annual Meeting of the American Academy of 
Neurology, there was no increase in the rates of spontaneous abortion or fetal mal-
formation in the infants of mothers who took dimethyl fumarate during pregnancy. 
However, due to limited data, it is still not recommended to use dimethyl fumarate 
during pregnancy. The data on the use of dimethyl fumarate during breastfeeding is 
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also limited. However, monomethyl fumarate, which is the active metabolite of 
dimethyl fumarate, is thought to be low in breast milk. According to the FDA, cau-
tion should be exercised when dimethyl fumarate is administered to a breastfeeding 
mother [51].

5.5  Fingolimod

Fingolimod is a sphingosine-1-phosphate receptor agonist. It prevents the egress of 
lymphocytes from lymphoid tissues, thus preventing lymphocyte infiltration into 
the brain. In July 2019, the EMA updated restrictions for fingolimod use in preg-
nancy and recommended stopping fingolimod at least 2 months before conception. 
These updated restrictions were based on previous reports of birth defects (heart, 
muscles, bone abnormalities, etc.) being twice as high for infants exposed to fingo-
limod in pregnancy.

It is shown that some women experience severe MS relapses as early as 
1–4  months after cessation of fingolimod [52]. To avoid disease reactivation in 
women desiring pregnancy, switching to natalizumab is recommended before preg-
nancy [53]. Fingolimod is also concentrated in the breast milk of animals, relative 
to the blood. Therefore, breastfeeding is not recommended [54].

5.6  Natalizumab

Natalizumab is a large molecular weight IgG4 humanized monoclonal antibody and 
shows its effect by binding to α4β1-integrin and blocking its interaction with 
VCAM-1 [55]. Natalizumab is thought to be unable to cross the placental barrier 
[55]. It is administered as an intravenous infusion once a month. In the studies on 
pregnant women taking natalizumab, no association was found in terms of major 
malformations, low birth weight, and premature birth [56]. In a recent study inves-
tigating pregnancy outcomes of women with MS using natalizumab in the third 
trimester, hematological alterations such as anemia and thrombocytopenia were 
observed in newborns [57]. The British Association of Neurologists’ updated 2019 
guidance on pregnancy management in MS recommends continuing natalizumab 
therapy up to 34 weeks of pregnancy for women with high MS activity. In the post-
partum period, it is recommended that it is necessary to wait 8–12 weeks to return 
to treatment. To reduce the exposure, instead of 4-weekly infusions, natalizumab 
infusions can be reduced to 8-weekly [58]. In terms of breastfeeding, the latest stud-
ies show that the concentration of natalizumab in the serum of newborns and breast 
milk is low. Therefore, breastfeeding under natalizumab is likely to be safe [42]. 
FDA has suggested no contraindication about natalizumab during breastfeeding 
[59]. However, it was reported that natalizumab can be detected in human milk and 
the exact effect of exposure is unknown [60].
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5.7  Cladribine

Cladribine is a chlorinated analog of deoxyadenosine. Although it is deactivated in 
many cell types, it remains active in lymphocytes and induces apoptosis by inhibit-
ing DNA synthesis and repair. As a result, it depletes T and B lymphocytes, while 
other cell types are protected from the toxic effect [61]. Previous studies showed no 
congenital malformations in pregnancies that occurred during cladribine treatment 
or within 6 months after the last dose [62]. Furthermore, a noninterventional post-
authorization safety study has been initiated to obtain more information [62]. In a 
recent case study, the transition of cladribine into human milk was shown in a 
patient who experienced a relapse 4 months after birth and began cladribine treat-
ment [63]. Although cladribine levels were measured as 281.2 ng/mL at 1 h follow-
ing a 20-mg dose, it was not detected in the milk samples at 48, 72, and 96  h. 
According to the FDA breastfeeding during cladribine treatment and until 10 days 
after the last dose is contraindicated [63].

5.8  Ocrelizumab

Ocrelizumab is a recombinant humanized anti-CD20 monoclonal antibody [62]. It 
has a large molecular weight and is expected to be in low concentrations in breast 
milk. There is no data on the presence of ocrelizumab in human milk. There are 
limited studies about breastfeeding under ocrelizumab treatment. In a recent study, 
conducted on 6 patients who received anti-CD 20 therapies such as rituximab and 
ocrelizumab during lactation, the amount of these molecules in breast milk has been 
determined to be very low [64]. The effect of low breast milk levels of these mole-
cules on the infant is unknown. The FDA reported that the developmental benefits 
of breastfeeding on the infant should be considered along with the mother’s clinical 
need for ocrelizumab [65].

5.9  Rituximab

Rituximab is a human monoclonal antibody that targets CD20, a B-cell-specific 
surface antigen [66]. In some studies, the amount of rituximab in the milk was found 
very low [64]. It is thought to be the result of its high molecular weight. In a study, 
breast milk samples were collected from 9 women with multiple sclerosis who 
received rituximab, and it was shown that rituximab had a peak milk concentration 
1–7 days after infusion. Rituximab concentration in milk was virtually undetectable 
by 90 days postinfusion in all women. Breastfed infants experienced no adverse 
effects during maternal use of rituximab in this study. However, there is insufficient 
information on the effects of the low amount of rituximab excreted in breast milk on 
the infant. FDA advises women not to breastfeed during treatment with rituximab 
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and for 6 months after the last dose due to the potential serious adverse reactions of 
rituximab in breastfed children [67].

5.10  Ofatumumab

Ofatumumab is another anti-CD20 monoclonal antibody used in MS [68]. There is 
no data about the effect of ofatumumab on breastfed infants. FDA suggests that the 
developmental and health benefits of breastfeeding should be considered along with 
the mother’s clinical need for ofatumumab treatment [69].

5.11  Alemtuzumab

Alemtuzumab is a humanized IgG1 monoclonal antibody specific for CD52 and is 
recommended for adults with highly active relapsing-remitting MS [70]. In animal 
studies, alemtuzumab is detected in milk but there is no clear data in humans [71]. 
It is thought to be unlikely transferred to breast milk owing to its large molecular 
weight. FDA suggests that the decision of whether continue or discontinue alemtu-
zumab should be based according to the mother’s need to use this drug [72].

5.12  Methotrexate

Methotrexate is an antagonist of folic acid, which plays an important role in DNA 
synthesis and cell proliferation [73]. In animal studies, it has been shown to cause 
many malformations such as the cleft palate and spina bifida. It is contraindicated 
during pregnancy due to its teratogenic effects [74]. Information on the use of meth-
otrexate during breastfeeding is limited. No information is available on the effects 
of methotrexate on a breastfed infant or milk production. Due to potentially serious 
side effects, including myelosuppression, the FDA recommends that women not 
breastfeed during methotrexate therapy [75].

5.13  Mitoxantrone

Mitoxantrone is an antineoplastic antibiotic that is used in the treatment of leuke-
mia, lymphoma, and prostate and breast cancer, but also for late-stage, severe mul-
tiple sclerosis [76]. The FDA reports that it can cause fetal harm when administered 
to a pregnant woman [77]. Mitoxantrone is excreted in human milk. Breastfeeding 
is not recommended during mitoxantrone treatment due to its potential serious 
adverse reactions [77].
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5.14  Cyclophosphamide

Cyclophosphamide is another antineoplastic drug that can be used in demyelinating 
diseases [78]. It appears to be high in human milk and is considered that it has 
highly toxic active metabolites for the infant [79]. In some studies, neutropenia, 
thrombocytopenia, low hemoglobin, and diarrhea are observed in infants breastfed 
by women treated with cyclophosphamide. It may take 6 weeks for milk levels to 
drop to a safe level after a dose of cyclophosphamide [80, 81]. FDA recommends 
discontinuing breastfeeding during cyclophosphamide therapy [80, 81].

5.15  Mycophenolate Mofetil (MM)

MM is an anti-inflammatory agent that can be used in many inflammatory diseases 
[79]. It is the precursor of mycophenolic acid and inhibits the proliferation of T and 
B lymphocytes by inhibiting inosine-5′-monophosphate dehydrogenase, preferen-
tially by depleting guanosine nucleosides in T and B lymphocytes. Animal studies 
showed that MM was excreted in the milk [82]. A few infants have been reported 
being breastfed during MM treatment, and no adverse effect was observed [80]. 
Nevertheless, due to limited data on using MM treatment during breastfeeding, 
FDA recommends discontinuing breastfeeding during MM treatment [83].

5.16  Azathioprine

Azathioprine is a purine analog that can be used as an immunosuppressive agent in 
autoimmune diseases [84]. It is a purine metabolism antagonist, and it is thought to 
inhibit DNA, RNA, and protein synthesis, thereby inhibiting T and B cells. In some 
studies, azathioprine is found in breast milk. Due to its potential side effects such as 
tumorigenicity, FDA does not recommend continuing azathioprine during breast-
feeding [85, 86].

6  Conclusion

The drugs used in the treatment of acute attacks in acquired demyelinating diseases 
have not been shown to have a toxic effect on the mother or infant in the pregnancy 
and lactation periods; therefore, it is thought that there is no harm in their use. There 
is not enough information about plasmapheresis. Recommendations for the use of 
DMTs in acquired demyelinating diseases requiring long-term, preventive treat-
ment during pregnancy, and lactation vary according to the drug.
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Although there is a significant decrease in the frequency of relapses during preg-
nancy, it is known that the frequency of relapses in the lactation period is more 
common than in the pre-pregnancy period in women with MS.  Therefore, it is 
important to prevent attacks during lactation with high disease activity of MS. The 
possible toxic effects of DMTs used in the treatment of MS in breastfeeding women 
on the infant play a role in determining the drugs to be chosen for treatment. Drugs 
that are safe for use in breastfeeding women with MS are limited to interferons and 
natalizumab. Oral disease-modifying drugs are not recommended for use during 
pregnancy and lactation. Although the effects of CD20 and CD52-targeted mono-
clonal antibody treatments on infants in breastfeeding mothers are not well-known, 
it is suggested that they can be used by considering the benefits and harms for the 
mother and infant. In conclusion, the balance between not depriving the infant of the 
potential benefits of breastfeeding and keeping the mother under control with safe 
DMTs due to the increased risk of relapse during lactation needs to be well discussed.
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Role of Breastfeeding in the Prevention 
of Infectious Diseases

Funda Çipe, Ayşe Engin Arısoy, Emin Sami Arısoy, and Sheldon L. Kaplan

1  Introduction

Neonates live in a protected area in intrauterine life; passing through the birth chan-
nel, they are exposed to a broad spectrum of maternal microflora, most of which are 
harmless, even if they could be defensive. The babies will have resistance against 
these microflora organisms with the aid of breastfeeding [1, 2].

The newborn’s immune system is naïve to extrauterine life and is trained to give 
responses after the exposure of variable antigens by contact via the respiratory and 
gastrointestinal tracts [2]. The lymphocytes in human milk are available in limited 
numbers and specificity. Expansion of T cell functions starts during delivery and 
continues with exposure to microorganisms in mucosal membranes. Increased T 
cell numbers after birth migrate over the vast gastrointestinal surface and continue 
to spread and become more specified [3].
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Studies from high-income countries reported that exclusive breastfeeding for the 
first 6 months of life and starting other food decrease the risk of common childhood 
infections [4–8]. While some studies have revealed that breastfeeding protects 
babies against gastroenteritis and respiratory infections such as acute otitis media, 
breastfeeding is not as protective for urinary infections and oral thrush [9, 10].

The protective features of breastfeeding have been attributed to the multiple 
components of human milk, including antibodies and nutritional, immunoregula-
tory, and immunomodulatory factors regarding defense mechanisms. A World 
Health Organization (WHO) collaborative study from Ghana showed that infant 
mortality decreased by 22% in babies who started breastfeeding within the first hour 
after birth, compared to starting after 3 days [11, 12]. An analysis concluded that 
promoting breastfeeding could prevent approximately 720 postneonatal deaths 
annually in the United States of America (USA) [13].

Among the death causes in infancy, gastroenteritis is one of the most common. 
Exclusive breastfeeding for 6 months is associated with less gastroenteritis than for 
3 months of breastfeeding [14]. It was also reported that the death rate due to diar-
rhea could be decreased to 14–24 times less if the babies were exclusively breast-
feeding compared to the infants receiving supplementary foods [15]. The protective 
feature of breast milk against recurrent wheezing, upper respiratory tract infections, 
otitis media, pneumonia, and measles has been demonstrated in various studies 
when babies were exclusively breastfed for the first 4–6 months compared to those 
who were not [5, 16, 17]. A Spanish study reported that exclusive breastfeeding in 
the first 4 months reduced hospitalizations by 56% in infancy [7].

The frequency of allergic diseases and upper and lower respiratory tract infec-
tions decreases in babies exclusively breastfed for the first 6 months [18, 19]. In two 
large population-based studies, breastfeeding was found protective against common 
childhood infections; however, this effect was the greatest when exclusive breast-
feeding was given for the first 6 months [20, 21]. Shorter durations could be less 
protective, and combined breastfeeding with formula had no significant protective 
effect. It was also concluded that breastfeeding is still very valuable in reducing the 
frequency of doctor visits and hospitalizations, even though disorders are present 
such as gastroenteritis and pneumonia.

It is unclear how much breast milk is required to see the anti-infective effects. 
Giving at least 50 mL of breast milk per kg of body weight per day through the first 
4 weeks has been proposed as a threshold amount needed to reduce the sepsis rate 
in very-low-birth-weight (VLBW; <1500 g) babies [22]. However, giving this vol-
ume to extremely premature infants generally may be challenging.

2  The Components of Breast Milk

Breast milk contains several immunological molecules that help the baby’s immune 
system development with the actions of microbiota, antibodies, and immune cells. 
It also comprises micro-RNAs, oligosaccharides, hormones, bioactive compounds 
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such as growth factors, and antimicrobial peptides like lactoferrin. Breastfeeding 
helps to develop and differentiate the infant’s immune system over the early months 
of life [23, 24]. Owing to all these immune components, an infant’s immune sys-
tem is educated to tolerate nonharmful antigens, such as in foods and commensal 
microbes, and develop a strong immune defense against pathogenic microorgan-
isms [25].

Besides these immunological factors, some other features of breast milk also 
affect the immune system. For instance, fatty acids produced by triglyceride degra-
dation in breast milk have been identified as a primary energy source and significant 
regulators of immune function and metabolism. This feature is important because 
93–97% of breast milk lipids are triglycerides [26].

The breast milk composition depends on the time after delivery. Colostrum is 
secreted in the first few days, called “gold liquid,” and is rich in proteins such as 
immunoglobulins (Igs). However, breast milk has the highest antibody content by 
6 weeks of lactation. Between 3 and 12 months, breast milk contains more calories 
with fats and carbohydrates to support the infant’s growth. By 2 years of age, it 
becomes again like colostrum rich in proteins and immunological molecules like a 
boost [23].

2.1  Protein Components

2.1.1  Lactoferrin

Lactoferrin and secretory immunoglobulin A (sIgA) account for 26% of the protein 
content of breast milk. Lactoferrin, an essential glycoprotein encompassing 690 
amino acid residues, is contained in colostrum at about 5–7 g/L, while more than 
1–3 g/L in mature milk [27]. However, over time, higher lactoferrin levels are main-
tained in the mothers’ breast milk of premature newborns [28, 29].

Lactoferrin belongs to the transferrin protein family and has two subunits bind-
ing iron (Fe). Lactoferrin binds ferric iron (Fe+3) with high affinity. Human lactofer-
rin is released from neutrophils (15 μg/106 neutrophils) at the site of infection and 
all exocrine glands and functions as a part of innate immunity [30]. A particular 
receptor is present on the intestinal surfaces for lactoferrin and its derivatives [31]. 
Lactoferricin, produced after gastric digestion from the N-terminus of lactoferrin, 
also has an antipathogenic effect [32]. Lactoferrin and lactoferricin function to 
increase the number of Bifidobacteria and Lactobacillus species in breast milk [33].

Lactoferrin has immunomodulatory and anti-inflammatory functions and anti-
bacterial, antiviral, and antifungal features. Lactoferrin also increases the release of 
inflammatory cytokines such as interleukin (IL)-1 beta (IL-1β), tumor necrosis 
factor- alpha (TNFα), IL-6, and IL-8; however, it blocks transcription of the nuclear 
factor kappa-light-chain-enhancer of activated B cells (NF-ƙB). It seems beneficial 
in preventing infections and suppressing the inflammatory response [34]. Its 
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anti- inflammatory effects also occur by entering the host cell via endocytosis and 
migrating to the nucleus to cause decreased proinflammatory cytokine gene expres-
sion [35, 36].

2.1.2  Immunoglobulins

Antibodies against numerous microorganisms exist in breast milk, representing the 
mother’s immunological memory [25]. Breastfeeding provides passive immunity to 
infants by the transfer of Igs. Although only IgG can cross the placenta, all different 
Ig groups (IgA, IgG, IgM, IgE) are present in breast milk, with the predominancy of 
sIgA (80–90%); the secretory IgM concentration is the second highest after IgA [37].

Secretory IgA is the most substantial Ig found in breast milk regarding its highest 
concentration and biological functions [27]. Secretory IgA, found in approximately 
12  g/L in colostrum, 0.5–1  g/L in the milk of later days, blocks the binding of 
microorganisms to the mucosal surfaces by binding itself to them without consum-
ing energy during this reaction [38]. After exposure to microflora and pathogenic 
microorganisms, the mother’s lymphoid cells in the Peyer’s patches in the gut move 
to different mucosal surfaces and produce the sIgA antibodies against these micro-
organisms. Thus, breast milk contains sIgA antibodies against the mother’s gastro-
intestinal microflora, a process named the “enteromammarian link” [9]. The existing 
commensal bacteria in breast milk also might promote plasma cells to produce sIgA 
and thus resistance against colonization by pathogens [39].

Secretory IgA of breast milk remains stable after digestion in the newborn’s 
gastrointestinal tract; its effects continue, such as the capability to bind microbes, 
toxins, and other antigenic molecules like lipopolysaccharide [25]. Secretory IgA 
can also inhibit the activation of the other Igs, such as IgM and IgG; therefore, it 
blocks the complement system from being activated and the production of the pro-
inflammatory cytokines indirectly [40].

Breastfeeding immediately after delivery provides the newborn sIgA-mediated 
immunity [12]. Correlation between the IgA levels and IL-6, IL-10, and transform-
ing growth factor-beta (TGF-β) concentrations in breast milk has been reported. 
Increased IgA is also protective against the development of allergic diseases, espe-
cially milk allergy [41]. Exclusive breastfeeding may be required to acquire signifi-
cant protection against infectious illnesses because findings suggest that a threshold 
level may exist for the passive immunity provided by maternal sIgA and other pro-
tective compounds in breast milk to the infant [42].

In addition to sIgA and IgA, IgM is the second-highest immunoglobulin in breast 
milk at a concentration of up to 2.5 mg/mL in colostrum. Both have elevated bind-
ing capacity to viruses and bacteria to protect mucosal surfaces and have roles in 
pathogen agglutination. This function helps the development of the baby’s adaptive 
immunity after B cell activation [43, 44]. Selective IgA-deficient patients show 
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higher concentrations of secretory IgM (sIgM) antibodies in breast milk and com-
pensate for the absence of sIgA at mucosal surfaces [45].

Immunoglobulin G is found in breast milk at a concentration of about 
0.1 ± 0.03 g/L, approximately 1% of serum values. Compared to other immuno-
globulins, this percentage is low. Immunoglobulin G has many roles in opsoniza-
tion, complement activation, antibody-dependent cytotoxicity, and neutralizing 
antibody function [44]. Immunoglobulin G antibodies in breast milk do not inhibit 
vaccine responses, unlike the transplacentally transferred IgG antibodies; on the 
contrary, breast milk supports the immune response to vaccines [17, 46].

2.1.3  Other Protein Components

Whey proteins and casein are among the essential components of breast milk. While 
the whey protein part is more liquid and easier to digest, casein is thicker and can 
make some lumps in the baby’s stomach. Protein varieties containing at least 20 
different free amino acids, which have effects on the growth of the immune system, 
have been defined in breast milk. In addition, breast milk comprises elastase car-
boxypeptidase B2, kallikrein, thrombin, cathepsin D, and plasmin members of 
innate proteases and their inhibitors. These are usually active molecules and cause 
the degradation of milk proteins [23, 47].

Osteoprotegerin, a product of epithelial cells of mammary tissue, is found in 
breast milk almost 1000 times more than in blood. Osteoprotegerin shows features 
binding to TNF-related apoptosis-inducing ligand, afterward stimulating caspase- 
dependent apoptosis; the immunologic reaction is essential in balancing T helper 
(Th) 1/Th 2 cell response [48].

2.2  Carbohydrate Components

2.2.1  Oligosaccharides

Breast milk also contains glycoproteins, oligosaccharides, and glycolipids in vary-
ing amounts. Oligosaccharides are present highly in terms of amount in breast milk 
after lactose and fats. Mammarian glands produce 90 different types of oligosac-
charides. It appears the baby’s intestinal microbiota is also affected by these oligo-
saccharides [49].

Most microbes bind to carbohydrate structures on the mucosal cell membranes 
to infect the host. The oligosaccharides in breast milk function as receptor agonists, 
block microbial attachment to mucosal surfaces, and cover the sites to which micro-
organisms could bind [40, 50]. With this critical function, oligosaccharides prevent 

Role of Breastfeeding in the Prevention of Infectious Diseases



322

the infant’s intestinal mucosa from disease-triggering organisms in the gastrointes-
tinal tract [51].

The oligosaccharides have also been described as containing tolerogenic factors 
that affect human dendritic cells and modulate the augmentation of the immune 
system in the newborn [52].

Prebiotics are essential for infant intestinal microbiota development. Recently 
breast milk oligosaccharides have been shown to function as prebiotics by using the 
metabolism of resident microflora in the gut to produce short-chain fatty acids [53].

2.3  Lipid Components

In stored milk, until at least after the first two days at 4 °C, antiviral activity does not 
happen; in contrast, in the stomach, the enzymatic process of fatty acid release by 
lipases is more rapid [54]. Lipoprotein lipase function is high, especially in stored 
milk triglycerides. Fragmentation of cellular and viral membranes by fatty acids 
makes breast milk to have antimicrobial effects against enveloped viruses. Linoleic 
acid is another milk lipid content that contributes to cell lysis [54]. The membrane 
destabilizing effect of free fatty acids makes breast milk antimicrobial; therefore, 
viral spread from mother to baby via breastfeeding and the vertical spread of patho-
gens during delivery is reduced. Breast milk lipids could also be modified in the 
gastrointestinal tract to be used on mucosal surfaces [54, 55].

2.4  Immune Cells

Lactocytes, mammary stem cells, epithelial cells, and leukocytes are significant 
residents of breast milk, which differs from other body fluids [56]. Most leukocytes 
are neutrophils and macrophages, around 80%, and are found in higher numbers in 
colostrum and then decrease. Thus, mature milk contains only 2% of the number of 
leukocytes found in colostrum [57]. Besides epithelial cells, macrophages, and neu-
trophils, different lymphocytes subsets have also been studied, mainly showing 
CD3+ T cells, CD4+ and CD8+ cells in equal amounts, natural killer (NK) cells, 
Tγδ + cells, and B cells are in lower numbers [38].

Regarding lymphocyte subsets, T cells (~85%) are predominant cells when com-
pared to B cells in breast milk obtained 0–45 days after birth (~4%) [57]. Breast 
milk CD4+ T cells show CD45RO expression related to T cell memory and are 
found in a stimulated situation [25]. Similar to T cells, B cells of breast milk are 
mainly CD27+ IgD- switched memory cells responsible for releasing immunoglob-
ulins after stimulation of plasma cells [58]. The proportion could differ according to 

F. Çipe et al.



323

the time breast milk is collected. Probiotic supplementation to pregnant women 
increases IL-6 release by stimulating IgG and IgA, indirectly contributing to the 
development of the immune system [57, 59].

Scurfin, also known as forkhead box P3 (FOXP3), is a protein involved in 
immune system responses as a member of the FOX protein family. FOXP3 appears 
to function as a master regulator of the regulatory pathway in the development and 
function of regulatory T (Treg) cells. The FOXP3+ Treg cells, naturally expressing 
the transcription factor FOXP3, are critical in maintaining immune tolerance and 
homeostasis of the immune system. Exosomes have been reported to inhibit the 
release of IL-2 and interferon-γ induced by T cells [60]. The FOXP3+ CD4+ CD25+ 
Treg cells were reported as high after the stimulation of milk-derived exosomes in 
infants [61]. So, breast milk exosomes and FOXP3+ T cells act together to maintain 
immunologic balance in the baby. Shaping the thymus and helping T-cell develop-
ment can also be performed by breast milk to contribute to adaptive immunity [62, 
63]. A decrease in CD4 and CD8 levels was detected in infants after ceasing breast-
feeding [62].

2.5  Cytokines, Soluble Receptors, 
and Anti-Inflammatory Factors

Breast milk also includes immunomodulatory factors such as growth factors (epi-
dermal growth factor [EGF], insulin-like growth factor [IGF] 1 and II), cytokines, 
soluble receptors, vitamins, and CXC chemokines (CXCL8, CCL2, CCL5, and 
CXCL10). All have significant roles in expanding an infant’s gastrointestinal 
immune system [64]. Many of these molecules are produced by immune cells in 
breast milk and cells in the mammary glands, while others come from the mother’s 
bloodstream. Interleukin-6, transforming growth factor-beta (TGF-β), soluble 
CD14 (sCD14), and IL-10 were reported to be helpful in the tolerance mechanisms 
against foods [65]. CXC chemokines are small proteins; CXC refers to the location 
of the two cysteine residues near the N-terminal, with the X representing any amino 
acid. Levels of CXC chemokines are also high in breast milk; they act as initiators 
of neutrophil functions and the chemotaxis of intraepithelial lymphocytes [66].

Essential cytokines in human milk, TGF-β1, TGF-β2, and IL-10, downregulate 
the inflammation [67]. While TGF-β1 is more predominant in the serum, TGF-β2 is 
more in breast milk; however, both are rare in infant formulas. Transforming growth 
factor-β is found in breast milk in nonactivated form and is activated by the acidic 
ingredients of the baby’s stomach [68]. Moreover, CD103+ dendritic cells can acti-
vate TGF-β and induce Tregs, vital in tolerance development [69]. A report investi-
gating the outcome of cytokines showed that high IgA levels, but not IgM, increased 
TGF levels in colostrum [70].
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Interleukin-10 has an anti-inflammatory effect in breast milk. It shows its effects 
by blocking Th1 responses, reducing major histocompatibility complex (MHC)-
class II expression on monocytes to limit antigen presentation and increase B cells 
[63]. Interleukin-6 has an anti-inflammatory effect by inducing the production of 
IgA and follicular T helper cells in the newborn intestine, although it is a well- 
known pro-inflammatory cytokine [71]. Interleukin-7, related to the thymus, is 
another cytokine in breast milk. A study showed that the thymus was 2 times larger 
in breastfed infants than in nonbreastfed infants [72]. Interleukin-7 has been defined 
as having effects on thymus size and the production of Tγδ lymphocytes from the 
thymus accumulated in the crypts of intestinal mucosa [73].

Soluble receptors are known as having immunoregulatory effects in breast milk. 
Breast milk contains numerous soluble innate immune receptors, like soluble Toll- 
like 2 receptors (sTLR2s), sCD14, receptor antagonists such as IL-1 receptor antag-
onist protein (IL-1RA), and soluble cytokine receptors such as sTNF-R1, sTNF-R2, 
sIL-6R.  These molecules have a regulatory role in signaling parts of immune 
response via membrane-bound receptors in newborns [64]. These receptor antago-
nists might act as competitive antagonists of cytokines, inhibiting them from bind-
ing and showing their inflammatory effects [74].

There are also many molecules acting as an anti-inflammatory in breast milk. For 
instance, the complement system can be blocked by lactoferrin, lysozyme, or 
α-lactalbumin; prostaglandins inhibit the release of neutrophilic enzymes; some 
anti-proteases such as α1-antichymotrypsin and α1-antitrypsin inhibit tissue- 
damaging enzymes [75, 76]. Lysozyme is another enzyme that can bind to the resi-
dues of N-acetylglucosamine and N-acetylmuramic acid of the wall of Gram-positive 
bacteria and hydrolyses their β-1,4 bonds. Additionally, lysozyme could kill Gram- 
negative bacteria by acting with lactoferrin and attaching lipopolysaccharide in the 
bacterial wall [77].

Soluble CD14 levels also are around 20 times serum levels in colostrum and 
mature milk. Soluble CD14 acts as a coreceptor for TLR2 and TLR4 and facilitates 
the recognition of their ligands. Soluble CD14 activates phagocytes in the gut via 
binding to TLR4 of Gram-negative and TLR2 of Gram-positive bacteria wall [78, 
79]. It may be concluded that sCD14 modulates intestinal innate and adaptive 
immunity during the growth of beneficial bacteria in the neonatal intestine [78].

Breast milk contains additional hormones, chemokines, cytokines, and 
complement- inhibiting, maturation, and growth factors. Most are little in amount, 
and knowledge about their functions has not been established well [39]. Studies dif-
fer with regard to functions and amounts of the cytokines and soluble receptors in 
breast milk [64].

Breast milk also includes antioxidant molecules because significant oxidative 
stress emerges from delivery. These molecules abolish free radicals and conse-
quently restrict the harm of oxidative stress. Neutrophils naturally produce hydro-
gen peroxide as they have catalase, and breast milk works as an antioxidant [80]. 
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Endogenous antioxidants may be defined as either nonenzymatic molecules such as 
catalase, l-histidine, glutathione, α-tocopherol, β-carotene, ascorbic acid, and lacto-
ferrin, or enzymatic molecules such as catalase superoxide dismutase and glutathi-
one peroxidase or hormones like melatonin. Colostrum has a higher antioxidant 
capacity compared to mature milk. Antioxidants, immunological, and nutritional 
properties can be decreased after some processes, such as pasteurization or storage. 
Carotenoids, vitamins, and polyphenols are antioxidants derived from food and are 
found in certain amounts in breast milk [81].

Granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage 
colony- stimulating factor (GM-CSF), and macrophage colony-stimulating factor 
(M-CSF) are also detectable in breast milk. They act on milk macrophages and 
neutrophils in terms of their diversity, expansion, and survival. Their concentrations 
are much higher in milk than in serum levels [82, 83].

Nucleotides are one of the nonprotein contents in human milk. They might have 
roles in the immune response by increasing IL-2 production, NK cell activity, iron 
absorption, bifidobacterium expansion, and gastrointestinal mucosa repair [84].

2.6  Microbiome

Breast milk includes a variety of microorganisms; if a baby receives 800 mL of 
breast milk in a day, he/she will ingest approximately 1 × 105–1 × 107 bacteria [85]. 
Lactobacilli, streptococci, staphylococci, Bifidobacterium, and Propionibacterium 
are the majority of these microbes. Bacteriophages infect bacteria and cause bacte-
rial cell death, comprising 95% of viruses in infant stool and breast milk [86]. The 
viruses in breast milk have been reported mainly as deoxyribonucleic acid (DNA) 
viruses with the family of bacteriophages such as Myoviridae, Siphoviridae, and 
Podoviridae, followed by eucaryotic viruses such as Herpesviridae [87, 88].

Even before pregnancy and lactation, bacteria are found in the mammary tissue; 
however, during breastfeeding, infants continue to take some other microbes orally 
to their gastrointestinal system, which have an essential role in the healthy immune 
response. On the other hand, infants will also ingest maternal skin and oral cavity 
microbiome by breastfeeding. So, breastfeeding is a critical source of infant micro-
biota [87, 88].

The microbiota has been defined as having 2–18 taxa in main breast milk, though 
it varies regarding the methodologies and the population of the studies; it is likely to 
be affected by geographic and lifestyle factors such as health condition, mother’s 
diet, weight, lactation stage, way of delivery, and antibiotic usage [23, 89]. Breast 
milk of mothers living in rural areas seems more diverse than that in urban sites 
[90]. However, studies have shown that Bifidobacterium has the highest level among 
all species in breastfed baby’s intestines, as the oligosaccharides in breast milk are 
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nutrients for this bacterium [91]. In contrast, formula-fed infants show more 
Bacteroides, Firmicutes, Eubacterium, and Veillonella in their gut [92].

All previous reports propose that microbiota in breast milk colonize infants’ gas-
trointestinal microbiomes. The human gastrointestinal microbiota plays an essential 
part in nutrition, immunity against pathogens, metabolism, and as a hypothesis, 
even in human behavior and emotion. The transmission of these beneficial microbes 
to the infant gastrointestinal system contributes to immune tolerance and develop-
ment by improving intestinal epithelial blockade of the intestine [93, 94].

The diverse composition of breast milk microbiota has not been fully understood 
yet regarding portions of prokaryotes (archaea) and eukaryotes (fungi). A few stud-
ies have reported Saccharomyces, Candida, and Malassezia as the significant fungi 
found in breast milk [23, 95]. Two species of methanogenic archaea, 
Methanobrevibacter oralis and Methanobrevibacter smithii, have been identified in 
breast milk by genome sequencing [96].

2.7  Microribonucleic Acids (MicroRNAs)

Microribonucleic acids (microRNAs, miRNAs), small RNA molecules bundled 
inside exosomes, have regulatory functions in several gene expressions. Kosaka 
et al. [97] showed miRNA expression in breast milk in 2010, and subsequent studies 
identified it as rich [97, 98]. Their expression levels were also high in the first 
6 months of lactation. Additionally, these miRNA molecules are not affected by 
gastric acidity, are absorbed easily by the gastrointestinal system of infants, and 
have a regulatory role on the immune system in the gut. Breast milk’s freeze and 
thawing processes do not cause denaturation of the miRNAs [97].

High levels of some miRNAs, such as miR-155 and miR-181, have a role in B 
cell development. Other defined miRNAs have been shown as acting on the activa-
tion or proliferation of different immune cells, such as miR-92 and miR-17 on the 
differentiation of B and T cells and the monocytic cell development, miR-223 on 
granulocytes proliferation, miR-150, and miR-30b-5p on suppression of B cells and 
stimulation of some other immune cells, and miR-182-5p on adaptive immunity 
mediated by T cell [99–103].

Sources and function mechanisms of major breast milk components are summa-
rized in Table 1.
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Table 1 Sources and function mechanisms of major breast milk components

Name Source Function Reference

Protein component
   Lactoferrin Exocrine glands 

and neutrophils
Blocks transcription of NF-ƙB
Induces the production of the 
pro-inflammatory cytokines IL-1β, 
TNFα, IL-6, and IL-8
Enters the host cell through 
receptor-mediated endocytosis and 
translocates into the nucleus causing 
down-regulation of proinflammatory 
cytokine gene expression

[34]
[36]

   Immunoglobulins
    Secretory IgA

Entero-mammary 
link
Plasma cells

Blocks binding of microorganisms, 
toxins, viruses, and other antigens to 
the mucosal surfaces by binding to 
them
Inhibit the activation of IgM and 
IgG; therefore, it blocks the 
complement system from being 
activated
High avidity to viruses and bacteria 
to
Protect mucosal surfaces

[34, 45]

IgM Plasma cells, 
mammary blood 
flow

Have roles in the pathogen 
agglutination resulting in B cell 
activation

[40]

IgG Plasma cells, 
mammary blood 
flow
Mammary gland 
epithelial cells

Opsonization, complement 
activation, and antibody-dependent 
cytotoxicity
Neutralizing antibody function

[40, 43]
[40]

Osteoprotegerin Binding to TNF-related apoptosis- 
inducing ligand stimulate caspase- 
dependent apoptosis
Balancing of Th1/Th2 cell response

[48]

HAMLET (human 
alpha-lactalbumin made 
lethal to tumor cells)

HAMLET [118]

Carbohydrate components
   Oligosaccharides

Mammary gland Act as receptor agonists and prevent 
microbial adhesion
Affect human dendritic cells with its 
tolerogenic factors

[43, 49]
[52]

Lipid Components Mammary gland Fragmentation of cellular and viral 
membranes by fatty acids

[52]

(continued)
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Table 1 (continued)

Name Source Function Reference

Immune cells
   CD45RO memory T 

cells
   Switched memory B 

cells

Mammary blood 
flow
mammary blood 
flow

Adaptive immunity related to T cell 
memory
Secrete antibodies

[25]
[58]

Cytokines, soluble (s) 
receptors, and anti- 
inflammatory factors

Mammary gland 
cells, mammary 
blood flow, 
immune cells

   TGF-β, IL-10 Tolerance mechanisms to foods
Blocking Th1 responses, increasing 
B cells, and reducing MHC-II 
expression
Regulatory role in signaling parts of 
immune response via membrane- 
bound receptors

[66]

   IL-6 Inducing the production of IgA and 
follicular Th cells

[72]

   IL-7 Effects on thymus size [74]
Stimulate Tγδ lymphocytes output 
off the thymus

   CXC chemokines Initiators of neutrophil functions [67]
Chemotaxis of intraepithelial 
lymphocytes

   sIL-6R, sTNF-RI-RII, 
IL-1RA,

Receptor antagonists act as 
competitive antagonist inhibits their 
inflammatory effects

[65, 75]

   sCD14, sTLR2 Coreceptor for TLR2 and TLR4 [76]
   Prostaglandins Inhibit the release of neutrophilic 

enzymes
[76]

   α1- antitrypsin, 
α1-antichymotrypsin

Block tissue-damaging enzymes [77]

   Lysozyme Bind to the wall of Gram-negative 
and Gram-positive bacteria

[77]

   Antioxidant molecules Restrict the harm of oxidative stress 
due to delivery

[80]

   Colony-stimulating 
factors (CSFs)

Functions in the proliferation, 
differentiation, and survival of milk 
neutrophils and macrophages

[82, 83]

   Nucleotides Increase iron absorption, NK cell 
activity, and IL-2 production; 
expansion of Bifidobacterium and 
repair of the gastrointestinal mucosa

[84]
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Table 1 (continued)

Name Source Function Reference

Microbiome Mammary gland, 
maternal skin, 
and gut

Infect bacteria and cause bacterial 
cell death
Colonization of the infant’s 
gastrointestinal microbiome
Immune tolerance and maturation 
by improving intestinal epithelial 
barrier function

[93, 94]

MicroRNAs (miRNAs) Maternal 
mammary

Acts as a regulatory on immune 
system gene expression

   miR-17 and miR-92
   miR-223
   miR-150 and 

miR-30b-5p
   miR-182-5p
   miR-181 and miR-155

cells Regulation of monocyte 
development and the maturation of 
B and T cells
Granulocytes proliferation
Suppression of B cells and 
activation of several immune cells
T cell-mediated immune responses
Which have a role in the B cell 
development

[100]
[101]
[102, 
103]
[103]
[98]

Ig immunoglobulin, IL interleukin, MHC major histocompatibility complex, NF-ƙB nuclear factor 
kappa-light-chain-enhancer of activated B cells, NK natural killer, TGF-β transforming growth 
factor-beta, Th T helper, TLR Toll-like receptor, TNF tumor necrosing factor

3  Antimicrobial Effects

3.1  Antibacterial Effects

Almost all molecules in breast milk have been described as having antibacterial 
effects. Lactoferrin can have bacteriostatic or bactericidal effects on different bacte-
ria with separate mechanisms, which can be iron dependent or independent. Free 
iron is one of the vital nutrients required for bacteria; iron binding by lactoferrin has 
a bacteriostatic effect of preventing bacterial growth. Besides, in a low-iron status 
environment, only beneficial bacteria that need low iron can grow, and lactoferrin 
indirectly promotes the growth of Lactobacillus and Bifidobacterium [104]. 
Lactoferrin also blocks the adherence of Haemophilus influenzae and enteropatho-
genic Escherichia coli [105]. Lactoferrin stimulates the secretion of lipopolysac-
charide (LPS) by binding to the lipid A of LPS [105]. Regardless of the binding 
iron, both lactoferrin and its fragments destabilize the wall of many Gram-negative 
and Gram-positive bacteria. With this action, lysozyme, also found in breast milk, 
makes bacteria more sensitive to lysis [106]. Lactoferricin, the cationic peptide 
derivative located in the N-terminal region of lactoferrin, is responsible for bacteri-
cidal activity. Lactoferricin is more effective than the whole protein, which has a 
bacteriostatic effect [107, 108]. In mice with tuberculosis, oral administration of 
lactoferrin decreased Mycobacterium tuberculosis levels and inflammation in the 
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lungs and was associated with a higher percentage of CD8+ and CD4+ cells, NK 
cells found in regional lymph nodes, and peripheral blood monocytes [109, 110].

Antimicrobial and antibiofilm features of some oligosaccharides in breast milk 
against Streptococcus agalactiae (group B streptococcus; GBS) have been reported; 
as well known, GBS is one of the most commonly seen bacteria in neonatal infec-
tions [111]. Casein in breast milk reduces the mucosal binding of Actinomyces, 
Helicobacter pylori, and streptococci [40, 50].

Because of the immunomodulatory features, lactoferrin supplementation in pre-
term infants was investigated; however, conflicting results have been reported. In 
some studies, lactoferrin supplementation reduced late-onset neonatal sepsis and 
necrotizing enterocolitis (NEC) rates [110, 112]. In contrast, no decrease was noted 
in others, especially in the incidence of late-onset neonatal sepsis [113, 114]. 
Secretory IgA in breast milk protects against infections caused by Giardia lamblia, 
Vibrio cholerae, enterotoxigenic E. coli, Shigella, and Campylobacter [40]. 
Secretory IgA also helps form a thin biofilm on the intestinal epithelial cells, which 
can induce microflora placement [115]. It has been shown that IgG2 antibodies in 
breast milk have long-lasting effects against H. influenzae type b, S. pneumoniae, 
live poliovirus vaccination, tetanus, and diphtheria [17, 46].

“Human alpha-lactalbumin made lethal to tumor cells” (HAMLET), a protein–
lipid complex in breast milk, has bactericidal activity against some bacteria, includ-
ing M. tuberculosis, H. influenzae, and Streptococcus pneumoniae. This complex 
binds to bacterial membranes and causes membrane depolarization [116, 117]. The 
bactericidal activity is enhanced when it acts together with kinase activity; kinase 
inhibition can block bacterial death. A recent study showed that HAMLET could 
kill three diverse types of streptococci by increasing the effects of lincosamides and 
macrolides more than beta-lactams [118]. These promising results suggest that 
using HAMLET in combination with antibiotic treatment has a potential role in the 
treatment.

Breast milk has the effect of decreasing the function of NF-ƙB via IƙBα-related 
signaling. Therefore, these possible mechanisms in newborns can prevent inflam-
matory bowel diseases such as NEC [119].

Compared to boys, exclusive breastfeeding in girls can also reduce urinary tract 
infections (UTIs) [120]. A hypothesis is that the placement of the urinary system in 
girls is close to the intestinal bacterial flora, which may explain why it is more ben-
eficial in female babies by affecting the gut flora. This protective effect remains 
beyond 2 years old [121]. Protection from UTIs by breastfeeding has been described 
as associated with antiadhesive oligosaccharides [121, 122]. Lactoferrin and sIgA 
antibodies in breast milk contribute to the protective effect in breastfed babies with 
nonspecific antibacterial effects [120, 122].

A study reported that lactoperoxidase, a glycoprotein, catalyzes the oxidation of 
thiocyanate in the infant’s saliva, triggers hydrogen peroxide production, and forms 
hypothiocyanate that can kill Gram-negative and Gram-positive bacteria [123]. 
Lytic forms of bacteriophages in breast milk have also been defined as having a part 
in the immune defense against bacterial pathogens. Moreover, these phages control 
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the natural bacterial composition of the infant’s gastrointestinal microbiota by the 
active interaction between bifidobacteria and bifidophages [124].

A small subunit of casein, ƙ-casein, inhibits the binding of H. pylori to gastric 
surfaces by showing a receptor-like effect with sialic acid residues [125]. Haptocorrin 
is another protein found in breast milk in a small amount with the capability to bind 
to vitamin B12, so bacteria cannot access it to grow [126]. It has also been shown 
that digested and undigested forms could inhibit enteropathogenic E. coli at simi-
lar levels.

3.2  Antiviral Features

Innate immunity components of breast milk have a primary role in host defenses, 
like a barrier against viral damage. Lactoferrin has a substantial role with its anti- 
inflammatory effects on mucosal surfaces and binding iron. Oligosaccharides also 
are likely to have effects as imitators of viral receptors and inhibit their attachment 
to host cells [127]. Additionally, free fatty acids show antiviral activity through their 
lytic effect [54].

Lactoferrin prevents the entry of viruses into cells, thus preventing the early 
stages of infection. However, it has been shown that by adding lactoferrin during 
infections such as rotavirus and human immunodeficiency virus (HIV) infections, 
antiviral activity continues, suggesting that lactoferrin affects the intracellular steps 
of virus infection [37, 128]. Whey protein supplementation decreases the clinical 
manifestations of rotavirus gastroenteritis by modulating immunity to rotavirus 
[129]. Lactoferrin also has antiviral activity toward both bare and enveloped viruses 
such as human papillomavirus, HIV, cytomegalovirus (CMV), herpes simplex virus 
(HSV), calicivirus, hepatitis C virus (HCV), rotavirus, Picornaviridae (poliovirus, 
enterovirus 71, echovirus 6), adenovirus, parainfluenza virus, respiratory syncytial 
virus (RSV), influenza A virus, and hepatitis B virus (HBV) [37, 107, 130]. Blockage 
of the viral entrance into epithelial cells through competition with the negative com-
pounds such as glycosaminoglycans (GAGs) of heparan sulfate and chondroitin 
sulfate for attaching to receptors on the cell membrane has been reported in several 
studies [130–132]. The binding of lactoferrin to specific particles of some viruses 
such as HCV (heparan sulfate, E1, and E2 proteins), RSV (F protein), and HIV 
(gp120 protein), as well as host epithelial cells also contributes to the antiviral activ-
ity of lactoferrin. Valenti et al. [128] described this glycoprotein as “an important 
brick in the mucosal wall, effective against viral attacks.” In one study, lactoferrin 
showed a dose-dependent inhibitory activity against adenovirus, while α-lactalbumin, 
mucin, and β-lactoglobulin were ineffective [133]. Other metal ions, besides iron 
Fe3+, are also bound by lactoferrin and inhibit competitive metal ion saturation. In 
one experimental study, breast milk fully saturated with ions of zinc, ferric, and 
manganese had an antiviral effect of inhibiting adenovirus infections via lactofer-
rin [134].
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In the era of the coronavirus disease 2019 (COVID-19) pandemic caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), Lang et al. [135] 
revealed that lactoferrin could inhibit attachment of the viral spike protein to the 
host cells at the early viral adhesion phase. Although it did not block the viral entry 
by binding to spike protein directly, it interacts with heparan sulfate proteoglycans 
of the virus responsible for transporting extracellular viral particles into the cell. In 
brief, lactoferrin can defend the host against SARS-CoV-2 infection by inhibiting 
the early steps of viral pathogenesis [37, 135].

Lactoferrin can exert negative regulatory effects on cell migration by inhibiting 
plasminogen, which controls the viral-induced coagulation cascade [136]. Positively 
charged forms of lactoferrin and lactoferricin were also demonstrated to have anti-
viral activity against CMV infection in vitro [137].

Regarding rotavirus infections, breastfed infants may have an asymptomatic 
infection or show the delayed appearance of rotavirus antigen in their stools due to 
high sIgA levels [138–140]. Lactadherin, a mucin-bound glycoprotein, has also 
been described as blocking rotavirus replication [40, 57].

Whereas lactoferrin and oligosaccharides have antiviral roles in inhibiting viral 
entrance by either blocking viral adherence to the mucosa or mimicking viral recep-
tors, breast milk also provides a wide variety of antibodies against different viruses 
[23]. This passive immunity by maternal IgG antibodies gives antiviral protection to 
the infant until it starts to diminish after the first 6 to 12 months of life [141].

3.3  Antifungal and Antiprotozoal Features

Despite Candida albicans on the mother’s nipple, factors in breast milk have protec-
tive effects against Candida infections in oral cavities; moreover, partially breastfed 
infants are more susceptible to the oral carriage of different Candida strains 
[20, 142].

Lactoferrin also has a fungistatic effect by iron binding, similar to its bacterio-
static property. It has also shown that lactoferrin and fungal cell surface interaction 
has a more direct fungicidal effect regardless of the iron presence [143, 144].

In preterm babies, the antifungal property of lactoferrin is essential. In a study, 
bovine lactoferrin was added to standard formulas and compared to a regular for-
mula containing cow’s milk. The authors did not report differences in growth rates 
among infants fed both formulas; however, the infants fed formulas with lactoferrin 
supplementation showed smoother stool viscosity compared to standard-formula- 
fed infants [145].

Free fatty acids have been reported to have antiprotozoal effects shown on 
Giardia [54].
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4  Conclusion

Breast milk has a complex composition that provides newborns with unique essen-
tials for optimal growth and education of their immune system. The oligosaccha-
rides promote the expansion of commensal enteric bacteria and impact mucosal 
immunity along with the immunoglobulin fraction of breast milk. All the remaining 
molecules related to the immune system play roles in cell development and signal-
ing multidirectional interaction. Additional studies are required to comprehend how 
immune components of breast milk induce the engagement of beneficial microflora 
in the gut so that they can compete with enteric pathogens. Breastfeeding probably 
has many valuable influences on growth, development, anti-infective resistance, and 
chronic diseases in adulthood, such as diabetes, leukemia, ulcerative colitis, 
and asthma.
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Vaccination and Breastfeeding 

Gonca Keskindemirci and Gülbin Gökçay 

1  Introduction 

Vaccines enable the immune system of the organism to recognize and destroy 
pathogens. Vaccination is one of the most effective public health initiatives [1, 2]. 
Vaccines protect the vaccinated individuals and through “herd immunity” or “indi-
rect effects” reduce the disease among unimmunized individuals in the community 
[3]. There are several types of vaccines such as attenuated live vaccines, inactivated 
vaccines, polysaccharide vaccines, and toxoid vaccines. Every country has national 
vaccination programs. While this program is being formed by the epidemiological 
data on the burden of disease in that country, the efficacy and effectiveness of the 
vaccine related to the disease, the cost, and the sustainability of the vaccine supply 
are evaluated [4]. 

2  Breastfeeding and Vaccination Practices 

In addition to being a great source of nutrition for the baby, breast milk also strength-
ens the baby’s defense mechanism against infections with its immunological and 
anti-infective properties. Immunoglobulins of IgA, IgG, and IgM are found in breast 
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milk. Breast milk plays a critical role in the transmission of immunity from mother 
to child, and the number of antibodies may increase during breastfeeding in response 
to the infant’s needs [5]. Colostrum is the most powerful natural immune booster 
known to science. Breast milk has antibodies to many pathogens that the mother has 
come into contact with during her lifetime. Secretory IgA (SIgA) constitutes the 
largest proportion, followed by IgM and IgG antibodies in colostrum [6–8]. One of 
the mechanisms underlying such a potent effect of breastfeeding is the transfer of 
maternal SIgA specific for some pathogens through breast milk [8]. Although there 
are some reservations about vaccination during breastfeeding, routinely recom-
mended vaccines can be safely applied to nursing mothers in general. In a few situ-
ations, vaccination during breastfeeding is contraindicated. In addition, it has been 
observed that the immune responses of breastfed babies after their own vaccinations 
are higher than those of who are not breastfed [9, 10]. 

2.1  BCG Vaccine 

First introduced in the 1920s, the Bacillus Calmette-Guerin (BCG) vaccine is still 
the only approved vaccine against tuberculosis. BCG vaccine was derived from 
Mycobacterium Bovis live attenuated strain [11]. Over the years, after the first BCG 
vaccine, a wide variety of strains were produced by various laboratories around the 
world as a result of passages under different conditions. There are genetic differ-
ences between these strains. BCG vaccines used today were obtained by the passage 
from the first BCG strain. World Health Organisation supports the production of 
vaccine lots using strains Denmark 1331, Tokyo 172-1, Russia BCG-I, and Moreau 
RDJ, which have been shown to be effective and safe in humans [12]. There is no 
contraindication for BCG vaccination of nursing mothers if it is required [13]. On 
the other hand, infants who are breastfed and given BCG vaccine at birth have a 
good cellular immune response to vaccine [14]. There is no need to discontinue 
breastfeeding after tuberculin skin testing or to avoid skin testing in nursing moth-
ers [15]. 

2.2  COVID-19 Vaccine 

Coronavirus Disease 2019 (COVID-19) is the disease that is caused by a new coro-
navirus called severe acute respiratory syndrome coronavirus 2. Current evidence 
suggests that the virus mainly spreads between people who are in close contact with 
one another [16]. Four different types of vaccines are available all over the world; 
these are mRNA, viral vector, inactivated virus, and recombinant vaccines [17]. 
World Health Organization recommends vaccination of mothers during breastfeed-
ing [18]. Breastfed babies who are not vaccinated due to their age can be protected 
by SIgA and IgG antibodies against COVID-19 that appear in breast milk after 
maternal vaccination [17, 19–21]. Studies demonstrated that administering the 
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COVID-19 vaccines is safe and poses no risk for the nursing mother and for her 
baby [17–22]. Therefore, health authorities and professional organizations recom-
mend offering the COVID-19 vaccines to nursing mothers in terms of the potential 
advantages of maternal vaccination during breastfeeding [18, 23, 24]. 

2.3  Diphtheria Tetanus Pertussis Vaccine 

The diphtheria vaccine is produced by mixing Corynebacterium diphtheria exo-
toxin with formaldehyde and turning it into a “toxoid” after inactivation. Diphtheria 
toxoid vaccines are shown in two different ways, according to the amount of antigen 
in their content, as “D” for those containing high-dose toxoids and as “d” for those 
containing low doses. Low-dose vaccines are administered to those over 7 years of 
age [25]. Acellular pertussis vaccines used today contain two or more immunogens 
in the structure of Bordetella pertussis bacteria. Acellular pertussis vaccines have 
begun to replace previously administered whole-cell pertussis vaccines [26–28]. 
Tetanus vaccine is a toxoid vaccine obtained by inactivating the neurotoxin called 
tetanospasmin of Clostridium tetani bacteria with formaldehyde. The same type of 
tetanus vaccine is used for all ages. There is no obstacle to the vaccination of the 
nursing mother with the adult-type Tetanus-adult-type diphtheria and acellular per-
tussis (Tdap) vaccine. Tdap contains tetanus, a reduced dose of diphtheria toxoids, 
and a reduced dose of acellular pertussis antigens. Centers for Disease Control and 
Prevention recommends maternal vaccination with the Tdap vaccine during preg-
nancy [29, 30]. Studies have shown that women with maternal Tdap vaccine have 
significantly higher concentrations of anti-pertussis toxin antibodies in their colos-
trum compared to women who gave birth at term and were not vaccinated. These 
antibodies of vaccinated mothers persist in the breast milk up to 12 weeks after 
delivery [31]. Vaccination of mothers will provide additional protection for infants 
during the most vulnerable period when the vaccination of their children has not 
been completed. “Cocoon strategy” is an immunization strategy [32]. In this strat-
egy, influenza and pertussis vaccines are given to household members around 
infants, who cannot be vaccinated, and are susceptible to illness [33]. This strategy 
is designed for people who have close contact with their babies. Mothers are recom-
mended to receive the vaccine as soon as possible after delivery if not vaccinated 
during pregnancy. Rowe et al. reported that pertussis infection was reduced by 77% 
in infants after vaccinating both parents [34]. Breastfeeding also reduces the adverse 
effects of routine childhood vaccines on the infant [32]. 

2.4  Hemophilus Influenza Type B Vaccine 

There are polysaccharide and conjugate vaccines against Hemophilus Influenza 
Type B (Hib). With the introduction of the conjugated Hib vaccine, the interest in the 
efficacy and safety of the polysaccharide vaccine has decreased. Four conjugated 
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Hib vaccines have been developed. These are PRP-D, HbOC, PRP-OMP, and PRP-T 
[35]. Vaccines differ in carrier protein, size of the PRP portion, and chemical bonds. 
Conjugated Hib vaccines are also used in combination with DaBT-Hib, DaBT-Hib- 
inactivated polio vaccine (IPV) or DaBTHib-IPV-Hepatitis B vaccines [36]. In addi-
tion, when the immune responses of breastfed and not breastfed infants vaccinated 
with conjugated Hib vaccine at 2, 4, and 6 months were compared, there was no 
significant difference between feeding methods in antibody levels in the early 
period. On the other hand, antibody levels were significantly higher at 7 months and 
12 months of age in breastfed infants. These findings were seen as strong evidence 
of the importance of breastfeeding in the development of the immune response dur-
ing the first year of life [37]. Silfverdal et al. stated that exclusively breastfed infants 
for at least 90 days have better post-vaccination protection against Haemophilus 
influenza type B and pneumococcal serotypes 6B and 14 [38]. There is no risk for 
the mother to be vaccinated during breastfeeding. The immune responses of breast-
fed babies to the vaccination are much better [39]. 

2.5  Hepatitis A Vaccine 

Hepatitis A vaccine is an inactivated virus vaccine containing antigens obtained 
from viruses produced in human fibroblast cell cultures and inactivated with forma-
lin. Although there is an attenuated hepatitis A vaccine produced and licensed in 
China, inactivated hepatitis A vaccine is widely used all over the world. There is no 
known contraindication for immunization of breastfeeding mothers if vaccination 
against hepatitis A is necessary [40, 41]. 

2.6  Hepatitis B Vaccine 

There are different types of hepatitis B vaccines, depending on the source from 
which they are obtained. Plasma-derived hepatitis B vaccine is prepared from the 
HBsAg particle derivative obtained from individuals who are chronic hepatitis B 
carriers. Recombinant hepatitis B vaccine derived from yeast is obtained by cloning 
the hepatitis B virus S gene produced by recombinant DNA technology from yeast 
cells and is the most commonly used vaccine. Recombinant hepatitis B vaccines 
produced in mammalian cells contain antigens of the pre-S regions. Heplisav-B is a 
recombinant vaccine produced from yeast containing HBsAg [42, 43]. There are 
monovalent or combined forms of the hepatitis B vaccine. Combined forms include 
diphtheria–tetanus–pertussis (DTP), Haemophilus influenza type b (Hib), and inac-
tivated polio vaccine (IPV) [36]. Additionally, there is a combined hepatitis B and 
hepatitis A vaccine. There is no harm to mothers in getting vaccinated with the 
hepatitis B vaccine and continuing to breastfeed their infants [44].
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2.7  Herpes Zoster Vaccine 

Varicella zoster virus causes Herpes zoster, and the same virus also causes chicken-
pox (varicella). After a person heals from chickenpox, the virus remains inactive 
(dormant) in the body and can reactivate years later, causing shingles. Anyone 
recovering from chickenpox can develop shingles, and the risk of shingles increases 
when persons get older. The shingles can’t be transmitted to the baby through breast 
milk [45]. The attenuated live vaccine is available in many countries. Currently, 
recombinant zoster vaccine replaced attenuated live vaccine. In many countries, 
vaccination of the inactive zoster is recommended for adults aged 50 years and older 
in terms of preventing shingles and related complications, and also for adults aged 
19 and over who have weakened immune systems due to an illness or treatment [46, 
47]. Recombinant zoster vaccination has no known risks to nursing mothers or their 
infants [46]. So, there is no contraindication for zoster vaccination of nursing moth-
ers if there is a need for protection against herpes zoster. 

2.8  Human Papillomavirus (HPV) Vaccine 

There are three different types of HPV vaccines. A purified bivalent vaccine of HPV 
contains types 16 and 18, quadrivalent vaccines of HPV contain types 6, 11, 16, and 
18), and nonvalent vaccines of HPV contain types 6, 11, 16, 18, 31, 33, 45, 52, and 
58 viral L1 proteins [48]. There is no evidence that the risk of vaccine-related 
adverse events in mothers or their infants is increased after administration of the 
HPV vaccine to breastfeeding women. There is no need for the cessation of breast-
feeding after HPV vaccination. So, there is no contraindication for administering 
the HPV vaccine to breastfeeding mothers [49–51]. 

2.9  Influenza Vaccine 

The influenza vaccine is available in two forms, inactivated and attenuated live vac-
cines. Both vaccines have trivalent forms containing two subtypes of influenza A 
and one subtype of influenza B2, and quadrivalent forms of influenza A containing 
two subtypes of influenza B. The attenuated live vaccine is administered intrana-
sally, while the inactivated vaccine is administered by injection [52]. Brady et al. 
reported that levels of influenza antibodies were higher in breast milk after inacti-
vated vaccine than in attenuated live vaccine, and no influenza virus was detected in 
the milk of mothers who were given attenuated live vaccine [53]. Presence of anti- 
influenza IgA antibodies at least 6 months after vaccination was reported in the milk 
of mothers who were vaccinated in the third trimester [54]. According to the find-
ings of another study, postnatal influenza vaccination of the nursing mother has 
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been associated with a significant decrease in infants’ influenza-related morbidity 
during the influenza season, and there is a significant decrease not only in disease- 
related morbidity but also in healthcare seeking and antibiotic use [55]. Authorities 
recommend that nursing mothers should be vaccinated with the influenza vaccine if 
the mother is not vaccinated during the pregnancy period [56, 57]. 

2.10  Measles-Rubella-Mumps Vaccine 

Measles-rubella-mumps vaccine (MMR) is a combined vaccine contains attenuated 
live strains of measles, mumps, and rubella viruses. In addition, there is a vaccine in 
the form of measles-rubella-mumps-chickenpox, including the varicella vaccine. 
Although the weakened virus was detected in breast milk after rubella vaccination, 
no infant was infected during the observation period [58, 59]. In addition, it was 
determined that children with rubella virus detected in breast milk later responded 
normally to the rubella-containing vaccine. No studies reported that measles or 
mumps virus was detected in breast milk after MMR vaccination. There is no con-
traindication for the administration of the measles vaccine or the measles-rubella- 
mumps vaccine to nursing mothers if the vaccination of the mother is necessary 
[60, 61]. 

2.11  Meningococcal Vaccines 

Meningococcal encapsulated, nonspore, Gram (−), aerobic diplococci microorgan-
isms cannot survive for a long time in the external environment. There are inacti-
vated vaccines such as polysaccharide meningococcal vaccines and conjugated 
meningococcal vaccines. Conjugated vaccines are: Serogroup C conjugate vaccine, 
Serogroup A conjugate vaccine, Hib-meningococcal serogroup CY conjugate vac-
cine, Serogroup A/C/W/Y conjugate vaccines, and Serogroup B vaccines [62]. 
Lakshman et al. showed that with the administration of quadrivalent polysaccharide 
meningococcal vaccine to three nursing mothers, serogroup A and C specific secre-
tory IgA’s were found in breast milk, serum, and saliva samples collected 2 weeks 
after the vaccine. It has been shown that antibody levels rise to very high levels after 
vaccination [63]. Breastfeeding has not been reported as a barrier to meningococcal 
vaccine administration in nursing mothers [63]. 

2.12  Monkeypox Vaccine 

The disease is caused by the monkeypox virus (Monkeypox), a member of the genus 
Orthopoxvirus in the family of Poxviridae [64]. An orthopoxvirus infection or an 
orthopoxvirus vaccine immunization leads to immunologic cross-protection against 
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other viruses in the genus. Orthopoxviruses which are large, double-stranded DNA 
viruses (Family Poxviridae, Genus Orthopoxvirus), include multiple species, such 
as the Vaccinia virus, Variola virus, Cowpox virus, Monkeypox virus, and newly 
discovered viruses [65]. Monkeypox virus is usually transmitted from wild animals 
to humans, such as primates and rodents, but it can also be transmitted through 
human to human. The lesions are transmitted from one person to another through 
contact with contaminated materials such as body fluids, respiratory droplets, and 
bedding. Eating undercooked meat and other animal products of infected animals is 
a possible risk factor. Based on the experiences in Africa, the World Health 
Organization (WHO) reports that the smallpox vaccine will provide 85% protection 
from monkeypox [64]. However, the smallpox vaccine has not been applied 
since 1980. 

For this reason, people who have been vaccinated against smallpox today are 
those aged 40–50 years and over. Today, smallpox vaccines are no longer available 
for widespread use. Only people at risk (for example, someone who has had close 
contact with someone with monkeypox) should be considered for vaccination. Mass 
vaccination is not recommended at this time [65]. There are two types of vaccines. 
ACAM2000 vaccine contains replication-competent vaccinia viruses, and 
JYNNEOS vaccine contains replication-deficient modified vaccinia viruses Ankara 
[66–69]. In November 2021, for primary and booster vaccinations, the ACIP voted 
in favor of JYNNEOS as an alternative to ACAM2000 without opposition [65]. 
However, the efficacy and safety of JYNNEOS have not been assessed in nursing 
mothers. It is unknown if JYNNEOS is excreted in mothers’ milk, and data is not 
available to evaluate the JYNNEOS vaccine for effect on milk production or the 
safety in breastfed infants. However, the attenuated virus in the JYNNEOS vaccine 
lacks replication. This characteristic of the vaccine may decrease the transmission 
risk to breastfed infants. On the other hand, there is no clear recommendation about 
the use of monkeypox among nursing mothers due to a lack of evidence. 

2.13  Pneumococcal Vaccine 

The pneumococcal vaccine is available in two forms: polysaccharide and conjugate. 
The polysaccharide vaccine is recommended for those over 65 and in special cir-
cumstances [70]. Deubzer et  al. determined in their study that adhesion of 
Streptococcus pneumoniae 6B and 14 serotypes to pharyngeal epithelial cells was 
reduced with the colostrum of a mother who received a pneumococcal vaccine dur-
ing pregnancy. The authors of this study suggested that the breast milk of vaccinated 
mothers can also prevent pneumococcal disease in infants [71]. Finn et al. reported 
that after vaccinating three lactating mothers with a 23-valent polysaccharide vac-
cine, specific SIgA increased >twofold in breast milk and postulated that capsule- 
specific SIgA could initiate the killing of S. pneumoniae and that vaccine-induced 
mucosal SIgA could support functional bactericidal activity [72]. It has also been 
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shown that children who were exclusively breastfed for 90 days or more may 
achieve better post-vaccination serological protection against the 6B and 14 sero-
types of pneumococcus and Hib [38]. There is no contraindication for the adminis-
tration of pneumococcal vaccines to nursing mothers. 

2.14  Poliomyelitis Vaccine 

The polioviruses include three serotypes. Humans are the only natural reservoir for 
poliovirus. There are two types of polio vaccine: attenuated live oral and inactive 
parenteral vaccine. Only inactive polio vaccine (IPV) takes place in the national 
immunization schedules of high-income countries. IPV includes the three sero-
types, which are inactivated with formaldehyde and grown in human diploid cells or 
Vero cells. IPV exists in combination with other childhood vaccines (such as pertus-
sis, Haemophilus influenzae, diphtheria tetanus and hepatitis B) [29, 32]. The oral 
polio vaccine (OPV) is mainly used in low- and middle-income countries. Since the 
withdrawal of trivalent OPV, which contains poliovirus serotypes 1, 2, and 3, from 
routine immunization in 2016, bivalent OPV (bOPV), which contains poliovirus 
serotypes 1 and 3, has become the primary vaccine used in routine immunization of 
low and middle-income countries and supplementary immunization activities [73, 
74]. Breastfeeding is not a contraindication to IPV or OPV administration [73]. 
Breastfed infants must be vaccinated according to the national immunization sched-
ules of their countries. Some studies reported that breastfeeding might improve 
infant response to the oral polio vaccine [75, 76]. 

2.15  Rabies Vaccine 

The rabies virus is an RNA virus from the Rhabdoviridae family. Rabies is almost 
always fatal in unvaccinated persons. WHO recommends concentrated and embryo-
nated egg-based rabies vaccines, which are purified cell cultures (CCEEVs). CEEVs 
contain inactivated rabies virus that has been grown in cell culture (e.g., Vero cells, 
primary chick embryo cells, or human diploid cells) or embryonated eggs (e.g., 
embryonated chicken or duck eggs) [77, 78]. Nguyen et al. reported pregnant and 
lactating mothers who were not vaccinated due to unfounded concerns about the 
vaccination, according to the information received from their families, died due to 
rabies after exposure [79]. Vaccinations given to a nursing mother do not affect the 
safety of breastfeeding for mothers or infants. Breastfeeding can continue after 
rabies vaccination. There is no contraindication [41].
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2.16  Smallpox Vaccine 

The smallpox vaccine is an attenuated live vaccine. It has been reported that small-
pox rashes were seen in the infant whose mother had a smallpox lesion in her areola 
10  days after her husband was vaccinated with the smallpox vaccine [80]. The 
smallpox vaccine is no longer in use, and it is contraindicated to administer to lac-
tating mothers [81]. 

2.17  Varicella Zoster Vaccine 

Varicella zoster virus (VZV), the causative agent of chickenpox infection and shin-
gles, is a double-stranded DNA virus belonging to the alpha herpesvirus family. 
Transmission of this virus occurs after direct contact with patients’ vesicular fluids 
or zoster lesions, or after the spread of respiratory secretions. Vaccination is the 
most effective way to prevent chickenpox infection. The vaccine is a live attenuated 
lyophilized vaccine produced by serial passages in different cell cultures of the 
virus isolated from a child naturally infected with a wild virus, reducing its viru-
lence. Bohlke et al. reported that no varicella DNA was detected in the milk of any 
mother by PCR after varicella vaccination of lactating mothers at 1-month postpar-
tum interval. No seropositivity was found in their babies either [82]. There is no 
evidence that the virus passes into breast milk after vaccination. Breastfeeding 
mothers who have been vaccinated against chickenpox can continue to breast-
feed [83]. 

2.18  Yellow Fever Vaccine 

The yellow fever vaccine is a live, attenuated virus. Cases of transmission of yellow 
fever vaccine virus by breastfeeding have been reported. Yellow fever-specific 
immunoglobulin M and yellow fever-specific antigens were detected in the serum 
and cerebrospinal fluid of the infants [84–86]. If yellow fever vaccination is planned, 
the vaccination should be postponed if possible, but if the travel of breastfeeding 
mothers to yellow fever endemic areas cannot be avoided or postponed, this mother 
should be vaccinated and breastfeeding should be interrupted [87]. There is no data 
on how long breastfeeding should be interrupted if a nursing mother is vaccinated 
against yellow fever. It is recommended that she should not breastfeed for at least 
2 weeks and should express and discard her milk. On the other hand, in a recent 
study in Brazil, it was reported that no virus was detected in breast milk samples 
taken on the 8th, 10th, and 15th days after yellow fever vaccination of nursing moth-
ers. In this study, it was recommended that the mother should not breastfeed for 
10 days instead of 2 weeks [88].
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3  Conclusion 

The benefits of breastfeeding for both mother and baby are well known. There are 
also many advantages for vaccination of nursing mothers. These advantages are for 
the infants of nursing mothers in addition to mothers themselves. In the light of the 
information obtained so far, there is no contraindication for vaccinating the nursing 
mothers, except for two vaccines. These two vaccines are yellow fever and smallpox 
vaccine [89]. In case of insufficient data on the vaccination of nursing mothers, the 
epidemiology of the disease and the risks and benefits of breastfeeding should be 
evaluated. 
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Breastfeeding and Maternal Bacterial 
Infections

Özge Kaba, Ayşe Engin Arısoy, Emin Sami Arısoy, and Sheldon L. Kaplan

1  Introduction

Breast milk is a miraculous nutrient specially produced for each baby. Breast milk, 
the essential source of infant nutrition, provides different benefits with every com-
ponent it contains. Skin-to-skin contact with the mother during breastfeeding 
reduces the baby’s stress, eases the baby’s adaptation to the world, and contributes 
to neurobehavioral development [1]. Breast milk has many more benefits further 
than growth and development. The formation of the gastrointestinal microbiota, 
reduction in the risk of necrotizing enterocolitis (NEC), protection against various 
diseases such as oral candidiasis, otitis media, and respiratory, gastrointestinal, and 
urinary tract infections, and a reduction in the mortality risk in the first months of 
life for any reason are some of the short-term benefits provided by breast milk [1–5].

In addition to its immunoglobulin (Ig) content, breast milk plays a role in struc-
turing an infant’s immune system by providing a balance between tissue macro-
phage profile, thymus development, and T helper cells [6]. Moreover, long-term 
studies also demonstrated with different evidence levels that breast milk can 

Ö. Kaba (*) 
İstanbul Çam and Sakura Hospital, Section of Pediatric Infectious Diseases, University of 
Health Science, İstanbul, Türkiye 

A. E. Arısoy 
Faculty of Medicine, Division of Neonatology (Emeritus), Department of Pediatrics, Kocaeli 
University, Kocaeli, Türkiye 

E. S. Arısoy 
Faculty of Medicine, Division of Pediatric Infectious Diseases (Emeritus), Department of 
Pediatrics, Kocaeli University, Kocaeli, Türkiye 

S. L. Kaplan 
Division of Infectious Diseases, Department of Pediatrics, Baylor College of Medicine, and 
Infectious Disease Service, Texas Children’s Hospital, Houston, TX, USA

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
Ö. N. Şahin et al. (eds.), Breastfeeding and Metabolic Programming, 
https://doi.org/10.1007/978-3-031-33278-4_28

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33278-4_28&domain=pdf
https://doi.org/10.1007/978-3-031-33278-4_28


356

effectively prevent some diseases, including autoimmune, allergic, and cardiovas-
cular diseases, obesity, type 1 and 2 diabetes mellitus, and some types of malignan-
cies such as leukemia and breast cancer [7–11]. The World Health Organization 
(WHO), the United Nations International Children’s Emergency Fund (UNICEF), 
the American Academy of Pediatrics (AAP), and many other organizations recom-
mend that infants should be exclusively breastfed for the first 6 months, starting 
within the first hour of birth [11, 12].

2  Protective Elements of Breast Milk

Breast milk, mainly composed of water, is comprised of nutritional compounds, 
electrolytes, vitamins, minerals, enzymes, carrier molecules, hormones, growth fac-
tors, cytokines, Igs, and other molecules involved in various functions [13]. Many 
breast milk constituents, including secretory IgA (sIgA) and other Igs, lactoferrin, 
lysozyme, free fatty acids, bile-salt stimulated lipase, stem cells, white blood cells, 
haptocorrin, alpha-lactalbumin, casein, lactoperoxidase, mucins, and oligosaccha-
rides with prebiotic activity are the main substances effective in preventing infections.

2.1  Immunoglobulins

It was first shown in 1961 that the predominant immunoglobulin in breast milk is 
IgA [14]. Secretory IgA, synthesized by plasma cells on the basal surface of the 
mammary epithelium, is involved in pathogen neutralization with its stable and 
resistant structure [15]. Secretory IgA in breast milk protects against enteric and 
systemic pathogens [16, 17]. Its dynamic structure changes due to factors such as 
gestational age, nutrition, vaccination, maternal diseases, and smoking. Antibodies 
specific to intestinal and respiratory pathogens are present in breast milk even when 
not in the mother’s circulation [13].

Secretory IgA is produced by stimulation of T and B lymphocytes as a result of 
encountering any pathogen of the mother’s respiratory and gastrointestinal mucosal 
barrier. This system, known as the bronchomammarian and enteromammarian axes, 
helps protect the baby from infections [18–20]. These antibodies protect against 
bacteria such as Haemophilus influenzae, Streptococcus pneumoniae, Escherichia 
coli, Vibrio cholerae, Clostridium difficile, and Salmonella spp. and many types of 
viruses and fungi [21].

Immunoglobulin A, which accounts for 88% of colostrum content with an 
amount of 7500 mg/L in the colostrum secreted in the first days of life, continues to 
be the most dominant Ig; however, its contribution decreases to 68–81% in the fol-
lowing days [22]. Although the main Ig is 11S sIgA, Igs G, M, D, and E also are 
present in breast milk. The IgM amount increases with breast milk maturation and 
reaches 22%; the IgG concentration is lower than IgA and IgM in breast milk [23]. 
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The highest IgG subtypes are IgG1 and IgG2 in colostrum and mature milk. A study 
with mice by Zheng et al. [24] showed that IgG in breast milk provides protection 
against mucosal and systemic infections induced by enterotoxigenic E. coli. 
Immunoglobulins found at lower levels in breast milk are IgE, dominant in allergic 
processes, and IgD, which functions similarly to IgM and plays a role in the local 
immune response of the breast tissue [25–28].

2.2  Lysozyme

Fleming first detected the lytic activity of lysozyme in 1921, and its presence in 
breast milk was demonstrated by Bordet in 1924 [29]. Lysozyme, also called 
N-acetyl muramidase, an enzyme consisting of a 130 amino acid polypeptide chain, 
is also found in body fluids such as saliva and tears [30]. Lysozyme destroys gram- 
positive bacteria by hydrolyzing peptidoglycan polymers in the bacterial cell wall 
[8, 31] and gram-negative bacteria in vitro synergistically with lactoferrin [32]. In 
addition to the broad antimicrobial spectrum, lysozyme also contributes to the 
enrichment of beneficial microbiota and reduction in harmful microbiota in the 
intestines [33]. With heating, lysozyme amount and thus its activity decrease by 
50–80% [34]. Unlike other protective elements, lysozyme concentration increases 
proportionally with the duration of lactation [30, 35].

2.3  Lactoferrin

A Danish chemist described lactoferrin in 1939 as a red protein in cow’s milk [29]. 
A similar protein was identified in human milk in 1951 and isolated in 1960 [29]. 
Lactoferrin is a glycosylated protein consisting of 691 amino acids belonging to the 
transferrin family [35]. Lactoferrin has an antibacterial effect by binding iron, and it 
can destroy the bacteria via damage to the membrane with a direct effect [36]. 
Together with lysozyme, sIgA, and lactoperoxidase, lactoferrin provides a bacterio-
static state on mucosal surfaces [16, 37]. Lactoferrin, also known to support the 
antibacterial activity of lysozyme [34], exhibits bacteriostatic activity against E. coli 
and bactericidal activity against pathogens such as V. cholerae and Streptococcus 
mutans [35, 38]. Lactoferrin also inactivates colonization factors synthesized by 
H. influenzae [39], and shows anti-inflammatory properties by preventing the syn-
thesis of many pro-inflammatory cytokines [40].

The lactoferrin amount is reduced in mature milk, but its glycosylation proper-
ties vary; it is suggested that the process contributes to microbiota development [34, 
41]. Lactoferrin can cause stimulation, differentiation, and cell activity through its 
receptors in other immune system elements [42]. Animal and human studies showed 
lactoferrin prevents urinary tract infection and colitis and reduces the rates of late- 
onset sepsis and lower respiratory tract infections [40, 43, 44].
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2.4  Alpha-Lactalbumin

Alpha (α)-lactalbumin, the main whey protein, comprises 25–35% of human milk 
and consists of 123 amino acids [13]. Cysteine and tryptophan in the α-lactalbumin 
content affect the immune system [45]. Alpha-lactalbumin has a very high nutri-
tional value and prevents the attachment of pathogens to the intestinal mucosa [35]. 
Pellegrini et al. [46] demonstrated in monkeys the antibacterial activity of polypep-
tides obtained by the degradation of α-lactalbumin against E. coli, Klebsiella pneu-
moniae, Staphylococcus aureus, Staphylococcus epidermidis, and Streptococcus 
spp. They concluded that similar antibacterial activity might be observed through the 
similarity of human and monkey α-lactalbumin molecules [47]. Some of these poly-
peptides show bifidogenic activity [13, 48]. Brück et  al. [49] showed that 
α-lactalbumin could inhibit the growth of various potential pathogens such as entero-
pathogenic E. coli (EPEC), Salmonella typhimurium, Bacteroides, and Clostridium 
spp. Another study reported that α-lactalbumin provides resistance to EPEC diarrhea 
in monkeys [34]. In addition to its nutritional and antimicrobial properties, the anti-
tumoral activity of α-lactalbumin is currently under investigation [50].

2.5  Human Milk Oligosaccharides

Human milk oligosaccharides (HMOs), carbohydrates resistant to digestion found 
in breast milk, are known for their contribution to immunity rather than growth [51]. 
Although there are more than 200 HMOs, only half have been understood in detail. 
The HMOs found up to 20–23 g/L in colostrum and 5–15 g/L in mature milk [52] 
help beneficial intestinal bacteria such as Bifidobacterium and Lactobacillus colo-
nize and support the shaping of the intestinal microbiota [53]. The HMOs act as a 
receptor, preventing mucosal adhesion and colonization of enteric pathogens [16, 
54]. Campylobacter jejuni, H. influenzae, S. pneumoniae, and EPEC are some 
pathogens whose adhesion is prevented by HMOs [13]. The HMOs strengthen the 
intestine’s barrier by increasing mucus secretion [55]. Some data suggest that 
excreted HMOs in the urine also reduce the incidence of urinary tract infections 
[13]. The HMOs can change cytokine responses by interacting with various mole-
cules of immune system elements [56].

2.6  Milk Fat Globule Membrane

Milk fat globule membrane (MFGM), the complex compounds, a mixture of carbo-
hydrates, lipids, and proteins surrounded by a triple membrane system show an 
antibacterial effect by preventing the adhesion of pathogens to the intestinal mucosa. 
Mucins, lactadherin, butyrophilin, and adipophilin are some of the glycoproteins 
identified as MFGM [34, 35]. Mucins show pathogen-specific activity; for example, 
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mucin-1 functions against S. typhimurium, and mucins are also involved in protec-
tion [34, 57]. Bhinder et al. [58] showed that MFGM-containing nutrition protects 
against C. difficile infections. Studies in humans and animals have demonstrated the 
positive effects of MFGM-enriched nutrition on the neurological, immunological, 
and gastrointestinal systems [35]. However, in addition to the studies reporting a 
decrease in acute otitis media, respiratory tract infections, and diarrhea, studies also 
exist, documenting no difference or even increases in these infections [59].

2.7  Cells

The cells in breast milk were first described as Donne particles in an atlas published 
in 1845 [29]. The number of live and active cells in newly expressed breast milk 
may vary between 10,000 and 13,000,000/mL [13]. Cell count is particularly high 
in colostrum [60]. The primary cells in breast milk are epithelial cells, leukocytes, 
and stem cells. Approximately 108 maternal leukocytes daily are delivered to infants 
by breast milk produced during the early lactation period [57]. The cell number in 
breast milk increases during the infectious processes of the mother or the baby.

Leukocytes go to immune stations such as the spleen and lymph nodes of new-
borns via the gastrointestinal tract [61]. Although the distribution of leukocytes var-
ies according to the milk stage, macrophages, polymorphonuclear neutrophils, and 
lymphocytes, especially T lymphocytes, are dominant. Stem cells at rest in breast 
tissue are activated during breastfeeding. Stem cells in breast milk can differentiate 
into adipose tissue cells, chondrocytes, neurons, osteoblast, cardiac muscle cells, 
hepatocytes, and pancreatic cells, which can occur from all 3 germ layers [62].

2.8  Cytokines

Cytokines, first shown in breast milk in the 1990s, are suggested to be secreted by 
immune cells in the mammary glands; however, the exact sources are still unknown. 
Cytokines have various immunomodulatory functions such as growth stimulation, 
differentiated immunoglobulin production, thymocyte proliferation, and suppres-
sion of interleukin (IL) -2 and IgE production [13]. Interleukin-1 beta (IL-1β) and 
tumor necrosis factor-alpha (TNF-α) were the first to be quantified [63]. Some cyto-
kines, such as transforming growth factor-beta 2 (TGF-β2), IL-2, IL-6, IL-10, epi-
dermal growth factor (EGF), insulin-like growth factor (IGF), and TNF-α, perform 
well-defined tasks such as sIgA production, mucin production in the airways and 
intestines, intestinal maturation, prevention of resistant pathogen colonization and 
control of inflammatory responses [61–65]. In addition to cytokines whose function 
has been understood more clearly, such as IL-7, which supports thymus growth, the 
presence of cytokines whose function has not yet been determined, such as 
interferon- gamma (IFN-γ), has also been reported [64]. Interleukin-6 and IL-8 are 
found at higher rates in mothers with mastitis breast milk [57].
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2.9  Lactoperoxidase

The lactoperoxidase enzyme supports the immune system by forming hypothiocya-
nate by oxidation of thiocyanate in the presence of hydrogen peroxide [66]. 
Hypothiocyanate is a powerful antimicrobial that kills gram-positive and gram- 
negative bacteria [67]. Thiocyanate is also found in saliva, where it contributes to 
oral mucosal immunity. The hydrogen peroxide molecule required for the lactoper-
oxidase enzyme’s function is formed due to xanthine oxidoreductase activity. The 
lactoperoxidase enzyme inhibits the growth of E. coli and Salmonella enteritidis 
in vitro [34].

2.10  Bacteriocins

Bacteriocins, frequently used in food preservation, are antibacterial peptides pro-
duced against other bacteria. Some bacteriocins undergo modification after being 
synthesized; this activity is observed in Lactobacillus, Enterococcus, Streptococcus, 
and many other gram-positive and gram-negative bacteria. Bacteriocins continued 
to be studied for their antibacterial properties for developing new antibiotics and 
discovering new cancer treatments [68].

2.11  Kappa-Casein

Kappa (κ) casein is a glycoprotein, one of the 3 casein types found in breast milk. 
Peptides formed by proteolysis show many bioactive properties, especially antimi-
crobial and immunomodulatory activities [69]. They prevent attaching pathogens 
such as EPEC, S. typhimurium, and Shigella flexneri to the intestinal mucosa [13]. 
The degraded glycomacropeptide (GMP) inhibits the adhesion of Helicobacter 
pylori to the gastric mucosa [70]. The contribution of glycomacropeptide to the 
microbiota has been proven by its bifidogenic effect on Bifidobacterium infantis and 
Bifidobacterium bifidum [71].

2.12  Haptocorrin

Haptocorrin, a heavily glycosylated protein, contributes to vitamin B12 absorption 
as well as protection from pathogens [34]. Although its mechanism has not been 
fully elucidated, in vitro studies demonstrate that haptocorrin provides protection 
against EPEC [72].
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2.13  Breast Milk Microbiota

Breast milk microbiota, much richer than intestinal microbiota [73], plays an essen-
tial role in shaping the intestinal microbiota and, thus, in the maturation of the 
immune system. Zimmermann and Curtis [5] reviewed 44 studies in terms of breast 
milk microbiota; the most commonly detected generas were Staphylococcus, 
Streptococcus Lactobacillus, Pseudomonas, Bifidobacterium, Corynebacterium, 
Enterococcus, Acinetobacter, Rothia, Cutibacterium, Veillonella, and Bacteroides. 
Breastfed infants have a Bifidobacterium-predominant intestinal microbiota [74]. 
Despite the diversity in breast milk microbiota, antibacterial products synthesized 
by lactic acid-producing bacteria and Parabacteroides prevent other bacteria from 
showing pathogenicity [5, 75]. In addition, lactic acid-producing bacteria prevent 
the proliferation of some types of bacteria, such as Pseudomonas, Salmonella, 
Shigella, and Listeria, not found in the breast milk microbiota [76]. Many factors 
such as gestational age, delivery mode, sex, parity, intrapartum antibiotics, presence 
of human immunodeficiency virus (HIV) infection, lactation stage, diet, body mass 
index (BMI), probiotic use during pregnancy, and smoking have been studied with 
respect to the formation of breast milk microbiota. These studies, conducted with a 
relatively limited number of participants, did not have consistent results, and inves-
tigators concluded that large-scale studies with more participants were needed [5]. 
The effects of different practices, such as the mother’s use of probiotics and the 
addition of probiotics to breast milk, on the infant’s microbiota are among the most 
intriguing future studies.

3  Breastfeeding and Maternal Infections

Although breast milk is protective against infections, it can also cause the transmis-
sion of some infectious diseases. Although rare, transmission can occur by ingesting 
breast milk or by contact, droplet, or airborne during breastfeeding. Excessive fear 
of contagion will prevent the baby from getting breast milk, providing growth and 
development and protecting it from infections. For this reason, knowing the abso-
lute contraindications and avoiding incorrect contraindications is important for 
breastfeeding.

3.1  Anthrax

Anthrax is a zoonotic disease caused by Bacillus anthracis. It is transmitted to 
humans by contact with infected animals and animal products. Clinically, it may 
cause mostly cutaneous, less frequently inhalational, and/or gastrointestinal 
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involvement [77]. Direct human-to-human transmission occurs by contact of non-
intact skin or mucosa with the infected lesion. No data exist on transmission through 
breast milk [78].

To continue breastfeeding, the mother’s general health status, the presence of a 
cutaneous lesion, and the location of the lesion, if any, should be considered. 
Depending on the mother’s condition, treatment or prophylaxis should be started, 
and the agents to be used should be chosen among agents that are safe for breast-
feeding, such as penicillin, amoxicillin, ampicillin, clindamycin, meropenem, and 
imipenem [79]. If there are cutaneous lesions, they should be covered, and hands 
should be washed before touching the baby. When these conditions are met, breast-
feeding is continued [80].

The baby should be evaluated in terms of the necessity of prophylaxis. If the 
mother’s general condition is poor and a lesion exists -on the breast/s- in an area that 
may contaminate the milk, breastfeeding status and method should be reconsidered 
[81]. After 24–48  h of effective antibacterial therapy, breastfeeding should be 
resumed as the contagion is considered over [81].

3.2  Brucellosis

Brucellosis is a worldwide zoonosis, and the primary source is sheep, goats, and 
cattle. Brucella species, gram-negative coccobacillus bacteria, are mainly transmit-
ted from animal to human through infected animal tissues and the consumption of 
raw meat [82]. Although rare, Brucella species may be transmitted from person to 
person through transfusion, bone marrow or organ transplant, sexual contact, trans-
placental, and breastfeeding [83]. Three case reports suggest the possibility of trans-
mission through breast milk based on the growth in breast milk cultures [84–86]. 
Treatment should be started as soon as the diagnosis is made because the conse-
quences may lead to mortality. Gentamicin, streptomycin, trimethoprim- 
sulfamethoxazole, and rifampin for 4 to 6 weeks are acceptable medications for 
mothers breastfeeding [80]. For this extended period, doxycycline should be used 
cautiously in the lactating woman [80]. If a breast abscess has occurred, it should be 
drained [87]. Babies whose mothers have brucellosis should not be breastfed until 
the infection clears and should be closely monitored for evidence of infection [82].

3.3  Chlamydial Infections

Chlamydia pneumoniae and Chlamydia trachomatis are gram-negative bacteria 
transmitted by droplets and sexually, respectively. Chlamydia species can cause 
pneumonia, trachoma, and genitourinary infections such as vaginitis, urethritis, 
cervicitis, endometritis, and pelvic inflammatory disease in adults. In infants, 
C. trachomatis can cause pneumonia and conjunctivitis with perinatal 
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transmission [88]. No evidence exists of transmission through breast milk [78]. 
Since a prolonged infection may result in adhesions and infertility, the mother 
must be treated with agents suitable for breastfeeding. The infant should also be 
evaluated for the need for treatment. The significance of antibodies in the breast 
milk of seropositive mothers in terms of protection is not yet known [89]. The 
general recommendation is to treat the mother-infant dyad, if necessary, and to 
continue breastfeeding [80].

3.4  Diarrheal Infections

Bacillus cereus, a gram-positive bacillus that causes food poisoning with a short 
incubation period, is transmitted by improperly prepared food intake. Since heat- 
resistant B. cereus spores can cause disease despite pasteurization, breast milk from 
a milk bank or donor should be used cautiously [90].

Clostridium difficile is a gram-positive spore-forming bacillus. Asymptomatic 
intestinal colonization is common, especially in infants under 2 years of age [91]. 
Contact precautions should be applied in addition to standard precautions for infants 
of hospitalized mothers for C. difficile infection. If the mother’s general condition is 
good, breastfeeding may be continued during treatment [80]. Vancomycin and met-
ronidazole may be used safely in both mother and baby.

In diarrheal infections caused by other agents, including Campylobacter fetus, 
Campylobacter jejuni, E. coli O157:H7, Salmonella enteritidis, Shigella spp., 
V. cholerae, Vibrio parahaemolyticus, Yersinia enterocolitica, and Yersinia pseudo-
tuberculosis, standard and contact precautions should be followed [92]. Many ani-
mal and human studies have proven the protective effect of breast milk, especially 
against E. coli, Shigella spp., and V. cholerae [13]. For this reason, it is recom-
mended to continue breastfeeding with adequate hydration support to be provided 
to the mother during diarrhea.

3.5  Diphtheria

Diphtheria, an infectious disease of the respiratory tract or skin, is caused by 
Corynebacterium diphtheriae transmitted by droplet route or contact with infected 
material. It can also affect the nervous system, heart, and kidneys, with the distribu-
tion of toxins into the systemic circulation [93]. Diphtheria, a significant mortality 
cause before the vaccine era, has been reduced to almost non-existence after global 
immunization, but it continues to be a threat for some countries. The transmission 
of C. diphtheriae to breast milk has not yet been demonstrated. It is recommended 
to continue breastfeeding if there is no lesion caused by C. diphtheriae on the breast 
skin that could contaminate the breast milk [80].
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3.6  Haemophilus influenzae Infections

Haemophilus influenzae type b (Hib) was a significant cause of severe invasive 
diseases and related mortality, especially in children. As a result of effective and 
widespread vaccination, a significant decrease was achieved in the incidence 
and mortality of Hib diseases [94]. Haemophilus influenzae type b, transmitted 
via droplet or contact with respiratory secretions, can cause bacteremia and 
affects many systems, primarily the respiratory tract and central nervous sys-
tem. No data exists on its transmission into breast milk. Furthermore, breast 
milk limits throat colonization of H. influenzae [95]. After the 24th hour of the 
mother’s treatment for H. influenzae infection, breastfeeding may be continued 
if the mother’s general condition is good [92]. Since infants are not yet immu-
nized with the Hib vaccine, chemoprophylaxis with rifampin should be pro-
vided [96].

3.7  Listeria Infections

Listeria monocytogenes often cause self-limited foodborne infections. More seri-
ous diseases caused by L. monocytogenes, such as bacteremia, sepsis, meningitis, 
and brain abscess, may occur in pregnant and immunocompromised patient groups 
[97]. Perinatal L. monocytogenes infection may result in intrauterine death, pre-
term birth, early and late neonatal sepsis, meningitis, and even mortality [98]. 
Although many articles exist about mastitis in animals, the transmission of 
L. monocytogenes to breast milk has not been shown in humans [78, 99]. Continuity 
of breastfeeding should be ensured as soon as the general health status of the 
mother-baby dyad allows.

3.8  Mastitis

Lactational mastitis occurs in 3–33% of lactating women, which starts with poor 
milk flow but can develop into bacterial mastitis within 12–24 h [100]. The most 
common causative agent of mastitis is S. aureus; less frequently, other bacteria such 
as Streptococcus, Bacteroides, Corynebacterium, Pseudomonas, and Klebsiella 
may also be seen [101]. Antistaphylococcal antibiotics, such as cephalexin, and 
clindamycin, suitable for breastfeeding, should be used for the mother. If an abscess 
is formed, it should be drained, and the breast should be emptied by breastfeeding 
or expressing [102].
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3.9  Mycobacterial Infections

3.9.1  Mycobacterium leprae

Mycobacterium leprae is an obligate intracellular bacterium that can infect the skin, 
as in anthrax and diphtheria. The peripheral nervous system and mucous mem-
branes may also be involved. Mycobacterium leprae may be transmitted by pro-
longed close contact or droplets [103]. No transmission of M. leprae via breastfeeding 
has been reported. Data show that the immune response changes caused by leprae 
negatively affect the growth and development of infants [80]. Although M. leprae is 
not transmitted by breastfeeding, the safety of dapsone and clofazimine used in the 
treatment is unclear. However, some experts advocate the continuation of breast-
feeding; the decision should be made by considering the risk-benefit ratio [104].

3.9.2  Mycobacterium tuberculosis

Mycobacterium tuberculosis, an obligate intracellular bacterium, can infect all 
organs in the body. The 2022 WHO report shows tuberculosis still has a severe dis-
ease burden [105]. Wars, uncontrolled immigration, and the increasing number of 
newly diagnosed HIV-infected cases make tuberculosis challenging to control. 
Mycobacterium tuberculosis is transmitted by inhalation of droplet nuclei scattered 
from a person with laryngeal, pulmonary, or endobronchial tuberculosis disease, 
considered contagious. Mycobacterium tuberculosis may be transmitted from 
mother to baby by the hematogenous route during pregnancy, ingesting amniotic 
fluid or secretions during delivery for mothers with genitourinary tuberculosis, and 
by airway during postpartum breastfeeding [106]. When transmitted during preg-
nancy, tuberculosis can cause miscarriage, perinatal death, preterm birth, low birth 
weight, and congenital disease. Therefore, antituberculous treatment should be 
started as soon as possible after the mother is diagnosed [107]. The placenta must 
be examined histologically and microbiologically. Every mother diagnosed with 
tuberculosis should be evaluated for HIV infection and antituberculous drug sus-
ceptibility. Treatment and follow-up processes should be continued according to 
national and international guidelines. Pyridoxine support should not be forgotten 
for pregnant and lactating mothers.

Although congenital tuberculosis is rare, its mortality is quite high [108]. 
Congenital tuberculosis may manifest nonspecific signs of a sepsis-like syndrome, 
such as fever, hepatomegaly, respiratory distress, decreased suction and weight 
gain, lethargy, and convulsions [109–111]. The diagnostic process is complex as 
these findings may also be seen in any congenital infection. Rapid clinical and labo-
ratory evaluation with the tuberculin skin test (TST), interferon-gamma release 
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assay (IGRAs), chest radiography, and lumbar puncture should be performed in 
infants whose mothers were diagnosed with tuberculosis.

If tuberculosis is detected, the baby should be treated and isolated from other 
babies. If tuberculosis is undetected in the infant, breastfeeding should be delayed 
until the mother appropriately completes the first 2 weeks of treatment [111]. After 
the second week of the antituberculous treatment, breastfeeding may be started if 
the disappearance of contagiousness is microbiologically proven with smear- 
negative sputum [111, 112]. Meanwhile, breast milk may be expressed according to 
the appropriate guidelines, provided no tuberculosis involvement exists on the 
breast skin or tuberculosis mastitis. Another -uninfected- person can feed the baby 
with the mother’s breast milk through a bottle or spoon. Chemoprophylaxis also 
should be started for the undiseased baby of the mother with tuberculosis.

3.10  Neisseria Infections.

3.10.1  Gonococcal Infections

Asymptomatic carriage and genitourinary involvement, such as urethritis, vaginitis, 
vulvitis, cervicitis, and disseminated disease, may be caused by Neisseria gonor-
rhoeae, a gram-negative diplococcus. Extragenital skin involvement with N. gonor-
rhoeae is often associated with trauma and its presence in the fingers [113]. No 
evidence of breast milk-mediated transmission of N. gonorrhoeae exists [78].

Neisseria gonorrhoeae can be transmitted to the baby in the birth canal or by 
contact with an infected person during the postpartum period. In infants, N. gonor-
rhoeae disseminated disease, ophthalmia neonatorum, or scalp abscesses due to 
scalp monitoring may be seen [114]. As soon as the gonococcal infection is diag-
nosed in the mother, treatment should be started, and the mother should be screened 
for other sexually transmitted infections (STIs). Empirical preventive treatment 
should also be started in babies whose mothers have proven gonococcal infection, 
and babies should be followed closely for disease status. After the 24th hour of 
treatment, the patient with gonococcal infection is considered non-infectious. It 
would be appropriate to isolate the mother-baby dyad from other mother-baby pairs 
for 24 h without separating from each other [80].

3.10.2  Meningococcal Infections

Neisseria meningitidis, a gram-negative diplococcus transmitted through droplets, 
causes severe invasive infections that can result in mortality. It is essential to follow 
the droplet precautions as the infectiousness continues in the first 24 h of the treat-
ment [115]. Prophylaxis with appropriate agents such as rifampin or ceftriaxone 
should be started as soon as possible in infants at risk of exposure, whether breast-
fed or not [116]. After the 24th hour of the treatment, the mother’s general health 
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will determine the breastfeeding continuity. Separating the mother-infant couple or 
interrupting breastfeeding is not required for the baby has already been exposed [80].

3.11  Pertussis

Bordetella pertussis, the causative agent of pertussis, is transmitted by close expo-
sure to large respiratory droplets of infected individuals. Pertussis has a milder 
course in adults; however, it often infects infants and small children and can lead to 
serious complications such as severe apnea and paroxysmal coughing attacks, pneu-
monia, pulmonary hypertension, seizures, and encephalopathy [117].

Since the baby is unprotected until the first dose of the pertussis vaccine, only 
maternal antibodies may protect a baby until pertussis vaccine administration. It is 
recommended that the mother be vaccinated between 27–36 weeks of gestation to 
produce antibodies against B. pertussis [118, 119]. Although the cost-effectiveness 
data are controversial, the cocoon strategy can also be done [118].

Chemoprophylaxis is recommended for all household contacts of the patient 
since the contagiousness of pertussis is high, and complications are challenging 
[118]. Azithromycin or cotrimoxazole (if >8 weeks) is suitable for infants [120]. 
Additionally, the vaccine series can be started if the baby is older than 6 weeks. 
However, no permanent immunity is provided by vaccines in the long term. Droplet 
and standard precautions should be followed during the first 5 days of the mother’s 
treatment [80]. In cases where treatment is impossible, precautions should be 
extended to 21 days.

3.12  Staphylococcal Infections

Staphylococcus aureus causes local infections such as cellulitis, impetigo, soft tis-
sue infections, and invasive diseases such as pneumonia, meningitis, osteomyelitis, 
septic arthritis, and endocarditis [121]. Staphylococcus aureus is also the most com-
mon bacterial cause of mastitis. Staphylococcus aureus frequently colonizes the 
nasal mucosa and umbilicus and can be transmitted from person to person by direct 
contact. Data showed that maternal and parental colonizations play a principal role 
in S. aureus colonization in infants and young children, respectively [122, 123].

Community-acquired methicillin-resistant S. aureus (CA-MRSA) transmission 
to infants via breast milk has been reported; however, S. aureus was not detected in 
expressed breast milk samples after pasteurization [80]. Nguyen et al. [80] reported 
breastfeeding was not a risk factor for MRSA infection in well-infant nursery 
outbreaks.

When a mild or moderate staphylococcal infection, such as impetigo, pustulosis, 
cellulitis, abscess, mastitis, and breast abscess, develops in the mother and/or term 
infant, treatment should be initiated by following standard and contact precautions 

Breastfeeding and Maternal Bacterial Infections



368

without dividing the two and breastfeeding should be continued [80]. However, 
when a staphylococcal infection develops in the mother and/or her preterm baby, it 
should be treated appropriately, and the breast milk should be cultured and moni-
tored. The breast milk culture result should be negative before resuming breastfeed-
ing [80].

Staphylococcus aureus can also cause a toxin-mediated disease. In the literature, 
only one case, a breastfed infant with staphylococcal scalded skin syndrome, has 
been reported [124]. Starting treatment and continuing breastfeeding is recom-
mended if the mother’s health condition is good.

Staphylococcus epidermidis is a frequently detected microorganism in breast 
milk, especially in preterm infants. In addition to standard and contact precautions, 
training of mothers with preterm infants on the expression, collection, transporta-
tion, and storage of breast milk should also be supported [124].

3.13  Group B Streptococcal Infections

Streptococcus agalactiae (group B streptococcus; GBS) frequently colonizes the 
genital and gastrointestinal tracts of women [125]. A meta-analysis showed that the 
GBS colonization rate ranged from 1.4% to 48.4% [126]. Group B streptococcus 
may cause asymptomatic bacteriuria, urinary system infection, chorioamnionitis, 
endometritis, bacteremia, and rarely meningitis, sepsis, and endocarditis during 
pregnancy and the postpartum period in mothers, and bacteremia, sepsis, meningitis 
and other invasive infections in neonates.

Although a relationship between GBS colonization and pregnancy loss, still-
birth, and preterm birth has been established, the linkage between preterm birth and 
the mother’s colonization status is quite complex [126, 127]. Maternal GBS coloni-
zation status is a significant risk factor for early-onset and late-onset neonatal sep-
sis. All pregnant women should be screened first in the early pregnancy stage and 
between the 360/7 and 376/7 weeks of pregnancy [128]. If colonization with GBS, 
cystitis, pyelonephritis, asymptomatic bacteriuria, or a previous history of GBS- 
infected newborn exists, intrapartum antibiotic prophylaxis (IAP) should be pro-
vided [128]. However, studies have shown that anti-GBS sIgA antibodies in breast 
milk reduce the risk of colonization, which supports the continuation of breastfeed-
ing [129].

For high-risk preterm newborns in the neonatal intensive care unit (NICU) and 
term newborns, whose mothers are positive for GBS, IAP should be administered to 
the mother, breastfeeding should be supported, and the baby should be followed up 
for clinical findings. For high-risk preterm newborns whose mothers have mastitis 
and are followed up in the NICU, breast milk should be cultured, the mother should 
be treated with appropriate antibiotics, and the baby should be monitored clinically. 
If the culture result is positive, interrupting breastfeeding should be considered until 
pasteurization, or the culture result is negative [130].
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For newborns with early-onset GBS sepsis, feeding with breast milk should be 
continued if possible. For newborns with late-onset GBS sepsis, the mother’s urine, 
vaginal, rectal, and breast milk cultures should be obtained, and the mother should 
be treated if the breast milk culture is positive [131].

4  Conclusion

Breast milk is a unique source of nutrition with each ingredient’s flawless and per-
sonalized composition. Breast milk contributes to growth and development, disease 
protection, and survival. Contraindications that require interruption or termination 
of breastfeeding due to maternal bacterial infections are limited in numbers. 
Physicians must be aware of these contraindications and avoid incorrect contraindi-
cations to ensure infants’ access to breast milk, which is their right.
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1  Introduction

Breast milk is uniquely suitable for the infant in its nutritional composition and 
bioactive molecules that support survival and development. Breast milk contains 
macro and micronutrients, bioactive molecules, growth factors, and immunoprotec-
tive factors.

Exclusive breastfeeding is recommended for approximately the first 6 months of 
life and continuing until age two, with the transition to appropriate complemen-
tary foods.

However, some maternal and infant diseases may limit breastfeeding. In such 
cases, the healthcare professional should have sufficient knowledge and communi-
cation skills to assess the appropriateness of breastfeeding. Breast milk is not ster-
ile; it can be a source of maternally provided commensal and pathogenic 
microorganisms. Most maternal infections are not contraindicated for breastfeed-
ing; in most cases, breast milk supplies antibodies and protection for the infant. 
Infected breastfeeding mothers can contaminate pathogenic agents in their infants. 
Some bacterial, viral, fungal, or parasitic diseases can be transmitted from mother 
to infant by breast milk.
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Breastfeeding is recommended for most maternal viral infections except for very 
few, like HIV infection. Breast milk is also not suggested for infants of human 
T-lymphotropic virus type 1 or 2 infected mothers. Current evidence for emerging 
pathogens such as severe acute respiratory syndrome-2 (SARS-CoV-2) is available 
in the policy statement by the American Academy of Pediatrics (AAP). As contact 
between the mother and other infected family members expose the infant to respira-
tory secretions, hand hygiene, and covering the nose and mouth with a mask are 
recommended while the infected mother is breastfeeding [1].

2  Cytomegalovirus Infection

Cytomegalovirus (CMV) is a DNA virus that is a member of Herpesviridae and is 
highly prevalent. Most people infected with CMV are asymptomatic and have a 
lifelong latency [2, 3]. Studies have estimated that the seroprevalence of CMV is 
83% globally and 66% in Europe [4].

Cytomegalovirus can be transmitted from mother to child in utero, intrapartum, 
and postnatal ways. In utero transmission may cause congenital CMV infection. 
Intrapartum and postnatal transmission occur by contact with infected body fluids 
(saliva, urine, blood, human milk) [5]. Postnatal infection is not typically related to 
clinical signs in healthy-term infants. There is no evidence to prohibit breastfeeding 
of healthy full-term infants whose mothers are CMV infected [1, 6].

Postnatal CMV infection in preterm low-birth-weight infants may be symptom-
atic and present with a sepsis-like syndrome and multi-organ involvement, particu-
larly respiratory distress and hepatosplenomegaly. However, these symptoms do not 
cause long-term sequelae [7]. Therefore, the benefits of breastfeeding preterm 
infants outweigh the risk of postpartum symptomatic CMV infection, and it is rec-
ommended to continue breastfeeding [1].

It is beneficial to mention that CMV can also be transmitted to infants from 
asymptomatic seropositive mothers. Up to 95% of healthy seropositive women 
experience CMV reactivation by shedding viral DNA into breast milk during breast-
feeding. This is especially important for preterm infants with a high risk of symp-
tomatic infection. The CMV reactivation occurs in cases of low immunological 
status, stress, and DNA damage and in healthy mothers during lactation [2, 8].

According to the Centers for Disease Control and Prevention (CDC), breastfeed-
ing is appropriate for CMV seropositive mothers. However, breastfed infants born 
<30 weeks gestational age and <1500 g whose mothers are CMV seropositive may 
risk a late-onset sepsis-like syndrome. When deciding to breastfeed the premature 
infants of CMV seropositive mothers, the risk of CMV transmission should be con-
sidered against the unique benefits of breast milk. Freezing and pasteurizing breast 
milk can reduce the risk of CMV transmission, but freezing does not eliminate the 
risk [9]. Freezing or pasteurization of breast milk may be beneficial to reduce neo-
natal CMV infection in preterm infants. Pasteurization reduces the nutritional and 
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immunological substances in breast milk, but CMV viral load can be abolished by 
pasteurizing breast milk. Freezing does not alter the beneficial components of breast 
milk, but current studies show that freezing breast milk does not eliminate CMV but 
only lowers viral load [2, 8, 10].

3  Herpes Simplex Virus Infection

Herpes simplex virus (HSV) is a member of the Herpesviridae family and a DNA 
virus. HSV is divided into two types, HSV-1 and HSV-2. HSV-1 is commonly 
spread through oral-to-oral contact. HSV-1 is the primary cause of oral herpes and 
can lead to genital herpes. HSV-2 leads to genital herpes and is transmitted sexually. 
Most HSV infections are asymptomatic. Painful blisters or ulcers that recur over 
time are the symptoms of HSV infection.

Herpes simplex virus is quite common worldwide. The estimation of the World 
Health Organization (WHO) is that 3.7 billion people (67%) under the age of 50 
have HSV-1 infection, and 491 million people (13%) between the ages of 15 and 49 
have HSV-2 infection worldwide [11].

Both types of HSV can infect newborns and infants, and painful blisters from 
herpes can appear anywhere on the body. HSV frequently causes severe infections 
in newborn infants with high mortality and morbidity rates. All precautions should 
be taken to protect the baby from contact with the herpes virus, and proper hand 
hygiene should be practiced before handling the baby [12].

Herpes simplex virus can be transmitted from mother to infant in utero, intrapar-
tum, or postpartum. Intrapartum transmission is usually by contact with genital 
lesions during delivery, and postpartum transmission occurs by direct contact. 
Mothers with active herpetic lesions can transmit the virus to their babies by direct 
or indirect contact. Breastfeeding is recommended if the mother has no herpetic 
lesions on her breasts and all active lesions on her body are completely and ade-
quately placed under cover. It is not recommended for the mother to breastfeed her 
baby from the breast with a herpetic lesion or feed the baby with expressed milk 
from this breast. Breast milk may be contaminated with HSV if an active herpetic 
lesion is touched while expressed by hand or pump. Therefore, mothers with active 
herpetic lesions on the breast should discard the milk expressed from the affected 
breast until all lesions heal. To prevent mother-to-child transmission, lesions on the 
affected breast should be totally and appropriately covered, and breast milk 
expressed from the unaffected breast should be used. For the continuity of breast 
milk production, expressing milk from the breast with the lesion will be beneficial, 
even if it is not used to feed the infant. Mothers should practice hand hygiene very 
well and be very careful about cleaning pump parts. Breastfeeding directly from the 
breast with an active herpetic lesion is not recommended by the AAP; however, 
unlike the CDC, which states that it would be appropriate to feed with breast milk 
expressed from the affected breast [12].

Breastfeeding and Maternal Viral Infections



380

4  Shingles

Shingles is caused by the varicella-zoster virus (VZV) that causes chickenpox (vari-
cella) and is also called herpes zoster. After chickenpox is cured, the virus remains 
inactive and can reactivate, causing shingles.

Shingles is not transmitted from person to person or the infant by breast milk. 
However, VZV may be transmitted from someone with active shingles to someone 
who has never had chickenpox or has not had the vaccine. In this case, VZV leads 
to chickenpox. The virus is transmitted directly through the blisters’ liquid [13].

If the mother with shingles does not have a breast lesion, she can continue breast-
feeding. If a shingles lesion exists on or near the areola where the baby’s mouth 
touches while feeding, breastfeeding should be discontinued from that affected 
breast. However, milking should be continued to ensure the continuity of breast 
milk and prevent mastitis. During this period, breastfeeding can continue on the 
unaffected breast. All lesions should be covered with a clean, dry cloth until healed 
to avoid contact with the infant. Mothers should practice proper hand hygiene until 
all lesions have crusted over [13].

5  Human Immunodeficiency Virus Infection

Human immunodeficiency virus (HIV) is one of the retroviruses. It attacks to CD4+ 
T cells and gradually reduces their number during infection. Human immunodefi-
ciency virus may be transmitted from mother to infant in utero, peripartum, and 
postnatal periods. When HIV infection is treated, the risk of perinatal transmission 
is significantly reduced; however, if left untreated, the risk of transmission is 
between 20 and 40% [14, 15].

Breastfeeding is one of the postnatal ways of transmission. Evidence of HIV 
transmission from breast milk to infants has been obtained from studies showing 
that HIV detection in breast milk and infants of HIV-infected mothers who continue 
to be breastfed are more likely to be infected. In addition, the fact that mothers 
infected with HIV in the postnatal period and continuing to breastfeed transmit the 
infection to their infants supports this evidence. There are also cases that the disease 
was transmitted to infants born to HIV-free surrogate mothers and breastfed by 
HIV-infected mothers. The best option to prevent HIV transmission by breast milk 
is not to breastfeed. The CDC and the American Academy of Pediatrics recommend 
that mothers with HIV infection with access to clean water and affordable infant 
formula in the United States should not breastfeed their infants, regardless of anti-
retroviral therapy (ART) and viral load. Infant formula and pasteurized donor 
human milk are safe feeding alternatives for infants of mothers with HIV infection 
[1, 16]. In resource-limited environments, such as parts of Africa, the World Health 
Organization (WHO) recommends breastfeeding. Infants should be exclusively 
breastfed for the first 6 months and continue to be breastfed for at least one more 
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year after starting appropriate complementary foods. Mainly these mothers should 
be supported to reduce the risk of HIV transmission to the baby through breastfeed-
ing and to comply with ART for their health [17]. Previous studies have suggested 
that shortening the duration of breastfeeding may reduce the risk of HIV transmis-
sion. Previous guidelines from WHO have also included this recommendation to 
limit the risk of HIV transmission. However, subsequent studies have shown that 
short-term breastfed infants have higher morbidity and mortality than long-term 
breastfed infants. It was hypothesized that the infant’s mixed feeding would reduce 
viral load and lower the risk of disease for less exposure to HIV-infected breast 
milk. However, studies have not supported this idea [18–20]. Breast milk is the best 
nutrition for very low birth weight (VLBW) infants because it prevents the signifi-
cant complications of prematurity, including the risk of necrotizing enterocolitis. 
Pasteurized donor human milk is recommended for VLBW infants when the moth-
er’s milk is unavailable or is contraindicated, such as for mothers with HIV infec-
tion [16].

6  Hepatitis B Virus Infection

Hepatitis B is a life-threatening liver infection caused by the hepatitis B virus (HBV) 
that can lead to cirrhosis and hepatocellular carcinoma. Hepatitis B virus is a DNA 
virus and can cause acute or chronic infection of the liver [21]. Hepatitis B virus is 
transmitted from mother to child during birth via vertical and horizontal transmis-
sion in early childhood. According to the WHO report, 296 million people with 
chronic hepatitis B infection in 2019, and 1.5 million more are added annually [22].

Hepatitis B is a vaccine-preventable infectious disease, and vaccines are safe, 
available, and effective. All newborns whose mothers have HBV should be prac-
ticed both hepatitis B immune globulin (HBIG) and the first dose of the hepatitis B 
vaccine within the first 12 h after birth. The second dose of the vaccine should be 
given when the infant is 1–2  months old, and the third dose at 6 months. At 
9–12 months of age, after completion of the vaccine series, the infant should be 
tested to determine if the vaccine is working and whether HBV has been transmitted 
to the baby by contact with the mother’s blood during delivery.

It is not recommended to delay breastfeeding until the infant is fully immunized. 
If babies whose mothers are HBsAg positive are administered the hepatitis B vac-
cine and hepatitis B immunoglobulin (HBIG) at birth, the risk of HBV transmission 
through breast milk in these cases is very low. However, mothers should not be 
asked to donate breast milk carriers of HBV [23]. The safety of the drugs used by 
mothers with chronic HBV infection who continued HBV antiviral therapy after 
birth is uncertain for infants. In these cases, whether there is an alternative to breast-
feeding and the benefits of breastfeeding should be discussed. The decision to 
breastfeed should be made according to the mother’s preference. Since nucleoside 
and nucleotide analogs are excreted into breast milk, it is mentioned in the drug 
package inserts to avoid using these drugs while breastfeeding.
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7  Hepatitis C Virus Infection

Hepatitis C virus (HCV) infection causes acute or chronic liver inflammation. Acute 
HCV hepatitis can be cured or lead to chronic hepatitis, progressive hepatic fibrosis, 
and liver cancer. Infected blood can transmit HCV from mother to child in utero, 
intrapartum, and postnatally [24, 25]. Currently, there is no effective HCV vaccine 
worldwide. According to the WHO report, almost 290,000 people died from hepa-
titis C in 2019, mainly caused by cirrhosis and hepatocellular carcinoma. An esti-
mated 58 million people worldwide have chronic HCV infection, and about 1.5 
million new infections are added yearly. The WHO also estimates that 3.2 million 
children and adolescents have chronic HCV infection [26].

Hepatitis C virus DNA has been detected in maternal colostrum, but transmis-
sion by breastfeeding has not been reported. Since there is no evidence of HCV 
transmission through breastfeeding, maternal HCV infection is not contraindicated 
for breastfeeding [1].

8  Human T-Lymphotropic Virus (HTLV) Infection

Human T-Lymphotropic Virus is a member of the Retroviridae family and has sub-
types. The virus can cause adult T-cell leukemia/lymphoma. The HTLV is transmit-
ted through infected bodily fluids, including breast milk. It can be transmitted by 
breastfeeding; the longer the breastfeeding period and the higher the mother’s viral 
load, the more contagious it is. The risk of mother-to-child transmission through 
breastfeeding is approximately 16–30%. A difference exists in transmission between 
HTLV and HIV because HTLV is primarily transmitted by breastfeeding, not in 
utero or birth [27]. HTLV-positive mother is contraindicated from breastfeeding and 
expressing human milk [1].

9  Influenza

Influenza is an RNA virus with four types: A, B, C, and D. Influenza A and B 
viruses cause seasonal diseases, also called flu and may cause epidemics. 
Influenza is an acute, contagious viral infection that attacks the respiratory sys-
tem. Nose, throat, bronchi, and sometimes the lungs are affected [28]. Influenza 
can cause mild to severe symptoms and serious complications and rarely can lead 
to death. The flu is not transmitted from mother to baby by breastfeeding. Flu is 
transmitted from person to person by tiny droplets while infected people sneeze, 
cough, or talk. In addition, if the hands are rubbed into the mouth or nose after 
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touching an object with influenza, the flu is transmitted. Breastfeeding is also 
recommended when the mother has the flu, as breast milk contains immunologi-
cal factors and antibodies that protect the infant from influenza. If the mother is 
too ill to breastfeed her baby from the breast, it is recommended that the mother 
expresses her milk and the caregiver feed the baby with breast milk. However, 
before expressing, mothers should wash their hands thoroughly with soap and 
water [29].

The flu vaccine can be safely administered to infants older than 6 months and 
breastfeeding mothers. In addition, antibodies formed in mothers who received the 
flu vaccine while pregnant or breastfeeding are passed to the baby through breast 
milk. Breastfeeding also protects against the flu in infants younger than 6 months 
old who cannot get the flu vaccine. With current information, an annual flu shot is 
recommended for anyone over 6 months of age. In addition, it is necessary and 
recommended that caregivers and household members be vaccinated against influ-
enza to protect children under 6 months of age [29].

10  Ebola Virus Infection

Ebola virus disease (EVD), also known as Ebola hemorrhagic fever, is a rare but 
severe and mortal disease caused by Ebola (EBOV). Ebola virus disease is an RNA 
virus and occasionally causes deadly outbreaks. The Ebola virus is transmitted by 
direct contact with body fluids such as blood, urine, saliva, sweat, feces, vomit, and 
breast milk of a person who is sick or who has died from the Ebola virus. There is 
no current information about when the Ebola virus passes into breast milk during 
the disease and when it is cleared [30]. Therefore, breastfeeding is not recom-
mended for mothers with proven or suspected Ebola virus disease [1]. The virus can 
also be transmitted from mother to child through close contact. Breastfeeding 
should be discontinued in mothers with suspected or confirmed Ebola disease, and 
the baby and mother should be separated. The mother and baby should remain sepa-
rate if the baby is also diagnosed with the Ebola virus. Alternative nutritional diets 
should continue to be used instead of breast milk. However, in environments with 
limited resources, continued breastfeeding should be considered if the baby is under 
6 months old, not well cared for, and has no alternative food to breast milk. Mothers 
who wish to continue breastfeeding after treatment for the Ebola virus require test-
ing for Ebola virus RNA in breast milk to determine when they can start breastfeed-
ing. Vaccination with recombinant vesicular stomatitis virus—Zaire Ebola vaccine 
(rVSV-ZEBOV) is recommended for mothers without Ebola disease living in areas 
with the Zaire Ebola virus outbreak. However, data on vaccine effects during breast-
feeding are limited. Guidelines recommend not initiating breastfeeding until two 
consecutive negative test results are 24 h apart [31].
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11  Coronavirus Disease-2019 (COVID-19)

Coronavirus disease 2019 (COVID-19) is an infectious disease caused by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), ranging from mild illness 
to fatal conditions. There is no evidence of SARS-CoV-2 transmission through 
breast milk from mother to child [32]. Centers for Disease Control and Prevention 
recommends taking precautions for breastfeeding mothers who have suspected or 
confirmed COVID-19 and mothers who have been in close contact with someone 
who has COVID-19 and is not fully vaccinated. Washing hands using soap and 
water before touching the child and wearing a mask when less than 6 ft. from the 
child are recommended. Mothers in this situation should carefully follow the rec-
ommendations while breastfeeding or expressing the milk [33]. Breastfeeding does 
not affect the time of vaccination. In addition, SARS-CoV-2 antibodies generated 
by vaccination can pass into breast milk and provide passive protection to the baby. 
Vaccines do not contain infectious viruses, and very few vaccines will likely pass 
into breast milk. The infant’s gastrointestinal tract probably inactivates this amount. 
Therefore, current vaccines are unlikely to pose a risk to the infant [34].

12  Zika Virus Infection

Zika virus is a member of Flaviviridae and an RNA virus. Zika virus is transmitted 
to humans by biting an infected Aedes mosquito. Most people infected with the 
Zika virus have no symptoms. People with symptoms develop fever, conjunctivitis, 
muscle and joint pain, weakness, and headache. There is no vaccine or treatment for 
Zika virus infection. Zika virus has been detected in breast milk, but it has not been 
proven whether it is transmitted to an infected infant. Breast milk is a possible tool 
for transmitting the Zika virus, but knowledge remains limited. Since the benefits of 
breastfeeding outweigh the risk of transmission of the Zika virus through breast 
milk, it is recommended that mothers with Zika virus infection, living in or traveling 
to risk areas continue breastfeeding. No complications have been reported in infants 
with postnatal Zika virus infection or exposure [35, 36].

13  West Nile Virus Infection

West Nile is a member of Flaviviridea and an RNA virus. West Nile virus is trans-
mitted to people by infected mosquitoes. Cases occur in the summer, when mosqui-
toes are plentiful, and continue during autumn. The disease is asymptomatic in most 
people. Symptoms occur in one out of every five infected people, and about one out 
of hundred and fifty infected people have severe disease. Serious disease symptoms 
are high fever, headache, disorientation, neck stiffness, tremors, convulsions, and 
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coma. Currently, there is no vaccine or treatment for the West Nile virus. According 
to the CDC, West Nile virus may be transmitted from mother to child through breast 
milk. No evidence of the mother’s West Nile infection harming the baby exists. 
Therefore, the possibility of an infection that can be transmitted through breast milk 
theoretically harming the baby is less than the benefits of breast milk, and breast-
feeding is recommended [37, 38].

14  Conclusion

Breast milk is a unique source of nutrients for infants. Thanks to the immunological 
factors and antibodies in breast milk, it is protective against many infectious dis-
eases. There are very few infections that are considered to be contraindications to 
breastfeeding. According to current evidence, breastfeeding is not recommended 
for infants of mothers with HIV, HTLV, and Ebola viruses. Standard precautions 
should be followed in cases other than these infections. Mothers should always use 
hand hygiene to protect their infants from infectious diseases. Mothers with infec-
tious blisters should ensure that they completely cover the lesions while breastfeed-
ing and that their babies do not come into contact with them. To protect the infant 
from respiratory diseases, mothers with flu-like illnesses should wear a mask to 
prevent the spread of droplets.
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Breastfeeding and Maternal Fungal 
Infections

Derin Oygar and Despina D. Briana

1  Introduction

Breast milk is the ideal source of nutrition for infants in the first 6 months of life [1]. 
All major health organizations like The World Health Organization (WHO), the 
American Academy of Pediatrics (AAP), and American Academy of Family 
Physicians (AAFP) recommend exclusive breastfeeding for the first 6 months of life 
and after 6 months with the introduction of complementary foods, continuation of 
breastfeeding until at least 24 months of age [2–4].

Breast milk consists of water (87%), fat (3.8%), proteins (1.0%), and lactose 
(7%), lactose, and fat providing 40 and 50% of the total energy provided by human 
milk, respectively [5]. Nutrient contents may change through lactation, over the 
course of a day, and within a feeding and differ among women. Aside from nutrients 
required by the newborn infant for energy and metabolism, breast milk contains 
non-nutritional components like microRNAs, hormones, and bioactive components 
that promote infant health, growth, and development [6]. The main bioactive com-
ponents include cytokines, chemokines, immunoglobulins, hormones, growth fac-
tors, oligosaccharides, and antimicrobial peptides such as bacteriocin and lactoferrin 
[7]. Although the physiological significance of all these substances is not fully 
determined, non-nutrient factors are important for neonates, in the transition of 
intrauterine to extrauterine life as their digestive systems and barrier function host 
defenses are still immature and susceptible to infections.
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Once considered as sterile, breast milk is known to contain a microbiome of its 
own [8–10]. It contains up to 109 microbes/L, the most common groups being 
staphylococci, streptococci, corynebacteria, lactobacilli, micrococci, propionibac-
teria, and bifidobacteria [11, 12]. Although the origin of breast milk bacteria is not 
definitely known, it is believed to originate from the perinatal period which starts 
during the third trimester of pregnancy and continue through lactation [13]. While 
in certain reports, the human milk microbiota was proposed that it could have been 
derived from colonization from the mother’s skin, the infant’s oral cavity during 
suckling, or the mother’s gut via the entero-mammary pathway [14–16]. Others 
proposed the existence of a commensal microbiota in human breast tissue, suggest-
ing that specific microbes inhabit the breast tissue and potentially colonize the milk 
ducts and colostrum already contains bacteria before suckling [17, 18]. With the 
advancement of polymerase chain reaction techniques and next-generation sequenc-
ing platforms the existence of a diverse breast-milk microbial community has been 
confirmed [19, 20].

While breast milk is established as a source of diverse and viable bacteria [21] 
only a few studies have assessed fungi in human milk [22–27]. The gastrointestinal 
tract is sterile at birth and is subsequently colonized by microbes acquired from the 
mother and the surrounding environment [28].

Fungi constitute an important component of the human microbiome [29, 30] and 
fungal and bacterial colonization occur in parallel during early life [31], hence the 
presence of fungi in breast milk is not surprising. Although all determinants of milk 
fungi are not fully understood it was reported that fungi in breast milk were signifi-
cantly associated with environmental characteristics, human milk oligosaccharides, 
and milk bacterial composition [32]. In the same study the most prevalent fungi 
were reported to be Candida species.

Apart from being the best nutrient for the newborn and young children breast 
milk also protects them from diarrhea [33, 34], necrotizing enterocolitis [35, 36], 
respiratory infections [34, 37–40], acute otitis media [37, 38], oral candiadiasis 
[37], enterovirus infection [41] as well as atopic dermatitis [33], obesity [42, 43], 
allergic disease [44]. Breastfeeding can reduce risk for sudden infant death syn-
drome (SIDS) by up to 64% and overall infant death risk by as much as 40% [45].

Breastfeeding has also significant and long-term effects on cognition, behavior, 
and mental health for children [46]. For nursing women, breastfeeding gives protec-
tion against breast cancer, and it might also protect against ovarian cancer and type 
2 diabetes [47].

Although breast milk is unique and breastfeeding is physiologic, not everyone 
can breastfeed or continue breastfeeding for as long as desired. Many factors includ-
ing lack or insufficient prenatal, perinatal, and postnatal encouragement and educa-
tion as well as emotional and financial support of families during breast feeding, 
unavailability of workplace break time with a clean, private location for expressing 
milk or provision of lactation rooms as well as living in an unsupportive breastfeed-
ing society are proposed as factors responsible for attaining breastfeeding. Persistent 
pain associated with breastfeeding is another common cause for early breastfeeding 
cessation [48].
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Pain and discomfort experienced during breastfeeding are common especially in 
the first few weeks postpartum [49] while persistent pain which is described as pain 
beyond 2 weeks should be evaluated. The differential diagnosis of persistent nipple 
and/or breast pain is extensive. Several etiologies including abnormal latch/suck 
dynamic, breast pump trauma, dermatoses, postpartum depression as well as infec-
tions could lead to persistent nipple/breast pain.

Several studies were conducted in order to identify which, if any, microbes may 
cause persistent nipple/breast pain during lactation, but the roles of bacteria and 
yeast could not be determined: Both Staphylococcus and Candida species were 
found on nipples and in breast milk of women having no symptoms [25, 50, 51]. 
The individuality of breastfeeding, the complex physiology, and dynamic microbi-
omes of lactating breast together with biofilm forming Staphylococcus and Candida 
species challenge the diagnosis of infections during breastfeeding.

Breastfeeding is not considered as a predisposing factor for fungal infections. 
Furthermore, recent reports accumulate on absence of scientific proofs on yeasts 
being responsible of (particularly Candida spp.) nipple and breast pain [52, 53].

The use of medication by the nursing mother is another common reason for the 
cessation of breastfeeding. Especially antifungal therapy is challenging during 
breastfeeding due to limited data on efficacy and safety of antifungal agents in 
breastfeeding women. Although the Food and Drug Administration (FDA) preg-
nancy category provides guidance regarding a drug’s potential fetal risks, a specific 
toxic dose or predisposing pregnancy trimester is not mentioned limiting its appli-
cability. Furthermore, antifungal recommendations during lactation are only avail-
able for a few fungal infections in accepted guidelines [54].

2  Breastfeeding and Candida

Candida species are part of the normal microbial flora of the human gut and Candida 
albicans is by far the most prevalent of the Candida species found in humans [55]. 
When opportunity arises, the organism can overgrow and result in an infectious 
process particularly in immunodeficient individuals. Breastfeeding practitioners 
commonly suggest Candida albicans as the cause of deep breast pain during lacta-
tion while pediatricians diagnose oral thrush in neonates frequently.

Candida species are diploid polymorphic yeasts that reproduce by budding. 
They are common fungal commensal in the human body, which are present on the 
skin and in the mouth, intestinal tract, and vagina of immunocompetent people. 
Newborn infants are often colonized from the mother’s genital tract. Candida can 
adhere to epidermal keratinocytes and exists on the nipple-areolar complex as part 
of healthy human skin’s network of protective and interacting microbiota and 
biofilms.

Candida albicans can grow hyphae and may penetrate through epithelium in 
favorable circumstances like friction, heat, moisture, reduced pH but the infection 
usually remains superficial due to skin barrier defenses and host immunity. C. 
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albicans invades systemically only in immunocompromised patients, for example, 
who have HIV or are undergoing chemotherapy as well as very low birth weight 
premature neonates [56, 57].

2.1  Oral Candidiasis (Thrush)

Oral thrush is an opportunistic infection of buccal mucosa, palate, tongue, and oro-
pharynx by commensal Candida species and is a frequent diagnosis in infants. 
Colonization by Candida yeast is thought to occur at an early age, with the organ-
ism being acquired vertically during passage through the birth canal or horizontally 
from the environment, mainly from colonized hands, skin or improperly cleaned 
bottle nipples. There are approximately 200 Candida species, and C. albicans 
accounts for the majority of oral thrush cases. Thrush occurs, when innate and 
acquired host-defense mechanisms do not act in concert with the resident bacterial 
flora. This leads to an imbalance within the system, providing an ecological advan-
tage for overgrowth of C. albicans. In most cases, thrush is limited to the neonatal 
and infant periods of life but is also observed in immunocompromised patients as 
well as those with polyendocrine disorders and due to use of antibiotics or steroids. 
Thrush affects both males and females equally and it is reported to be rare during 
the first week of life. Its incidence peaks around fourth to sixth weeks of life and is 
relatively uncommon between 6 and 9 months of age. Oral thrush beyond 6 months 
of age in the absence of risk factors should raise the suspicion of immunodeficiency 
including HIV infection. Undernourishment is proposed as a risk factor for develop-
ment of thrush.

Oral candidiasis can be classified into a number of distinct clinical forms: acute 
pseudomembranous candidiasis, acute atrophic candidiasis, chronic atrophic candi-
diasis, chronic hyperplastic candidiasis, and chronic mucocutaneous candidiasis. 
Acute pseudomembranous form tends to occur in infants. Acute pseudomembra-
nous candidiasis usually presents as white raised patches observed on buccal 
mucosa, gums, or tongue. If untreated, patches can develop to form confluent 
plaques. They are usually painless and do not lead to symptoms. They may spread 
to oropharynx and esophagus and can present with difficulty in feeding. The pseu-
domembranes in thrush easily dislodge revealing an erythematous bleeding surface 
beneath. The diagnosis of oral thrush is primarily based on history and physical 
examination. Laboratory confirmation is rarely conducted. Since it is not uncom-
mon for infants to have a white coating due to milk on their tongues, misdiagnosis 
of thrush is common. Candida can spread to gastrointestinal tract and can cause 
rash in the diaper area as well. Diaper rash due to Candida presents with papules 
and plaques with sharp edges and scales as well as surrounding satellite lesions. 
Presence of Candida diaper dermatitis is suggestive of oral thrush.

In addition to the inconsistent and subjective clinical signs and symptoms, diag-
nosis is complicated by the fact that C. albicans is a normal inhabitant of mucous 
membranes. Even if laboratory confirmation is performed, it is difficult to interpret 
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the results, as the presence of C. albicans may indicate colonization rather than 
infection. Hence diagnosis of oral thrush is not straightforward. Oral nystatin and 
oral fluconazole are the preferred treatments for thrush in infants [58] while topical 
nystatin, miconazole, and clotrimazole are preferred agents for the treatment of can-
dida diaper dermatitis.

2.2  Nipple/Breast Pain and Candida

The association of Candida with nipple/breast pain remains controversial. It has 
been shown that human milk does not inhibit growth of Candida in fungal cultures 
[59]. While some authors did not find a correlation between symptoms and the pres-
ence of Candida [59, 60] others demonstrated candida as a causative agent of nip-
ple/breast pain. Prolonged nipple/breast pain is one of the reasons of early cessation 
of breastfeeding.

Symptoms due to candida in mothers are described as sharp, burning pain deep 
in the breast during and especially after feedings, acute nipple pain, itching of the 
breast with or without rash as well as total lack of maternal symptoms in the pres-
ence of infantile oral thrush [61]. These symptoms are not specific to thrush and can 
also be observed in physical trauma from incorrect latch-on/or positioning, bacterial 
mastitis, or chronic dermatoses unrelated to breastfeeding. In candida infection the 
nipples or areolas are described as shiny pink or flaky in appearance [25, 62] but 
nipples which are subject to repetitive micro-trauma due to breastfeeding may 
appear pink and shiny, with fine scaling and itch, hence the appearance and symp-
toms are not diagnostic of candidiasis. Thrush in infant’s mouth or in the diaper area 
and recent use of antibiotics in mother or child are predisposing factors for women 
to develop Candida infection [63]. Hence some authors emphasized on overdiagno-
sis of candida infections as a cause of breast/nipple pain during breastfeeding and 
extended or improper use of antifungals [52, 64]. Although there are controversies 
on Candida species being responsible for nipple and breast pain topical nystatin and 
oral fluconazole are agents commonly used as treatment.

3  Breastfeeding and Antifungals

Prescribing drugs to the nursing mother is challenging. The drugs should have no 
effect on milk supply or milk composition and offer effective pharmacologic treat-
ment to the nursing mother.

Drugs are secreted into breast milk by passive diffusion. The milk-to-plasma 
(M:P) ratio is an index that determines the extent of drug secretion into breast milk 
[65, 66]. The M:P ratio is not known for most agents. Thus, relative infant dose 
(RID) is calculated to estimate the amount of drug exposure in the breastfeeding 
infant. It is estimated by evaluating the predicted amount secreted into breast milk, 
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the daily volume of milk ingested by the infant, and the predicted or measured 
plasma concentration of the mother. In general, RID value less than 10% is consid-
ered acceptable in a healthy postnatal infant and a value greater than 25% may have 
a therapeutic effect on the infant if absorbed through the gastrointestinal tract [67].

Antifungal medications used during breastfeeding are prescribed mainly for 
yeast infections.

Nystatin, the most frequently prescribed antifungal during breastfeeding is not 
absorbed through gastrointestinal system hence nystatin use is compatible with 
breastfeeding [68]. Another frequently administered antifungal Fluconazole is 
widely distributed in tissues, but the highest concentrations in breast milk are less 
than the recommended neonatal dosages [69], hence fluconazole is rated compatible 
with breastfeeding by the American Academy of Pediatrics [70]. Like fluconazole, 
Itraconazole is secreted into breast milk. A pharmacokinetic study conducted by the 
manufacturer revealed that doses in human milk seems insignificant [71] however, 
itraconazole has an active metabolite and tends to accumulate in tissues; thus, with 
continued daily dosing, milk levels are likely to increase over time. Hence, the use 
of itraconazole by lactating women are not usually recommended unless it has a 
definite indication. In preclinical animal studies Posaconazole distribution was 
observed [72]. There are no studies available on distribution of Posaconazole into 
breast milk. However, it is very likely that it is distributed to breast milk as well. The 
manufacturer recommends against its use in breastfeeding women unless clearly 
indicated. The distribution of voriconazole into breast milk is unknown [67]. In 
animal studies, voriconazole was found to be teratogenic and embryotoxic hence it 
is recommended to avoid voriconazole during breastfeeding by the manufac-
turer [73].

Amphotericin B has a large molecular size, poor absorption, and high protein 
binding capacity. Hence it is estimated breast milk levels are likely to be none to 
very low [74]. Based on these data, amphotericin is considered safe for use during 
lactation.

Echinocandins (Caspofungin, micafungin, and anidulafungin) were found to be 
secreted in breast milk in rats, but their distribution in human breast milk is not 
known [67]. The manufacturers caution against the use of these agents during 
breastfeeding.

Oral terbinafine is distributed in human milk with an M:P ratio of 7:1 hence it is 
not recommended for breastfeeding women [75] while due to its minimal systemic 
absorption it can be used topically during breastfeeding. The distribution of flucyto-
sine in human breast milk is unknown [76]. Griseofulvin is an antifungal well known 
for its teratogenicity and embryotoxicity [77]. The distribution of griseofulvin in 
human breast milk is unknown. There are no recent publications concerning the use 
of griseofulvin or flucytosine in pregnancy, and these agents are typically avoided, 
as safer options are available.

Antifungal therapy during lactation is challenging because of the limited avail-
able data on breast milk distribution of most antifungal agents. In general, topical 
azoles are favored for superficial fungal infections during lactation, whereas 
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amphotericin B is preferred for invasive fungal infections. Nystatin and fluconazole 
are preferred oral agents during breastfeeding.

4  Conclusion

The benefits of breastfeeding to the health of children in terms of nutrition, gastro-
intestinal function, host defenses, neurodevelopment and chronic diseases of child-
hood as well as to maternal health are well established. Breastfeeding not only 
provides complete nutrition for the infant, but it is also associated with lower rates 
of infectious illness during infancy. Fungal infections during breastfeeding can be 
challenging in terms of diagnosis and treatment. Correct diagnosis is critical to pro-
mote the continuation of breastfeeding as well as to avoid the unnecessary prescrip-
tion of antifungals.
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Breastfeeding and Maternal Parasitic 
Infections

Yıldız Ekemen Keleş, Ayşe Engin Arısoy, Emin Sami Arısoy, 
and Armando G. Correa

1  Introduction

Breast milk is the ideal nutritional source for almost all infants. Breast milk meets 
the infant’s needs for macro- and micronutrients, functioning immune cells, 
enhanced growth of nonpathogenic flora and growth factors, and immunoprotective 
substances beyond nutrition [1]. Breast milk contains many biologically active con-
stituents with antimicrobial and immunomodulatory properties supporting the 
development of gastrointestinal system function [2, 3]. Immunoglobulins (Igs), 
mainly secretory IgA (sIgA), in breast milk protect infants from many pathogenic 
microorganisms by several mechanisms, such as immobilizing pathogens, prevent-
ing attachment to epithelial cell surfaces, neutralizing toxins and virulence factors, 
and reducing colonization [2–4].

Several microorganisms causing severe infections in infants may be detected in 
breast milk [5, 6]. Nursing mothers with acute infections are concerned about the 
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transmission risk of microorganisms to their infants via breastfeeding. In deciding 
whether a mother with an infection breastfeeds, the potential benefits and harms 
should be weighed against the known or estimated risk of the infant acquiring a 
clinically significant infection through breastfeeding and the potential severity of 
the illness. Multiple factors should be considered to demonstrate whether breast 
milk is the primary transmission route for a clinically significant infection in the 
infant [6]. However, excluding other likely transmission routes of infectious disease 
may be challenging because the organisms in question may be commonly transmit-
ted prenatally, perinatally, and postnatally in different ways.

Parasitic diseases, as old as human history, were first mentioned in ancient Egypt 
inscriptions [7]. Parasitic infections are caused by endo- and ectoparasites. 
Endoparasites are mostly transmitted via the fecal-oral route, usually through con-
taminated food or water. Endoparasites are divided into two major groups: Protozoa, 
one-celled parasites, and helminths, parasitic worms. The helminths include the 
Nematoda, named roundworms, and the Platyhelminthes, flatworms. Platyhelminthes 
are further composed of two groups, cestodes (tapeworms) and trematodes (flukes) 
[7]. This chapter discusses some possible parasitoses that can be transmitted through 
breast milk.

2  Protozoa Infections

2.1  Chagas Disease (American Tripanosomiasis): 
Trypanosoma cruzi

Trypanosoma cruzi, the causative agent of American trypanosomiasis, also called 
Chagas disease, is one of the protozoan parasites transmitted by Triatominae bugs 
[8]. All triatomine species are potential vectors of T. cruzi, only those well adapted 
to living with humans, such as Triatoma infestans, are considered medically impor-
tant. Triatominae vectors can infect humans when they defecate during feeding with 
human blood, spread feces containing parasites through the bite site, or come into 
contact with mucous membranes [9]. In addition, T. cruzi may be transmitted 
through blood products, transplantation from an infected donor, ingesting contami-
nated food or beverages, and transmission under laboratory conditions [10–12]. 
Congenital infection from mother to infant has also been reported [13]. When 
T. cruzi infection is transmitted orally, a more severe disease appears to be associ-
ated with a higher mortality rate [14].

Trypanosoma cruzi infection presents in acute and chronic phases. The acute 
phase lasts 8–12 weeks and, if not successfully treated, progresses to the chronic 
phase, which can be lifelong [15]. Although acute Chagas disease may occur at any 
age, most cases are detected before the age of 15 years [16]. During the acute phase 
of Chagas disease, patients may be asymptomatic or have constitutional symptoms 
and signs such as malaise, fever, anorexia, hepatosplenomegaly, and generalized 
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lymphadenopathy [9, 15]. Within 2–3 weeks, a chagoma, an indurated lesion, may 
appear at the site of parasite entry [17]. Severe acute Chagas disease rarely occurs 
and may cause acute myocarditis, pericardial effusion, and meningoencephalitis, 
leading to fatal cardiac or gastrointestinal involvement [14, 15].

Symptoms experienced during the acute phase usually resolve, and the chronic 
phase begins [17]. Most Chagas disease patients are asymptomatic during the first 
years to decades of chronic infection; generally, antibodies to various T. cruzi anti-
gens may be detected [18, 19]. Cardiac and gastrointestinal involvements occur in 
20 to 40% [17]. Cardiac involvement is Chagas disease’s most common chronic 
complication [20]. Mural thrombi are common, and the apical aneurysm is pathog-
nomonic for progressive cardiac involvement [21].

Chagas disease should be suspected in persons who have historically lived in or 
traveled to rural areas of the southern half of the United States of America (USA) 
and Latin America, where T. cruzi is endemic [22]. However, diagnosis of Chagas 
disease is challenging during the relatively brief acute phase, in which trypomasti-
gotes can be detected by microscopy of fresh blood preparations [23]. Another diag-
nostic tool is the polymerase chain reaction (PCR) more sensitive during the acute 
phase of Chagas disease [24]. Currently, a test with good sensitivity and specificity 
to diagnose the chronic phase of T. cruzi infection is unavailable; a positive result 
from a single test is insufficient to confirm the diagnosis [25]. Therefore, additional 
samples may be needed to increase the sensitivity of the tests. Most helpful tests are 
based on enzyme-linked immunosorbent assay (ELISA) or indirect- 
immunofluorescence assay (IFA) [15, 26].

Transmission of T. cruzi during breastfeeding has been reported [27–30]. 
Interruption of breastfeeding in a mother with Chagas disease is not recommended 
unless the risk of possible infection to the infant outweighs the benefits of breast-
feeding [27, 31]. In one study, 97 breastfed infants whose mothers had been diag-
nosed with chronic Chagas disease and born free of infection were tested for IgG 
antibodies to T. cruzi by IFA test, and no infection was detected [28]. However, the 
authors concluded that mothers with chronic Chagas disease have intermittent para-
sitemia and should avoid breastfeeding if nipple bleeding is present. If transmission 
does occur, treatment of acute infections in infants and children is more successful, 
and adverse drug reactions occur less frequently [32].

Animal models on the potential transmission of acute T. cruzi infections during 
breastfeeding have been inconclusive [33–35]. A few studies have not been able to 
demonstrate the transmission of T. cruzi during breastfeeding [33, 34]. Some authors 
have postulated that maternal antibodies transmitted by breast milk protect against 
the spread of infection [28, 33]. In contrast, experimental oral and peritoneal admin-
istration of unpasteurized human breast milk samples contaminated with T. cruzi 
resulted in infection, but not if the breast milk was first pasteurized [29]. The authors 
concluded that pasteurization of human milk inactivates trypomastigotes of T. cruzi. 
Others have recommended microwave treatment of human milk to prevent Chagas 
disease transmission [30]. In yet another study, direct observation, culture, and inoc-
ulation failed to demonstrate the presence of T. cruzi in the colostrum and breast 
milk of 40 women with Chagas disease [36].
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2.2  Toxoplasmosis: Toxoplasma gondii

Toxoplasma gondii is a protozoan that causes toxoplasmosis and has a worldwide 
distribution [37]. At least 60% of some populations are seropositive for toxoplasmo-
sis [38]. The prevalence varies worldwide because of variations in the foods con-
sumed, preparation methods, personal hygiene, and handling of animals [37]. Water 
provides an important route for toxoplasmosis transmission, particularly in regions 
with low socioeconomic levels [39].

The reproductive cycle of T. gondii is completed in cats and kittens which play 
an essential role in the animal-to-human transmission and spread of the parasites; 
the oocyst form is found in cat feces [40, 41]. These infected feces with oocysts are 
contagious to the environment [42]. In humans, T. gondii infection can be transmit-
ted by contaminated water, food, and soil, consuming infected meat with tissue 
cysts, and organ transplants from an infected donor [42, 43].

Following human ingestion, the parasites are released from ingested oocysts or 
tissue cysts and invade the epithelial cells of the gastrointestinal tract to transform 
into tachyzoites [40]. Because of the immune response, the tachyzoites may either 
be destroyed or transformed into slowly proliferating bradyzoites that form persis-
tent intracellular cysts [40]. These cysts may contain many parasites and occur pref-
erentially in neurons of the brain, retina, and muscle cells [44]. In the chronic phase 
of infection, the immune system plays a critical role in combating the parasites but 
may also contribute to disease, particularly in the eye [44, 45].

Primary T. gondii infection is usually asymptomatic; however, in some individu-
als, it can lead to an acute systemic and/or ocular disease [46]. The initial T. gondii 
infection lasts a few weeks, after which the latent infection persists for life [47]. If 
the immune defenses are weakened, reactivation may occur; such patients typically 
present with multiple abscess-like formations of the central nervous system (CNS) 
[48]. Primary infection during pregnancy can result in severe or even fatal disease 
of the fetus [43, 49, 50]. The typical symptoms of acute toxoplasmosis are mild 
fever, chills, sweats, and sometimes a mononucleosis-like illness [51]. The fever 
generally lasts for several days [51]. Other rare symptoms include headache, myal-
gias, pharyngitis, hepatosplenomegaly, and maculopapular skin eruptions [49, 52]. 
Lymphadenopathy usually occurs bilaterally, is symmetrical, is not painful, and 
usually involves the cervical region [52]. Reactivated T. gondii infection may cause 
symptoms such as fever, headache, nausea, confusion, incoordination, and sei-
zures [49].

Toxoplasma gondii may be found in the bloodstream of humans and animals, 
especially in the acute stage [53–56]. Studies have shown that T. gondii can be trans-
mitted by the transmammary route [54, 57, 58]. Transmission of toxoplasmosis 
from goats to humans has been reported via the consumption of unpasteurized goat 
milk [54, 57, 59]. In humans, the transmission of T. gondii from mother to child may 
occur if the mother is infected during the third trimester of pregnancy or breastfeed-
ing [60, 61]. During the first or second trimester of pregnancy, the transmission of 
toxoplasmosis to the fetus is unlikely but frequently leads to severe disease when it 
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occurs [62]. Oral transmission via breastfeeding during acute infection is not 
expected because the tachyzoites are too sensitive to the proteolytic activity of the 
oral and gastric secretions [58, 63]. However, satiety may decrease pepsin digestion, 
leading to the invasion of tachyzoites into the gastric mucosa [64].

Transmission of T. gondii through breast milk has been reported [65, 66]. A 
2-month-old exclusively-breastfed infant was diagnosed with toxoplasmosis simul-
taneously with his mother; she was one of 17 individuals who contracted toxoplas-
mosis by eating raw sheep meat [65]. Khamsian et  al. [66] extracted T. gondii 
deoxyribonucleic acid (DNA) in 300 randomly collected human milk samples. In 
contrast to these reports, some claim that T. gondii could have been transmitted by 
infected water or other body fluids rather than breast milk [67–69]. An animal study 
reported trophozoites could survive for days in human tears, saliva, and urine [69]. 
The authors postulated that these body fluids might represent another route of 
human-to-human transmission.

The often asymptomatic nature of postnatal infection and the lack of data dem-
onstrating transmission of T. gondii via breast milk are reasons enough to continue 
breastfeeding even if the mother has acute toxoplasmosis. Other possible routes of 
T. gondii transmission rather than breastfeeding should be excluded, such as con-
genital disease, infected water, and other contaminated foods [56, 67].

3  Platyhelminth Infections

3.1  Schistosomiasis: Schistosoma Species

Schistosomiasis is one of the most important human parasitic diseases in terms of 
socioeconomic impact, primarily causing significant morbidity and mortality. 
Schistosomiasis is mainly caused by Schistosoma haematobium, Schistosoma 
japonicum, and Schistosoma mansoni species, infecting humans, of the Schistosoma 
genus blood trematodes [70, 71]. Schistosoma mansoni and S. japonicum mainly 
infect the gastrointestinal tract, whereas S. haematobium the genitourinary tract 
[72]. Schistosoma species live in freshwater snails which can lead to water contami-
nation. Humans are infected when the skin comes into contact with contaminated 
water [73–75].

Schistosomiasis is common in low-income tropical and subtropical countries 
without safe drinking water and adequate sanitation [76, 77]. Schistosomiasis pri-
marily affects farmers, fishermen, and children; poor hygiene and contact with 
infected water make them particularly vulnerable to infection [70, 75, 76]. The 
World Health Organization (WHO) estimates more than 236 million people have 
been infected with Schistosoma spp. worldwide, and at least 90% of those needing 
treatment for schistosomiasis live in Africa [70]. In children, worm burden increases 
with age, and recurrent infections may occur [74, 78]. Most patients have mild-to-
moderate disease with limited morbidity; relatively few develop severe infections 
and death [79, 80].
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The clinical manifestations of schistosomiasis are caused by the immune 
response to the parasites [75, 81]. The chronic stage occurs months to years after the 
initial infection and results from the immune response leading to the formation of 
granulomas around the infected tissue [75].

The initial stage of schistosomiasis, called cercarial dermatitis or swimmer’s 
itch, starts 24 h after the cercariae enter the dermis, and lasts 3–8 weeks [75]. In 
cercarial dermatitis, an itchy maculopapular rash confined to the areas immersed in 
water develops within a few hours of contaminated water contact [82]. After the first 
hours to several days of infection, the itching becomes more intense, and the rash 
typically develops into papules and vesicles. Cercarial dermatitis is self-limiting 
within several weeks [83]. Diagnosis during the cercarial dermatitis stage is chal-
lenging; serologic test results may be negative, and no eggs are found in the urine or 
stool [81]. The cercariae remain in the bloodstream until they reach the liver. The 
circulating parasites become adults and may embolize in the liver, lungs, spleen, 
brain, or spinal cord, causing inflammation and subsequent fibrosis [81].

Another form of acute schistosomiasis, called Katayama syndrome, is an immune 
reaction against parasitic antigen-antibody complexes that occurs 3–8 weeks after 
infection [84]. Katayama syndrome usually occurs in nonimmune travelers and may 
appear in more than half of infected persons [83–85]. Acute schistosomiasis syn-
drome clinical manifestations include fever, urticaria, angioedema, myalgia, chills, 
arthralgia, dry cough, diarrhea, abdominal pain, and headache [86]. Symptoms are 
usually mild and resolve spontaneously within a few days to weeks. In rare cases, 
weight loss, diarrhea, and neurologic symptoms may occur [86–88].

Chronic schistosomiasis primarily affects persons with childhood-acquired rein-
fection in poor rural areas [88]. The severity of the disease depends on the density 
and location of the parasite in the infected tissue, the immune response, and the 
duration and severity of the infection [89]. Chronic schistosome disease primarily 
affects the liver, spleen, urogenital tract, gastrointestinal tract, lungs, and CNS. In 
chronic schistosomiasis, hepatosplenomegaly with hepatic granulomas may be 
present. In the later stages of the disease, the granulomas gradually progress to peri-
portal fibrosis, leading to portal hypertension and even death due to esophageal vari-
ceal bleeding [90]. Severe morbidity associated with genitourinary system 
involvement and bladder squamous cell carcinoma in schistosomiasis has also been 
reported [91, 92].

Schistosoma species that enter the bloodstream and multiply in tissue vessels can 
theoretically also become established in breast tissue and disrupt the vascular struc-
ture. In one of the studies on breastfeeding and Schistosoma antigens, the effect of 
breastfeeding on the transfer of lymphocyte response to S. mansoni antigens from 
infected mothers to 50 breastfed infants was examined [93]. Fifty-six percent of 
infants breastfed had positive delayed-type hypersensitivity reactions. The authors 
concluded that cellular hypersensitivity to S. mansoni antigens in the colostrum of 
infected mothers might be transmitted to their infants. Another study supported the 
association between gastrointestinal allergic manifestations in breastfed infants and 
the presence of immunoglobulin E against the S. mansoni antigens [94]. The authors 
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concluded that gastrointestinal allergy in breastfed infants of mothers infected with 
S. mansoni might be due to hypersensitivity to S. mansoni antigens in breast 
milk [94].

4  Nematode Infections

4.1  Toxocariasis: Toxocara canis and Toxocara cati

Toxocara, the cause of visceral and ocular larval migrans syndromes, is a common 
nematode, especially in low-income countries. Toxocariasis results from the acci-
dental infection of humans with the larvae of Toxocara canis or Toxocara cati, 
which cannot develop into adult forms in the human body [95, 96]. Humans become 
infected by ingesting embryonated eggs in contaminated food or Toxocara larvae 
encapsulated in the tissues of transport (paratenic) hosts due to improper cooking of 
their meat [95].

After ingesting the embryonated eggs, the larvae open in the intestine and enter 
the bloodstream, spreading throughout the body, causing a marked inflammatory 
reaction and various clinical symptoms, depending on the organs affected [95, 97]. 
Toxocariasis is usually asymptomatic; in symptomatic patients, clinical manifesta-
tions depend on the density of migrating larvae, the organs they invade, and the 
inflammatory reaction developed in response to them. Visceral toxocariasis is char-
acterized by the invasion of tissues by numerous larvae migrating through the body 
and causing inflammation and disease symptoms. In rare cases, the larvae may 
migrate to the CNS and cause eosinophilic meningoencephalitis or granuloma. The 
systemic reaction may present as fever, cough, wheezing, abdominal pain, and hep-
atomegaly [98].

The medical and public health implications may be underestimated because tox-
ocariasis is often asymptomatic [97]. The diagnosis of toxocariasis is based on clini-
cal symptoms and a history of exposure to a potential source. History of inadequately 
cooked meat consumption or contact with contaminated soil, clinical findings, and 
direct microscopic examination of tissues are helpful in the diagnosis of toxocaria-
sis. Laboratory examination may reveal leukocytosis and eosinophilia [99]. 
Seropositivity may present in previous and asymptomatic infections. Therefore, 
positive serologic test results should be evaluated in light of the patient’s clinical 
condition. Paired serum samples showing a significant increase in antibody levels 
over time may help confirm active infection.

Animal studies showed that the adult form of T. canis develops in the small intes-
tine, and transmission occurs by larval migration through transplacental and trans-
mammary routes [100–102]. Transmission of T. canis larvae via breast milk was 
demonstrated in mice [102, 103]. However, in humans, larvae invade tissues but do 
not develop into the adult form; hence, the transmission of toxocariasis through 
breast milk has not been demonstrated and is not a consideration [98, 104].
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4.2  Strongyloidiasis: Strongyloides stercoralis 
and Strongyloides fuelleborni

The nematode Strongyloides stercoralis is the primary causative agent of strongy-
loidiasis in humans, whereas Strongyloides fuelleborni relatively rarely causes 
infections in humans [105, 106]. Strongyloides stercoralis is mainly distributed in 
tropical and subtropical areas. Infections with S. fuelleborni have been widely 
reported in sub-Saharan Africa [107, 108]. Transmission of strongyloidiasis has pri-
marily been reported in rural areas in temperate climates. The main route of stron-
gyloidiasis transmission is skin contact with contaminated soil; fecal-oral and 
human-to-human transmissions have also been reported [106, 107, 109, 110]. 
Strongyloides stercoralis and S. fuelleborni follow the same life cycles with the 
important difference that S. stercoralis larvae are excreted in feces, in contrast to the 
eggs seen with S. fuelleborni infestation [105].

Strongyloides stercoralis has a complex life cycle, alternating between free- 
living and parasitic cycles and causing autoinfection of hosts. When human skin 
comes into contact with filariform larvae of S. stercoralis from contaminated soil, 
the larvae penetrate the skin and travel through the bloodstream to the lungs, where 
they enter the alveoli. Then the larvae ascend the tracheobronchial tree and are swal-
lowed by the host. Autoinfection in strongyloidiasis is important because untreated 
cases can lead to persistent infection, even many years later, and may contribute to 
developing a hyperinfection syndrome [111]. Autoinfection with S. fuelleborni does 
not occur because eggs do not hatch in the host intestine [108].

Symptoms of strongyloidiasis are usually subclinical and may persist for years 
[112]. Initially, a purpuric erythematous rash appears on the skin penetration area 
[105]. Dry cough may occur as the larvae migrate upward from the lungs through 
the trachea [105]. Gastrointestinal symptoms such as diarrhea, constipation, abdom-
inal pain, and malnutrition may occur; respiratory failure and death have been 
reported in acute infection [112–115].

Chronic strongyloidiasis is mainly asymptomatic [112]. In rare cases, chronic 
strongyloidiasis may develop arthritis, cardiac arrhythmias, chronic malabsorption, 
intestinal obstruction, and asthma [114, 116]. If chronic strongyloidiasis is not 
treated, the mortality rate may be as high as 90% [105]. Strongyloides fuelleborni 
causes the so-called swollen belly syndrome in infants, associated with malnutri-
tion, generalized edema, and a high mortality rate [115].

Strongyloidiasis should be suspected in patients with gastrointestinal, respira-
tory, and dermatologic manifestations, having relevant epidemiologic exposure, and 
living in places where Strongyloides spp. are endemic [117]. In chronic strongyloi-
diasis, eosinophilia or elevated immunoglobulin E levels may be detected. The 
definitive diagnosis of S. stercoralis infection is based on examining feces for lar-
vae [117].

Animal studies have suggested that S. stercoralis might be transmitted by the 
transmammary route [118–120]; however, the such spread has not been documented 
in humans [120]. Human-to-human transmission of strongyloidiasis has been 
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observed [121]. In particular, transmammarian transmission of S. fuelleborni has 
been reported in humans [122]. In an African study, S. fuelleborni eggs were found 
in the stools of 34% of 76 infants under 200 days of age. Strongyloides larvae were 
detected in the milk of one nursing mother. The authors postulated that these find-
ings suggest that S. fuelleborni can be transmitted via breastfeeding [122]. Vince 
et al. [115] reported the clinical and laboratory findings of 13 infants whose median 
age was 8  weeks, with abdominal distension, respiratory distress, generalized 
edema, and gastrointestinal dysfunction. Strongyloides fuelleborni eggs were found 
in half of the stool examinations, and about half of the infants died. The authors 
suggested the possibility of two transmission routes, direct skin penetration and 
transmammary transmission of S. fuelleborni, although they could not detect the 
parasites in human milk.

4.3  Hookworm Infections: Necator americanus 
and Ancylostoma Species

Necator americanus and Ancylostoma duodenale, also called hookworms, are soil- 
transmitted helminths among the most common roundworms in humans [123]. 
Ancylostoma ceylanicum is another hookworm parasitizing in humans [124].

Necator americanus and A. duodenale live in the intestine of humans, and their 
eggs are excreted in feces [125, 126]. The hookworm eggs hatch and release imma-
ture larvae in the soil when the infected feces are mixed with the ground or used as 
fertilizer [127]. After maturation, the larvae can penetrate the skin of humans [128]. 
Hookworms are transmitted mainly by walking barefoot on contaminated soil [126, 
128, 129]. The ingested hookworm larvae also can cause infection [128, 130]. After 
being ingested or penetrating the skin, the hookworm larvae spread through the 
human body via the bloodstream, reach the alveolar tissue, travel up the tracheo-
bronchial tree, and are swallowed [131]. The larvae then enter the small intestine, 
develop into adult worms, live in the distal jejunum, and attach to the intestinal wall, 
causing blood loss [125, 131]. Most adult hookworms disappear after a few 
years [132].

Most people infected with hookworms have the asymptomatic form of the dis-
ease [133]. Some individuals experience gastrointestinal symptoms, particularly 
those experiencing their first infection [134]. In some cases, attachment of the hook-
worms to the jejunal wall causes blood loss, resulting in anemia, protein loss, growth 
retardation, and even decreased cognitive abilities [134]. The first intrauterine hook-
worm infection was reported in the first half of the twentieth century [135].

Studies showed that transmission of Ancylostoma caninum larvae to puppies is 
an important transmission route in naturally infected female animals [100, 136]. 
Some human studies concluded that transmammary transmission to infants is a pos-
sible route for human hookworm infections [137]. Nwosu [138] reported that exam-
ining fecal smears of 316 neonates in a human hookworm endemic area of southern 
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Nigeria showed that 33 (10%) were hookworm infected. Most neonatal infections 
(88%) were due to A. duodenale, although N. americanus was the more prevalent 
hookworm species in the area. The incidence of neonatal infections was 64% for the 
infants of mothers with A. duodenale infection. Nwosu concluded that these results 
indicate a possibility of a transmammary infection route for A. duodenale. Similarly, 
Setasuban et  al. [139] reported that the prevalence of hookworm infection with 
N. americanus was 61% in 128 breastfeeding mothers. The examination of the 
breast milk of these mothers revealed the presence of N. americanus larvae in one 
case. The authors concluded that breast milk could potentially be a source of hook-
worm infection in humans.

The possible route of hookworm transmission to neonates and infants remains 
unclear and requires more studies [140, 141]. The parasites penetrate the skin and 
reach the intestinal wall, where they become sexually active and lay eggs after 
approximately 2 months [142]. In the literature, the youngest patients suffering 
from hookworm infection were 1 and 12 days old [141, 143]. From this point of 
view, hookworm larvae were likely transmitted transplacentally or via breastfeeding 
shortly after birth, as these two routes can provide a shorter time for transmission 
than the 2 months expected for the usual course of hookworm infections [140].

5  Conclusion

The global distribution of parasitoses and their transmission modes differ signifi-
cantly. Parasitic infections may be acquired in different ways, including vertical, 
fecal-oral, and skin contact routes. Transmitting parasites to infants via breastfeed-
ing is not expected with most parasitic infections. However, breastfeeding may pro-
vide a possible transmission route to infants in some parasitoses. Therefore, the 
possibility of transmitting parasites via breast milk should be kept in mind in infants 
of mothers with a suspected parasitic infection.
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Maternal Infections: Who Can and Who 
Cannot Breastfeed?

Gonca Keskindemirci and Gülbin Gökçay

1  Introduction

Breast milk is the most fabulous nutritional source for babies. In addition to being a 
food source, it contains antimicrobial, anti-infective, and bactericidal complexes 
such as secretory IgA (SlgA), immunoglobulins, lysozyme, lactoferrin, lactoperoxi-
dase, casein, human alpha-lactalbumin made lethal to tumor cell (HAMLET), and 
cytokines. These features of breast milk protect breastfeeding children from many 
infectious diseases [1–11]. For example, lactoferrin inactivates virulence factors of 
various microorganisms. In addition, lactoferrin prevents the binding of some 
viruses to host cells [12]. Therefore, it is not rational to say that every virus found in 
breast milk can cause disease. In this respect, case reports are important in develop-
ing recommendations. The fear and anxiety of transmission of the maternal infec-
tion to the baby through breast milk and the lack of knowledge on this subject can 
cause the baby to be deprived of breast milk and put the child in great risk for infec-
tion. In the presence of maternal infection, the benefits of breastfeeding should be 
weighed against the known or anticipated risks of breastfeeding during a maternal 
infection. Maternal illnesses during which breastfeeding is contraindicated are 
extremely rare. Breastfeeding recommendations during maternal infectious dis-
eases are discussed in detail in this chapter.
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2  Bacterial Infections of the Mother and Breastfeeding

2.1  Botulism

Botulism occurs when the botulinum toxin passes into the circulation. Although the 
toxin is produced by Clostridium botulinum, it is also produced by Clostridium 
butyricum and Clostridium baratii [13]. At least seven toxins are known, and botu-
linum toxins A, B, and E are the most common pathogens [14]. Infant botulism is 
caused by the opening of C. botulinum spores in the intestine and the release of 
toxins when perhaps accidentally eating foods containing botulinum spores such as 
honey, especially under 12 months of age. At low pH, toxin production of C. botu-
linum decreases, and even at more acidic pH, toxin production stops. The fecal pH 
of breastfed infants is between 5.1 and 5.4, that is acidic, while the fecal pH of 
formula- fed infants varies between 5.9 and 8.0 [12]. Even if the nursing mother eats 
the botulism spores in honey, the spores are too large to pass into breast milk, so 
they are not expected to be in breast milk. Therefore, breast milk is not the source 
of bacterial spores or toxins that cause infant botulism. Matsumura et al. found that 
SIgA in breast milk binds the 16S toxin of C. Botulinum and prevents its entry into 
intestinal epithelial cells [15]. Continuation of breastfeeding or expressed breast 
milk should be recommended and supported in the light of available information 
[16, 17].

2.2  Brucellosis

Brucellosis is a zoonotic infectious disease. Transmission to humans occurs 
through contact with infected animals, infected animal carcasses, or ingestion of 
infected raw milk and dairy products [18]. Transmission of bacteria may also be 
occurred by breathing or through skin wounds or mucose membranes [19]. Some 
case reports showed that transplacental and breast milk transmission may occur 
from mother to infant [20–22]. When brucellosis is detected in the mother, the 
mother should express her breast for the continuity of breast milk, and the 
expressed milk should be discarded. Breastfeeding can be resumed after 
48–96 hours of treatment given to the mother. Since breastfeeding will continue, 
antimicrobial agents compatible with breastfeeding should be used in treatment 
[3]. In the presence of brucella mastitis, there is no need to wean the breast milk, 
as it is thought that the baby is already exposed to the infection. The mother needs 
to be treated for the abscess [12].
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2.3  Tuberculosis

Tuberculosis disease is caused by the complex bacilli of Mycobacterium tuberculo-
sis. The main cause of tuberculosis in infants is prolonged close contact with an 
adult with pulmonary tuberculosis, mostly in their own home during the postpartum 
period. Sources of transmission can be mother or babysitter, nursery staff, relatives, 
friends, or neighbors. All household contacts should be evaluated in detail. Except 
for tuberculosis infection in the breast, tuberculosis bacillus could not be demon-
strated in breast milk [12, 23]. Transmission is usually by respiratory droplets con-
taining bacillus shed from adults or adolescents. Mothers found to be contagious 
should be isolated and should interrupt breastfeeding. Breast milk is not contraindi-
cated, only isolation is required to prevent transmission from the mother via drop-
lets [24]. Expressed breast milk can be used as long as there is no evidence of 
tuberculosis mastitis. Mothers who have negative sputum may breastfeed [12, 25, 
26]. Small concentrations of tuberculosis drugs are excreted in breast milk; this is 
not considered a contraindication for breastfeeding. It is also important to note that 
the concentrations of tuberculosis drugs in breast milk are too low to be relied upon 
for the treatment of the infant [26, 27]. Rifampicin, used for the treatment, may give 
an orange color to all body fluids, including breast milk. This does not cause any 
harm [27].

3  Maternal Viral Infections and Breastfeeding

3.1  Chickenpox

Chickenpox is a contagious disease caused by the varicella-zoster virus (VZV). 
Rashes are considered contagious until they crust over. It can be transmitted by 
inhalation of infected droplets and contact with the virus from skin lesions. There 
are case reports showing the VZV DNA in breast milk [28–30]. On the other hand, 
in one case, it was reported that although the mother who had chickenpox lesions 
and who breastfed her infant, no chickenpox lesion was observed in her infant [29]. 
Perinatal infection can cause severe illness in infants if a maternal rash develops 
5 days before and 2 days after delivery [12]. The reason for this is that the antibodies 
to be formed in the mother cannot pass placentally in sufficient amounts. Under 
these circumstances, the baby should be separated from the mother with chicken-
pox, and breastfeeding should be interrupted when the mother is contagious. 
Expressed milk can be given if there is no skin lesion on the breast [31, 32]. There 
is a need for more evidence on this subject.
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3.2  Cytomegalovirus

Cytomegalovirus (CMV) is one of the largest viruses with a double-stranded DNA 
genome from the herpesviridae family. Although CMV has been found in the breast 
milk of mothers who had preterm infants, case reports of preterm infants acquiring 
CMV postnatally have not demonstrated long-term clinical sequelae. Preterms born 
at gestational age lower than 30–32 weeks and/or having birth weight below than 
1000 g have greater risks of CMV acquisition via breast milk [33]. The decision of 
CMV-positive mothers to breastfeed preterm infants must be made considering the 
potential benefits of breast milk and the CMV transmission risk [34]. Cytomegalovirus 
was detected at varying rates in the milk of CMV-positive mothers using viral cul-
tures or CMV DNA polymerase chain reaction (PCR). It is less isolated in colos-
trum than in mature milk [33, 35–37]. Different techniques are recommended to 
prevent contamination from breast milk. However, there is no standard guideline for 
preventing contamination [38, 39]. Cytomegalovirus-positive mothers can safely 
breastfeed their term babies [40]. Cytomegalovirus infection via breast milk trans-
mission does not usually occur in term infants due to the protective maternal anti-
bodies’ transmission [34].

3.3  Ebola Virus Disease

Ebola virus disease (EVD) is spread through direct contact with blood and other 
body fluids including breast milk. Ebola virus has been detected in breast milk sam-
ples, but there is no data on when the virus is excreted in breast milk during the 
course of the disease. Therefore, breastfeeding is contraindicated in women with 
suspected or confirmed Ebola virus disease. The milk of mothers diagnosed with 
EVD is considered infectious waste and should be disposed according to medical 
waste rules. If the mother uses a breast pump, the pump parts should be disposable. 
Mothers diagnosed with the disease should also pay attention to hand hygiene in 
terms of possible contamination [12, 41]. When safe alternatives to breastfeeding 
and infant care are available, a mother with Ebola virus infection should not breast-
feed and be in close contact with her infant [42]. Testing of human milk for the 
presence of Ebola virus RNA may help to make decisions about when breastfeeding 
can be safely resumed. Any child exposed to Ebola through breast milk should be 
closely monitored for a period of 21 days. If a breastfeeding woman and her child 
are both diagnosed with the disease, breastfeeding should be discontinued and the 
mother-baby couple be separated and appropriate breast milk (such as donor milk) 
or substitutes should be provided. However, if the mother and baby are diagnosed 
with EVD and if the child is less than 6 months old and there is no safe and appro-
priate breast milk or substitute, or if the child is not adequately cared for, the option 
of continuing to breastfeed may be considered. This decision should be taken on a 
case-by-case basis [12, 41].
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3.4  Epstein-Barr Virus

Epstein-Barr virus (EBV) can lead to clinical pictures such as infectious mononu-
cleosis, chronic fatigue syndrome, nasopharyngeal carcinoma, and Burkitt lym-
phoma. There is a concern that EBV may cause lifelong latent infection and has 
potential transmission from the mother to her infant. PCR demonstrated EBV DNA 
in breast milk and cervix [12, 43, 44]. However, it is also unknown how early breast 
milk can be an EBV infection source when compared with other sources in an 
infant’s environment. More studies on the pathogenesis of EBV-associated tumors 
are needed in areas where these tumors are not rare before recommending avoiding 
breastfeeding during maternal infections in these places. In areas where nasopha-
ryngeal carcinoma and Burkitt lymphoma are rare, maternal EBV infection in the 
mother is by no means a contraindication for breastfeeding [12].

3.5  Hepatitis A Virus

Hepatitis A virus (HAV) is from the Picornaviridae family. In addition to fecal–oral 
transmission of HAV, food- or water-borne epidemics have also been reported [45]. 
Although there are some case reports showing that HAV RNA are detected in breast 
milk, there is no clear evidence that breastfeeding can cause hepatitis A virus trans-
mission from an infected mother [46]. Therefore, mothers with hepatitis A infection 
should not refrain from breastfeeding and breastfeeding should be continued [12].

3.6  Hepatitis B Virus

Hepatitis B virus (HBV), which contains double-stranded DNA, is from the 
Hepadnaviridae family. HBV is transmitted through parenteral exposure to conta-
gious blood or body fluids. Transmission during childhood mostly occurs through 
perinatal transmission from infected mother to child. The virus is most commonly 
transmitted from mother to child during birth [47]. Hepatitis B surface antigen 
(HBsAg) has been found in breast milk, but HBsAg positivity has not been demon-
strated in breastfed infants who received the full dose vaccine series and hepatitis B 
immunoglobulin [48–50]. Breastfeeding of an infant by an HBsAg-positive mother 
does not create any additional risk of getting HBV infection [51]. Babies of mothers 
with hepatitis B infection should be administered hepatitis B immunoglobulin 
together with the hepatitis B vaccine in the first 12 h after delivery. The vaccine 
series should be completed with the second dose that is administered 1–2 months 
after and then the third dose in the sixth month. If the baby was born under 2000 g 
and the mother has HBsAg positivity, vaccine and immunoglobulin are adminis-
tered to the baby at birth. A three-dose series of vaccines is planned 1 month after 
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the dose given at birth, 2 months later, and at the baby’s sixth month, without count-
ing the first vaccine at birth [51]. After completion of vaccination, infants born to 
HbsAg-positive women should have a serological evaluation at 9–12 months of age. 
Postponing breastfeeding until the baby is fully vaccinated is not considered. There 
is insufficient information about breastfeeding the baby when there are cracks 
bleeding in the breast of an HBsAg-positive mother. Some authorities recommended 
that the mother may pause breastfeeding until the bleeding stops in the crack of the 
nipple, express her milk, and continue breastfeeding when the bleeding stops [52]. 
On the other hand, an in vitro study showed that breast milk inhibits the infectivity 
of hepatitis B virus. In this study, lactoferrin was identified as a component in breast 
milk to bind to HbsAg and the authors stated that although the virus was detected in 
the mother’s milk it did not cause maternal transmission [53]. Lactoferrin with a 
cationic structure is a potent inhibitor of enveloped and naked viruses in breast milk 
[54, 55]. Results of various studies showed that even before the presence of immu-
noprophylaxis against HBV, breastfeeding did not pose an additional risk for mater-
nal HBV transmission [54–56]. Breastfeeding counseling is important to avoid 
nipple cracking and bleeding.

3.7  Hepatitis C Virus

Hepatitis C virus (HCV) infection is the most common cause of non-A and non-B 
hepatitis. There is no evidence of mother-to-infant hepatitis C transmission with 
breastfeeding. According to current guidelines, there is no contraindication about 
breastfeeding for maternal HCV infection [57]. Some authorities recommended that 
the mother should consider stopping breastfeeding from a breast with bleeding in 
the nipple crack but express her milk to maintain the breast milk production so can 
resume breastfeeding when the bleeding stops [12, 52, 57].

3.8  Herpes Simplex Virus Infections

There are two types of Herpes simplex virus (HSV) as HSV-1 and HSV-2. HSV-1 is 
mainly transmitted through mouth-to-mouth contact and causes herpes in the mouth. 
HSV-2 causes sexually transmitted infection leading to genital herpes. Herpes sim-
plex virus can be transmitted via direct contact of the mothers’ lesions to the infants. 
Transmission can be prevented with good hand hygiene and covering lesions with 
which the infant might come into contact. No transmission through breast milk has 
been reported. If there is no lesion in the mother’s breasts, the mother can breastfeed 
her baby. When the mother has a herpetic lesion on the breast, she should temporar-
ily avoid breastfeeding from the affected breast. Expressed milk from the affected 
breast may be used with high precautions to prevent contamination from the lesions 
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[31]. If there is no lesion in the other breast, she can breastfeed from that breast pay-
ing attention to covering the lesions on the affected breast completely [58–60].

3.9  Human Immunodeficiency Virus

World Health Organisation (WHO) reported that 37.7 million people had human 
immunodeficiency virus (HIV) infection in 2020 [61]. When protective measures 
are not applied to HIV-infected pregnant women at birth, HIV transmission to 
babies is observed at a rate of 14–45%. Human immunodeficiency virus can be 
transmitted through breast milk. However, taking antiretroviral treatment during 
pregnancy and being under the control of a physician, delivery by cesarean section 
at 38 weeks, postpartum antiretroviral prophylaxis to the baby, and not giving the 
mother’s milk can prevent the transmission of infection to a large extent [62, 63]. 
However, although maternal antiretroviral therapy significantly reduces the risk of 
transmission through breast milk, it does not eliminate the risk [64]. World Health 
Organisation does not consider maternal HIV infection as an absolute contraindica-
tion for breastfeeding [65]. World Health Organisation recommends that breastfeed-
ing should be evaluated according to some criteria such as socio-economic and 
cultural values, provision of health services, local epidemiological data, and the 
incidence of child and maternal deaths due to malnutrition. In resource-limited set-
tings, infants of mothers with HIV infection should be breastfed exclusively for the 
first 6 months of life and breastfeeding should be continued at least 12 months with 
the addition of complementary foods. These mothers should be closely monitored 
to decrease the transmission risk. Comply with antiretroviral treatment of the mother 
and extended infant prophylaxis is very important in this respect. In settings where 
the risk of infant morbidity and mortality from infectious diseases and malnutrition 
is not high and alternative feeding regimens are sustainable, mothers with HIV 
infection should be recommended not to breastfeed. The decision of national health 
authorities should be taken into account under these circumstances [65, 66].

3.10  Human Papillomavirus

The human papillomavirus (HPV) is a DNA virus. There are many different species 
of HPV. which may cause cervical carcinoma, laryngeal papillomatosis, genital 
dysplasia and warts. It is mostly transmitted sexually. The origin of HPV-related 
laryngeal papilloma seen in infants is thought to originate from the birth canal. The 
breast of a mother is a rare site of involvement. There are studies detecting HPV 
DNA in breast milk [67, 68]. However, an increased association of HPV disease 
with breast milk has not been shown. Even in the rare occurrence of an HPV lesion 
on the breast, there are no data to support the suggestion of not breastfeeding or not 
using expressed breast milk. Mothers with HPV infection can breastfeed their 
infants.
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3.11  Human T-Cell Leukemia Virus Type I infection

The first human retrovirus discovered is the human T-cell leukemia virus type 1 
(HTLV-1), its infection is usually asymptomatic. At the onset, silent transmission 
happens, and the disease usually occurs later in life. The most important modes of 
transmission are breastfeeding, sexual relations, and blood transfusions [69, 70]. 
Among children, breastfed for less than 6 months, the prevalence was found to be 
lower than among those breastfed for 6 months or more [71]. Mother-to-infant 
transmission during the intrauterine or peripartum period is reported in less than 5% 
of cases [72]. Human T-Cell Leukemia Virus −1 infection causes serious diseases in 
humans, including uveitis, arthritis, infective dermatitis as well as adult myelopa-
thy/tropical spastic paraparesis, T-cell leukemia, or lymphoma. Although HTLV-1 
can be eliminated by freezing and thawing breast milk, this is not practical and there 
may be technological impossibilities in societies with low resources. In the light of 
current information, breastfeeding is contraindicated during HTLV-1 infection 
[73, 74].

3.12  Human T-Cell Leukemia Virus Type II infection

Human T-cell leukemia virus type II (HTLV-II) is endemic in certain geographic 
areas. Transmission primarily occurs via sexual intercourse, contaminated blood 
products, intravenous drug use, and breastfeeding. Human T-cell leukemia virus 
type-II has been associated with glomerulonephritis, arthritis, myelopathy, granulo-
cytic leukemia, T-hairy cell leukemia, and some chronic neurological disorders 
similar to those caused by HTLV-I.  Transmission of mother-to-infant has been 
shown in both formula-fed and breastfed infants. Based on current information, 
mothers who are HTLV-II seropositive should avoid breastfeeding [75, 76].

3.13  Influenza

Influenza is a contagious respiratory infection. Transmission occurs by droplet. 
Breastfeeding has been shown to protect infants against influenza viruses by activat-
ing natural antiviral mechanisms, particularly type 1 interferon. In addition, very 
high influenza-specific IgA was detected in the milk of mothers who received the 
influenza vaccine in the third trimester of pregnancy [6, 77]. A similar situation may 
occur during the influenza infection of the mother. Influenza infection of the mother 
is not an obstacle to breastfeeding and breastfeeding should be strongly recom-
mended [12, 78].
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3.14  Monkeypox

Monkeypox is a viral zoonotic disease belonging to the genus Orthopoxvirus of the 
family Poxviridae. Monkeypox spreads from person to person through close contact 
with someone who has a monkeypox rash, including face-to-face, skin-to-skin, 
mouth-to-mouth, or sexual contact. Environments can be contaminated with the 
monkeypox virus, for example, when an infectious person touches clothing, bed-
ding, towels, objects, electronic devices, and surfaces. Anyone else touching these 
items could then become infected. It is also possible to breathe in spilled skin or 
become infected with the virus from clothing, bedding, or towels. The transmission 
can occur from a pregnant person to a fetus, through skin-to-skin contact after birth, 
or to an infant or child during close contact with a parent who has monkeypox. 
Although the asymptomatic infection has been reported, it is not clear whether peo-
ple without any symptoms can transmit the disease. The incubation period is usually 
6 to 13 days after exposure. Although most people recover within weeks, severe 
complications may occur especially in unvaccinated people. Most reported deaths 
are in young children and immunocompromised persons, such as people with poorly 
controlled HIV. The risk of infection will need to be carefully balanced with the 
potential harm and distress caused by interruption of breastfeeding and close parent- 
child contact. It is not yet known whether the monkeypox virus can be transmitted 
from parent to child through breast milk; this is an area that needs further study [79, 
80]. World Health Organisation suggests that breastfeeding during monkeypox 
infection should be individually evaluated. Breastfeeding can be sustained with 
some precautions in some cases. Information for clean water and the preparation of 
breast milk substitutes must be given for cases if breastfeeding is not possible. 
Growth and developmental monitoring should be carried out for children. 
Breastfeeding counseling can be given for re-lactation [79].

3.15  Severe Acute Respiratory Syndrome-Associated 
Coronavirus Type 2 Infection: Coronavirus Disease 2019 
(COVID-19)

Severe acute respiratory syndrome-associated coronavirus type 2 (SARS-CoV-2) is 
a virus from the coroviridae family that causes the coronavirus disease 2019 pan-
demic. Transmission from person to person is via droplets. Severe acute respiratory 
syndrome-associated coronavirus type 2 infections in infants and young children 
are usually mild but, although rare, can be a life-threatening illness. Although there 
are studies detecting SARS-CoV2 RNA or antigen in breast milk, there are no data 
on transmission to infants [81, 82]. In addition, it has been reported that SIgA, 
immunoglobulin G (IgG), and IgM against SARS-CoV2 are detected in breast milk 
[82, 83]. World Health Organisation reports that there is no harm in breastfeeding 
children during maternal infection with COVID-19. Considering that transmission 
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is via droplets, it is necessary to apply necessary preventive measures such as hand 
washing especially before breastfeeding, and wearing a medical mask during breast-
feeding should be applied. If a mother with proven or suspected COVID-19 coughs 
towards her breast, she should gently wash the breast with soap and warm water for 
at least 20 s before breastfeeding. However, routine washing the breast before each 
breastfeeding is not required [84].

4  Maternal Fungal Infections and Breastfeeding

4.1  Candidiasis

Candida albicans is the most common Candida species that is found commensally 
in the mucosal tissue of the mother and child. It can cause an irritating fungal infec-
tion in the baby-mother dyad, as breast and nipple pain in mothers and feeding dif-
ficulties in babies. Breastfeeding is not a contraindication during the infection. The 
treatment should begin with a topical agent for mild-to-moderate breast candidiasis 
and should continue for at least 2 weeks, even if there is significant improvement 
within 1 or 2 days [12, 85]. While the mother and baby are being treated for thrush, 
they can continue to breastfeed.

5  Parasitic Infections in the Mother and Breastfeeding

5.1  Malaria

Malaria is a mosquito-borne parasitic disease. There is no evidence of malaria trans-
mission through breast milk. However, a nursing mother planning to travel to a 
malaria-prone geographic area should take every precaution to reduce the risk of 
infection. Standard preventive approaches include mosquito avoidance measures 
such as insect repellent, mosquito nets, and prophylactic antimalarial drugs. Nursing 
mothers should avoid applying insect repellent under their clothes or on the nipple 
and should carefully wash their hands before breastfeeding their babies [12].

5.2  Toxoplasmosis

Toxoplasmosis is one of the commonest infections in humans. The disease agent, 
Toxoplasma gondii, is widespread in nature. The cat is the host, but infection can 
occur in warm-blooded animals. There is no data on transmission through breast 
milk. Considering the protective properties of breast milk, there is no obstacle to 
breastfeeding during maternal toxoplasmosis [12].

G. Keskindemirci and G. Gökçay



425

6  Conclusion

The anti-infective properties of breast milk are well known. Breast milk or breast-
feeding is contraindicated during few maternal infections. These are Ebola virus 
disease, HIV infection (changing according to the cases and countries), and HTLV 
type I and II infections. Cases in which breastfeeding and/or giving expressed 
human milk should be temporarily stopped are tuberculosis, brucellosis, and the 
presence of herpes simplex in the breast. In the case of maternal infections, the 
continuity of breastfeeding should be prioritized in terms of infant and maternal 
health. Under the circumstances of insufficient evidence polarity map management 
[86] should be used for decision making on the safety of breastfeeding during some 
maternal infections, and drug selection for treatment. Polarity map management can 
be applied by reviewing current epidemiological data and case reports; evaluating 
the risks and benefits of breastfeeding, and of stopping breastfeeding together with 
the mother and the family.
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Programming the Gustatory and Olfactory 
Systems

Fatih Yucedag, Cemal Cingi, and Sergei Karpischenko

1  Introduction

Over the course of life, people alter in the tastes and smells that they most enjoy. 
Preferences for specific tastes or smells appear to begin from the stage of concep-
tion and continue right up until old age. There are many interacting factors, biologi-
cal, social, cultural and environmental, which affect which foods an individual 
chooses, enjoys or wishes to eat. There are many questions that remain to be 
answered regarding food preferences, such as whether the key effects are geneti-
cally determined, result from metabolic programming or are shaped by the mother 
during pregnancy and any period of breastfeeding which follows. Does the local 
cuisine play an important part in establishing an individual’s gastronomic prefer-
ences? Do familiarity and nostalgia play a part? And is it possible to begin to enjoy 
a flavour first encountered in adulthood? Besides these questions, there are the many 
effects of culture to consider. Geographic availability, food culture, socioeconomic 
status, religious dietary rules and affordability all play a major role, it seems. 
However, deciding which of these many factors is central to food choices is not a 
simple matter. Does biology determine the situation, or is it less straightforward 
than we might suppose?
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It is clear that there are key biological determinants of food-seeking behaviour, 
including likes and dislikes, but the individual’s experience of different foods dur-
ing life also modulates this behaviour. The evidence appears to support the hypoth-
esis that in childhood the preferred food choices are those which are highly 
sweet-tasting, salty or savoury, in addition to foods with a high calorific value. 
These preferences may be directed by social and environmental factors, but the 
individual’s favourite flavours continue to have a very major influence on which 
foods are consumed, both in childhood and adulthood [1–3].

How foods taste and are perceived plays a vital role in establishing an individu-
al’s food preferences. Taste and favour have been demonstrated to be the key deter-
minants of the foods enjoyed in early childhood [4]. Furthermore, the child’s 
preferences for specific foods are the most powerful determiners of what foods chil-
dren will accept [5, 6]. Accordingly, to appreciate exactly how children come to 
prefer specific flavours and accept particular food items, a knowledge of the devel-
opment of gustatory and olfactory perception in early life is essential.

The perception of taste occurs due to stimulation of gustatory receptors, which 
are usually stated to consist of only five types, namely sweet, bitter, sour, salty and 
umami. The results of recent studies does, however, seem to support the possibility 
that other gustatory receptors may exist, capable of recognising lipids and calcium 
[7, 8]. Whereas gustatory sensation is limited to perceiving a restricted range of 
basic tastes, smell is responsive to thousands of different odoriferous compounds. 
Perceiving the flavour of any food depends on both gustatory and olfactory signals. 
The gustatory receptors are within the mouth, but odoriferous compounds stimulate 
receptors both orthonasally and retronasally. The ability of the child to perceive dif-
ferences between flavours has already begun during foetal life, with both the olfac-
tory and gustatory system having achieved full functional maturity at the time of 
birth. It is believed that the fact that the olfactory and gustatory systems already 
operate before birth means that the foetus is primed to expect to encounter certain 
tastes postnatally [9, 10].

2  Morphological and Functional Development

The taste-sensitive cells have already begun to develop and become functional by 
the end of the initial trimester of pregnancy. At week 10, papillae of different types 
are already identifiable, namely fungiform, foliate and circumvallate. Between the 
8th and 13th weeks of gestation, synapse formation increases. As the second trimes-
ter starts, the taste buds are already fully capable of responding to tastes. There are 
very few differences between the number and distribution of taste buds in children 
or indeed adults and those in a foetus towards the end of the pregnancy [9, 11, 12].

The initial trimester is the period when the olfactory system first starts to develop. 
At week 8, the olfactory bulb can be clearly seen as an outgrowth of the forebrain, 
and primary olfactory receptors are already present. The presence of olfactory 
marker proteins by weeks 28–29 shows that the olfactory receptors are functionally 
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mature by that point. There are nasal plugs present at first within the nasal passages, 
but after these structures disappear, between weeks 16 and 36, amniotic fluid can 
already reach the olfactory epithelium of the nose [13, 14].

After birth, the gustatory and olfactory systems keep developing, but there is 
little evidence on exactly how this occurs in humans, since studies where the devel-
opment in individuals is tracked over time have not yet been undertaken. The evi-
dence base at present indicates that the anatomical development of the gustatory and 
olfactory systems is more or less finished by the time of birth [13, 14], but the cen-
tral nervous system becomes progressively more responsive to stimulation of the 
two systems as the individual grows. This situation implies that the nervous path-
ways involved in processing olfactory and gustatory perception continue to develop 
after birth [13, 14].

3  Prenatal Factors Affecting Development

The gustatory and olfactory system in human beings develop early in pregnancy 
(within the initial trimester) and these systems have already reached functional 
maturity when the child is born [11]. This situation allows infants to learn before 
birth which foods are safe to eat and likely to be available. Amniotic fluid contains 
molecules that can stimulate both the olfactory and gustatory systems and the foetus 
can detect such stimuli. Being exposed to specific flavours before birth influences 
the child’s food preferences later in life. When newborn children are presented a 
choice between the mother’s amniotic fluid, that of another woman or distilled 
water, they exhibit a preference for their own mother’s smell [15, 16]. It has been 
proven that newborns whose mothers’ diets in pregnancy featured regular garlic or 
anise have a preference for those specific flavours, whilst neonates who encountered 
carrot flavour in utero demonstrated a preference for carrot-flavoured cereal rather 
than plain cereal when they began to be weaned [17−20]. Animal models permit a 
more systematic examination of the mother’s dietary intake. These models show 
that exposing the foetus to some flavours which young offspring usually avoid 
meant the offspring more readily accepted the flavour later. Furthermore, mothers 
whose diet was lipid-enriched in pregnancy produced offspring with a heightened 
preference for highly sweet and lipid-dense food items [20, 21].

4  Influences on Dietary Preferences at the Early Stage 
of Lactation

The behaviour of infants towards food is also shaped by the flavours present in milk, 
whether in breast milk or in artificial baby milk. Infants who receive breast feeding 
encounter a wide range of different flavour-bearing molecules. These molecules 
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originate in the mother’s diet [22]. Infants receiving artificial baby milk are exposed 
to a more restricted range of flavour molecules, although there are some differences 
in the taste of different types of formula milk [23].

When infants are exposed at a very young age to flavours they have not previ-
ously encountered, they are briefly drawn towards those specific flavours [24]. 
Infants exhibit a preference for their usual type of milk (whether breast milk or 
artificial baby milk). If a flavour is repeatedly present in milk, the short-term 
increased attraction towards a particular flavour comes to an end. This probably 
represents satiety or the fact that the flavour no longer possesses novelty [25–27]. 
However, in the long term, the dietary preferences of weaned infants or young chil-
dren reflect similarities with the flavours encountered during the period of breast 
feeding or consumption of artificial baby milk. In certain cases, it has been possible 
to link children’s dietary preferences up to the age of at least 10 years to the flavours 
and tastes encountered in the period before weaning occurred [27].

5  Influences Whilst Complementary Food Items and Drinks 
Are Introduced into Infants’ Diets

Anecdotal evidence about infants’ reactions to newly introduced food items at the 
age of between 5 and 7 months confirms the results of studies, which noted a posi-
tive reaction (such as willingly taking a mouthful or smiling) in a large majority 
(between around 88% and 91%) of infants offered novel complementary food items 
[20]. There was some effect of taste on the infants’ reactions, so, that, for example, 
vegetables with added salt were preferred to unsalted versions [20], or fruit or natu-
rally sweet vegetables provoked a more positive reaction that those with a more 
bitter taste [21]. Despite it being commonly claimed that better infant acceptance 
comes from starting vegetables before fruit, since children have a natural inclination 
towards sweeter items, this does not seem to be shown by the few studies which 
have set out to examine acceptance rates according to the timing of the items offered. 
It has been demonstrated that repeatedly giving infants fruit does not reduce their 
willingness or actual consumption of new vegetables, either in the short [21] or long 
[22] term. Indeed, another study [23] ascertained that giving fruit every day actually 
resulted in infants being more willing to eat carrots [23].

The willingness to try new food items, however, does diminish as time passes, 
which implies that becoming familiar with different tastes in early childhood is a 
key step in developing wide food preferences [17]. There is growing evidence to 
show that several factors are involved in how infants respond to new food items, in 
particular their taste preferences [20], age, how much they like eating generally, the 
ease with which satiety occurs, and whether they exhibit fussy behaviour around 
eating. Temperament is also a key factor [24, 25]. The studies on best practice in 
promoting a willingness to eat healthily in infants have mainly concentrated on 
three specific techniques, namely repeatedly offering the same item, introducing 
variety and use of associative learning.
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5.1  Repeatedly Offering the Same Item and Introducing 
Dietary Variety

At the stage when complementary feeding is occurring, simply offering the same 
item several times makes infants eat more of the item and exhibit a more positive 
attitude towards that items, as noted by smiling, for example, at least in the short 
term [26–28]. It also appears that repetition of the same offering also increases 
acceptance of similar dietary items [21]. An infant who has got used to green beans, 
for instance, is more likely to accept the similar artichoke, but this effect does not 
extend to markedly different items, such as plums or apples [21]. It has also been 
shown that combining repetition with a range of different food items may lead to 
even higher levels of infant acceptance for new items. This effect may be linked to 
the manner in which the earlier exposure to tastes occurs, i.e. the variety of tastes in 
breast milk originating in the mother’s dietary consumption. It is an adaptive way 
for the infant to decide what is safe to eat. A study which examined infants receiving 
artificial baby milk and complementary feeding found that altering the type of 
starchy vegetable from day to day over 9 days (peas, potato and squash) led to 
greater consumption of carrots later than when potato only was offered [23]. This 
type of exposure to a variety of food items also increased the infants’ acceptance of 
a completely unrelated item, namely puréed chicken [23], compared to exposure of 
a single item, i.e. carrot. If this variety exposure method is employed using different 
types of fruit [27] or vegetable [29], a similar benefit is seen. Varying the items 
offered each day is more effective at encouraging acceptance than doing so at longer 
intervals (such as every 3 days) [29]. The technique of varying the items offered 
seems to have a long-lasting effect [29], but this effect is hard to separate from the 
effects of the mother having a varied diet, with resulting infant exposure to tastes 
occurring through breastfeeding, and more results are needed, given the inconsis-
tent results of the published evidence to date [20, 21, 26, 30−32].

6  Conditioning Behaviour Through Association

Another way to teach infants to accept specific food items is by constantly present-
ing the item to be learnt together with a taste they have already acquired, i.e. by 
classical conditioning. There are two ways in which this can be accomplished. In 
flavour-flavour type conditioning, a new taste is paired with a taste that is already 
enjoyable for the infant. The new taste then becomes perceived in the same positive 
way as the familiar taste. In flavour-nutrient conditioning, the new taste is paired 
with an item that produces a pleasant feeling of satiation in the infant. Such items 
are generally rich in nutrients. The new item is then perceived as nutritious. The 
power of associative conditioning techniques to shape feeding behaviour has been 
demonstrated using animal models. For example, animals can be trained in this way 
to eat an item they normally reject. In one study rats were offered an excessively 
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bitter or sour solution at the same time as glucose was directly infused into the 
stomach. The rats subsequently behaved in the same way towards an intrinsically 
pleasant solution of glucose and the bitter/sour solution [33]. This study illustrates 
nutrient-flavour conditioning in action, but rats have also been trained by flavour- 
flavour stimulus pairing [34]. It is probable that a similar associative conditioning 
process is the mechanism by which human infants learn to appreciate certain fla-
vours whilst still breastfeeding, as the milk is presented alongside flavour molecules 
originating from the mother’s diet. There are data which also seem to show that the 
time when rats are most sensitive to associative conditioning is just after weaning. 
As the animals approach puberty, they become less sensitive [35]. It appears likely 
therefore that human infants also have a greater sensitivity to associative condition-
ing at precisely the point where they need to move from gaining all their nutrition 
from breast milk to where the diet is at least partly composed of complementary 
food and drink items.
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Abnormalities of Smell and Taste in Eating 
Behaviour Through Life
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1  Introduction

In the past, diagnosing and treating abnormalities of gustatory and olfactory percep-
tion presented several challenges, mainly because both normal and abnormal olfac-
tion and gustation were little understood. Abnormalities can occur in primary 
disorders of smell or taste, or arise as a secondary effect of some other disease 
process. [1]

There are several adverse consequences that may occur secondary to olfactory or 
gustatory disorders, namely insufficient consumption of nutrients, less enjoyment 
of social eating and lower psychological welfare. Furthermore, there is an increased 
risk of accidental death from failure to smell smoke from a fire or ingesting food 
that is not fit to eat. Since around 80% of gustatory dysfunction is a manifestation 
of an underlying olfactory disorder, this chapter mainly addresses loss of smell, but 
adds extra information specific to loss of taste [1].Chemosensory perception begins 
to decline in humans when they reach their 40s [2]. Since the mean age in Western 
societies, such as the United States, is rising, it is inevitable that large and growing 
numbers of people will undergo olfactory and gustatory perceptual impairment 
linked to age [3]. Research from 2002 indicates a frequency of objectively verifiable 
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loss of smell of 24.5% in those above the age of 53 years, and this frequency rises 
with increasing age, such that 62.5% of adults between the ages of 80 and 97 years 
have a degree of olfactory impairment. If these figures are reliable, there must be 
around 14 million US adults who have experienced loss of smell. Studies which 
asked adults to report spontaneously any loss of smell found no more than 9.5% of 
respondents actually did so. This discrepancy underlines the necessity for objective 
testing to be used to identify where loss of smell occurs [4].

2  Aetiology of Olfactory and Gustatory Dysfunction

2.1  Impairment of Sense of Smell

The sense of smell may be impaired at any point within the olfactory circuitry. Just 
as deafness may be classified into two principal types, i.e. conductive or sensorineu-
ral, so loss of smell falls into two main categories, namely conductive (transportive) 
and sensorineural. In transport-related (conductive) dysfunction, there is some 
impairment of contact between odoriferous molecules and receptors on the neuro-
epithelial mucosa. Sensorineural-type olfactory impairment occurs due to dysfunc-
tion of the associated neural circuitry. The most frequently occurring reasons for a 
primary loss of smell are increasing age, sinonasal disorders, previous upper respi-
ratory tract infections (URTI) and traumatic injury to the head [5].

2.1.1  Conductive Olfactory Impairment

Inflammation is the common factor in many cases of loss of smell of this type. 
Inflammation may be in the form of rhinitis, which may be allergic, acute or toxic 
in nature. Snorting cocaine may cause toxic rhinitis. Chronic rhinosinusitis leads to 
increasingly extensive involvement of the mucosae and this may render patients less 
able to smell, even when the disorder is actively treated by pharmacotherapeutic, 
surgical or allergological interventions [1].

A nasal mass may also obstruct the transport of odoriferous molecules to the 
olfactory epithelium. This is a situation observed in some cases of nasal polyposis, 
inverting papilloma or neoplasia of the nasal cavity. The most likely mass to act in 
this way is a polyp [1].

Obstruction of odour-bearing compounds from the olfactory epithelium may 
also be due to a developmental anomaly, such as an encephalocoele or dermoid cyst.

Individuals who have undergone larynx removal or tracheotomy also have an 
impaired sense of smell due to the associated reduction in air passing through the 
nasal cavity. Some paediatric patients who undergo tracheotomy and long-term can-
nulation may remain hyposmic despite the removal of the cannula. This appears to 
be due to under-stimulation of the sense of smell at a key developmental stage [1].
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2.1.2  Central/sensorineural Loss of Smell

Both infection and inflammation can produce sensorineural olfactory impairments. 
Following an URTI due to a virus, olfactory neuroepithelial cells may be lost and 
their place taken by non-specialised respiratory epithelial cells. However, provided 
that stem cells remain intact, the olfactory neuroepithelial cells may eventually 
regrow, albeit this process has a variable timescale, from months to years. In some 
cases, regrowth does not occur even with intact stem cells. Sarcoidosis of the ner-
vous system, granulomatosis with polyangiitis and multiple sclerosis are disorders 
capable of causing olfactory loss. Olfactory impairment seen in cases of chronic 
rhinosinusitis was originally categorised as conductive in nature, since it causes 
swelling of the mucosae and polyposis. The olfactory loss is now known to be of 
mixed type, however, since it promotes apoptosis by neuroepithelial cells, and these 
are not subsequently replaced [1].

The very fine olfactory filaments or the parenchymal tissues of the brain may be 
damaged by traumatic head injury, neurosurgery or subarachnoid haemorrhage, 
causing loss of smell [6]. Research undertaken by Bratt et al. on cases of cerebral 
trauma of at least moderate severity noted that, in a sample of 182 patients, 13.7% 
suffered some degree of loss of smell, whilst 8.2% lost the ability to smell alto-
gether. The researchers established that loss of smell was associated with traumatic 
injury to the head resulting from falling, fracturing the basal skull or contusion 
formation within the cortex [7].

Park et al. carried out research using resting-state functional magnetic resonance 
imaging (rs-fMRI) to compare the brains of patients who sustained anosmia second-
ary to head trauma with normal healthy volunteers. In the cases group, the connec-
tivity within the olfactory pathways was reduced. There was, however, greater 
connectivity between the olfactory regions and the brain as a whole. The cases 
exhibited a lesser degree of modularity and the entire brain functioned to a more 
efficient degree, the extent of this compensatory mechanism corresponding to how 
severe the traumatic injury was [8].

Olfactory abilities exhibit an age-related decline, which has been correlated with 
progressive loss of fibres within the olfactory bulb. According to one study, the 
mean number of mitral cells lost on an annual basis was 520, corresponding to a 
volume decrease of 0.19 mm3 [9]. The reduction in olfactory bulb volume may be 
secondary to loss of neuroepithelial cells from the olfactory mucosa, or may arise 
from a generalised reduction in regeneration due to decreasing stem cell replication 
within the subventricular region.

There are several congenital syndromes which involve sensorineural olfactory 
loss, e.g. Kallmann syndrome, in which the olfactory system fails to develop and 
there is hypogonadotropic hypogonadism. The vomeronasal organ is absent in cases 
of Kallmann syndrome, according to the results of one study [1].

Endocrinological disorders, such as hypothyroidism, hypoadrenalism and diabe-
tes mellitus, potentially also disturb the ability to smell normally [1].

Certain medications, administered systemically or via inhalation (such as amino-
glycosides), and certain chemicals (such as formaldehyde) may also impair the 
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ability to smell. There are multiple substances that change an individual’s olfactory 
acuity, notably alcohol, tobacco, organic solvents and zinc compounds when used 
topically [10].

2.2  Gustatory Dysfunction

A major part of apparent gustatory perception is, in fact, a change in olfactory per-
ception. The taste of food arises from several elements, in particular its appearance, 
smell, gustatory qualities, texture and how hot or cold it is. These different elements 
each separately contribute to what food tastes like to individuals as they begin to 
eat [1].

The gustatory perceptions associated with food are potentially strengthened by 
the way the tongue moves, which causes more taste buds to be exposed to the food. 
The phenomenon of sensory adaptation is much more prominent in gustatory than 
other types of perception. This explains how we can ‘acquire’ a taste for a specific 
food or drink.

Olfactory dysfunction is the underlying reason behind most gustatory disorders. 
Traumatic head injury, URTI and idiopathic causes are common aetiologies, but 
there are numerous diagnoses associated with taste disturbance. Indeed, lesions 
throughout the head and neck region, beginning in the oral cavity (mucosal disor-
ders, injury to taste buds), cranial neuropathies and brainstem lesions all have the 
potential to create taste disorders.

Lesions in the mouth that affect gustatory perception include infections, inflam-
matory processes and radiation-induced mucosal inflammation. In the latter case, 
the loss of taste is likely to occur due to injury to the microvilli rather than the taste 
bud cells themselves, which are believed to resist radiotherapy-related injury.

Unsatisfactory mouth hygiene also accounts for many cases of reduced ability to 
taste or an unpleasant taste in the mouth. Infections by viruses, bacteria, fungus or 
parasites can all cause gustatory disorders through effects on the taste buds.

The process by which progressive hypogeusia occurs with advancing age is 
attributable to altered function of the plasma membrane of the taste cells, not loss of 
the taste buds as a whole. Ion exchange and specific receptors have been implicated 
in the process [3, 11].

It is known that more than 200 drugs can create gustatory disorders [12]. This 
fact is especially crucial for physicians to bear in mind when assessing cases, espe-
cially where polypharmacy is involved [1] (Table 1).

Gustatory abnormalities have also been linked to nutritional deficiency states. 
Low body stores of zinc, copper or nickel are potentially linked to changes in the 
sense of taste. These low levels may occur due to poor appetite, malabsorption or 
over-excretion by the kidneys [1].

Endocrinological diseases may also produce abnormalities in gustation or olfac-
tion. Hypogeusia is linked to diabetes mellitus, Sjögren syndrome and pseudohypo-
parathyroidism. Gustatory perception is heightened by hypothyroidism 

M. Pamukcu et al.



445

Table 1 Selected 
medications that are reported 
that as they alter smell or 
taste [13]. (Adopted from 
Ref. [13]

Antianxiety agents
Alprazolam (Xanax)
Buspirone (BuSpar)
Antibiotics
Ampicillin
Azithromycin (Zithromax)
Ciprofloxacin (Cipro)
Clarithromycin (Biaxin)
Enalapril (Vaseretic)
Griseofulvin (Grisactin)
Metronidazole (Flagyl)
Ofloxacin (Floxin)
Terbinafine (Lamisil)
Ticarcillan (Timentin)
Tetracycline
Anticonvulsants
Carbamazepine (Tegretol)
Phenytoin (Dilantin)
Antidepressants
Amitriptyline (Elavil)
Clomipramine (Anafranil)
Desipramine (Norpramin)
Antihistamines and decongestants
Chlorpheniramine
Loratadine (Claritin)
Pseudoephedrine
Antihypertensives and cardiac medications
Acetazolamide (Diamox)
Amiodarone (Pacerone)
Amiloride (Midamor)
Amiodarone (Cordarone)
Betaxolol (Betoptic)
Captopril (Capoten)
Diltiazem (Cardizem)
Enalapril (Lexxel, Vasotec, Vaseretic)
Hydrochlorothiazide (Esidix)
Nifedipine (Procardia)
Nitroglycerin
Propafenone (Rythmol)
Propranolol (Inderal)
Spironolactone (Aldactone)

(continued)
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Table 1 (continued)
Tocainide (Tonocard)
Anti-inflammatory agents
Auranofin (Ridaura)
Beclomethasone (Beclovent, Beconase) Budesonide 
(Rhinocort)
Colchicine
Dexamethasone (Decadron)
Flunisolide (Nasalide, Aerobid)
Nortriptyline (Pamelor)
Fluticasone (Flonase)
Gold (Myochrysine)
Hydrocortisone
Penicillamine (Cuprimine)
Antimanic drugs
Lithium
Antimigrane agents
Dihydroergotamine (Migranal)
Naratriptan (Amerge)
Rizatriptan (Maxalt)
Sumatriptan (Imitrex)
Antineoplastics
Cisplatin (Platinol) Doxorubicin (Adriamycin)
Levamisole (Ergamisol)
Methotrexate (Rheumatrex)
Vincristine (Oncovin)
Antiparkinsonian agents
Levodopa (Larodopa; with carbidopa: Sinemet)
Antithyroid agents
Methimazole (Tapazole)
Propylthiouracil
Antiviral agents
Ganciclovir (Cytovene)
Interferon (Ruferon-A)
Zalcitabine (HIVID)
Bronchodilators
Biotolterol (Tornalate)
Pirbuterol (Maxair)
Lipid-lowering agents
Atorvastatin (Lipitor)
Fluvastatin (Lescol)
Lovastatin (Mevacor)
Pravastatin (Pravachol)

M. Pamukcu et al.



447

Table 1 (continued)
Muscle relaxants
Baclofen (Lioresal)
Dantrolene (Dantrium)
Pancreatic enzyme preparations
Pancrelipase (Cotazym)
Smoking cessation aids
Nicotine (Nicotrol)
Doxepin (Sinequan)
Imipramine (Tofranil)

andadrenocortical insufficiency. Moreover, gustatory perception varies in women 
during the menstrual cycle and whilst pregnant [1].

3  Eating Behaviour

Animals must eat to survive, but eating may also be highly pleasurable. On the other 
hand, abnormal patterns of eating behaviour may lead to being undernourished, 
overfed or developing an eating disorder. How individuals behave when eating is 
influenced by several factors, such as seeking to achieve homeostasis, the brain’s 
reward pathways, and, for children, their degree of motor, sensory, social and emo-
tional development. The way a person was brought up, the social environment and 
the way food is presented all affect the subsequent eating behaviour [13].

Eating behaviour comes about through the complex interplay of different factors, 
such as social pressures, cultural influences, physiological demands, the environ-
ment as a whole and individual personality [14–16]. The development of eating 
habits owes a great deal to those surrounding a growing child, both the parents and 
wider society. In the developed world, eating behaviour has altered markedly in 
response to social change occurring worldwide [17]. The existence of plentiful food 
in developed economies means food is seen as just another object for consumers to 
buy, with its origins often little attended to. Over the last decades, eating habits have 
altered significantly. Many children have become used to eating alone, including in 
front of the television. By contrast, in poorer countries, food is often less nutritious 
[18] and offers less dietary variety [19]. The way families are composed and the 
lack of disposable income mean that younger children are frequently under- 
nourished [20].

Infant feeding behaviour is predominantly biologically-driven. Infants innately 
prefer sweet-tasting food, rather than flavours that are bitter or sharp-tasting. This 
ensures the infant happily feeds on breast milk or substitute milk [17]. When chil-
dren are weaned, the behaviour of their parents and societal norms become more 
significant. A recently published study of American infants noted that the period 
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between 9 and 18 months was the most significant in terms of later eating behaviour 
[21]. Economically-deprived infants living in cities were nutritionally deficient in 
terms of vitamin D, zinc and iron. The study chose these markers because low levels 
are associated with a higher risk of lead toxicity. The researchers noted that children 
aged up to 2 years had adequate calorific intake, but protein was present in excess. 
With increasing age, these children ate a progressively poorer diet and larger and 
larger volumes of protein. These findings accord with the findings of national sur-
veys investigating what American infants consume. The attitudes of parents to food 
were vital in explaining the infants’ diets and the type of food they preferred to 
consume. Children who are repeatedly provided with specific items in the diet 
develop a fixed attitude towards those items and this then influences their eating 
behaviour at a later stage [17].

Nutritionally inadequate diets that are monotonous and unpalatable have an 
effect on young children’s urge to eat and can cause reduced growth through inad-
equate intake [18, 19]. Overall in both North and South America, children whose 
growth is abnormally reduced leave a quarter of the food presented to them [18]. 
Children whose diet was grossly deficient at an early age are at a raised risk of infec-
tion, death and lower intellectual development [22]. For children to eat well and 
remain well-nourished in the future, a nutritionally satisfactory diet needs to be 
available and the parents need to be able to offer it to the growing child.

For children up to the age of 5 years, the family’s socioeconomic status deter-
mines how adequate and how varied the diet is [19]. In Caribbean countries, bio-
logical parents who were married were most likely to allocate more resources to 
feeding children than non-related carers, single parents or unmarried couples [20]. 
In both North and South America, a higher level of resources was devoted to the 
needs of children by biological mothers than by parents who fostered or adopted 
children, or whose relationship was based on marriage to the child’s relative. In 
developing countries, the way children eat reflects the influence of socioeconomic 
condition, how the child and carer are related and whether the food available is of 
adequate quality. As children grow up, inadequate diet takes an increasing toll on 
their health [20]. The same phenomenon is observable in developed nations, albeit 
the reasons for its occurrence are markedly different.

4  Developmental and Biological Aspects of Eating Behaviour

In the period between a child being an infant and starting school, eating behaviour 
undergoes rapid development. If eating occurs normally, the child gains an appro-
priate amount of weight and develops a healthy attitude towards eating in the future. 
There are a number of factors which interact to generate eating behaviour. This 
behaviour is affected by maturation of the nervous system, overall psychological 
and physical maturation, how parents and children interact and the surrounding 
social environment. A variety of different topics have been the subject of interest for 
researchers seeking to understand eating behaviour, such as the physiological 
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mechanisms involved in energy balance, the role of perceptions in appetite, social 
determinants and how behaviour itself affects what food is preferred and when 
appetite is stimulated. Neuroscientific advances are illuminating when eating is 
driven by energetic considerations and when by pleasure-seeking. How eating 
behaviours arise differs between different age groups, such as early childhood, ado-
lescence and adulthood, and this research is of value in treating eating problems in 
these groups [13].

4.1  Biological Aspects

The initiation of eating or prevention of eating may occur under physiological con-
trol. The following organs are all linked through a complex neuroendocrine net-
work: hypothalamus, brain stem, gut, pancreas and fat tissue. When the body is in 
negative energy balance, gastric secretion of the peptide hormone, ghrelin, results in 
stimulation of the arcuate nucleus of the hypothalamus. This results in release of the 
orexigenic hormones agouti-related peptide, neuropeptide Y and orexin [23]. 
Following ingestion of food, pro-orexigenic peptide release is inhibited by the pres-
ence of insulin released by the pancreas, peptide YY from the gut and leptin from 
fat tissue. The release of orexin from the hypothalamus also ceases. The individual 
stops wishing to eat [24, 25]. Once energy balance becomes positive, cholecystoki-
nin and leptin act on the arcuate nucleus to express pro-opiomelanocortin and CART 
(cocaine and amphetamine-regulated transcript), which also suppress the desire to 
eat more [26–28]. A low concentration of leptin stimulates appetite, whereas ele-
vated levels suppress appetite [24]. Adiponectin is released by fat cells. The fasting 
state induces a high level of secretion, whereas obesity causes low levels to be 
released [29].

5  Reward System Influences on Eating Behaviour

Recent neuroscientific discoveries have begun to link both under- and over-eating to 
the brain’s reward systems [30]. These systems appear to function alongside the 
endocrine regulation of energy intake [31, 32]. How reward systems initially develop 
in the brain is still a matter of conjecture, but it appears probable that from a very 
early age, children are driven towards activities that give pleasure or stimulate the 
reward system. If food elicits little pleasure, by being bland tasting, it is unlikely to 
be eaten to excess. Individuals do, however, often over-consume highly palatable 
items [33–37]. When highly palatable food is eaten, the mood tends to improve, an 
effect mediated through reward circuitry [38]. Areas of the brain involved in reward 
associated with food include the striatum, insula, anterior cingulate cortex and mid-
brain, namely the ventral tegmental area and substantia nigra [30]. Food-linked 
reward occurs via dopaminergic neurones [39]. Furthermore, clues as to a food’s 
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being palatable are processed in the orbito-frontal cortex, where smell, visual 
appearance, temperature, consistency, tanginess and fat content are assessed along-
side gustatory perceptions [40–43]. There is a powerful neural response when eat-
ing starts, but this response weakens up to the point when the individual feels 
satiated by the food. Observation of how children as young as 2.5–5 years of age 
behave towards food indicates that the same mechanism is probably already func-
tioning at that stage [44]. Although the neural responsivity towards an individual 
item may decline, other food items may still elicit a powerful reaction. Thus, the 
presence of multiple palatable items can promote over-eating [45]. In evolutionary 
terms, this response to the presence of multiple food items may have conferred an 
advantage at a period when nutrients were likely to be in poor supply

6  How Preferences for Particular Tastes and Smells Arise

Even in utero the foetus is already beginning to identify specific tastes or smells, 
since the foetus ingests amniotic fluid, in which there are dissolved taste-bearing 
molecules (such as alliaceous plants) ingested by the mother [46–49]. When cereal 
mixed with carrot juice was offered to infants in one study, the infants whose moth-
ers had regularly consumed carrot juice in the final trimester demonstrated a clear 
preference for this food [50]. Researchers are currently interested in seeing whether 
children can be primed in utero to accept a healthier diet later in life [50, 51]. One 
good way to test the feasibility of this intervention would be to set up longitudinally- 
designed studies of mothers and infants where different types of maternal diet, 
including healthier options, are consumed [52–54]

Breastfed infants experience exposure to a range of tastes through molecules 
absorbed from the mother’s diet [50]. Long before weaning occurs, this experience 
of different tastes begins to shape what infants subsequently enjoy eating, whether 
or not this remains a lasting effect. However, the majority of children choose sweet 
or salty items whenever available [55–61], a tendency that strengthens when these 
types of food are regularly available, but weakens a little as the child grows up 
[58–61]. Bitter-tasting food, such as many vegetables, is rarely immediately enjoyed 
by children, but if repeatedly offered, they may develop a taste for them. It has been 
shown that infants exposed at an early stage to soy and hydrolysed protein later 
accept these foods [62]. Children repeatedly offered a wide range of foods when 
very young do subsequently acquire a taste for certain items [63]. Indeed, in certain 
cultures, children are systematically exposed to powerful flavours early on to accus-
tom them to consuming such items. Mexican children are generally given hotter and 
hotter chilli peppers to get used to them [64, 65]. Acquiring a taste for a flavour that 
initially appears unappealing can be significant for socialisation [66]. The tastes an 
individual prefers are influenced by previous exposure, stage of development and 
genetic factors [67]. There has been extensive research into perception of 
6-n- propylthiouracil (PROP), a molecule with a bitter flavour. Perceiving this taste 
appears partly dependent on the TAS2R38 gene [68]. Inability to perceive PROP 
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may make a child more willing to eat vegetables. This insensitivity to PROP is pres-
ent in around 30% of individuals of European ancestry and varies in frequency 
globally [69]. Being able to taste PROP makes an individual less receptive to eating 
bitter foods and thus causes a lower consumption of vegetables, more avoidance of 
certain foods and a greater propensity to become obese in childhood [70–77].

References

1. Holbrook EH. Disorders of Taste and Smell. In: Meyers AD (Ed). Medscape. Updated: Jan 
19, 2022. https://emedicine.medscape.com/article/861242- overview#a6. Accessed online at 
February 11, 2022.

2. Zhang C, Wang X.  Initiation of the age-related decline of odor identification in humans: a 
meta-analysis. Ageing Res Rev. 2017;40:45–50.

3. Boesveldt S, Lindau ST, McClintock MK, Hummel T, Lundstrom JN. Gustatory and olfactory 
dysfunction in older adults: a national probability study. Rhinology. 2011;49(3):324–30.

4. Murphy C, Schubert CR, Cruickshanks KJ, Klein BE, Klein R, Nondahl DM. Prevalence of 
olfactory impairment in older adults. JAMA. 2002;288(18):2307–12.

5. Allis TJ, Leopold DA.  Smell and taste disorders. Facial Plast Surg Clin North Am. 
2012;20(1):93–111.

6. Martin GE, Junque C, Juncadella M, Gabarros A, de Miquel MA, Rubio F. Olfactory dysfunc-
tion after subarachnoid hemorrhage caused by ruptured aneurysms of the anterior communi-
cating artery. J Neurosurg. 2009; https://doi.org/10.3171/2008.11.JNS08827.

7. Bratt M, Skandsen T, Hummel T, et al. Frequency and prognostic factors of olfactory dysfunc-
tion after traumatic brain injury. Brain Inj. 2018:1–7.

8. Park M, Chung J, Kim JK, Jeong Y, Moon WJ. Altered functional brain networks in patients 
with traumatic anosmia: resting-state functional MRI based on graph theoretical analysis. 
Korean J Radiol. 2019;20(11):1536–45.

9. Bhatnagar KP, Kennedy RC, Baron G, Greenberg RA. Number of mitral cells and the bulb 
volume in the aging human olfactory bulb: a quantitative morphological study. Anat Rec. 
1987;218(1):73–87.

10. Tuccori M, Lapi F, Testi A, Ruggiero E, Moretti U, Vannacci A, et al. Drug-induced taste and 
smell alterations: a case/non-case evaluation of an italian database of spontaneous adverse 
drug reaction reporting. Drug Saf. 2011;34(10):849–59.

11. Wylie K, Nebauer M. “The food here is tasteless!” Food taste or tasteless food? Chemosensory 
loss and the politics of under-nutrition. Collegian. 2011;18(1):27–35.

12. Wang T, Glendinning J, Grushka M, Hummel T, Mansfield K.  From the cover: drug- 
induced taste disorders in clinical practice and preclinical safety evaluation. Toxicol Sci. 
2017;156(2):315–24.

13. Doty RL, Bromley SM.  Effects of drugs on olfaction and taste. Otolaryngol Clin N Am. 
2004;37(6):1229–54. https://doi.org/10.1016/j.otc.2004.05.002.

14. Lockyear PLB.  Childhood Eating Behaviors: Developmental and Sociocultural 
Considerations. Medscape General Surgery. February 02, 2004. https://www.medscape.com/
viewarticle/467523#vp_1. Accessed online at February 11, 2022.

15. Kittler PG, Sucher KP. Food and culture in America: a Nutritional Handbook. 2nd ed. West/
Wadsworth; 1998.

16. Parraga IM. Determinants of food consumption. J Am Diet Assoc. 1990;90:661–4.
17. Westenhoefer J. Establishing good dietary habits ý capturing the minds of children. Public 

Health Nutr. 2001;4:125–9.
18. Lutter CK, Rivera JA. Nutritional status of infants and young children and characteristics of 

their diets. J Nutr. 2003;133:2941S–9S.

Abnormalities of Smell and Taste in Eating Behaviour Through Life

https://emedicine.medscape.com/article/861242-overview#a6
https://doi.org/10.3171/2008.11.JNS08827
https://doi.org/10.1016/j.otc.2004.05.002
https://www.medscape.com/viewarticle/467523#vp_1
https://www.medscape.com/viewarticle/467523#vp_1


452

19. Onyango AW. Dietary diversity, child nutrition and health in contemporary African communi-
ties. Comp Biochem Physiol. 2003;136:61–9.

20. Bronte-Tinkew J, Dejong G.  Children's nutrition in Jamaica: do household structure and 
household economic resource matter? Soc Sci Med. 2004;58:499–514.

21. Nolan K, Schell LM, Stark AD, Gomez MI. Longitudinal study of energy and nutrient intakes 
for infants from low-income, urban families. Public Health Nutr. 2002;5:405–12. Abstract

22. Wachs TD, Moussa W, Bishry Z, et al. Relations between nutrition and cognitive performance 
in Egyptian toddlers. Intelligence. 1993;17:151–72.

23. Inui A, Asakawa A, Bowers CY, Mantovani G, Laviano A, Meguid MM, et al. Ghrelin, appe-
tite, and gastric motility: the emerging role of the stomach as an endocrine organ. FASEB 
J. 2004;18:439–56.

24. Margetic S, Gazzola C, Pegg GG, Hill RA. Leptin: a review of its peripheral actions and inter-
actions. Int J Obes Relat Metab Disord. 2002;26:1407–33.

25. Konner AC, Klockener T, Bruning JC. Control of energy homeostasis by insulin and leptin: 
targeting the arcuate nucleus and beyond. Physiol Behav. 2009;97:632–8.

26. Mutt V. Historical perspectives on cholecystokinin research. Ann N Y Acad Sci. 1994;713:1–10.
27. Dockray GJ. Cholecystokinin and gut-brain signalling. Regul Pept. 2009;155:6–10.
28. Elmer PJ, Obarzanek E, Vollmer WM, Simons-Morton D, Stevens VJ, Young DR, et al. Effects 

of comprehensive lifestyle modification on diet, weight, physical fitness, and blood pressure 
control: 18-month results of a randomized trial. Ann Intern Med. 2006;144:485–95.

29. Gustafson B.  Adipose tissue, inflammation and atherosclerosis. J Atheroscler Thromb. 
2010;17:332–41.

30. Kenny PJ.  Reward mechanisms in obesity: new insights and future directions. Neuron. 
2011;69:664–79.

31. Lutter M, Nestler EJ. Homeostatic and hedonic signals interact in the regulation of food intake. 
J Nutr. 2009;139:629–32.

32. Saper CB, Chou TC, Elmquist JK. The need to feed: homeostatic and hedonic control of eat-
ing. Neuron. 2002;36:199–211.

33. Shomaker LB, Tanofsky-Kraff M, Zocca JM, Courville A, Kozlosky M, Columbo KM, et al. 
Eating in the absence of hunger in adolescents: intake after a large-array meal compared with 
that after a standardized meal. Am J Clin Nutr. 2010;92:697–703.

34. Wang GJ, Volkow ND, Telang F, Jayne M, Ma J, Rao M, et al. Exposure to appetitive food 
stimuli markedly activates the human brain. NeuroImage. 2004;21:1790–7.

35. Sunday SR, Sanders SA, Collier G.  Palatability and meal patterns. Physiol Behav. 
1983;30:915–8.

36. Zheng H, Lenard NR, Shin AC, Berthoud HR. Appetite control and energy balance regulation in 
the modern world: reward-driven brain overrides repletion signals. Int J Obes. 2009;33:S8–13.

37. Wang GJ, Volkow ND, Thanos PK, Fowler JS. Similarity between obesity and drug addiction 
as assessed by neurofunctional imaging: a concept review. J Addict Dis. 2004;23:39–53.

38. Macht M, Mueller J. Immediate effects of chocolate on experimentally induced mood states. 
Appetite. 2007;49:667–74.

39. Cornelius JR, Tippmann-Peikert M, Slocumb NL, Frerichs CF, Silber MH. Impulse control 
disorders with the use of dopaminergic agents in restless legs syndrome: a case-control study. 
Sleep. 2010;33:81–7.

40. Rolls ET. Taste, olfactory and food texture reward processing in the brain and obesity. Int J 
Obes. 2011;35:550–61.

41. Small DM. Taste representation in the human insula. Brain Struct Funct. 2010;214:551–61.
42. Berridge KC. ‘Liking’ and ‘wanting’ food rewards: brain substrates and roles in eating disor-

ders. Physiol Behav. 2009;97:537–50.
43. Dagher A. The neurobiology of appetite: hunger as addiction. Int J Obes. 2009;33:S30–3.
44. Birch LL, Deysher M. Caloric compensation and sensory specific satiety: evidence for self 

regulation of food intake by young children. Appetite. 1986;7:323–31.

M. Pamukcu et al.

https://www.medscape.com/viewarticle/$$intapp$$/px/medlineapp/getdoc?pmi=12003651&cid=med


453

45. Rolls BJ, Rowe EA, Rolls ET, Kingston B, Megson A, Gunary R. Variety in a meal enhances 
food intake in man. Physiol Behav. 1981;26:215–21.

46. Mennella JA, Johnson A, Beauchamp GK. Garlic ingestion by pregnant women alters the odor 
of amniotic fluid. Chem Senses. 1995;20:207–9.

47. Mennella JA, Beauchamp GK. Maternal diet alters the sensory qualities of human milk and the 
nursling’s behavior. Pediatrics. 1991;88:737–44.

48. Schaal B, Marlier L, Soussignan R. Human foetuses learn odours from their pregnant mother’s 
diet. Chem Senses. 2000;25:729–37.

49. Mennella J, Beauchamp GK. The ontogeny of human flavor perception. In: Beauchamp G, 
Bartoshuk L, editors. Tasting and smelling. 2nd ed. San Diego, CA: Academic Press; 1997. 
p. 199–216.

50. Mennella JA, Jagnow CP, Beauchamp GK. Prenatal and postnatal flavor learning by human 
infants. Pediatrics. 2001;107:e88.

51. Cooke L, Fildes A. The impact of flavour exposure in utero and during milk feeding on food 
acceptance at weaning and beyond. Appetite. 2011 epub ahead of print.

52. Jackson RA, Stotland NE, Caughey AB, Gerbert B. Improving diet and exercise in pregnancy 
with Video Doctor counseling: a randomized trial. Patient Educ Couns. 2011;83:203–9.

53. Skouteris H, Hartley-Clark L, McCabe M, Milgrom J, Kent B, Herring SJ, et al. Preventing 
excessive gestational weight gain: a systematic review of interventions. Obes Rev. 
2010;11:757–68.

54. Kinnunen TI, Pasanen M, Aittasalo M, Fogelholm M, Hilakivi-Clarke L, Weiderpass E, et al. 
Preventing excessive weight gain during pregnancy - a controlled trial in primary health care. 
Eur J Clin Nutr. 2007;61:884–91.

55. Ventura AK, Mennella JA. Innate and learned preferences for sweet taste during childhood. 
Curr Opin Clin Nutr Metab Care. 2011;14:379–84.

56. Birch LL. Development of food preferences. Annu Rev Nutr. 1999;19:41–62.
57. Schwartz C, Issanchou S, Nicklaus S. Developmental changes in the acceptance of the five 

basic tastes in the first year of life. Br J Nutr. 2009;102:1375–85.
58. Desor J, Greene L, Maller O. Preferences for sweet and salty in 9- to 15-year-old and adult 

humans. Science. 1975;190:686–7.
59. Desor JA, Beauchamp GK.  Longitudinal changes in sweet preferences in humans. Physiol 

Behav. 1987;39:639–41.
60. De Graaf C, Zandstra EH. Sweetness intensity and pleasantness in children, adolescents, and 

adults - The genesis of sweet preference. Physiol Behav. 1999;67:513–20.
61. Beauchamp GK, Cowart BJ, Moran M. Developmental changes in salt acceptability in human 

infants. Dev Psychobiol. 1986;19:17–25.
62. Julie AM, Gary KB. Flavor experiences during formula feeding are related to preferences dur-

ing childhood. Early Hum Dev. 2002;68:71–82.
63. Birch LL. The role of experience in children’s food acceptance patterns. J Am Diet Assoc. 

1987;87:S36–40.
64. Rozin P, Schiller D. The nature and acquisition of a preference for chili pepper by humans. 

Motiv Emot. 1980;4:77–101.
65. Mennella JA, Turnbull B, Ziegler PJ, Martinez H.  Infant feeding practices and early flavor 

experiences in Mexican infants: an intra-cultural study. J Am Diet Assoc. 2005;105:908–15.
66. Wardle J. Parental influences on children’s diets. Proc Nutr Soc. 1995;54:747–58.
67. Mennella JA, Pepino MY, Reed DR. Genetic and environmental determinants of bitter percep-

tion and sweet preferences. Pediatrics. 2005;115:e216–22.
68. Duffy VB, Davidson AC, Kidd JR, Kidd KK, Speed WC, Pakstis AJ, et al. Bitter receptor gene 

(TAS2R38), 6-n-propylthiouracil (PROP) bitterness and alcohol intake. Alcohol Clin Exp Res. 
2004;28:1629–37.

69. Guo SW, Reed DR.  The genetics of phenylthiocarbamide perception. Ann Hum Biol. 
2001;28:111–42.

Abnormalities of Smell and Taste in Eating Behaviour Through Life



454

70. Fischer R, Griffin F, England S, Garn SM.  Taste thresholds and food dislikes. Nature. 
1961;23:1328.

71. Keller KL, Steinmann L, Nurse RJ, Tepper BJ. Genetic taste sensitivity to 6-n-propylthiouracil 
influences food preference and reported intake in preschool children. Appetite. 2002;38:3–12.

72. Drewnowski A, Henderson SA, Hann CS, Berg WA, Ruffin MT.  Genetic taste markers 
and preferences for vegetables and fruit of female breast care patients. J Am Diet Assoc. 
2000;100:191–7.

73. Dinehart ME, Hayes JE, Bartoshuk LM, Lanier SL, Duffy VB. Bitter taste markers explain 
variability in vegetable sweetness, bitterness, and intake. Physiol Behav. 2006;87:304–13.

74. Turnbull B, Matisoo-Smith E. Taste sensitivity to 6-n-propylthiouracil predicts acceptance of 
bitter-tasting spinach in 3–6-y-old children. Am J Clin Nutr. 2002;76:1101–5.

75. Lumeng JC, Cardinal TM, Sitto JR, Kannan S. Ability to taste 6-n-propylthiouracil and BMI in 
low-income preschool-aged children. Obesity (Silver Spring). 2008;16:1522–8.

76. Glanvill EV, Kaplan AR.  Food Preference and Sensitivity of Taste for Bitter Compounds. 
Nature. 1965;205:851.

77. Tepper BJ, Keller KL, Ullrich NV. Genetic variation in taste and preferences for bitter and pun-
gent foods: Implications for chronic disease risk. Challenges Taste Chem Biol. 2004;867:60–74.

M. Pamukcu et al.



455

Olfactory Influences on Human Feeding 
Behaviour, from Sense to Satiety

Soner Taşar, Cemal Cingi, and Dilyana Vicheva

1  Introduction

Smell is highly significant in how humans perceive food. Accordingly, olfactory 
disorders typically cause changes in patients’ feeding behaviour. Olfactory and gus-
tatory dysfunction may significantly impair patients’ quality of life and alter the diet 
they choose to eat [1, 2]. The process of eating food consists of two principal stages, 
namely an anticipatory stage, wherein the food is seen and its aroma arouses ortho-
nasal perception, and a consumption stage, where the food enters the mouth and any 
aroma is perceived in a retronasal fashion [3]. Everybody is familiar with the way a 
coryzal illness alters gustatory perception, and this experience illustrates how sig-
nificant olfaction is for perceiving food or drink to be tasty [4]. Research has so far 
focused mainly on how individuals change their diet in response to olfactory dys-
function [5–7], rather than how food actually tastes to people in this situation [8]. 
Response inhibition is sensitive to unexpected changes in the environment triggered 
by emotional stimuli [9].
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2  Sensory Qualities of Food and Drinks

When individuals eat or drink, they perceive certain sensory qualities of the food or 
drink prior to, during and after eating. These sensory perceptions are key to locating 
food, choosing what and how much to consume, and guide how satiated a person 
feels after eating. Learning about food also depends on these perceptions. 
Increasingly, the role of sensory qualities in food in guiding the intake of energy has 
been appreciated. The palatability of food is especially important [10]. The role of 
visual, olfactory and gustatory qualities of food in increasing an individual’s con-
sumption of that food is well-recognised. In laboratory-based trials, foods that are 
considered most palatable are consumed in the highest quantities [10, 11].

The experimental data therefore confirm that overeating a certain food is linked 
to the sensory qualities it possesses, especially those associated with greater palat-
ability [10]. The palatability of a food relates to a situation where the sensory per-
ceptions about that food are pleasurable in nature [12]. This pleasurable nature 
depends on previous experience of a food as nutritional and not dangerous to con-
sume [13]. How palatable a food appears is not fixed [12], since it is affected by 
factors such as sensory-specific satiety [14] and alliaesthesia [15]. A food may 
appear more or less appealing, and therefore more or less likely to be consumed, 
depending on how much of the same stimulus has been received, and the current 
metabolic requirements of an individual [11].

3  Sensory Perceptions, Regulation of Dietary Consumption 
and Satiety

Chambers et  al. [16] have extensively developed understanding of the Satiety 
Cascade framework, an idea originally proposed 25 years earlier [17]. First some 
type of food is selected, then this food is eaten to a level where satiation occurs, fol-
lowing which, as hunger evaporates, satiety occurs. Despite the fact that research 
frequently treats satiation and satiety as distinct topics, these phenomena are in fact 
connected by responses that overlap and mutually interact, as indeed are the thought 
processes and evaluation of the sensory qualities triggering appetite and the physi-
ological responses following the food being swallowed and digestion beginning 
[17]. The peripheral nervous system transports information about the process of 
feeding and carries it to various centres within the central nervous system. The brain 
centres involved are related to homeostatic equilibrium, learning, reward and atten-
tion [18, 19]. It is through this processing of signals from feeding, interpreted in the 
light of more enduring metabolic settings, that individuals feel satiation and sati-
ety [11].

The components involved in satiation were examined by Cecil, French and Read 
[20], who ascertained that a portion of soup of mass 425 g and containing 400kCal 
produced less and less satiation as elements normally involved in eating were taken 
away from the feeding process. If the soup was eaten by mouth in the knowledge 
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that it was food, the degree of satiation was highest, whereas when fed the same 
soup directly into the stomach after being told the soup was actually just water, the 
experimental subjects reported least satiation. The early stages of the eating process 
play an important role, since animals (including humans) learn that certain sensory 
perceptions are associated with feeding, and these perceptions have an association 
with the signals subsequently coming from the gut showing the food was indeed 
nutritious. Perceptions linked to particular foods come to be associated with the 
presence of nutrients when a specific perception coincides regularly with nutrient 
absorption, and individuals subsequently learn to predict how satiating a particular 
food may be [21]. The associations between pre-ingestive and post-ingestive per-
ceptions lead to preference for foods that deliver plentiful nutrients and allow an 
individual to decide whether a certain amount and type of food will satisfy his or her 
appetite [22]. These judgements affect which foods are chosen to be consumed. 
When food is present, it triggers a rapidly acting set of physiological responses (the 
cephalic phase), involving, for example, saliva production [23], stomach acid secre-
tion [24] and release of particular gut signalling molecules [25]. The visual, olfac-
tory and gustatory qualities of the food help the gut respond in such a way as to 
maximise the extraction of nutrients from it [24]. Thus, sensory perceptions occur-
ring both prior to and whilst consuming food act to allow the maximum extraction 
of calorific value from the food. Food that appears palatable is also the food from 
which maximum value can be extracted, since the perception of its being tasty trig-
gers an appropriate physiological state for optimal nutrient extraction [11].

If food continues to present the same sensory qualities, subjects begin to perceive 
further consumption of the food as less pleasant, whereas changing some sensory 
quality without altering the basic nature of the food can render it more appealing. 
For example, chocolates may be offered to a subject that differ only in their colour. 
Always offering the same colour leads to a decline in the perceived pleasure of eat-
ing, whereas new colours are perceived as more pleasurable to eat. The same level 
of appeal can be achieved by offering chocolates of various colours or by making 
them all the same colour, if that colour is already the individual’s favourite colour. 
The effects of altering appearance and mouth-feel have also been investigated using 
pasta moulded in different shapes. Subjects offered a variety of shapes rated the 
experience even more pleasant than when the same favourite shape was on offer. 
This situation led to 14% more consumption. When food was altered only in terms 
of taste, not nutritional value, such as by adding salt, artificial sweetener or curry, 
15% more food was consumed, compared with constantly presenting the same food, 
even when this was the subject’s preferred choice. These kinds of trials reveal which 
sensory qualities most affect satiety and influence the level of consumption [26].

4  Odours

The smell of food is a key part of gustatory perception in humans. Smell forms part 
of taste and affects how particular flavours and textures are perceived [27]. Odours 
emanating from food reveal its presence and provide information about whether it 
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can be eaten or not. Perceiving such odours may precede seeing the food [28]. This 
phenomenon is widely utilised by restaurants and other food outlets to encourage 
hungry people to enter their establishment [29]. Laboratory experiments have shown 
that merely presenting highly agreeable food odours, such as from bakeries, to indi-
vidual subjects is sufficient to stimulate salivation [30–32]. Some authors reported 
that the pleasant (vs. control) odour impaired inhibition, as reflected in slower stop- 
signal reaction times and higher release errors, indicating greater mobilisation of 
inhibitory resources by pleasant stimuli [9]. Furthermore, it increases appetite, the 
amount individuals plan to eat, and may raise the level of consumption in specific 
people. This increased consumption is related to the body mass index [31, 33, 34], 
degree of self-restraint about diet [33, 35–37] and self-reported tendency to acting 
impulsively [38].

Although smelling food does increase appetite, when different odours that are 
rated as the same level of appeal and the same strength are presented, varying effects 
are observed in how much they increase appetite and influence food selection [39]. 
A study undertaken by Ramaekers et al. [40] noted that certain popular food odours 
present in particular environments (such as bread, tomato soup, roasted meat, choc-
olate or banana) did increase the wish to eat, but only of the food from which the 
odour usually emanates. In a different study, subjects were exposed to odours from 
fruit at a level where they were not consciously aware of the stimulus. When then 
offered food, the exposed individuals had a greater tendency to select items based 
on fruit and vegetables [41, 42]. These findings support the notion that food odours 
specifically increase appetite for the corresponding food. The mechanism may 
involve the odour being pleasurably associated mentally with the food or more spe-
cifically with the nutrients typically provided by such items. It has recently been 
shown that a diet low in protein alters the way the nervous system responds to the 
smell of particular savoury foods [43]. Nonetheless, there is a lack of direct proof 
for the hypothesis that a specific odour activates the body to choose the correspond-
ing food based on its nutritional profile [11].

The majority of individuals presenting with disorders of olfaction volunteer the 
information that they take less pleasure in eating and find foods more bland, which 
then means they eat and prepare food differently from the way they did before the 
problem began [44].

There is conflicting evidence about how much salivation can be triggered by 
exposure to particularly pleasant food odours [45, 46]. Studies which report that 
salivation is not altered by the level of pleasure aroused by an odour may have 
employed odours of insufficient potency to trigger the extra salivation [8, 40].

5  Visual Qualities of Food

The initial sensory perceptions associated with a food are often visual in nature. 
Simply seeing food nearby can be sufficient to encourage individuals to begin eat-
ing [47]. Food manufacturers pay especial attention to how altering a product’s 
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appearance may increase its desirability. When foods, such as biscuits or chocolate 
bars, are presented as smaller pieces, subjects eat less [48, 49], but with no change 
in the item’s perceived attractiveness [50]. The reason for the decreased consump-
tion may relate to changes in how the volume is perceived [51] or may be due to 
decreasing the speed with which it is eaten. However, if food is divided in such a 
way as to increase the perceived variety, this does result in higher consumption [52]. 
The amount consumed also depends to a degree on the size of plate, dish etc. on 
which food is served. Larger plates and cups promote greater consumption in some 
but not all individuals, regardless of age. However, this tendency to eat more from a 
larger plate may vary from occasion to occasion [11, 53].

6  Conclusion

Not only does the texture of food provide sensory experiences in the mouth, it also 
influences judgements by individuals about how filling a food, or thirst-quenching a 
drink, is likely to be, which then affects how much the individual consumes. It has 
newly been discovered that food which takes more chewing, or is denser, is per-
ceived as more satiating [54, 55]. Thus, the addition of agents that thicken a drink or 
make it appear creamier results in its being judged more potentially satisfying [56]. 
Notably, if foods have a creamy taste but not an altered texture, they are not judged 
more filling [55, 56], and thus individuals do not consume less of the product, unlike 
the situation where creamy flavour is matched with a thicker texture [57]. Thus 
texture has a key impact on oro-sensory perception, resulting in judgements that the 
food is more likely to satiate the individual’s hunger by providing the anticipated 
nutrients [58].

In addition to influencing what food an individual may choose to eat, texture also 
appears to be key to experiencing satiety. More specifically, texture helps explain 
why solid food is perceived as providing greater satiation than calories supplied in 
liquid form. Numerous studies have reached the conclusion that, when the same 
nutrients are supplied as either a liquid, semi-solid or solid preparation, the liquid 
form does not sate the appetite and stop further eating to the extent the other two 
forms do [59–65]. These experiments were careful to keep the macronutrient com-
position and taste of the food the same and merely alter its fluidity. Since liquids 
pass through the stomach and undergo processing in the gut more swiftly than sol-
ids, post-ingestive factors may be significant in why the liquid seems less satiating 
[66]. Importantly, however, if the manner of consumption of a liquid is altered (eat-
ing with a spoon vs drinking), the same food produces greater satiation when con-
sumed more slowly with the spoon. This suggests that more prolonged oral sensation 
of texture makes the same nutrient offering appear more satisfying [67].

Liquids consumed as a straightforward beverage do not elicit a long oro-sensory 
perception and this means the cephalic phase preparation for digestion is less exten-
sive than with food that remains in the oral cavity whilst being masticated [68, 69]. 
Lengthening the time food is held in the oral cavity makes it more satiating and 
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increases the release of gut peptides [70–73]. Cognitive factors also play a probable 
role, since individuals may see a soup or solid food as a ‘proper meal’, whereas a 
beverage may be considered a drink to quench thirst. This would then affect how 
satiating the food or beverage is perceived to be [74]. The most probable explana-
tion is that solid food is more satiating than liquid due to cognitive, oral perceptive 
and post-ingestive factors all acting together [11, 59].
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Choanal Atresia

Rezzan Budak, Cemal Cingi, and Dennis Chua

1  Introduction

Choanal atresia refers to a condition in which the posterior nasal aperture is either 
completely obliterated or partially obstructed. It is often found in association with 
anomalous anatomy of the pterygoid processes of the sphenoid and abnormal devel-
opment of the midface [1].

Choanal atresia occurs congenitally. The posterior nasal apertures become 
occluded through the growth of osseous or soft tissues or a combination thereof [2, 
3]. If the aperture is completely closed at birth, the infant may asphyxiate and per-
ish. As the child attempts to draw breath, the tongue reaches up to the palate and air 
can then no longer pass through the oral cavity either. The infant’s desperate efforts 
to breathe cause significant retraction of the chest. If there are no facilities to man-
age the condition, cyanosis and death may supervene. A crying response provides 
temporary relief, as the airway then becomes patent. Upon cessation of crying, the 
oral airway again becomes obstructed and asphyxiation restarts [4].

Management of choanal atresia consists of emergency treatment followed by 
definitive correction as an elective procedure. Bilateral choanal atresia requires 
emergency intervention, which usually consists of insertion of an artificial airway in 
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the mouth. This airway prevents the tongue sticking to the palate and preventing 
airflow. Once the airway is inserted, this usually buys a few weeks’ grace to decide 
on definitive management, since infants usually tolerate it well [4].

2  Epidemiology

2.1  Incidence

The mean incidence of choanal atresia is 0.82 per 10,000 infants. The right is more 
often affected than the left. Cases occur twice as often unilaterally as bilaterally. The 
risk in a twin birth is mildly raised. The risk does not depend on the mother’s age or 
the number of previous children she has had. Amongst cases of choanal atresia, 6% 
also have some form of chromosomal anomaly. In 5% of infants with choanal atre-
sia, a single gene syndrome or condition can be identified [4].

2.2  Ethnic Factors

There is no difference in the incidence of choanal atresia between different ethnic 
groups [4].

2.3  Sex Differences

There are more girls than boys with choanal atresia, and this difference is statisti-
cally significant. It was estimated by Michalski et al. [5] that the ratio of female-to- 
male cases was 2.2, this estimate being based on evidence from the National Birth 
Defects Prevention Study (1997–2009).

3  Aetiology

During embryogenesis, the nasal cavity extends in a posterior direction as a result 
of the processes of the palate fusing in that direction. There is a membrane present 
at that stage which keeps the oral and nasal cavities separate. The membrane con-
sists of an oral and nasal epithelium fused to each other. This membrane normally 
recanalises before Day 38, resulting in the formation of the choanae (also termed 
interior nares). If the membrane remains partially or completely fused, choanal 
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atresia occurs. In a normal infant, the choanae are in fact located more posteriorly 
than the primordial posterior nares. However, absence of the primordial nares results 
in choanal atresia and gives an insight into why the abnormal fusion is further for-
ward in the mouth than might otherwise be predicted on the basis of normal infant 
anatomy [2].

4  Pathogenesis

Although failure of the membrane separating the embryonic nasal and oral cavities 
to recanalise can partially explain how the condition occurs, it does not explain why 
the osseous tissues and midface are also abnormal. One possible alternative hypoth-
esis is that abnormal secretion of local growth factors during development means 
the choanae begin to form, but are undersized or remain imperforate [6]. Indeed, in 
the majority of cases there is both an osseous and soft tissue component to the 
obstruction.

The competing hypotheses to account for choanal atresia may be listed as fol-
lows [4]:

• Failure of the oropharyngeal membrane to break down.
• Non-rupture of the oronasal membrane.
• The vertical and horizontal palatine processes may overgrow medially.
• There may be adhesions formed in the region where the choanae usually develop. 

These are pathological and consist of mesoderm.
• Mesodermal cells may grow in the wrong location following abnormal secretion 

of local factors.

5  Management of Choanal Atresia

The most valuable investigation to assess the extent of choanal atresia is CT imag-
ing. In order to get the clearest scan, the oral cavity should be suctioned to remove 
accumulated mucus and a decongestant agent administered topically. The aims of 
imaging are the following [4]:

• Diagnostic confirmation of choanal atresia and the ability to differentiate between 
uni- and bi-lateral cases.

• Assessment of the extent of the lesion (by measuring how wide the vomer is and 
how wide an opening is present).

• Exclusion of the possibility that the nose is blocked at a different position.
• Evaluation of the relative osseous, membranous or mixed nature of the lesion.
• Highlighting any anomalies present within the nose or nasopharynx.
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6  Presentation

How choanal atresia presents varies according to whether the lesion is uni- or bi- 
lateral. Patients who have one-sided atresia often do not present until later, when 
they experience one-sided rhinorrhoea and nasal blockage. In cases where the lesion 
is two-sided, the presentation in infancy involves an obstructed upper airway, clearly 
audible respiration and cyanosis which become more severe whilst feeding, but 
lessens in severity when crying starts [1].

The work-up should encompass a thorough physical examination, which may 
reveal further congenital abnormalities. It is possible to get some idea of how patent 
each choana is by means of a small-diameter feeding tube, but a full assessment 
necessitates use of flexible fibre optic endoscopy. It has recently been reported how 
an automatic tympanometer may be used in screening neonates for choanal atresia. 
As well as being straightforward to apply, this test is stated by the authors to detect 
100% of cases where the nasal airway is unobstructed. It is important to remain 
vigilant, however, so as not to miss a case of two-sided choanal atresia.

The classical presentation of bilateral choanal atresia in a newborn child is a 
severely blocked airway and cyanosis which recur in a cyclical fashion. If an infant 
ceases to experience respiratory difficulties when crying, this is a strong indication 
that the underlying diagnosis is choanal atresia occurring bilaterally. One-sided 
cases may not come to clinical attention until patients are considerably older and 
complain of a one-sided discharge from the nose, or one-sided nasal stuffiness [4].

It is common in cases of choanal atresia for there to be an association with nar-
rowing of the nasopharyngeal cavity, a wider vomer than usual, the nasal wall being 
displaced in a medial direction and arching of the bony palate. In cases where there 
is no abnormality of the chromosomes, 47% have some other developmental struc-
tural anomaly. To confirm whether the associated abnormality is part of a syndrome 
or is coincidental, the CHARGE acronym may be utilised. Caution may be needed, 
however, since it may be excessively relied on by clinicians. CHARGE is made up 
of the following components [4]:

• Coloboma affecting the eye (including iris or choroid). Smaller than usual 
eye size.

• Cardiac (heart) anomalies, e.g. atrial septal defect (ASD), with or without a 
conotruncal disorder.

• Atretic choanae.
• Retardation in how the child grows and develops.
• Genitourinary anomalies, e.g. cryptorchidism, microphallus 

+/− hydronephrosis.
• Ear abnormalities. The child has auditory impairment. Any part of the three divi-

sions of the ear (outer, middle and inner) may be affected.

It is important to remember that few of the cases of choanal atresia are caused by 
the CHARGE association.
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The frequency with which each component of CHARGE occurs differs [4]. The 
most frequently occurring features are choanal atresia and learning disability (in 
100% and 94%, respectively). Ear abnormalities are also common – 88% of cases, 
as is retarded growth – 87%. Genital hypoplasia occurs in three quarters (75%) of 
affected boys. Cardiac abnormality is only found in some 58% of those 
with CHARGE.

7  Differential Diagnosis

Other diagnoses to consider in cases of suspected choanal atresia are:

• Nasal septal deviation.
• Nasal septal dislocation.
• Haematoma of the septum.
• Oedema affecting nasal mucosae.
• Hypertrophic turbinates.
• Encephalocoele.
• Nasal dermoid.
• Hamartoma.
• Chordoma.
• Teratoma [4].

8  Malformations and Syndromes Occurring in Association 
with Choanal Atresia

Further congenital anomalies are found in half of patients with one-sided choanal 
atresia, but 60% of patients where the condition is two-sided [7]. Choanal atresia is 
sometimes seen in isolation, but it may also be a component of a more wide- reaching 
syndrome or association of anomalies, such as Treacher Collins, CHARGE (see 
earlier in this chapter for a full description), Kallmann syndrome or the VACTERL/
VATER association. In the latter condition, there are abnormalities of the vertebrae, 
the anus is atretic, there are cardiac anomalies, there is a fistulous connection 
between the trachea and oesophagus (with or without atresia of the oesophagus), 
renal defects and abnormalities of the radius and other limb abnormalities [8].

Thus, the following are potentially associated features for the clinician to pay 
attention to [9]:

• Deformity affecting the face, nose or palate.
• Extra digit(s).
• Congenital cardiac conditions.
• Coloboma affecting the iris and retina.
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• Learning disability.
• External ear anomalies.
• Atretic oesophagus.
• Premature fusion of the skull bones.
• Fistulous connection between the trachea and oesophagus.
• Meningocoele.

9  Assessment and Diagnosis

Choanal atresia is the likely diagnosis where it is impossible to introduce a 5 or 6 
French catheter via the nasal cavity into the oropharynx, which involves a length of 
more than 32 mm [9]. The flow of air though the nose can also be confirmed by not-
ing how a wisp of cotton wool placed by the nostrils is displaced by the air current 
or a mirror fogs when expired water vapour condenses on it [7]. Diagnostic confir-
mation is possible by use of the nasal endoscope (rigid or flexible). This investiga-
tion shows either reduced or absent communication between the interior of the nose 
and the nasopharynx [1].

Computed tomographic imaging can be used for diagnostic confirmation of cho-
anal atresia. A contrast agent is introduced into the nose for this purpose. The 
appearances are then of a narrowed nasal interior at the level of the pterygoid plate, 
i.e. posteriorly [1]. Previous reports have mentioned that the atresia was made up of 
approximately 90% bony and 10% membranous tissue. Computed tomographic 
imaging and histologic specimens show about 30% pure bone atresia and 70% 
mixed membranous and bone atresia with no purely membranous anomalies present.

Any infant in whom choanal atresia is diagnosed should also be referred to a 
cardiac and ophthalmology specialist for an opinion on potential related abnormali-
ties [1].

10  Treatment

The emergency treatment of two-sided choanal atresia in infancy calls for insertion 
of an airway through the mouth and commencing feeding by gavage. The use of an 
oral airway, McGovern nipple or intubation are possible options to secure the 
airway [9].

Definitive surgical intervention may be accomplished by puncture performed 
transnasally with subsequent stenting or by using an endoscopic technique to resect 
the posterior portion of the nasal septum. This latter approach is also achieved trans-
nasally and may not require stenting [10, 11]. Since straightforward trans-nasal 
puncture often results in the choanae reclosing later, it has become a less preferred 
approach [7, 12]. The use of the nasal endoscope has several benefits, such as pro-
viding clear visualisation of the operative field, and this permits careful removal of 
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the atretic plate and vomer, minimising any injury to adjoining tissues [13]. Only if 
this approach is not feasible or the lesion recurs is the classic transpalatal approach 
undertaken. However, in all cases, even where the initial operation succeeds, the 
choanae may subsequently re-stenose.

10.1  Operative Treatment

Management of choanal atresia consists of emergency treatment followed by defini-
tive correction as an elective procedure. Bilateral choanal atresia requires emer-
gency intervention, which usually consists of insertion of an artificial airway in the 
mouth. This airway prevents the tongue sticking to the palate and preventing air-
flow. Once the airway is inserted, this usually buys a few weeks’ grace to decide on 
definitive management, since infants usually tolerate it well. There is no single 
approach to repair that all surgeons agree on. Any case of a neonate with bilateral 
choanal atresia needs to be rapidly identified and a stable airway provided. Three 
feasible approaches are intubation, siting an oral airway or a McGovern nipple. 
Features of an ideal remedial procedure for choanal atresia include restoration of 
normal intranasal anatomy, no injury to structures which feature in how the face 
grows, adequate safety, short length of operation and no need for lengthy hospital 
admission during convalescence.

10.1.1  Procedures

Trans-nasal puncture is now rarely employed, with or without the operating micro-
scope, since it is frequently unsuccessful and calls for further remedial interven-
tions. The explanation for failure was the restricted view of the choanal region, in 
particular the bridge between the vomer and septum and where the bony lateral 
boundary narrows. Approaching the lesion transnasally is complicated if the septum 
is deviated, there is overgrowth of the turbinates or there is rhinorrhoea. It is also 
more complex in children beyond infancy, since the distance between the nostrils 
and the posterior choanae enlarges [4].

A transseptal approach calls for creating a window in the nasal septum at a point 
further forward that the atretic plate [4].

Approaching trans-palatally offers the surgeon easy access to the field and the 
results are highly successful, but the operation lasts longer. Potential problems with 
transpalatal repair include increased blood loss, potential for a fistulous connection 
to form via the palate, incorrect functioning of the palate and disturbance of subse-
quent maxillofacial development [4].

Use of an endoscope, which may include powered instrumentation, has the 
advantages of clear views and straightforward removal of osseous choanae. The 
endoscope may be introduced into the nose or behind the palate [14]. There are 
reports in the literature about specific surgical instrumentation utilised in cases of 
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choanal atresia, notably the retrograde 110° Sekunda endoscope and protectors 
made of silicone [15].

Karligkiotis et al. investigated outcomes of endoscopic endonasal surgical repair 
of choanal atresia by a retrospective review of 84 cases. They concluded this method 
was both safe and efficacious. Some 96.3% of unilateral cases were successfully 
managed in this way, while for bilateral cases the figure was 86.2% [16]. Another 
option is for a two-person surgical team to approach via both the nose and mouth. 
This is a more straightforward operation and is able to provide sufficiently patent 
choanae for the patient to start breathing through the nose [17].

Endoscopic approaches continue to benefit from use of microdebrider technol-
ogy. These instruments allow for a clearer field, and, when handled correctly, pro-
duce a lower degree of tissue damage. Nonetheless, surgeons should be aware that 
microdebriders may cause severe complications, such as inadvertently entering the 
brain or orbit by breaching certain layers, hence caution may be required.

The use of surgical lasers (especially carbon dioxide and potassium titanyl phos-
phate) makes surgery more straightforward and briefer, as well as causing lower 
levels of pain to the patient. Hospital admission for such procedures can be brief and 
there is the option to repeat a procedure if the first attempt fails. The key advantage 
is the lack of stenting required. Mitomycin C may be applied to the area around the 
repair, which is associated with greater patency and a lower incidence of remedial 
procedures, such as stenting, dilatation or subsequent revisions [2]. The studied by 
Karligkiotis et al. mentioned earlier [16] used a transnasal approach, removed por-
tions of vomer and created flaps of mucoperiosteum. These features were felt to 
lessen the likelihood of the lesion re-stenosing. Given the efficacy of this approach, 
the use of mitomycin C or stenting was not felt necessary [16].
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Nasal Toilet in Infants

Ayşe Karaoğullarindan, Nuray Bayar Muluk, and Luisa Maria Bellussi

1  Introduction

Newborns and newborns must depend only on nose breathing; therefore, a healthy 
nasal passage is essential. Infants with nasal blockage may have feeding difficulties 
and dyspnea. Nasal saline rinse is an effective treatment for mucus-related nasal 
blockage [1]. In order to thin mucous, increase mucociliary clearance (MCC), 
decrease edema, and lessen antigen load in the nasal and sinus canals, it is thought 
that nasal saline irrigation (NSI) is effective [2, 3].

2  Nasal Saline Usage

Low-volume, high-volume, powered high-pressure, and powered nebulized devices 
are just a few examples of the many nasal saline delivery options now on the market. 
Many studies have looked at possible influences on irrigation reaching the paranasal 
sinuses, such as the size of the incision, the patient’s head posture, and the kind of 
delivery device used [4–9].

Recent research has increased our knowledge of how factors like head position 
and surgical scope affect NSI distribution. Craig et al. 2017 used a cadaver research 
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to investigate how head posture affects the ability of irrigation to reach the sphenoid 
sinuses [5]. By comparing the effectiveness of two positions for administering irri-
gation to the sphenoid sinuses, it was found that the nose-to-ceiling posture was 
superior [5]. Consider this option for stubborn sphenoid sinusitis [5]. In a 2017 
cadaver research, Halderman et al. looked examined how middle turbinate (MT) 
excision affected the efficacy of a nasal nebulizer’s fluid delivery [6]. Penetrance 
into the frontal and sphenoid sinuses was shown to rise after partial MT resection, 
whereas penetrance into all sinuses was found to increase after total MT resec-
tion [2, 6].

High-volume, low-pressure tools include NSI squeeze bottles and gravity-fed 
plant waterers. Users of these goods will need to regularly clean and maintain their 
own solutions. Squeeze bottles from NSI are a convenient and inexpensive replace-
ment since they are widely available and inexpensive. When comparing high- and 
low-volume devices, the prevalence of pain, burning, and eustachian tube dysfunc-
tion is higher with the former [4]. Nevertheless, low-pressure, high-volume devices 
are now considered the “gold standard” for nasal saline administration in Chronic 
Rhinosinusitis (CRS) due to its favorable combination of cheap cost, accessibility, 
tolerance, and dispersion [2, 7, 10].

3  Nasal Saline Composition

Nasal saline’s make-up depends on the tonicity of the sodium chloride used, the 
minerals and oligo-elements added, and the temperature. Our discussion will not 
extend to the use of other supplementary additions such as steroids, antibiotics, sac-
charides, or surfactants. Yet, it’s worth noting that NSI is a crucial vehicle for deliv-
ering supplementary ingredients, especially off-label, high-dose topical steroids. 
The optimal composition of nasal saline has been the subject of much laboratory 
and clinical research. Data from basic science studies reveal that intranasal applica-
tion of hypertonic saline (HS; >0.9%) reduces intranasal mucosal edema and 
increases ciliary beat frequency more effectively than other treatments [11]. 
Unfortunately, there is a dearth of high-quality clinical research comparing the effi-
cacy of HS with isotonic saline (IS; 0.9%) for patients with CRS or postoperative 
Functional Endoscopic Sinus Surgery (FESS) [12]. Furthermore, HS is connected 
to more pain and intolerance among patients [13].

Comparing non-diluted IS saltwater solution with diluted IS seawater and stan-
dard IS, a 2016 in-vitro research by Bonnomet et al. found that the former more 
efficiently increased ciliary beat frequency and accelerated wound healing [14]. 
Moreover, consistent IS impaired epithelial cell functionality [14]. Comparison of 
the antibacterial activity of nasal secretions exposed to low-salt solution, IS, and HS 
was conducted by Woods et al. in 2015 [15]. Researchers found that compared to 
low-salt solution and HS, IS significantly reduced the antibacterial activity of nasal 
secretions [15].
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4  Hygiene

The issue of NSI cleanliness is a vital one that has garnered widespread attention on 
occasion. To prevent illness, the CDC advises using cooled boiled water (boiling for 
at least 1 min or 3 min at an elevation >6500 ft.), water that has been microfiltered 
(1 m pore), or bottled (distilled or sterile) water. The primary amebic meningoen-
cephalitis (PAM) most usually linked with NSI is caused by the thermophilic ameba 
Naegleria fowleri, which is generally found in warm freshwater [16, 17]. The dan-
ger seems to be greatest for young guys who have recently been exposed to fresh-
water in regions with a warm climate. These amoebas may invade the brain by 
entering the nasal cavity and then following olfactory nerves to the brain. By 7 days 
of exposure, neurologic symptoms normally manifest, and death typically occurs 
within 5 days of clinical presentation [17].

5  Mechanisms

A mucociliary layer borders the sinonasal cavity, shielding the respiratory tracts 
from dust and other particles in the air. This layer is one of the body’s initial lines of 
defense against foreign organisms and is made up of pseudostratified ciliated 
columnar epithelial cells and goblet cells drenched in mucus. Ciliary motion then 
forces the whole mucous layer out of the sinuses and into the nasopharynx, where it 
has caught invading particles [18, 19]. When the ciliary transport system fails, sinus 
disorders like rhinosinusitis develop. This may be the result of a virus, bacteria, an 
allergy, or an irritant [20].

The term “nasal irrigation” refers to the process of using a sterile fluid to cleanse 
the nasal passages [21]. The solution might also include other medicinal ingredi-
ents, such as steroids or antibiotics. Saline, hypertonic solutions (like seawater), and 
alkaline solutions may all be used for the solution (sodium bicarbonate). Although 
several research have been conducted on nasal irrigation, the specific mechanism by 
which it is effective is still up for debate. Potential mechanisms of action of nasal 
irrigation include the following: [18, 22].

5.1  Improving the Rate of Ciliary Activity

The nasal mucus has two layers, a deeper sol layer and a thinner gel layer. Mucus 
acts as a trap for foreign particles including bacteria, viruses, fungus, and allergies. 
The pseudostratified columnar epithelium of the nose is where the cilia emerge to 
move the mucus. The mucus is swept back toward the nasopharynx by the beating 
cilia, which are more prevalent on the gel layer, and ultimately ingested. Hence, 
nasal irrigation may have a direct physical influence on ciliary transport of mucus 
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towards the nasopharynx [22]. In order to improve mucociliary clearance, it is nec-
essary to increase the frequency of ciliary beating [18, 23].

5.1.1  Softening Effect on Thick Secretions

With regular use, nasal irrigation may soften and dislodge crusty and viscous secre-
tions from the nasal passages [11]. This may make the thick, persistent discharge 
less viscous and improve mucus clearance. This theory is supported by a research 
that showed vigorous nasal irrigation to be more effective than mild nose cleans-
ing [24].

5.1.2  Removal of Inflammatory Mediators

Histamines, prostaglandins, and leukotrienes are only some of the inflammatory 
mediators that may be found in nasal mucus. It indicates that the concentration of 
defensins, an inflammatory mediator isolated from nasal mucus, rises in tandem 
with the severity of the inflammation. When the mucosa of the nasal cavity was 
stimulated by allergens, this inflammatory response was triggered. So, it stands to 
reason that nasal irrigation, by eliminating these inflammatory mediators, alleviates 
the acute symptoms of allergic rhinitis [18, 25].

6  Topical Nasal Saline Applications

In addition to perhaps helping, topical saline is cheap, unlikely to be hazardous, and 
won’t slow healing. Nasal saline irrigation has been shown to reduce nasal secre-
tions, boost mucociliary clearance, and cause vasoconstriction (decongestion) in the 
short term [26]. Inflammation of the nasal membranes and bleeds are two possible 
adverse effects [27].

Baby saline nasal drops and a bulb syringe are used to apply the solution topi-
cally. Use of a saline nasal spray or saline nasal irrigation (e.g., a squeeze bottle, a 
neti pot, or a nasal douche) may be appropriate for older children. Nasal irrigation 
with tap water has been linked to instances of amebic encephalitis; thus, it’s crucial 
that saline irrigants be made from sterile or bottled water [17].

Saline eye drops and nasal sprays low-volume nebulizers (micronized nasal 
douches) and nasal drops are frequently favored for usage with young children to 
provide saline to the nose in a tiny amount (less than 5 mL each nostril) [28, 29]. 
Although high-pressure and high-volume saline may enter the sinuses, evidence 
shows that nasal sprays successfully reach the nasal cavity [30], which is critical 
when treating the nasal mucosa [30]. In comparison to low-volume devices, high- 
volume ones are linked to a higher rate of pain, burning, and eustachian tube dys-
function [2]. It is anticipated that the use of nasal saline sprays will boost compliance 
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because of their simplicity of use, widespread acceptance, and convenience [2, 31]. 
In the United States, nasal spray was the preferred form of saline nasal irrigation 
among actively practicing family doctors (78% endorsed it) [32]. Adults and chil-
dren may respond differently to saline solutions of varying tonicities; research sug-
gests that hypertonic saline (HS) solutions (>0.9% NaCl) are linked with higher 
symptom improvement and MCC than isotonic saline (IS) solutions (0.9% NaCl) 
[11, 33, 34]. In addition to its mechanical impact, hypertonicity may alleviate nasal 
congestion and enhance mucociliary clearance (MCC) by decreasing mucosal 
oedema owing to osmotic pressure-induced water transfer across the mucosal epi-
thelial membrane [11, 28].

Acute respiratory infections of the nose and throat Use of saline nasal sprays and 
drops is likely to alleviate symptoms of acute upper respiratory tract infection 
(URTIs) such the common cold and rhinosinusitis [35]. Faster resolution of nasal 
secretion and obstruction, as well as decreased usage of nasal decongestants and 
mucolytic medications, was seen in a trial of 390 children aged 6–10 years with 
URTI who used IS administered 6 times a day for 3 weeks through fine spray or 
medium-strength jet. There were no major side effects observed, and any that did 
occur were related to the jet’s increased flow rate rather than the nasal saline solu-
tion or spray [36]. Baby nasal drops might be more convenient than nasal sprays for 
parents to use. Daily use of HS or IS nasal drops, with and without nasal aspirator 
usage, has been found in studies in children under 2 years old with URTI symptoms 
to substantially improve nasal symptoms compared to baseline or no therapy [37, 
38], resulting in improvements in eating and sleeping [38]. Around 20% of children 
under the age of 5 will get an ear infection as a result of a normal cold, making it 
imperative that parents take preventative measures, including as providing their 
children with IS nasal drops and encouraging them to regularly aspirate their mucus 
[39]. No significant difference in respiratory symptoms was observed between nor-
mal saline drops, phenylephrine drops, or no treatment after 2 days in a small ran-
domized controlled trial of infants aged 3 weeks to 2 years with URTI; a similar 
number of infants did not tolerate saline or phenylephrine drops [28, 40].
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Newborn Nasal Congestion

Tarik Yagci, Riza Dundar, and Nuray Bayar Muluk

1  Introduction

Infections, especially those of a viral nature, and allergies are the most prevalent 
causes of nasal blockage and runny nose in babies and children. Nasal obstruction 
is often associated with viral upper respiratory tract infections (URTI) in newborns 
and babies. Nasal saline irrigation is thought to aid with URTI symptoms by clear-
ing out any extra mucus, decreasing congestion, and allowing for easier breathing. 
According to the available research, nasal saline irrigation is very effective in reliev-
ing the symptoms of allergic rhinitis and acute sinusitis in children. Little informa-
tion is recorded on the use of medical equipment. As compared to a control group 
treated with physiological saline solution alone, patients who underwent nasal aspi-
ration with a medical device while experiencing viral rhinitis had a significantly 
reduced chance of developing acute otitis media and rhinosinusitis [1].

2  Acute Bacterial Rhinosinusitis (ABRS)

Children often have acute bacterial rhinosinusitis (ABRS). Secondary ABRS is 
thought to occur in between 6 and 9% of children with viral upper respiratory infec-
tions [2–7].

While though ABRS most often affects kids between the ages of 4 and 7, it may 
happen to kids as young as 1  year old (complications of ethmoid sinusitis 

T. Yagci (*) · R. Dundar 
Medical Faculty, Department of Otorhinolaryngology, Bilecik Seyb Edebali University, 
Bilecik, Türkiye 

N. B. Muluk 
Medical Faculty, Department of Otorhinolaryngology, Kirikkale University, Kirikkale, Türkiye

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
Ö. N. Şahin et al. (eds.), Breastfeeding and Metabolic Programming, 
https://doi.org/10.1007/978-3-031-33278-4_38

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33278-4_38&domain=pdf
https://doi.org/10.1007/978-3-031-33278-4_38


484

occasionally are observed in infants). Children less than 2 years of age are at lower 
risk of developing ABRS than older children. There are two main reasons why 
ABRS is less common in younger children. If an antibiotic is used to treat acute 
otitis media (AOM) in a young kid, the virus cannot progress to acute bacterial 
respiratory syndrome (ABRS). The second benefit is that there is less of a chance of 
a blockage occurring since the sinus ostia are bigger (compared to the body of the 
sinus) in younger children [2].

2.1  Pathogenesis

Most of the time, the paranasal sinuses are free of infection [8–10]. The membranes 
lining the nose are continuous with the membranes lining the sinus canals; there-
fore, they may be contaminated with germs that inhabit the nasal mucosa and naso-
pharynx. In most cases, mucociliary clearance is sufficient to eliminate the offending 
germs [11]. Changes in mucociliary clearance may allow vast numbers of germs 
into the sinuses, leading to illness. Conditions that influence mucociliary clearance 
include injury to the ciliary epithelium, changes in the number or function of cilia, 
changes in mucus production, viscosity, or ostia patency (e.g., upper respiratory 
infections, allergic rhinitis) [2, 12–14].

2.1.1  Predisposing Factors

Acute bacterial rhinosinusitis (ABRS) is most often associated with a history of 
viral upper respiratory infection (URI) [5, 7, 15]. Children who spend time in day 
care have a higher chance of contracting a viral URI [16]. Children who acquired 
ABRS had three times as many URIs per year as children who did not (compared to 
the control group’s one URI per year). This was found in a study of 237 children 
aged 48–96 months who were observed for a year [7]. Sinusitis is a common com-
plication of URIs, and respiratory syncytial virus has been found more often than 
other respiratory viruses in these cases. Several sections are devoted to the epidemi-
ology of viral URI and its clinical symptoms [2].

3  Allergic Rhinitis

An immunoglobulin E (IgE)-mediated response to numerous indoor and outdoor 
allergens causes allergic rhinitis, which often manifests in early infancy. When an 
allergen that the body has already identified and processed to produce IgE is 
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reintroduced, it triggers an IgE-mediated response. When two IgEs on the same 
mast cell bind to the same antigen, degranulation of the mast cell and the subsequent 
response are triggered. By degranulating, mediators including histamines and leu-
kotrienes are released. It is the nasal passages that respond in the case of allergic 
rhinitis. To put it simply, the response is the same for every allergic reaction. Allergy 
rhinitis may develop sensitivity to indoor allergens in children older than 2 years 
old, whereas outdoor allergen sensitization is more typical in children aged 
4–6 years. Developing a clinically significant allergy to indoor allergens is uncom-
mon in children less than 2 years of age. False-positive results are more prevalent in 
infants and toddlers because of atopic dermatitis. Dust mites, pet dander, cock-
roaches, molds, and pollens are some of the most prevalent allergens found 
indoors [17].

3.1  Symptoms and Signs

In most cases, a patient’s history of allergic rhinitis will be simple; however, they 
may have a more complicated presentation of symptoms in other cases. Patients 
who have just gotten a pet or who have noticeable changes in their symptoms 
throughout the year make for an easy diagnosis. If the patient is younger, they may 
come with a different set of symptoms; for example, the family may not understand 
the child’s discomfort with the persistent stuffiness of his or her nose. Since pet 
dander is shed in the spring and reaccumulates in the autumn, a young kid may seem 
to have seasonal allergies when, in reality, the allergy is to pets. Symptoms may 
have been present for years in older children, and the kid may have learned to live 
with them. Symptoms of an upper respiratory disease might match those of aller-
gies, leading patients to incorrectly believe they have an allergy. As rhinovirus activ-
ity increases in the autumn, this is particularly the case [17].

Allergic rhinitis in children may manifest itself in a variety of ways [17].
Symptoms of a cold or flu:

• Rhinitis, stuffy nose, and runny nose with postnasal drip
• Turbinates in the nose that are pale, with or without watery discharge

 – Sneezing again and over again
 – Palate, nostril, ocular, or eye itching

• Snoring

 – Frequent throat pain
 – Coughing and throat clearing all the time

• Headaches
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4  Congenital Anomalies

4.1  Nasal Encephaloceles

Nasal encephaloceles, like nasal dermoids, are the end outcome of fusion problems 
at the nasal base throughout development. Brain, meninges, and/or cerebrospinal 
fluid may herniate through a nasal encephalocele and into the nasal cavity [1]. They 
have open lines of communication with the subarachnoid space and the ventricular 
system inside the brain. A failure in the anterior neuropore’s closing during the 
fourth week of embryogenesis is assumed to be the root cause of this disorder, 
which affects around 1 in 4000 infants [18, 19].

Frontoethmoidal (common) and basal (less common) encephaloceles of the nose 
each account for 60 and 10%, respectively [19, 20]. Those born with frontoeth-
moidal cephaloceles will likely notice a skinned bump at their nose’s nasopharynx. 
As a baby screams or strains, lesions that are still communicating with the subarach-
noid space grow. Externally, a basal cephalocele is not noticeable. Symptoms of a 
herniated base or nasal blockage are a possible result [20–22].

Correction of nasal cephaloceles with surgery enhances appearance and reduces 
the likelihood of contracting meningitis [23]. The frontal craniotomy is the standard 
procedure for treating cephaloceles. When the dural defect has been sealed and the 
soft tissues and nose have been transected of any dysplastic tissue, only then can the 
nose be worked on [24]. It is conceivable, and maybe less morbid, to access small 
lesions in the skull base via the nasal passages [25, 26].

4.2  Nasal Gliomas

Nasal gliomas are ectopic glial tumors that develop in utero and are benign [27, 28]. 
It is believed that an issue with the anterior neuropore closure leads to their emer-
gence. Nasal blockage is often caused by these lesions, which originate in the side 
of the nose [22]. They tend to show up close to the base of the skull and have unique 
CT and MRI characteristics that help distinguish them from nasal dermoids, polyps, 
encephaloceles, and hemangiomas [19, 21, 29]. The nature of the lesion should be 
established by computed tomography and magnetic resonance imaging before any 
biopsy or surgical excision is undertaken [19]. The most effective therapy is surgical 
removal [22]. A delay in treatment may result in infection and/or a change in the 
nasal bone and/or septum [25].

4.3  Choanal Atresia

As its name implies, choanal atresia is a condition in which the nasal cavity’s back pas-
sageway is completely closed up. Bone abnormalities of the pterygoid plates and midfa-
cial development abnormalities are often seen in patients with choanal atresia [25].
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4.3.1  Pathogenesis

Choanal atresia may have its roots in the failure of the nose and the oropharynx to 
fuse due to the persistence of the oronasal membrane. The anomalies in the bones 
and midface that are often seen with this disorder are not addressed by this explana-
tion. Little or imperforate choanae may also be the consequence of changes in local 
growth factors [30]. Occlusion caused by bone and membranous blockage occurs 
most often and may be severe [25].

4.3.2  Incidence

Just around 1 in every 7000 newborns is born with choanal atresia [19]. Girls are 
more likely to be affected than males [31]. Almost two-thirds of all instances involve 
just one party [32, 33].

4.3.3  Presentation

Choanal atresia may manifest itself in a variety of ways, depending on whether or 
not both airways are affected. Unilateral nasal obstruction and/or discharge is a 
common symptom of unilateral choanal atresia in adults. Upper airway blockage, 
loud breathing, or cyanosis that increases while feeding and lessens when the new-
born cries are common symptoms of bilateral choanal atresia in infants [25].

4.3.4  Concomitant Congenital Malformations and Syndromes

Fifty percent and sixty percent of people with unilateral and bilateral choanal atre-
sia, respectively, also have other congenital abnormalities [32]. Multiple congenital 
anomaly syndromes, such as Treacher Collins, CHARGE (coloboma of the iris or 
choroid, heart defect, atresia of the choanae, retarded growth and development, 
genitourinary abnormalities, and ear defects with associated deafness), Kallmann, 
VACTERL/VATER association (vertebral anomalies, anal atresia, cardiac defects, 
tracheoe [25, 34].

4.4  Abnormalities of the Nasal Septum

Nasal septal deformities may be present at birth. They may occur alone or in tandem 
with other congenital midface defects as cleft lip and palate [35]. Some researchers 
believe that regular vaginal births, as opposed to cesarean sections, are more likely 
to cause anterior deviations in an otherwise well-formed nasal septum due to effects 
of intrauterine pressure or intrapartum trauma [36].
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The decision to do surgery to correct a congenital nasal septal deformity and 
when to do so are surrounded by much disagreement [37]. When a person is young, 
the nasal septum is a primary site of development for the middle face [38]. Maxillary 
hypoplasia has been linked to disturbance of this growth center in both animal stud-
ies [39] and longitudinal clinical observations. Based on this knowledge, any neces-
sary remedial surgery should seek to cause as little interference with normal 
development centers as possible [25].

Nasal tip deviations caused by intrapartum pressure effects may correct them-
selves after delivery. Infants are obligatory nasal breathers; therefore, serious mal-
formations in the nasal septum might potentially restrict their upper airway. Surgery 
to fix the issue may be required as early as the newborn’s first few weeks of life. The 
nasal septum may be repositioned on the maxillary crest by intranasal stenting or 
surgical manipulation of the septal cartilage. In extreme circumstances, some writ-
ers have advocated for a conservative septoplasty in which cracked or malformed 
cartilages are removed [25, 40].

5  Conclusion

Infections, especially those of a viral nature, and allergies are the most prevalent 
causes of nasal blockage and runny noses in babies and children. Choanal atresia, 
nasal encephaloceles, gliomas, and abnormalities of the nasal septum are also kept 
in mind in newborn nasal problems.
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Newborn Epistaxis

Aykut Ceyhan, Nuray Bayar Muluk, and Desiderio Passali

1  Introduction

Epistaxis in infants under 2 years of age requires particular treatment, even though 
emergency doctors see patients with this symptom on a regular basis. Epistaxis is 
uncommon in this age range and may indicate a serious underlying etiology, such as 
severe systemic illness or nonaccidental trauma [1]. Thus, it is vital to examine the 
assessment and treatment of epistaxis in this age range [2].

2  Epidemiology

Epistaxis was responsible for 450,000 emergency department (ED) visits in the 
United States during a 10-year period, with maxima in the pediatric and elderly age 
categories [3]. Pediatric epistaxis is most prevalent in children between 3 and 
8 years, with up to 60% of children suffering an episode before the age of 10 years 
[4]. Epistaxis, on the other hand, is uncommon in newborns and young children 
under 2 years old [1]. Epistaxis was seen in 15.9 instances of children under 2 in 
general practice [5]. Nonetheless, the incidence of epistaxis in the ED ranges from 
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2.1 to 10.4 instances per 10,000 children, with younger children (1.19–1.9 cases per 
10,000 children) experiencing it less often [1, 6–8].

Epistaxis is a frequent pediatric complaint that affects around 30% of children 
aged 0 to 5 years and more than 50% of children beyond the age of 5 years [9–11]. 
The incidence of epistaxis decreases with age, although nearly half of all people 
with epistaxis had nosebleeds as children [12]. Epistaxis accounts for over 250,000 
visits in the United States each year [13, 14]. Typically, the median age of presenta-
tion is between 7 and 8 years old (10). Epistaxis is uncommon in infants and tod-
dlers (about 1 per 10,000) and should prompt evaluation of trauma (deliberate or 
accidental) or severe disease (e.g., thrombocytopenia). Epistaxis in a newborn baby 
without a logical cause might indicate child abuse [9].

3  Etiology

The etiology of epistaxis in newborns and young children is poorly understood 
due to its rarity [8]. Other local causes of epistaxis in children and adolescents 
include allergies, upper respiratory tract infections (URI), and medications/
drugs such as decongestants or cocaine, though pediatric epistaxis is typically a 
benign condition caused by dry nasal mucosa and minor trauma to the anterior 
septum [15, 16]. Severe or repeated epistaxis in children and teenagers should 
raise the possibility of a more severe underlying etiology, such as a nasopharyn-
geal tumor, a bleeding problem, or a vascular anomaly [16]. In contrast, the first 
occurrence of epistaxis in babies may indicate a serious systemic condition 
[17]. Infants also have URI, clotting problems, and trauma in their differential 
diagnosis. For example, a 10-year retrospective record analysis of 77,173 ED 
visits and 58,059 hospitalizations for patients 2 years of age revealed 16 inci-
dences of epistaxis. The majority (n = 8) were linked to trauma, whereas 4 had 
thrombocytopenia, 2 had an upper respiratory infection, and 2 had an apparent 
life-threatening incident [1]. In a population-based study of newborns brought 
to the hospital with epistaxis, 36 cases were found during a 6-year period. 
Twenty-three of these patients had a known cause, including trauma (n  =  5), 
coagulation disease (n  =  4), congenital abnormality (n  =  2), acute rhinitis 
(n = 11), and suffocation (n = 1) [8].

Epistaxis in children under 10 years of age is often minor, starts in the anterior 
nostril, and does not normally need cautery or packing to prevent bleeding (10). For 
the rare situation when cautery or packing is necessary, hospitalization is rarely 
recommended unless the kid has a significant underlying reason (i.e., local tumor, 
bleeding condition, or cancer) [9, 18].
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3.1  Local Causes

In children who have epistaxis, injuries to the septum as a result of picking their 
noses are common but usually go unnoticed. This is because picking one’s nose may 
cause bleeding within the nose. It is important to frequently inquire about the fre-
quency of nose picking with both patients and their parents or main caregivers [9].

“Facial and Head Trauma” blunt facial trauma that leads to nasal fractures is 
most commonly caused by automobile accidents, sports injuries, intentional inju-
ries, and home injuries and may result in significant bleeding. These types of inju-
ries can also occur as a result of other types of head trauma [19]. After mid-face 
trauma, bone fragments have the potential to lacerate the anterior ethmoidal artery. 
This is because the anterior ethmoidal artery enters the nasal cavity via the delicate 
lamina papyracea of the ethmoid bone.

The presence of massive epistaxis after a head injury is indicative of an internal 
carotid pseudoaneurysm [20], but this condition may also present initially with 
moderate epistaxis or with recurring epistaxis that does not respond to conservative 
therapy and may occur weeks after the injury [20–26]. After a severe illness in the 
deep spaces of the neck, a youngster was found to have a pseudoaneurysm of the 
internal carotid artery in the cervical region [27]. Blunt head trauma may also result 
in carotid-cavernous sinus fistulae, which can then lead to cerebral bleeding, cranial 
nerve palsy, and stroke. Carotid-cavernous sinus fistulae can also cause blind-
ness [28].

When epistaxis occurs on one side alone and is accompanied by foul-smelling 
nasal discharge, the presence of a foreign body must be presumptively diagnosed as 
present until it can be shown otherwise. Mucosal irritation, laceration, and/or ulcer-
ation may be caused by the foreign body. If the foreign material has been stuck in 
the nose for a very short amount of time (minutes to hours), the nosebleed may have 
been caused by the patient or the parent’s effort to remove the foreign body. When 
a foreign body has been lodged in the nose for many days, the mucus-filled outflow 
from the nose will often have a bloody appearance. The floor of the nose, just below 
the inferior turbinate, is the area in which foreign things in the nose are most often 
discovered. Beads, rubber erasers, paper wads, pebbles, marbles, beans, peas, 
almonds, sponges, and chalk are some examples of common foreign things that may 
be found in the nose. But, button batteries are a more hazardous kind of nasal for-
eign body that may cause epistaxis. This condition is far less prevalent. They need 
to be removed very once in order to avoid necrosis of the surrounding tissue, perma-
nent rupture of the septum, or a saddle nose deformity [9].

Patients who have an upper respiratory infection or an allergy may get epistaxis 
as a result of barotrauma, which may occur while scuba diving [9].

Changes in humidity, viral or bacterial upper respiratory infections, chronic rhi-
nitis with frequent nose blowing and increased vascularity and friability of the nasal 
mucosa, chronic use of nasal sprays or drying agents, intentional or unintentional 
exposure to irritant inhalants or substances of abuse (for example, tobacco smoke, 
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cocaine, heroin, volatile vapors), and chronic uveitis are all potential triggers for 
nasal mucosal irritation [9].

Upper respiratory infections caused by viruses and bacteria, such as sinusitis and 
systemic diseases that are accompanied by nasal congestion, cause inflammation of 
the nasal mucosa, which increases the risk of bleeding. It would suggest that nasal 
colonization with Staphylococcus aureus has a significant role in the development 
of the mucosal irritation that is associated with epistaxis in children [29]. In one 
research, S. aureus was cultured from the anterior nasal cavities of 24 of 42 (57%) 
children who had epistaxis, but only 6 of 19 (24%) children who had no history of 
nasal bleeding had S. aureus cultured from their nasal cavities [30].

Epistaxis may also be caused by skin infections that are localized, such as staph-
ylococcal furuncles. Rare, persistent granulomatous infections such as nasal tuber-
culosis are granulomatous infections that may lead to nasal blockage and epistaxis 
[31]. Epistaxis is one of the most prevalent spontaneous bleeding symptoms of den-
gue hemorrhagic fever in children, occurring in 25% of kids who have been afflicted 
by the disease [32–34].

Neoplasms of the nasal cavity, also known as tumors, are often the source of 
unilateral symptoms in patients. These symptoms may include intermittent epi-
staxis, foul discharge, nasal obstruction, or a change in the sense of smell. Those 
who have vascular tumors like juvenile nasopharyngeal angiofibroma are more 
likely to have severe bleeding than other individuals [9].

Juvenile nasopharyngeal angiofibromas, hemangiomas, and pyogenic granulo-
mas, as well as inverted papillomas, are examples of benign localized neoplasms 
that have the potential to produce epistaxis in children. Rare but significant causes 
of epistaxis in children include the presence of malignant neoplasms in the nasal 
cavity, sinuses, or nasopharynx. Rhabdomyosarcoma, mesenchymal chondrosar-
coma, non-Hodgkin lymphoma, and nasopharyngeal carcinoma are some of the dis-
eases that fall under this category [35–38].

Angiofibroma of the juvenile nasopharynx—Angiofibroma of the juvenile naso-
pharynx is a histologically benign but locally aggressive tumor that is notably vas-
cular and has the potential to produce severe epistaxis [39]. Lesions that originate in 
the lateral nasopharynx and are hormonally sensitive are often seen in adolescents 
who are affected by this condition [40]. The maxillary artery is the primary con-
tributor to the blood flow that the tumor receives. Although juvenile nasopharyngeal 
angiofibroma is a benign tumor, it has the potential to create significant issues due 
to its ability to invade the structures that are in close proximity to it [9].

3.2  Systemic Causes

Systemic causes of nosebleeds in children include bleeding diatheses, blood vessel 
problems, medicines, neoplasms, inflammatory illnesses, and hypertension. 
Epistaxis is seldom the lone symptom of a systemic illness. Children with constitu-
tional symptoms, severe or recurring nosebleeds, and a family history of bleeding 
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disorder or another inherited systemic illness should be evaluated for systemic dis-
ease [9].

3.2.1  Bleeding Disorders

Although an uncommon cause of epistaxis in children, bleeding disorders must be 
considered in children with recurrent, frequent, spontaneous epistaxis, and those 
with a prolonged, difficult-to-control nosebleed, especially in children with a family 
history of a bleeding disorder [41–43]. Platelet abnormalities and von Willebrand 
disease are the most common hematologic causes. Bleeding diseases include genetic 
and acquired coagulation disorders, platelet disorders, and blood vessel problems. 
Early laboratory assessment for a bleeding condition in a kid with protracted or 
recurrent spontaneous epistaxis and interpretation of data is covered in detail sepa-
rately [9].

3.2.2  Medicines

Children on certain drugs, especially anti-inflammatory agents (aspirin) and antico-
agulants, may have more frequent or difficult-to-control nosebleeds (e.g., those with 
complex congenital heart disease or thromboembolic disease). In addition, a variety 
of rodenticides include anticoagulants (warfarins and “superwarfarins”) that may be 
accidentally swallowed by youngsters [44].

4  Evaluation and Therapy

Quick examination of general appearance, vital signs, airway stability, and mental 
state is required to identify children with respiratory or hemodynamic instability 
who need airway intervention and/or fluid resuscitation [45, 46]. Patients who are 
spitting or regurgitating blood to the extent that they cannot sustain oxygenation or 
their airway need airway assistance [45].

Immediately after rapid examination and stabilization, efforts are made to iden-
tify the cause of bleeding and stop it, often in cooperation with otolaryngology [47]. 
Patients with hemorrhagic diseases that may be treated with blood factors or plate-
lets should be offered these medications. The rest of the assessment is conducted 
after the patient has been stabilized [45].

If bleeding is caused by excessive dryness in the house (e.g., from radiator heat-
ing), patients may benefit from humidifying the air using a cool mist vaporizer in 
the bedroom or, as an alternative, putting a metal basin filled with water on top of a 
radiator to humidify the ambient air. If required, cauterization or packing is 
done [48].
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5  Conclusion

The etiology of epistaxis in newborns and young children is poorly understood due 
to its rarity. General local causes of epistaxis in children and adolescents include 
allergies, upper respiratory tract infections, and medications/drugs such as decon-
gestants or cocaine, though pediatric epistaxis is typically a benign condition caused 
by dry nasal mucosa and minor trauma to the anterior septum.
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Could Breastfeeding be a Protective Factor 
for Sinusitis?

Nagehan Dilsad Erdogdu Küçükcan, Cemal Cingi, and Codrut Sarafoleanu

1  Introduction

In most cases, human milk is the healthiest option for babies and young children [1]. 
Human milk also offers immunologic protection against numerous childhood ill-
nesses [2]. The American Academy of Pediatrics stresses the benefits of breastfeed-
ing and suggests that it be practiced for at least 12 months, and for as long beyond 
that as the mother and child choose [3]. Human milk is known to defend against 
infections thanks to the presence of a number of molecules and chemicals that have 
antibacterial, anti-inflammatory, immunomodulatory, and bioactive properties [1]. 
Mucosal maturation, gut microbiota balance, antigen attachment disruption, new-
born immune system stimulation, and reduced exposure to pathogens via food anti-
gens are some potential ways nursing protects against infectious illness [4, 5].

Whether or not human milk ingestion in infancy protects against illnesses even 
after breastfeeding has ended is not well known. Breastfeeding has been linked to a 
lower risk of several health problems, including a lifetime reduction in the likeli-
hood of needing a tonsillectomy, acute appendicitis, and recurrent tonsillitis [6–10]. 
When comparing breastfed and non-breastfed children, researchers found that the 
former had much lower rates of wheezing sickness 6–7 years after nursing ended 
[11–13]. Moreover, Wilson et al. [13] showed that infants nursed exclusively for 
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15 weeks had more excellent protection against respiratory tract infections for 7 
years than children not breastfed. While Saarinen [14] found that breastfeeding for 
3–4 months reduced the risk of otitis media up to age 3 years, Howie et al. [15] 
found that breastfeeding for at least 13 weeks was not associated with an ear infec-
tion but was associated with a significantly lower prevalence of gastrointestinal (GI) 
disease in the first 2 years of life compared with those who were never breastfed or 
breastfed for 13 weeks [16].

2  Human Milk Immune Factors

The immune components included in human milk help protect infants from the ill-
ness. However, how human milk achieves its protective properties beyond infancy 
and nursing is unknown. Several researchers have hypothesized that breast milk’s 
immunologic elements shape infants’ immune system development in ways that 
affect the etiology of disease later in life. The thymus is an essential immune system 
organ because it ensures that T cells usually mature. At 4 months, babies breastfed 
entirely had considerably bigger thymus glands than those partly breastfed or given 
formula solely, as measured by ultrasonography.

Further research by Jeppesen et  al. [17] confirmed their association between 
nursing and a larger thymus and discovered a link between breastfeeding and CD8+ 
T cells. Previous episodes of otitis media were identified by Alho et al [18] as a 
significant risk factor for recurrent otitis media, with increased chances (odds ratio 
[OR]: 3.74 (95% CI: 3.40–4.10)) if the most recent episode had occurred during the 
preceding 3 months. This discovery provides further evidence that the preventive 
benefits of breastfeeding against future ear infections may be partly mediated by a 
reduced risk of developing otitis media in early childhood [16].

Secretory IgA against microbes to which the mother has been exposed; antibac-
terial and antiviral agents like lactoferrin, lysozyme, and certain fatty acids; a large 
number of leukocytes; and oligosaccharides, which act as analogs of microbial epi-
thelial receptors and, thus, decoys for potential pathogens are just some of the prop-
erties that may make breast milk protective against acute illness [19–23]. Increased 
expression of T cells has been linked to a more prominent thymus in breastfed 
babies compared to those not [23–25]. Furthermore, the gut microbiome of breast-
fed infants has been shown to contain a greater diversity of beneficial bacteria (par-
ticularly Bifidobacteria and Lactobacilli), which may have implications for the 
production of additional antimicrobial compounds, the reduction of intestinal per-
meability, the competition with harmful bacteria for nutrients and binding sites, the 
maturation and stimulation of local and systemic immune responses, and so on [19, 
22, 26, 27].

In addition to its nutritional value, human milk is a complex, living biological 
material. Macro- and micronutrients are not the only things found in human milk; 
there are also growth factors, immunoprotective compounds, and live cells [28–30]. 
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Biological activity occurs at mucosal surfaces, where many of these components 
remain intact despite exposure to digesting enzymes in the newborn GI tract [28].

Biologically active components include [28]:

• Antimicrobial activity—Immunoglobulins (particularly secretory IgA), lyso-
zyme, lactoferrin, free fatty acids and monoglycerides, human milk bile 
 salt- stimulated lipase, mucins, white blood cells, stem cells, and human milk 
oligosaccharides all have antibacterial action (prebiotic and antimicrobial activi-
ties). These antimicrobial effects defend against necrotizing enterocolitis and 
other illnesses that might affect the digestive system (NEC).

• Immunomodulatory activity—Platelet-activating factor (PAF) acetylhydrolase, 
interleukin-10 polyunsaturated fatty acids glycoconjugates all have immuno-
modulatory action. These elements aid in warding off NEC [31–34].

• Factors that promote gastrointestinal development and function factors - Protein- 
digesting enzymes (proteases), growth-promoting hormones (such as cortisol, 
somatomedin C, insulin-like growth factors, insulin, and thyroid hormone), 
growth-promoting growth factors (such as epidermal growth factor and nerve 
growth factor), gastrointestinal mediators (such as neurotensin and motilin), and 
amino acids that stimulate enterocyte growth (such as taurine and glutamine) all 
play essential roles in the digestive tract [35–40]. The microbiota and virome in 
the stomach benefit from exposure to human breast milk [28, 41, 42].

3  Breastfeeding, Respiratory Infections, and Sinusitis

According to the extensive body of research that investigates this connection, 
breastfeeding has been shown to reduce the risk of infants developing respiratory 
problems. The incidence of wheezing in infants has been demonstrated to decrease 
in correlation with increased breastfeeding time [43, 44]. A dose-response relation-
ship between breastfeeding and a reduced incidence of dry cough, wheezing, short-
ness of breath, and persistent phlegm was found in Dutch research [45].

Consequently, it is plausible that nursing mothers’ heightened awareness of and 
reporting upper respiratory symptoms accounts for the apparent impact of breast-
feeding on the risk of respiratory infection. However, there may be some causal 
connection. Regular close physical contact between newborns and mothers while 
nursing may promote the spread of respiratory infections. On the other hand, moms 
whose kids have respiratory issues more often may choose to breastfeed longer to 
provide their kids with the purported health advantages of breast milk. Possible 
explanations for this discrepancy include that breastfed children are more likely to 
experience a mild respiratory illness, such as a cold, than their non-breastfed coun-
terparts and that this illness is less likely to progress to a more severe one serious 
stage, such as fever or otitis media [19].

Frank et al. [19] showed that breastfeeding protected against respiratory illnesses 
accompanied by a high temperature in the breastfed infant between the ages of 3 
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and 6 months. While this research does not find a reduction in total respiratory 
infectious episodes among breastfed babies aged 3–6 months, it does suggest that 
respiratory infections in breastfed infants may be less severe than those in non- 
breastfed infants. Although this study found that continuing to breastfeed past the 
age of 6 months reduced the risk of conjunctivitis and tracheitis/laryngitis, it found 
that children who were breastfed past the age of 6 months had higher rates of all 
respiratory infections than children who were not breastfed past the age of 6 months, 
including the most common respiratory infection, the common cold.

Whether nursing also prevents respiratory issues later in life is less well docu-
mented. Elliott et al. [45] found no significant connection between breastfeeding 
and wheezing in the large Avon Longitudinal Study of Parents and Children 
(ALSPAC) cohort after accounting for the first 3 years of life and adjusting for other 
factors. Sears [46] found no evidence that breastfeeding protects against asthma in 
a study that followed children for 9 to 26 years. However, Grabenhenrich et al. [47] 
found no link between breastfeeding and asthma after tracking a birth cohort of 
1,314 neonates from birth to age 20 across five German cities. It is plausible. 
However, baby feeding habits are connected with respiratory symptoms in adult-
hood, even without an asthma diagnosis, given that wheezing and coughing in early 
life are associated with later respiratory symptoms [48].

With children, coughing is most prevalent around 50, and respiratory illnesses 
often cause it. Recurrent cough in infancy is a risk factor for later asthma, although 
this symptom has received less attention than wheezing [48]. Nevertheless, chronic 
cough in adults could be an indicator of airway blockage. Recurrent cough, defined 
as “usual cough on most days for three consecutive months or more over the last 
year,” was associated with moderate-to-severe obstruction and self-reported fair or 
poor health in the older National Health and Nutrition Examination Survey group 
[49]. Compared to people without symptomatic mild obstruction, those with symp-
tomatic mild obstruction had a quicker drop in FEV1 and higher healthcare service 
use for respiratory outcomes [50]. These findings highlight the need to study the 
early life predictors of adult-onset chronic respiratory symptoms, which may be risk 
factors for morbidity and poor quality of life even without a diagnosis. Cigarette 
smoking is linked to chronic cough [51], which may be a precursor to airflow block-
age [52]. Adjusting for smoking status in Gerhart et  al.’s [53] research did not 
change the association between breastfeeding and chronic cough.

For unknown biological reasons, infant feeding patterns are linked to chronic 
cough in adults. Some evidence suggests respiratory diseases in infancy may raise 
the risk for later respiratory problems, and breastfeeding may mitigate this risk. 
Nevertheless, in this cohort, wheezing lower respiratory tract infections (LRIs) and 
Respiratory Syncytial Virus (RSV) LRIs were not linked to chronic cough in adult-
hood, showing that these factors do not explain the association between baby feed-
ing and chronic cough in adults. Second, some components of human milk are 
associated with epigenetic changes in infancy. However, the mechanisms involved 
are still unclear [54]. It is still unknown whether or not these epigenetic changes are 
linked to an increased risk for cough or other respiratory symptoms later in life. 
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According to other research, giving an infant a bottle, especially before bedtime and 
in the crib [55], maybe just as significant as the bottle’s contents in terms of posing 
a risk for infant cough and wheezing. Soto-Ramirez et al. [56] found that bottle-fed 
infants, even when they were also given human milk, were more likely to develop 
respiratory problems like coughing and wheezing later on in infancy, which sug-
gests that bottle feeding may cause regurgitation and aspiration, which turn may 
cause an increase in mucus production in the airways. There was no association 
between an infant’s first cough and subsequent recurrent cough in the Tucson 
Children’s Respiratory study, regardless of whether the children were exclusively 
breastfed or transitioned to bottle feeding at any point. Several studies have shown 
increased FEV1/Forced Vital Capacity (FVC) [57] and greater lung capacities in 
adolescence [58, 59] among breastfed children.

Colds/upper respiratory tract infections (66%), ear infections (25%), and throat 
infections (24%) were the most prevalent types of illnesses reported by Li et  al. 
[60]. Breastfeeding was not linked to an increased risk of getting a cold, bronchitis, 
pneumonia, or urinary tract infections. Breastfeeding length, exclusivity, and timing 
of supplementation with formula were all significantly associated with lower rates 
of ear, throat, and sinus infections and more doctor visits (P 0.05). Breastfed chil-
dren for 9 months had decreased chances of ear, throat, and sinus infections in the 
preceding year compared with those nursed for >0–3 months (adjusted odds ratio 
[aOR]: 0.69 [95% confidence interval [CI]: 0.48–0.98]; P 0.001). Sinus infections 
were less likely among infants whose mothers produced breast milk at a high inten-
sity (>66.6%) compared to those whose mothers produced breast milk at a low 
intensity (33.3%) during the first 6 months (adjusted odds ratio [aOR]: 0.53 (95% 
confidence interval [CI]: 0.35–0.79). Their findings suggested that nursing may pro-
tect ear, throat, and sinus infections far beyond infancy.

Studies conducted on various populations have shown that breastfed infants have 
a decreased chance of developing respiratory illnesses. Research out of the United 
Kingdom found that babies who were exclusively breastfed for 6 months compared 
to those who were nursed for less than 4 months had a reduced chance of developing 
lower respiratory tract infections [61]. Other American and European researchers 
found that children between the ages of 3 and 6 months old had a 20% lower chance 
of acquiring a respiratory illness when they were breastfed [62]. It has been pro-
jected that if breastfeeding rates were increased in the United States to meet current 
guidelines, about 21,000 cases of hospitalization and 40 cases of mortality from 
lower respiratory tract infections would be avoided in the first year of life [28, 63].

4  Conclusion

Breastfeeding affects young children’s acute diseases. They have fewer throat infec-
tions [60, 64–67], respiratory illnesses [64–66, 68–70], sinus infections [67], and 
even hospitalizations [71] in their childhood and later in life.
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Could Breastfeeding Be a Protective Factor 
for Sleep Apnea?

Saltuk Bugra Kilinc, Nuray Bayar Muluk, and Suela Sallavaci

1  Introduction

Obstructive sleep apnea (OSA) is more than expected in children, such as 1–6% of 
children and adolescents have obstructive sleep apnea [1]. Most of the kids that get 
it are between the ages of 2 and 8. The likelihood of upper airway collapse, and 
therefore of pediatric OSA, may be decreased or raised by a number of variables. 
Obesity is a major contributor to the risk. The incidence of OSA rises to 19–61% 
when the population is broken down into obese children [2–5]. According to stud-
ies, the chance of developing OSA increases by 10–12% for every percentage point 
over the 50th percentile that a person’s body mass index (BMI) resides in [6, 7]. 
There is a possibility of upper airway reduction with adenoids and tonsils that have 
grown too large; therefore, this condition has been described as a risk factor as well. 
Pediatric obstructive sleep apnea is often treated by adenotonsillectomy [8]. While 
inflammation of the nasal mucosa is thought to cause congestion, which in turn may 
raise airway resistance, allergic rhinitis (AR) is also considered a risk factor [9]. 
Moreover, maxillofacial anomalies and malocclusion have been linked to pediatric 
OSA [10]. Changes in the size, location, or shape of the jaws and/or tongue may 
limit the upper airway, increasing the risk of blockage [9].
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2  Mechanisms

2.1  Breastfeeding and Occlusion

The structural difference in feeding methods is another factor that lends biological 
validity to the link between breastfeeding and malocclusion. As compared to the 
mother’s nipple, which properly conforms to the internal contour of the oral cavity, 
allowing the oral seal to occur without undue pressures, the nipple of the baby feed-
ing bottle is often less flexible [11, 12]. As a consequence, bottle feeding may have 
an impact on factors such as the development of the palate (transverse, vertical, and 
sagittal growth) and the nasal airway (facilitating breathing). This breastfeeding- 
malocclusion connection was studied in two separate systematic reviews and meta- 
analyses [13, 14]. Breastfeeding for a longer period of time has been linked to a 
reduced risk of nonspecific malocclusion, according to a large body of research. 
Breastfed infants were shown to have a 46% lower risk of developing a malocclu-
sion than formula-fed infants (odds ratio [OR]: 0.54; 95% confidence interval [CI]: 
0.38–0.77) [13]. We found moderate evidence for every kind of malocclusion. This 
is due to the limited amount of studies that have been conducted on the topic and the 
fact that almost all of these research relied on retrospective questionnaires or inter-
views with parents to get their information on nursing, both of which are susceptible 
to memory bias. Although if there isn’t unanimous agreement, it seems that breast-
fed infants are less likely to have a posterior crossbite, an anterior open bite, a 
greater overjet, dental Class II, a smaller and deeper palate, and a higher-angled 
face. The correlation weakens significantly with longer periods of nursing. The 
transverse dimension in primary and mixed dentition showed this to be true [14]. 
Children who were not breastfed had a posterior crossbite ratio 1.70 (95% CI: 
1.22–2.39), 3.76 (95% CI: 2.01–7.03), and 8.78 (95% CI: 1.67–46.1) times higher 
than breastfed children of the same ages. It has been found that, compared to par-
tially breastfed infants, exclusively breastfed infants have a significantly younger 
mean age of emergence of deciduous teeth [15], which may lend further support to 
the idea that breastfeeding plays a positive role in fostering oral development in 
infancy and early childhood.

Craniofacial characteristics have been shown to influence the retropalatal and 
retroglossal region of the upper airways. Children with sleep-disordered breathing 
(SDB) often have a face that is too long and narrow for their skull, jaws that are 
rotated too far back, a narrow and high palate, a posterior crossbite, a short lower 
arch, and significant crowding in the maxilla and mandible [16–19]. Moreover, it 
has been shown that dental agenesis or early extractions impair the development of 
the oral cavity, resulting to a long, narrow face and the collapsibility of the airways 
when sleeping [20]. Children between the ages of one and six who are bottle-fed 
have an alarmingly high chance of developing dental caries [21], which may lead to 
the premature loss of baby teeth. The existence of a short lingual frenulum has also 
been linked to altered jaw growth. Having a short lingual frenulum is also linked to 
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issues with sucking and swallowing as a baby, as well as mouth breathing, tongue 
position changes, and a restricted airway in the upper respiratory tract [20].

2.2  Breastfeeding, Breathing, and Muscles’ Development

Proper stimulation of orofacial development requires early maturation of the syn-
chronization between nasal breathing and nursing. Because the mandible is so tiny 
at birth, newborns must breathe through their noses, and the tongue must expand in 
a protruded posture to provide enough room at the back of the throat for breathing. 
A similar arrangement exists between the posterior part of the tongue and the epi-
glottitis, which serves to shield the lower respiratory system from food particles and 
liquids during swallowing. As you swallow, the bolus goes down your throat and 
into your stomach, where it can’t enter your trachea and cause an obstruction. In 
order to get the milk bolus from beneath the soft palate and into the throat, the 
tongue must travel upwards while sucking. After the baby has had enough milk, the 
reflex of swallowing kicks in and, for approximately half a second, the baby stops 
breathing [11]. Saturation with oxygen naturally drops when nursing, but rises in 
the first 3 months following delivery for physiological reasons. Oxygen saturation 
levels were found to be considerably lower during bottle feeding, indicating a 
diminished capacity of newborns to adjust throughout the suck-swallow-breathe 
cycle compared to breastfed children [22]. Hence, bottle feeding may encourage 
mouth breathing because it disrupts the delicate balance necessary for the develop-
ment of an infant’s upper airway.

2.3  Hypothesis in Immunology

Breast milk aids in the maturation of an infant’s still-developing immune system by 
providing a variety of antibacterial and anti-inflammatory chemicals. As enlarged 
tonsils and adenoids play a major role in the development of OSA, there is strong 
evidence that infants who are completely breastfed are less likely to have respiratory 
tract infections than children who are only partly or never breastfed [23, 24]. 
Growing data suggests that respiratory virus exposures in infancy may increase per-
sistent inflammation and hypertrophy of tissues in the upper airways, lending cre-
dence to this idea. The primary effect is changes to the airway that may trigger SDB 
in children. In pre- and early-school years, when the size of the adenoids and tonsils 
overflows into the diameter of the throat, breathing difficulties are common [25]. 
Tonsils in children with obstructive sleep apnea (OSA) and recurrent tonsillitis (RT) 
have two very divergent disease pathways [26]. Tonsillar parenchymal extrafollicu-
lar region expression of reactive molecules was much higher and more widespread 
in OSA than in non-OSA individuals [26]. Moreover, OSA was associated with 
elevated levels of the neurogenic inflammatory markers nerve growth factor, 
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neurokinin 1, and Substance P, in comparison to RT [27]. The neurogenic inflamma-
tion is a pathogenic relationship between viral infections and chronic inflammatory 
disorders [27]. Therefore, early exposure to respiratory viruses may result in long- 
term changes in the immune modulation of adenotonsillar tissues and may predis-
pose to accelerated tissue proliferation in response to further stimuli such as upper 
airway flutter and collapse, recurring hypoxia and re-oxygenation, allergens, and 
other microorganisms [28]. Tonsils removed for OSA and RT revealed striking dif-
ferences [28].

3  Risk Factors

More than one study has linked obesity to an increased risk of pediatric obstructive 
sleep apnea syndrome (OSAS) [29–32]. For kids, Xu et al. [33] found a strong cor-
relation between having a body mass index (BMI) over the 95th percentile and 
developing OSAS. Nevertheless, Katz et al. found that the neck to waist ratio, an 
indicator of how fat is distributed throughout the body, is a predictor of OSA in 
overweight and obese children and teenagers [34]. Neck circumference less than 30 
centimeters, neck-to-height ratio less than 0.25, and waist-to-hip ratio less than 0.95 
were also reported to be risk factors for obstructive sleep apnea by Xu et al. [33]. 
Nevertheless, when waist size, hip size, and the ratio of the two were included into 
the multiple regression analysis, neck circumference no longer had a significant 
role. This is due to the fact that the average ages of our research population’s OAS 
and non-OAS participants were 5.7 and 6 years old, respectively. Adipose buildup 
around the neck and waist is thought to be less of a factor in younger children since 
they are less likely to be obese.

As an additional risk factor for OSA, preterm delivery has been studied. Preterm 
children, ages 8–11, had almost three times the rate of SDB as term-born children, 
according to research by Rosen et  al. [35]. Preterm birth has been linked to an 
increased risk of OSAS in school-aged children, as documented by Tapia et al. [36]. 
Moreover, preterm children’s exposures in the prenatal environment may raise their 
risk for SDB; these exposures may affect the maturation of respiratory control or the 
size of their upper airways [35]. Using univariate analysis, Xu et al. [33] found a 
positive correlation between preterm birth and OSAS; however, this correlation was 
not statistically significant after controlling for other factors. While our sample was 
clinically based, only a small percentage of our subjects were born prematurely (7% 
in OSAS and 5% in controls). Hence, further research into the role of preterm birth 
in the general population is required.

As allergic rhinitis is linked to at least partial nasal channel blockage, it has been 
described as a risk factor of OSAS. According to a recent meta-analysis, most stud-
ies have shown a statistically significant link between AR and SDB [37]. Having 
chronic sinusitis or rhinitis has been linked to an increased likelihood of obstructive 
sleep apnea and snoring in the general pediatric population [38–40]. Children who 
were evaluated for adenotonsillectomy as inpatients at a hospital did not have an 
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increased risk of AR or obstructive sleep apnea based on the findings of Weinstock 
et [41]. OSAS may be more difficult to attribute to AR if enlarged tonsils and ade-
noids are a primary cause of the condition [33].

4  Breastfeeding and Sleep Apnea

It is becoming clear that breastfeeding may help prevent snoring in children. This 
theory has biological support from observations of the different mechanical effects 
of breastfeeding and bottle feeding on infants’ still-developing oral tissues [22]. In 
two cohort studies, researchers discovered that children who were breastfed for at 
least portion of their first 6 years were less likely to develop a snoring habit later in 
life [42, 43]., Breastfeeding for the required 6 months or more, as opposed to less 
than 6 months, was not linked to an increased risk of regular snoring in children 
aged 1 to 14 in previous research, including our own [39, 44–46]., This shows that 
the frequency and length of breastfeeding during the first few months of life may be 
more essential than the duration of feeding in avoiding habitual snoring in young 
children (critical timing of exposure) Breastfeeding may prevent snoring and sleep 
apnea [47], a possible benefit mediated by the physical influence of the breast in the 
mouth on oropharyngeal development. Breastfeeding may help prevent jaw defor-
mities [48, 49] and is associated with fewer malocclusions [50] compared to bottle 
feeding. In addition, some cross-sectional studies have employed cephalometry and 
orthodontic casts to determine links between face structure and childhood snoring 
and OSA [51–53]. Upper airway obstruction and sleep apnea are linked to factors 
including a long, narrow face (dolichocephaly), [17] a narrow palate, [17, 45, 54], 
overcrowding of teeth [17], a maxillary constriction with a cross-bite [17, 45], an 
overjet [54], and a deep palatal height [45]. Adults with snoring and OSA are found 
to have the same craniofacial anomalies, and it is believed that these conditions 
developed at some point during infancy. Hence, [55] if breastfeeding influences 
orofacial development in the first few months of life, this might alter whether the kid 
has an anatomical predisposition to SDB; this is a credible biological explanation. 
In addition, Montgomery-Downs has proposed an immunological hypothesis to 
explain the link between breastfeeding and snoring, arguing that the immunoglobu-
lins provided by breastfeeding protect against infection with respiratory viruses, 
thereby reducing inflammation that could otherwise cause sleep-disordered breath-
ing [56]. Another theory suggests that the peristaltic motion of the tongue below the 
breast during breastfeeding aids in the development and coordination of oropharyn-
geal muscles necessary for swallowing, as opposed to the sucking action associated 
with bottle-feeding. Breastfeeding for more than a month and exclusive breastfeed-
ing for more than 3 months substantially reduced the incidence of observed sleep 
apnea in children aged 8 years, according to a study by Brew et al. [57]. The Avon 
Longitudinal Study of Parents and Children (ALSPAC) research did not discover a 
link between breastfeeding and sleep apnea at any age, thus our findings contradict 
that [42]. Nevertheless, our results are consistent with a research of children who 
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snore who were recruited clinically and who had their sleep objectively evaluated 
using polysomnography and whose breastfeeding data was acquired retrospectively. 
The severity of SDB was shown to be lower in those who breastfed for at least 2 
months. Breastfeeding was related with a lower risk of OSAS (n = 58) [33]. Similar 
findings were found in a single prior investigation that reported breastfeeding to be 
a risk factor of regular snoring [38]. In addition, our study’s supplementary analysis 
showed that parents with lower levels of education were more likely to breastfeed 
their children than parents with higher levels of education. Snoring and SDB have 
both been linked to lower socioeconomic position, according to earlier research [43, 
58, 59]. Less access to health care, changes in health-related behaviors, and expo-
sure to environmental toxicants were all proposed as probable causes of this asso-
ciation. Even after taking into account the participants’ levels of education, 
breastfeeding was shown to be a substantial risk factor in this research. We hypoth-
esized that there was a strong correlation between parental education and socioeco-
nomic position, but that one did not always guarantee the other. There was a 
reduction in the risk of SDB among children born to academic professionals and 
farmers, according to a prior research [48]. Hence, more research on the association 
between breastfeeding and OSAS should focus on potential confounders such 
socioeconomic level, parental employment, access to health services, inflammation, 
environmental exposure, and health-related behaviors [33].

5  Conclusion

Obstructive sleep apnea is more than expected in children, such as 1–6% of children 
and adolescents have obstructive sleep apnea. It is becoming clear that breastfeed-
ing may help prevent snoring in children. This theory has biological support from 
observations of the different mechanical effects of breastfeeding and bottle feeding 
on infants’ still-developing oral tissues. In addition, Montgomery-Downs has pro-
posed an immunological hypothesis to explain the link between breastfeeding and 
snoring, arguing that the immunoglobulins provided by breastfeeding protect 
against infection with respiratory viruses, thereby reducing inflammation that could 
otherwise cause sleep-disordered breathing.
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The Role of Breastfeeding 
on the Development and Prevention 
of Allergic Diseases

Özlem Sancaklı, Demet Can, and Hesham Negm

1  Introduction

Globally, there are more than 300 million patients with asthma. The prevalence of 
atopic disorders in general, including allergic rhinitis, allergic eczema and food 
allergies, lies between 1 in 10 and 3 in 10 of the population of the entire world [1, 
2]. Since allergic disorders have increased in frequency so rapidly within the last 
half-century, and atopic disorders reduce health-related quality of life to so marked 
a degree, it has become a priority to determine environmental or modifiable risk 
factors for atopy. It is not yet fully understood why there has been such a sudden rise 
in atopy, but the ‘hygiene hypothesis’ continues to be the most favoured working 
explanation [3]. According to this theory, atopy results from dysequilibrium between 
two kinds of immune response – one associated with response to infective patho-
gens, the other producing allergic reactions [4]. Competing explanations for atopy 
include the way diets have significantly altered in the recent past [5].

2  Constituents in Breast Milk

Breast milk is undoubtedly the ideal food for infants in the first stage of life, offering 
the best mixture of nutrients for the child to grow and develop normally. The com-
position of breast milk has been shaped over time by evolutionary pressures unique 
to humans and the result is a medium that offers the most guaranteed way to meet 
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the child’s physiological needs and a method of feeding that encourages healthy 
psychological development. Amongst many proven benefits, breast milk has been 
shown to increase cognitive maturation and promote the development of emotional 
and social responses [6]. The reason that breast milk is associated with improved 
cognitive abilities is likely to be due to the aliphatic acid component in milk, whereas 
social and emotional benefits associated with breastfeeding are mediated through 
the reinforcement effect of oxytocin, which also plays a part in promoting other 
adaptive behavioural responses [7]. When assigning causation, however, it is impor-
tant to recognise the existence of confounding variables, namely the overall higher 
socioeconomic level and greater educational achievement on average of mothers 
who breastfeed. In addition, both smoking and obesity are less common in this 
group of mothers. These differences alone may be sufficient to explain the benefits 
on infant development. The constituents of breast milk alter over time, not only at 
different times of day and over the course of the lactation period, but even within a 
single feed. It also differs from woman to woman and between different populations 
[8]. The initial breast secretion is termed colostrum. This earliest milk is synthesised 
in a small volume in the first days following birth and contains abundant immune- 
related molecules and cells, in particular secretory immunoglobulin A, lactoferrin 
and leucocytes, in addition to hormones directing development, e.g. epidermal 
growth factor [8, 9]. Following the colostrum stage, there are continuous changes in 
the content of breast milk for the entire period of lactation. These alterations mirror 
the neonate or infant’s requirements for nutrition as growth proceeds. Transitional 
stage milk shares some of the features of colostrum, although there is a greater vol-
ume available to match the increasing nutritional demands of the fast-developing 
baby. Transition milk is synthesised usually from around the fifth postpartum day to 
about the 14th day. In any case, the composition of breast milk is fully mature at 
between 4 and 6 weeks after delivery [5].

2.1  Macro- and Micronutritional Composition of Breast Milk

Breast milk provides vital support to the vulnerable neonate’s immature immune 
system by transfer of both pathogen-killing humoral and cellular components and 
signals that prevent unwanted inflammatory reactions. Breast milk also steers the 
infant’s immune system towards normal development. There are also certain con-
stituents with prebiotic activity, the presence of which favours the development of a 
balanced gut bacterial flora, especially oligosaccharides, which are metabolised by 
particular microbes. The milk also has its own bacterial content, which helps to seed 
the intestine with a beneficial initial flora [10]. Infants who are born at term and 
delivered via the vagina then breastfed appear to carry the healthiest intestinal 
microbiome. In these infants, Bifidobacteria predominate, with fewer potential 
pathogens, such as Clostridium difficile or Escherichia coli [11, 12].
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The principal constituents in human milk are carbohydrates and aliphatic acids. 
They are the principal macronutrients in milk. The macronutrient which differs to 
the greatest extent in different samples is lipid, often present as high concentrations 
of palmitic or oleic acid [13]. Lactose, a disaccharide, is the main sugar present, 
although a number of other carbohydrates are also significant, such as the human 
milk oligosaccharides (HMOs), which may be present at a concentration around 
1 g/dL. The exact concentration depends on both the stage in breastfeeding and the 
mother’s genetic make-up. The HMOs are unusual in that they are not digested by 
the infant but rather act as decoy soluble receptors that prevent pathogens from 
gaining attachment through binding to epithelial receptors within the neonatal gut 
[8]. Despite breast milk being the gold standard for infant nutrition, it may fail to 
supply the full recommended daily allowances (RDA) for specific vitamins, if the 
mother has inadequate dietary intake or her own stores are low [14]. The vitamin for 
which this most applies is vitamin D. It is possible for the infant to manufacture 
vitamin D endogenously, provided he or she is exposed to enough sunlight, but the 
American Academy of Paediatrics (AAP) does advocate supplying additional vita-
min D to infants during lactation. Furthermore, the AAP advises that vitamin K be 
injected into the neonate shortly after delivery to prevent haemorrhagic disease of 
the newborn, which may occur because breast milk contains only a minimum con-
centration of vitamin K [5, 8].

2.2  Compounds in Breast Milk Which Are Bioactive

There are numerous factors in breast milk which possess bioactivity. In particular, 
there are a number of molecules which assist with the maturation and competence 
of the neonatal immune system, such as various enzymes, hormones, growth fac-
tors, lactoferrin, immunoglobulins and immune signalling molecules. The proteins 
present at the highest concentrations are casein, α-lactalbumin, lactoferrin, sIgA, 
lysozyme and serum albumin [15]. The iron-binding activity of lactoferrin prevents 
pathogens from attaching to the intestinal epithelium. It is a glycoprotein which 
reduces the bioavailability of iron to microbes in the gut. The cytokines, immuno-
globulins and lysozyme are identical with the mature adult forms. Maternal immu-
noglobulins, especially in the form of sIgA, are transferred to the neonate via human 
milk. They function in concert with lactoferrin to inhibit pathogenic attachment to 
the gut lining. Lysozyme has a direct bactericidal action. Cytokines fine-tune the 
inflammatory responses in the gut. These molecules are of soluble, glycoprotein 
type. Their role is to bind to certain receptors on cell membranes and direct how the 
immune system matures and responds to perceived threats [16]. One particular 
cytokine found in breast milk is transforming growth factor-β (TGF-β). This mole-
cule plays a potential role in how the infant’s immunity develops and matures. 
Researchers have found that TGF-β exerts an important role in normal immune 
system development through stimulating synthesis of immunoglobulin A and 
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inducing tolerance of specific compounds in the mouth [17, 18]. The adaptive 
immune responses do not develop immediately after birth and thus the ability of the 
infant to ward off infections depends on the innate immune defences of the gut bol-
stered by the support of immunologically active compounds in breast milk [5].

3  How Might Being Breastfed Prevent the Development 
of Atopy?

3.1  When Should Solid Foods be Introduced?

There is accumulating evidence to show that not introducing solid food into the 
infant diet up to the age of 6 months may be harmful in terms of increasing the risk 
of atopic disorders, including allergic dermatitis. Furthermore, the data support the 
notion that continuing to breastfeed whilst introducing solids into the infant diet can 
both confer a protective effect and let tolerance develop. There is a lack of consen-
sus in the published recommendations on how to prevent allergy. Mostly they advise 
not giving an infant allergenic food before the age of 1 year, but some recommenda-
tions state the opposite, such as the advice to start between the ages of 4 and 
6 months [19], or not prior to the age of 6 months [20]. According to an article by 
Prescott et al., introducing specific allergenic foods at an early stage into the infant 
diet potentially aids the development of tolerance and is not unduly risky [21]. 
There are also experts who view introducing allergenic foods at a later stage as 
counter-productive, as it raises the risk of hypersensitivity [22]. It was demonstrated 
by Koplin et al. [22] that introducing egg into the infant diet between the ages of 4 
and 6 months was less risky than after the age of 1 year (odds ratio [OR]: 3.4, 95% 
confidence interval [CI]: 1.8–6.5). This result emerged after adjustment for con-
founding variables. The findings about cooked egg are of major significance for how 
clinicians should advise parents and for the direction of future research. It appears 
that introducing egg between the ages of 4 and 6  months may actually prevent 
development of an allergy, whereas introducing this item later risks provoking an 
allergy. If these results are confirmed by future studies, there will be a major change 
to the current dietary advice offered to parents, i.e. not to expose the child to aller-
genic foods before the age of 1 year [18].

Allergic responses to peanuts in paediatric patients living in the West are twice 
as common currently as they were a decade ago. This has stimulated research exam-
ining ways to stop the development of such allergic responses in children aged 
under 1 year [23]. It was found that offering peanuts to children at high risk of 
allergy at an early age was actually protective against the subsequent development 
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of a peanut allergy, as well as changing how the immune system responded to pea-
nut allergens. Accordingly, advice offered to parents in the USA about peanuts has 
now been altered [18, 24].

3.2  Constituents in Breast Milk

Breastfeeding reduces the incidence of wheezing in infants [25], with a number of 
constituents of breast milk having been considered potentially responsible for this 
benefit [26]. Very many constituents in breast milk may explain this effect, namely 
bioactive enzymes, hormones, growth factors, immunoglobulins or immune signal-
ling molecules. There is evidence that all these constituents strengthen infant immu-
nity [27, 28], thereby fulfilling a key role in the child’s healthy development. There 
are multiple putative mechanisms by which breast milk constituents influence the 
pathogenesis of asthma. Breastfed infants are relatively better able to withstand 
respiratory pathogenic infections [29], and this may help to explain how breastfeed-
ing modulates the development of asthma from an early age. Breast milk potentially 
directly attacks invading microbes, acting to support the not yet fully competent 
immune system of infants [30]. Although this overall effect is well-established, the 
exact means by which the protection is conferred by specific breast milk constitu-
ents still awaits clarification [18].

3.3  Human Milk Composition

There has frequently been uncertainty in the findings of studies focused on the rela-
tionship between atopy and breast milk. This is likely a reflection of the highly 
complex nature of the phenomenon under study – breast milk composition, the envi-
ronment of the infant gut and the maturing immune system. Indeed, it is possible 
that whilst some constituents of human milk are protective against atopy, other ele-
ments may actually trigger allergic development [18].

There are a number of constituents in human milk that may affect the infant 
immune system, such as several antigenic compounds, immune signalling mole-
cules (both cytokines and chemokines), antibodies and polyunsaturated fatty acids 
[31]. There is transfer of maternal sIgA to the infant via breast milk, including 
colostrum. One potential benefit of this transfer is that the infant then develops a 
degree of passive immunity. Infants fed breast milk containing a low concentration 
of sIgA are more likely to develop allergic hypersensitivity to bovine milk. When 
the breast milk (colostrum and mature milk) of mothers with allergy is compared 
with milk from non-allergic mothers, the former is lower in sIgA targeting ovalbu-
min. However, there was no link between the ovalbumin sIgA levels in milk and the 
subsequent allergic status of infants [18, 32].
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3.4  Probiotics

Certain strains of probiotics alter the level of TGF-β in breast milk. However, 
Lactobacillus reuteri lowers the level [33]. Since the level of TGF-β in breast milk 
has a powerful role in immunomodulation, the area of probiotics is worthy of more 
detailed research [18].

3.5  Microbial Flora of the Intestines

Modern lifestyles are more hygienic than those in the past and this has resulted in 
alterations to the infant intestinal microbiota. This in turn may affect the develop-
ment of immunological disorders, including allergies and asthma [34]. Human 
adults have a gut flora with hundreds of different species of bacteria present, the 
majority being anaerobes. The microbial flora is a complex system. Its composition 
changes as the infant and child grows. The initial colonisers are facultative or aero-
bic species, but these are succeeded by an ever more anaerobic flora. The establish-
ment of commensal flora drives much of the development of the immune system [18].

When infants are breastfed for the first 4–6 months of life, this leads to benefit in 
terms of establishing a healthy intestinal flora. Breast milk contains bifidobacteria 
and lactate-metabolising bacterial species which contribute to a healthy microbiota 
[35]. Furthermore, milk supplies oligosaccharides containing galactose, that can be 
metabolised by beneficial species, especially bifidobacteria. There are several dif-
ferent types of these oligosaccharides in human milk. There are also several other 
components of breast milk which regulate the intestinal flora, namely specific 
nucleotides, immunoglobulin A and compounds, notably lactoferrin, which are 
inhibitory to bacterial growth [18].

The transfer of beneficial microbes occurs through breastfeeding. It is important 
for the infant gut to contain a varied flora for normal immune development to occur. 
The microbiota differ between infants who are breastfed and those receiving for-
mula milk; however, these differences have reduced as a result of improvements in 
the composition of formula milk [34]. In both cases, bifidobacteria and lactobacilli 
can be isolated from the intestines. One difference is the higher level of Clostridium 
difficile, Bacteroides, enterococci and Enterobacteriaceae in children fed formula, 
whereas Staphylococci are present in greater numbers in children who are breastfed. 
Overall, formula feeding results in a smaller range of bacterial species. At present, 
there is a need for more detailed research investigating how microbial diversity 
interacts with normal development, including any protective effect on atopy arising 
from greater microbial diversity [18].
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4  How Are Breastfeeding and Allergic Disorders Related?

Asthma, in common with other allergic disorders, arises due to multiple interactions 
between the genes of a patient and the surrounding environment. There are known 
environmental factors of importance, such as passive smoking, the diet in early life 
and allergenic triggers at home, such as house dust mites and pet dander. The vital 
period for normal development is the initial 1000 days. If the immune system does 
not encounter specific microbes at this stage, the infant or child may end up primed 
to develop allergic disorders in the longer term. Currently, the data available support 
the notion that breastfeeding may protect against developing allergic disorders in 
childhood, albeit there has been considerable debate over many years as to how 
extensive such a protective effect may be.

Although there have been a number of high-quality studies on breastfeeding, the 
evidence for benefit in non-communicable disorders (a category that also includes 
disorders affecting the immune system) still does not support definite conclusions. 
One explanation put forward for this apparent paradox is that breast milk varies in 
composition to a wide degree, and therefore those constituents which can stimulate 
an immune response also vary considerably [36]. Some researchers conclude that 
breast feeding reduces the risk of allergic disorders [37], whilst some other evidence 
has been interpreted to imply either breastfeeding confers no benefit against subse-
quent atopy, or even raises the likelihood of allergy [38]. These inconsistent conclu-
sions arise through studies of different design, implicit biases in certain studies and 
the variation in the constituents of human milk [39]. Genetic factors may also play 
a role. Indeed, the complexity of interactions involved makes it possible for a breast-
fed infant to be at lower or higher risk of sensitisation and subsequent atopy. There 
is also the effect of the mother’s diet on breast milk composition, which may also 
alter its potential to trigger an allergic response [40]. Ethical considerations mean 
that a study where breastfeeding was the manipulable variable remains unaccept-
able. Thus, the only data available come from studies based on observation, which 
are less robust methodologically. Nonetheless, there are many other reasons to pre-
fer breastfeeding and thus the World Health Organization (WHO) and European 
Society for Paediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) 
both advise mother to breastfeed infants exclusively for the initial 4 to 6 months. 
They note that for infants with a very high risk of subsequent allergy, the action 
most likely to reduce this risk is a decision to breastfeed. A study undertaken by 
Guilbert et  al. [41] indicated that, when adolescents who had been exclusively 
breastfed for at least 4 months were compared with those who had received formula 
milk up to the age of 2 months, respiratory function was inferior in the latter group. 
Lodge et al. undertook a systematic review and meta-analysis recently [41]. These 
authors noted that breastfed children had a reduced risk of childhood asthma, but 
there was little evidence to support a protective effect on allergic eczema up to the 
age of 2 years or allergic rhinitis up to the age of 5 years. There was no association 
between breastfeeding and subsequent food allergy [5].
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4.1  Breastfeeding and Asthma

Research examining how being breastfed is related to the risk of becoming asth-
matic has likewise resulted in seemingly inconsistent results. Being exclusively 
breastfed up to the age of 3 or 4 months has an association with a lower likelihood 
of developing wheeze up to the age of around 6 years. This advantage seems to be 
most noticeable up to the age of 2 years. If the mother herself has asthma and the 
child is at raised risk, breastfeeding may even raise the risk of asthma in the off-
spring [42].

When used as a marker to indicate a developing asthmatic tendency, wheeze 
refers to several related respiratory problems, including coughing, dyspnoea, 
wheeze proper and shortness of breath. It is important to recall that wheeze has a 
differing pathological significance at different stages in a child’s life, since asthma- 
like symptoms arise from different causes. Up to the age of 1 or 2 years, wheezing 
frequently results from infections of the upper respiratory tract. Infants who tend to 
wheeze frequently improve over time and the symptoms is not invariably associated 
with an asthmatic tendency. On the other hand, once children are attending school 
or enter adolescence, a tendency to wheeze is a more fixed characteristic and indi-
cates a likely cause of allergic asthma [42].

Since it has been demonstrated that breastfed infants suffer a lower rate of respi-
ratory tract infections, and since wheezing is strongly associated with such events, 
breastfeeding is expected to lower upper respiratory tract infection (URTI)-
associated wheezing in infants [43–46]. A systematic review and meta-analysis that 
collated studies examining asthma in breastfed infants noted that the practice was 
most beneficial up to the age of 2 years, and this protection did not depend on how 
long breastfeeding occurred or whether formula was also given. The study used the 
terms ‘asthma ever’ and ‘recent asthma’ and accepted wheeze, bronchiolitis and 
bronchitis under its definition of asthmatic conditions [47]. Breastfeeding offered 
less protection as the child’s age increased, and this accords with the observation 
from many studies that breastfeeding does not reduce the risk of asthma in those 
children at highest risk [48–50]. A different systematic review and meta-analysis 
[51] gathered the results of 29 studies to enquire whether the length of time breast-
feeding occurred had any effect on the likelihood of becoming asthmatic. The 
authors concluded that more prolonged breastfeeding reduced the frequency of 
asthma in children aged between 5 and 18 years. The benefit from breastfeeding was 
highest if the child was raised in a medium or low-income country. Finally, a third 
article of this type [52] which compiled results from 31 studies noted that breast-
feeding of any type and lasting any period was not associated with the development 
of wheeze. All the data related to children over the age of 5 years. This negative 
result also came out of a Norwegian study involving a cohort of the entire country, 
where the risk of asthma at age 7 years was not linked in any way to how long the 
child had been breastfed [42, 53].
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4.2  The Relationship Between Breastfeeding 
and Allergic Rhinitis

How breastfeeding and allergic rhinitis may be related is a matter of ongoing debate. 
The studies undertaken between 1966 and 2000 looking at the relationship between 
being exclusively breastfed for 3 months or more and subsequent allergic rhinitis, 
and where a prospective design was employed, have been collated and a systematic 
review and meta-analysis performed. The follow-up lasted 2 years and 3 months 
[54]. This analysis was affected by diagnostic challenges in young children, in 
whom rhinitis is often infective rather than allergic in type. Furthermore, allergic 
rhinitis usually starts after the age of 3 years. When the results of 6 studies were 
pooled, breastfeeding seemed to lower the risk of allergic rhinitis although this 
result lacked statistical significance (OR: 0.74, 95% CI: 0.54–1.01) [54]. A different 
meta-analysis and systematic review did find that being breastfed for longer was 
associated with lower risk of allergic rhinitis, up to and including the age of 5 years, 
but the association was weak [24]. A cohort study involving the offspring of asth-
matic mothers, which has since been reported [42, 48], noted that exclusive breast-
feeding had no effect on the likelihood of the infant becoming sensitised to 12 
frequently encountered airborne allergens up to the age of 6 years, nor on the likeli-
hood of allergic rhinitis at age 7 years.

4.3  Breastfeeding and Food Allergy

The evidence base for how breastfeeding affects the development of hypersensitiv-
ity to food consists of a few studies, the findings from which may be subject to 
several potential confounding variables, namely how long breastfeeding occurred 
and whether or not it was supplemented by formula and the presence of other aller-
gic disorders, such as allergic eczema or asthma [55–57].

A systematic review published in 2004 concluded that infants who were exclu-
sively breastfed for a minimum period of 4 months were at a reduced risk of being 
allergic to bovine milk up to the age of 1.5 years [58]. A Taiwanese cohort study 
which enrolled small numbers found that hypersensitivity to bovine milk was lower 
below the age of 2 years in children who were exclusively breastfed for a minimum 
of 4 months than in those who were either breastfed for less time or had additional 
formula feeds [59].

A study of observational design that appeared after the Taiwanese study cited 
indicated that for children with allergic eczema, breastfeeding was associated with 
a higher incidence of egg allergy and sensitisation than formula feeding. The criteria 
for diagnosing allergy were a specific IgE level of at least 2 kU/L, and for sensitisa-
tion, at least 0.7 kU/L [57]. The family histories of the two groups of infants were 
not significantly different with regard to allergic disorders. How egg sensitisation 
occurred could not be definitely demonstrated, although the findings of this study 
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suggest it was via breast milk. The two groups did not, however, differ at the level 
of statistical significance in terms of sensitisation or actual allergy to bovine or soy 
milk. A further study of observational design which examined children whose moth-
ers were asthmatic [48] concluded that the length of time for which the children had 
been exclusively breastfed was not associated with any of 10 common allergens 
found in food, at least up to the age of 6 years. It is important to note, however, that 
sensitisation, defined in terms of expression of IgE to particular food antigens, does 
not invariably imply a food allergy. This doubt about true allergy status especially 
exists where there is no previous history of allergic response or allergy has not been 
confirmed by a specialist using a controlled food challenge [42].

References

1. Pawankar R, Canonica G, Holgate S, Lockey R, Blaiss M.  WAO white book on allergy. 
Milwaukee Wi World Allergy Organ. 2011;3:156–7.

2. Prescott SL, Pawankar R, Allen KJ, Campbell DE, Sinn JK, Fiocchi A, Ebisawa M, Sampson 
HA, Beyer K, Lee B-W. A global survey of changing patterns of food allergy burden in chil-
dren. World Allergy Organ J. 2013;6:1–12. https://doi.org/10.1186/1939- 4551- 6- 21.

3. Strachan DP. Hay fever, hygiene, and household size. BMJ Br Med J. 1989;299:1259. https://
doi.org/10.1136/bmj.299.6710.1259.

4. Munblit D, Peroni DG, Boix-Amorós A, Hsu PS, Land BVT, Gay MC, Kolotilina A, Skevaki 
C, Boyle RJ, Collado MC. Human milk and allergic diseases: an unsolved puzzle. Nutrients. 
2017;9:894. https://doi.org/10.3390/nu9080894.

5. Nuzzi G, Di Cicco ME, Peroni DG. Breastfeeding and allergic diseases: what’s new? Children 
(Basel). 2021;8(5):330. https://doi.org/10.3390/children8050330.

6. Julvez J, Guxens M, Carsin AE, Forns J, Mendez M, Turner MC, Sunyer J. A cohort study 
on full breastfeeding and child neuropsychological development: the role of maternal social, 
psychological, and nutritional factors. Dev Med Child Neurol. 2014;56:148–56. https://doi.
org/10.1111/dmcn.12282.

7. Krol KM, Grossmann T.  Psychological effects of breastfeeding on children and mothers. 
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz. 2018;61:977–85. https://
doi.org/10.1007/s00103- 018- 2769- 0.

8. Ballard O, Morrow AL.  Human milk composition: nutrients and bioactive factors. Pediatr 
Clin. 2013;60:49–74.

9. Kulski J, Hartmann P. Changes in human milk composition during the initiation of lactation. 
Aust J Exp Biol Med Sci. 1981;59:101–14. https://doi.org/10.1038/icb.1981.6.

10. Dzidic M, Boix-Amorós A, Selma-Royo M, Mira A, Collado MC. Gut microbiota and mucosal 
immunity in the neonate. Med Sci. 2018;6:56. https://doi.org/10.3390/medsci6030056.

11. Peroni DG, Nuzzi G, Trambusti I, Di Cicco ME, Comberiati P. Microbiome composition and 
its impact on the development of allergic diseases. Front Immunol. 2020;11:700. https://doi.
org/10.3389/fimmu.2020.00700.

12. Penders JTC, Vink C, Stelma FF, Snijders B, Kummeling I, van den Brandt PA, Stobberingh 
EE.  Factors influencing the composition of the intestinal microbiome in early infancy. 
Pediatrics. 2006;118:511–21. https://doi.org/10.1542/peds.2005- 2824.

13. Saarela T, Kokkonen J, Koivisto M. Macronutrient and energy contents of human milk frac-
tions during the first six months of lactation. Acta Paediatr. 2005;94:1176–81. https://doi.
org/10.1111/j.1651- 2227.2005.tb02070.x.

14. Greer FR.  Do breastfed infants need supplemental vitamins? Pediatr Clin N Am. 
2001;48:415–23. https://doi.org/10.1016/S0031- 3955(08)70034- 8.

Ö. Sancaklı et al.

https://doi.org/10.1186/1939-4551-6-21
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.1136/bmj.299.6710.1259
https://doi.org/10.3390/nu9080894
https://doi.org/10.3390/children8050330
https://doi.org/10.1111/dmcn.12282
https://doi.org/10.1111/dmcn.12282
https://doi.org/10.1007/s00103-018-2769-0
https://doi.org/10.1007/s00103-018-2769-0
https://doi.org/10.1038/icb.1981.6
https://doi.org/10.3390/medsci6030056
https://doi.org/10.3389/fimmu.2020.00700
https://doi.org/10.3389/fimmu.2020.00700
https://doi.org/10.1542/peds.2005-2824
https://doi.org/10.1111/j.1651-2227.2005.tb02070.x
https://doi.org/10.1111/j.1651-2227.2005.tb02070.x
https://doi.org/10.1016/S0031-3955(08)70034-8


529

15. Lönnerdal B. Human milk proteins. Prot Infants Hum Milk. 2004;554:11–25.
16. Srivastava MD, Srivastava A, Brouhard B, Saneto R, Groh-Wargo S, Kubit J. Cytokines in 

human milk. Res Commun Mol Pathol Pharm. 1996;93:263–87.
17. Ogawa J, Sasahara A, Yoshida T, Sira MM, Futatani T, Kanegane H, Miyawaki T. Role of 

transforming growth factor-β in breast milk for initiation of IgA production in newborn infants. 
Early Hum Dev. 2004;77:67–75. https://doi.org/10.1016/j.earlhumdev.2004.01.005.

18. Oddy WH.  Breastfeeding, childhood asthma, and allergic disease. Ann Nutr Metab. 
2017;70:26–36. https://doi.org/10.1159/000457920.

19. Prescott SL, Tang MLK. The Australasian Society of Clinical Immunology and Allergy posi-
tion statement: summary of allergy prevention in children. Med J Aust. 2005;182:464–7.

20. World Health Organization: Global Strategy for Infant and Young Child Feeding. Geneva; 2003.
21. Prescott SL, Smith P, Tang M, Palmer DJ, Sinn J, Huntley SJ, et al. The importance of early 

complementary feeding in the development of oral tolerance: concerns and controversies. 
Pediatr Allergy Immunol. 2008;19:375–80.

22. Koplin JJ, Osborne NJ, Wake M, Martin PE, Gurrin LC, Robinson MN, et  al. Can early 
introduction of egg prevent egg allergy in infants? A population-based study. J Allergy Clin 
Immunol. 2010;126:807–13.

23. Du Toit G, Roberts G, Sayre PH, Bahnson HT, Radulovic S, Santos AF, et al. Randomized trial 
of peanut consumption in infants at risk for peanut allergy. N Engl J Med. 2015;372:803–13.

24. Togias A, Cooper SF, Acebal ML, Assa’ad A, Baker JR Jr, Beck LA, et  al. Addendum 
guidelines for the prevention of peanut allergy in the United States: report of the National 
Institute of Allergy and Infectious Diseases - sponsored expert panel. J Allergy Clin Immunol. 
2017;139:29–44.

25. Oddy WH, Sly PD, de Klerk NH, Landau LI, Kendall GE, Holt PG, et al. Breast feeding and 
respiratory morbidity in infancy: a birth cohort study. Arch Dis Child. 2003;88:224–8.

26. Field CJ. The immunological components of human milk and their effect on immune develop-
ment in infants. J Nutr. 2005;135:1–4.

27. Newburg DS, Walker WA. Protection of the neonate by the innate immune system of develop-
ing gut and of human milk. Pediatr Res. 2007;61:2–8.

28. Garofalo RP, Goldman AS. Expression of functional immunomodulatory and anti- inflammatory 
factors in human milk. Clin Perinatol. 1999;26:361–78.

29. Oddy WH, de Klerk NH, Sly PD, Holt PG. The effects of respiratory infections, atopy and 
breastfeeding on childhood asthma. Eur Respir J. 2002;19:899–905.

30. Hanson LÅ. Breastfeeding provides passive and likely longlasting active immunity. Ann 
Allergy Asthma Immunol. 1998;81:523–37.

31. Friedman NJ, Zeiger RS.  The role of breast-feeding in the development of allergies and 
asthma. J Allergy Clin Immunol. 2005;115:1238–48.

32. Saarinen KM, Vaarala O, Klemetti P, Savilahti E. Transforming growth factor-β1 in mothers’ 
colostrum and immune responses to cows’ milk proteins in infants with cows’ milk allergy. J 
Allergy Clin Immunol. 1999;104:1093–8.

33. Rautava S.  Potential uses of probiotics in the neonate. Semin Fetal Neonatal Med. 
2007;12:45–53.

34. Adlerberth I, Wold AE. Establishment of the gut microbiota in Western infants. Acta Paediatr. 
2009;98:229–38.

35. Martín R, Olivares M, Marín ML, Fernández L, Xaus J, Rodríguez JM. Probiotic potential of 
3 Lactobacilli strains isolated from breast milk. J Hum Lact. 2005;21:8–17.

36. D’Alessandro A, Scaloni A, Zolla L. Human milk proteins: an interactomics and updated func-
tional overview. J Proteome Res. 2010;9:3339–73. https://doi.org/10.1021/pr100123f.

37. Davis MK.  Breastfeeding and chronic disease in childhood and adolescence. Pediatr Clin. 
N. Am. 2001;48:125–41. https://doi.org/10.1016/S0031- 3955(05)70289- 3.

38. Giwercman C, Halkjaer LB, Jensen SM, Bønnelykke K, Lauritzen L, Bisgaard H. Increased 
risk of eczema but reduced risk of early wheezy disorder from exclusive breast-feeding in 

The Role of Breastfeeding on the Development and Prevention of Allergic Diseases

https://doi.org/10.1016/j.earlhumdev.2004.01.005
https://doi.org/10.1159/000457920
https://doi.org/10.1021/pr100123f
https://doi.org/10.1016/S0031-3955(05)70289-3


530

high-risk infants. J Allergy Clin Immunol. 2010;125:866–71. https://doi.org/10.1016/j.
jaci.2010.01.026.

39. Munblit D, Treneva M, Peroni DG, Colicino S, Chow LY, Dissanayeke S, Pampura A, Boner 
AL, Geddes DT, Boyle RJ. Immune components in human milk are associated with early infant 
immunological health outcomes: a prospective three-country analysis. Nutrients. 2017;9:532. 
https://doi.org/10.3390/nu9060532.

40. Munblit D, Boyle R, Warner J. Factors affecting breast milk composition and potential con-
sequences for development of the allergic phenotype. Clin Exp Allergy. 2015;45:583–601. 
https://doi.org/10.1111/cea.12381.

41. Lodge CJ, Tan D, Lau M, Dai X, Tham R, Lowe AJ, Bowatte G, Allen K, Dharmage 
SC.  Breastfeeding and asthma and allergies: a systematic review and meta-analysis. Acta 
Paediatr. 2015;104:38–53. https://doi.org/10.1111/apa.13132.

42. Fleischer DM. The impact of breastfeeding on the development of allergic disease. In: Sicherer 
SH, TePas E (Eds). UpToDate. Last updated: Aug 28, 2020.

43. Elliott L, Henderson J, Northstone K, et al. Prospective study of breast-feeding in relation to 
wheeze, atopy, and bronchial hyperresponsiveness in the Avon Longitudinal Study of Parents 
and Children (ALSPAC). J Allergy Clin Immunol. 2008;122:49.

44. Wright AL, Holberg CJ, Martinez FD, et al. Breast feeding and lower respiratory tract illness 
in the first year of life. Group Health Medical Associates. BMJ. 1989;299:946.

45. Holberg CJ, Wright AL, Martinez FD, et  al. Risk factors for respiratory syncytial virus- 
associated lower respiratory illnesses in the first year of life. Am J Epidemiol. 1991;133:1135.

46. Howie PW, Forsyth JS, Ogston SA, et al. Protective effect of breast feeding against infection. 
BMJ. 1990;300:11.

47. Dogaru CM, Nyffenegger D, Pescatore AM, et al. Breastfeeding and childhood asthma: sys-
tematic review and meta-analysis. Am J Epidemiol. 2014;179:1153.

48. Jelding-Dannemand E, Malby Schoos AM, Bisgaard H.  Breast-feeding does not protect 
against allergic sensitization in early childhood and allergy-associated disease at age 7 years. J 
Allergy Clin Immunol. 2015;136:1302.

49. Wright AL, Holberg CJ, Taussig LM, Martinez FD. Factors influencing the relation of infant 
feeding to asthma and recurrent wheeze in childhood. Thorax. 2001;56:192.

50. Sears MR, Greene JM, Willan AR, et  al. Long-term relation between breastfeeding and 
development of atopy and asthma in children and young adults: a longitudinal study. Lancet. 
2002;360:901.

51. Lodge CJ, Tan DJ, Lau MX, et al. Breastfeeding and asthma and allergies: a systematic review 
and meta-analysis. Acta Paediatr. 2015;104:38.

52. Brew BK, Allen CW, Toelle BG, Marks GB. Systematic review and meta-analysis investigat-
ing breast feeding and childhood wheezing illness. Paediatr Perinat Epidemiol. 2011;25:507.

53. Lossius AK, Magnus MC, Lunde J, Størdal K. Prospective cohort study of breastfeeding and 
the risk of childhood asthma. J Pediatr. 2018;195:182.

54. Mimouni Bloch A, Mimouni D, Mimouni M, Gdalevich M. Does breastfeeding protect against 
allergic rhinitis during childhood? A meta-analysis of prospective studies. Acta Paediatr. 
2002;91:275.

55. Greer FR, Sicherer SH, Burks AW, et al. The effects of early nutritional interventions on the 
development of atopic disease in infants and children: the role of maternal dietary restriction, 
breastfeeding, hydrolyzed formulas, and timing of introduction of allergenic complementary 
foods. Pediatrics. 2019;143:e20190281.

56. Høst A, Halken S, Muraro A, et al. Dietary prevention of allergic diseases in infants and small 
children. Pediatr Allergy Immunol. 2008;19:1.

57. Han Y, Chung SJ, Kim J, et al. High sensitization rate to food allergens in breastfed infants 
with atopic dermatitis. Ann Allergy Asthma Immunol. 2009;103:332.

58. Muraro A, Dreborg S, Halken S, et al. Dietary prevention of allergic diseases in infants and 
small children. Part III: Critical review of published peer-reviewed observational and interven-
tional studies and final recommendations. Pediatr Allergy Immunol. 2004;15:291.

59. Liao SL, Lai SH, Yeh KW, et al. Exclusive breastfeeding is associated with reduced cow’s milk 
sensitization in early childhood. Pediatr Allergy Immunol. 2014;25:456.

Ö. Sancaklı et al.

https://doi.org/10.1016/j.jaci.2010.01.026
https://doi.org/10.1016/j.jaci.2010.01.026
https://doi.org/10.3390/nu9060532
https://doi.org/10.1111/cea.12381
https://doi.org/10.1111/apa.13132


531

Breastfeeding and Atopic Dermatitis

Sait Karaman and Demet Can

1  Introduction

Up to the age of 6 months, the best way for infants born at term to be fed is by breast 
milk only [1]. Universal breastfeeding is recommended by both national govern-
ments and doctors’ professional associations worldwide, since breast milk offers 
multiple advantages: nutritional, functional, immune-protective and psychological. 
Breastfeeding helps the gut to develop healthily, confers immunity against many 
pathogens and improves the infant’s emotional health [1–4]. Furthermore, epide-
miological data support the conclusion that breastfed infants have a lower risk of 
several paediatric conditions linked to the immune system, namely inflammatory 
and autoimmune diseases and neoplasia, which may indicate breastfeeding has 
long-term effects on how the immune system works [5].

In every infant, the recommendation is to continue breastfeeding up to the age of 
4–6 months, as a minimum [1, 6–8]. Due to the multiple advantages breastfeeding 
offers, both maternal and for infants, the WHO (World Health Organisation) advises 
that infants should receive only breast milk up to the age of 6 months, to ensure the 
best chance of normal healthy growth and development [8].

It is the recommendation of both the American Academy of Allergy, Asthma & 
Immunology and the European Academy of Allergy and Clinical Immunology that 
infants receive breast milk only up to the age of 4–6 months in order to reduce the 
risk of developing a primary atopic disorder [6, 9]. The assertion that breastfeeding 
can lower the incidence of allergy has been made for at least the last seven decades. 
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However, whilst multiple studies have examined the relationship between breast-
feeding and atopic disorders, such as allergic dermatitis, the conclusions researchers 
reach have remained somewhat inconsistent [10].

2  Immunological Properties of Human Milk

There are several components of breast milk which perform an active immune func-
tion, such as antibodies, antimicrobial enzymes and certain white cells. There are 
also some molecules which inhibit inflammation or increase tolerance, for example 
polyunsaturated long-chain fatty acids (PUFA), platelet-activating factor (PAF) 
acetylhydrolase and interleukin-10 (IL-10). Moreover, several molecules which 
exert a modulatory role on the innate immune defences through stimulation or inhi-
bition of specific receptors, such as CD-14 and other factors interacting with toll- 
like receptors, have been characterised in breast milk [11–16]. Nonetheless, in the 
majority of studies so far published, it is unclear how the presence of these breast 
milk constituents affects the allergic state of either the mother or child [5, 17, 18].

3  Atopic Dermatitis (AD)

Atopic dermatitis is a dermatological disorder of chronic type involving inflamma-
tion and itching of the skin, usually distributed over the facial (especially malar) and 
cervical areas and limbs, but rarely found in the groin or axillae. See accompanying 
illustration. Although this condition generally has its onset in young infants, it is 
also common in adulthood. Atopic dermatitis is typically accompanied by raised 
serological titres of immunoglobulin E (IgE). Atopic dermatitis frequently precedes 
the development of other atopic conditions, which occur in the characteristic 
sequence: food allergy, asthma and allergic rhinitis. This has led some experts to 
propose that atopic dermatitis is the first step in the development of allergic reac-
tions at various epithelial interfaces, namely the gastrointestinal tract and airways. 
This theory is termed the ‘atopic march’ [19–21].

The sole symptomatic presentation of atopic dermatitis is a continuous pruritic 
itch. There are generally periods where the atopic dermatitis flares up, interspersed 
with periods of remission. The triggers for exacerbations are usually obscure [19].

The main abnormalities on physical examination are as follows [19]:

• Xerosis (skin dryness).
• Lichenification (the skin becomes thickened and its markings more prominent).
• Areas of eczematous inflammation.

The appearances of the lesions and their distribution varies with the age of the 
patient, being different in infancy, childhood and adulthood.
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In addition, the following clinical features often co-occur in cases of atopic der-
matitis [19]:

• Itching.
• The patient is very young when the disorder first presents.
• The condition is chronic and relapsing in nature.
• IgE is central to the pathology.
• There is a raised blood eosinophil count.
• Lesions may be superinfected with Staphylococcus aureus.
• The patient either also suffers from asthma or allergic rhinitis, or there is a posi-

tive family history of atopy in a first-degree relative.

3.1  Diagnosing Atopic Dermatitis

According to the guidelines promulgated by the American Academy of Dermatology 
(AAD) since 2014, the following diagnostic criteria should be considered when 
diagnosing atopic dermatitis (AD) [22]:

Unless the following features are noted, the diagnosis of AD cannot be made:

• Itching.
• Eczematous rash. The condition may be acute, subacute or chronic.
• Furthermore:

 – The lesions must have the appropriate morphological appearances and follow 
the expected distribution according to the patient’s age, i.e. affecting the face, 
neck and extensor surfaces in children or the flexures in all patients, but not 
affecting the groin or axilla.

 – The lesions must be chronic or follow a relapsing course.

Additionally, the following features are considered highly consistent with 
AD [19]:

• The condition begins early in life.
• There is a history of atopy in the patient or a relative and IgE levels are raised.
• Skin dryness is present.

There are also a number of features which do not specifically indicate AD, but 
are also found in the condition, namely [19]:

• Vascular reflexes are abnormal. This presents as pallor of the face, or delayed 
blanching.

• Keratosis pilaris, pityriasis alba, hyperlinear palms or ichthyosis.
• Changed appearances around the eyes and/or mouth.
• Other areas of changed skin appearance, such as around the pinna.
• Perifollicular accentuation, lichenification or prurigo.
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4  Breastfeeding and Its Relationship to AD

The pathogenesis of asthma and other atopic disorders involves many complicated 
interactions, involving both genetic predisposition and environmental triggers. The 
environmental triggers include early weaning, breathing second-hand cigarette 
smoke and allergens found in homes (namely house dust mites or pet animal dan-
der). The initial 1000  days following birth are a period of vital importance for 
healthy development of the immune system. If anything interferes with the normal 
interactions between microbes and the maturing immune system during this initial 
period, there is a possibility of long-term damage, rendering the infant at risk of 
allergic disorders. The current evidence points to a role for some constituents of 
breast milk in avoiding development of allergies, albeit the exact role of breast milk 
in prevention of atopic diseases remains controversial. Even though the evidence is 
gathering from studies of robust methodological design, the extent to which breast 
milk protects against several non-infectious diseases, including those involving the 
immune system, is still not clear from the results so far. One potential explanation 
that has been advanced is that the varying findings reflect the heterogeneity within 
breast milk, which may contain widely varying concentrations of particular bioac-
tive constituents [23]. Whilst the results of some studies do indicate that breastfeed-
ing significantly protects against atopic disorders [24], other studies have disputed 
this finding, with some experts asserting that breastfeeding may even increase the 
incidence [25]. Much of the inconsistency in the findings likely stems from different 
methodologies used in the studies involved, some inherent biases and the fact that 
breast milk plays complex immune roles [26]. Genetics may also be significant in 
this regard. Because of these different factors, it is possible that breastfeeding may 
protect some infants against atopic diseases, whilst triggering sensitisation in oth-
ers. Furthermore, the dietary intake of the mother may also alter the immune func-
tion of milk, which then affects how children go on to develop allergies [27]. For 
ethical reasons, a study which randomised whether an infant was breastfed or not 
would not receive approval, and this then means that the evidence base consists of 
observational-type studies, which are of lower evidential value. Despite the incom-
plete picture gathered so far, it does appear clear that failure to endorse breastfeed-
ing would risk significant potential harm in terms of missed opportunities to prevent 
atopic disorders. This is the reasoning behind the advice by the World Health 
Organisation (WHO) and European Society for Paediatric Gastroenterology 
Hepatology and Nutrition (ESPGHAN) that infants up to the age of 4 or 6 months 
should be exclusively breastfed. A study undertaken by Guilbert et al. [28] demon-
strated superior respiratory function in infants receiving exclusively breast milk up 
to a minimum age of 4 months compared to those who received artificial baby milk 
before the age of 2 months. The recent article by Lodge et al., consisting of a sys-
tematic review and meta-analysis, showed that breastfed children had a lower risk 
of developing asthma. The risk of AD up to the age of 2 years, or allergic rhinitis up 
to the age of 5 years, may also be reduced, but the evidence for this conclusion is not 
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very compelling. There appeared to be no relationship between breastfeeding and 
the risk of developing food allergies [29].

The majority of studies examining the relationship between breastfeeding and 
AD consist of follow-up of cohorts from birth or cross-sectional surveys. One study 
of observational type, which enrolled in excess of 200,000 infants across many dif-
ferent countries was ISAAC (the International Study of Asthma and Allergies in 
Childhood). This study concluded that breastfeeding did not reduce the incidence of 
AD in children aged between 6 and 7 years, albeit there was some protective effect 
against the most severe degree of AD [30]. Lodge et al. reviewed the literature and 
performed a meta-analysis of published data [31]. This revealed that exclusive 
breastfeeding for at least 3 or 4 months did result in a reduced incidence of AD, but 
this reduced incidence did not persist for longer than 2 years. According to the same 
article, many of the earlier studies which concluded that breastfeeding reduces the 
risk of AD involved small numbers of participants and failed to eliminate possi-
ble biases.

There are several studies, however, which have demonstrated a reduction in the 
incidence of AD occurring in childhood when infants were breastfed. A study of 
cohort design, which followed 4089 children from birth, found that a period of 
breastfeeding lasting a minimum of 4  months lowered the incidence of AD and 
resulted in allergic march only occurring at the age of 4 years [32]. One study, with 
a cross-sectional design and based in developing countries concluded that a lengthy 
period of being breastfed was protective against several atopic disorders, including 
AD, and this protective effect was irrespective of whether the mother herself suf-
fered from atopy [33]. A study with a prospective methodology used randomisation 
to assign 17,046 healthy mothers, whose children were born at term, to one of two 
groups: one received usual follow-up, whilst patients in the other group received 
supportive advice about breastfeeding. The group where the extra support was pro-
vided had a 46% lower incidence of AD than the other, unsupported group. However, 
the result was very close to the limit for being deemed statistically significant [34]. 
A study from Taiwan using a cohort design and with 186 participants concluded that 
infants breastfed for a minimum of 6 months, whether exclusive or not, had a lower 
incidence of AD in early childhood than other children [35]. The results of some 18 
studies were pooled for a meta-analysis and a systematic review was undertaken, 
the results of which showed that exclusively breastfed infants were at lower risk of 
AD, even with a family history of atopic disease [36]. The protective benefit is lower 
in children more generally and barely perceptible unless the child has a first degree 
relative with an atopic disposition [36]. Another study followed up a cohort of 
infants, all of whom were born at term and were healthy. Some 865 infants received 
breastfeeding only, whilst 256 were given at least some artificial baby milk. The 
infants were observed up to the age of 1 year. For those children with risk factors for 
atopic disorders, being exclusively breastfed for a minimum of 4 months stopped 
AD from occurring up to the age of 1 year [10, 37].

Other evidence in the literature, however, suggests no benefit from breastfeeding 
in terms of preventing AD. A recent article in Allergy, Asthma and Immunology 
Research examined once again how breastfeeding and AD are related in young 
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children [38]. Lee et al. investigated 2015 young children between the ages of 1 and 
3 years, who were enrolled in the Korea National Health and Nutrition Examination 
Survey. Breastfeeding and AD did not appear to be related at all. Furthermore, the 
duration of breastfeeding tends to be longer if the mother or father has an atopic 
disorder and the decision to breastfeed is also more popular in this group. Other 
studies have also made similar observations [39].

Lin et al. [40] concluded that it was still a matter of debate what relationship, if 
any, exists between breastfeeding and AD. This conclusion was based on 27 studies, 
the data from which were included in a meta-analysis. The odds ratios calculated 
from the pooled data for breastfeeding of any type were 1.01 (95% confidence inter-
val [CI]: 0.93–1.10), and for exclusive breastfeeding, 0.99 (95% Confidence inter-
val (CI): 0.88–1.11). There was a high degree of heterogeneity in the study types 
(total: P < 0.01 or I2 = 65.2%; exclusive: P < 0.01 or I2 = 72.3%). The data suggest 
that breastfed infants with a family history of atopy are mildly protected against 
developing AD (total: relative risk [RR] 0.85, 95% CI: 0.74–0.98; exclusive: RR 
0.83, 95% CI: 0.70–0.97). For infants without a positive atopic family history, the 
protective effect for exclusively breastfed infants was less than that seen in those 
with a positive family history (RR: 1.19, 95% CI: 1.02–1.40). The protective effect 
started to disappear when looking at breastfed infants as a whole, regardless of 
exclusivity (RR: 1.11, 95% CI: 0.94–1.31). Thus, overall, Lin et al. assert, breast-
feeding does not affect the risk of AD.  In some subgroups there is a protective 
effect, namely those infants with a positive family history of atopy, whether exclu-
sively breastfed or not. However, if the family history of atopy is not present, the 
protective effect disappears. In any case, the data are too heterogeneous to make 
firm conclusions about any relationship between AD and breastfeeding.
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Congenital Abnormalities of the Airway

Elad Azizli, Cemal Cingi, and Jeffrey C. Bedrosian

1  Introduction: Embryological Considerations

Already by weeks 4 and 5, the developing foetus is developing an airway, a structure 
which grows from the branchial arches. During the initial stages in pulmonary 
development, the dividing airways influence the layout of the expanding vasculature 
[1], a fact which helps to explain the common association between airway condi-
tions and pulmonary or circulatory anomalies [2].

Furthermore, there are known to be multiple airway abnormalities linked to con-
genital syndromes or anomalous anatomy arising during embryological develop-
ment. Abnormalities of the airway are currently likely to be diagnosed at an early 
stage, leading to surgical intervention and use of the neonatal intensive care unit. 
Therefore, neonatologists need knowledge of this important and growing area [2].
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1.1  Development In Utero

Development of the foetus in utero can be separated into two distinct phases: 
embryogenesis (the first 8 weeks), during which all the major organ systems form 
(organogenesis), and the foetal phase, wherein these systems assume a more mature 
form [3].

1.2  Organogenesis

The cells that form the larynx originate from the endodermal layer of the foregut 
and contiguous mesenchymal tissue at a location between the fourth pharyngeal 
arch and the sixth. The first sign of the foregut appears on day 20, when the ventral 
laryngotracheal groove forms. Two days later, this structure has already given rise 
to the primordial laryngeal sulcus and the respiratory diverticula. By day 24, the 
lungs begin to bud bilaterally. The laryngotracheal groove deepens until the lateral 
edges fold over to create a tubular structure, which then begins its caudal descent. 
The tracheooesophageal septum then forms a boundary between the developing tra-
chea and oesophagus. At first, there exists a linear opening between the developing 
respiratory system and the pharynx, but this slit fuses from the caudal pole towards 
the cranial pole. Failure of closure leads to an abnormal connection of the laryngo-
tracheal and oesophageal regions. In normal development, however, the respiratory 
system and the gut from this stage onwards develop independently of each other [3].

By day 32, the earliest beginnings of the larynx are observable. Near to the cra-
nial pole of the laryngotracheal tube, there appear mesenchymal arytenoid swell-
ings arising from the paired sixth pharyngeal arches. As the swellings enlarge, they 
move towards the midline and towards each other. When they reach the caudal 
extent of the hypobranchial eminence, they form a T-shaped entrance into the laryn-
gotracheal tube. These structures apply pressure on the laryngotracheal tube in the 
midline and this causes the tube to fuse shut, which means it no longer communi-
cates at this stage with the pharynx. Continued expansion of the arytenoid swellings 
in a cranial direction eventually results in formation of the arytenoid and corniculate 
cartilages and the primordial aryepiglottic folds [3].

The structures above the level of the glottis, i.e. the epiglottic and cuneiform 
cartilages, develop from the hypobranchial eminence. The fourth pharyngeal arch 
supplies the thyroid cartilage, which grow from chondrification centres on each 
side, whilst the sixth pharyngeal arch supplies the cricoid and tracheal cartilages. 
By day 33, the superior laryngeal nerve can be seen, having arisen from the fourth 
pharyngeal arch, and on day 37, the recurrent laryngeal nerve has already arisen 
from the sixth pharyngeal arch [3].

Thus, by the 40th day of gestation, the larynx already possesses both its cartilagi-
nous skeleton and intrinsic musculature. Four days later the cartilages have matured 
considerably and there is a complete ring of cricoid. On day 48, the concavity of the 
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epiglottis is clearly perceptible. By day 51, the hyoid cartilage is in existence. Thus, 
as the embryonic period draws to a close, the larynx already possesses its own 
intrinsic muscles, nerve and vascular supply and cartilaginous framework. 
Furthermore, the tube now reopens, so that the tube is open as far as the trachea. 
Thereafter, there is ongoing stepwise maturation of the laryngeal structures for the 
rest of the pregnancy [3].

1.3  Maturation of Organ Systems

The vocal processes arise from the arytenoids and there is midline fusion of the 
thyroid cartilage during the third month of gestation. In the following month, 
mucous-secreting cells and glandular structures form in the submucosa. The carti-
laginous framework of the epiglottis hardens into fibrocartilage at some point 
between months 5 and 7, which is also the time when the corniculate and cuneiform 
cartilages make their appearance. As the pregnancy draws to a close, the growth 
pattern of the cricoid cartilage alters from an interstitial to perichondrial type [3].

2  Laryngomalacia

2.1  Epidemiology

The most frequently occurring congenital laryngeal anomaly is laryngomalacia. 
This condition, where the cartilaginous framework is excessively soft, represents 
60% of laryngeal structural anomalies. The male to female ratio in such cases is 
2:1 [4].

2.2  Aetiology and Pathogenesis

A mechanism that accounts for every case of laryngomalacia has not yet been dis-
covered. Possible hypotheses to explain the condition invoke immature growth or 
abnormal development of cartilage, gastrooesophageal reflux (GORD) or underde-
velopment of neuromuscular control.

The epiglottis is formed by the third and fourth pharyngeal arches. In cases of 
laryngomalacia, the epiglottis is excessively elongated and extends too far laterally. 
This occurs due to overactive growth of the portion arising from the third arch. On 
histology, however, the cartilaginous appearances of the larynx taken from infants 
with laryngomalacia do not differ from the normal infant larynx.
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It is possible that GORD is a cause of laryngomalacia. A recent histopathological 
study of surgical biopsies taken at aryepiglottoplasty found inflammatory exudates 
of varying degrees of severity in different regions of the epithelium. At a deeper 
level, oedema was observed in these specimens.

There is a significant association between GORD and greater symptomatic sever-
ity and higher risk of complications.

In cases of laryngomalacia, the arytenoid also prolapses, which indicates that 
dysfunction of neuromuscular control may be significant. However, it is noteworthy 
that in premature births hypotonicity is more common (indicative of immature neu-
romuscular control), but there is no increase in laryngomalacia [3].

2.3  Presenting Features

The usual presenting symptoms in cases of laryngomalacia are noisy breathing and 
stridor on inspiration. These symptoms are worsened by lying supine, whilst feed-
ing and when distressed. The symptoms lessen if the child is placed on his or her 
front and the neck extended. The quality of the voice is generally normal. The onset 
is typically when the infant is a few weeks old, with progressive worsening lasting 
months followed by resolution at the age of 1½ to 2 years. It is unusual for symp-
toms to be already present at birth.

A less usual presentation is with difficulty feeding, but not to the extent of caus-
ing failure to thrive. Infants with laryngomalacia seldom experience respiratory dis-
tress or cyanosis [3].

When physically examined, infants with laryngomalacia are normally within the 
expected growth percentiles, have a healthy appearance and show no signs of dis-
tressed breathing, such as flared nostrils, rib retraction, use of accessory muscles or 
cyanosis. Their cry is powerful and has a normal quality. However, the following 
abnormal features may be observed on flexible endoscopy [3]:

• The epiglottis is both elongated and extends too far laterally, resembling the let-
ter omega. When the child draws a breath, the epiglottis drops in a posteroinfe-
rior direction.

• The arytenoids have excessive bulkiness and prolapse in an anteromedial direc-
tion when breath is drawn.

• The aryepiglottic folds are shorter than usual and become tethered to the 
epiglottis.

• When the patient breathes in, the aryepiglottic folds (cuneiform cartilage) col-
lapse inwards.

• When breath is expelled, however, these structures above the glottis are all lifted 
clear and air flows freely.

• The vocal folds have normal appearances and function in patients with 
laryngomalacia.
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2.4  Diagnosis

The combination of suitable history and examination using the endoscope is gener-
ally adequate to allow laryngomalacia to be diagnosed. Imaging may support the 
diagnosis as well as allowing the assessment of other potential reasons for stridor, 
such as tracheomalacia, compression of the innominate artery or tracheal vascular 
rings. Plain X-ray obtained during inspiration may reveal inferomedial movement 
of the epiglottis and arytenoids. On fluoroscopic examination, it may be possible to 
see collapse of the structures above the glottis and widening of the hypopharynx. 
Where a paediatric patient shows signs of respiratory distress or where other abnor-
malities appear to be present in imaging studies, rigid bronchoscopy should be 
undertaken, for which the patient will require general anaesthesia [3].

2.5  Treatment

In the majority of patients, watchful waiting is appropriate. Attention should be paid 
to any breathing or feeding problems which may arise. If the child suffers from 
GORD, it is important to treat this condition actively since it may worsen laryngo-
malacia. The child may need to be put in particular positions to sleep and agents 
used in GORD may need to be utilised [3].

Somewhat rarely, where breathing becomes difficult in cases of laryngomalacia, 
surgery may be indicated [5]. If respiratory distress develops rapidly, a tracheotomy 
should be undertaken and the tube left in situ until the supraglottic structures have 
had time to develop normally. An alternative procedure to tracheotomy is epiglot-
toplasty. Epiglottoplasty consists of bilateral excision of a wedge-shaped portion of 
the aryepiglottic folds, reducing the size of the epiglottis, excision of the corniculate 
and cuneiform cartilages and removal of any excess mucosal tissue from the aryte-
noids. The result is a widened entrance into the larynx. The usual instrumentation 
employed is a laser. Extubation is normally arranged to occur one day after the 
operation. There is a review by Richter and Thompson dating from 2008 which 
examines indications for surgery, the methods available and perioperative manage-
ment [6].

3  Vocal Cord Paralysis

3.1  Epidemiological Aspects

Paralysis of the vocal cords is responsible for between 15 and 20% of cases featur-
ing congenital laryngeal abnormalities. It is thus the second most frequently occur-
ring condition of this kind. Paralysis of the vocal cords affects both boys and girls 
equally [7].
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3.2  Aetiology and Pathogenetic Mechanism

Most cases of paralysis of the cords occurring bilaterally are of unknown cause. In 
a proportion of patients, paralysis may be due to underdevelopment of central neu-
romuscular control. It can also occur secondary to central nervous system pathol-
ogy, such as the Arnold-Chiari malformation, cerebral palsy, hydrocephalus, 
myelomeningocoele, spina bifida, hypoxia or a cerebral haemorrhage.

A temporary paralysis of the vocal cords lasting between half a year and 9 
months may follow from traumatic injury to the cervical spine incurred at birth. 
Most cases of unilateral paralysis are of unknown cause, but some are a result of a 
peripheral nerve palsy. The recurrent laryngeal nerve is sometimes damaged at birth 
leading to paralysis of the vocal cords [3].

3.3  Clinical Presentation

The usual presentation is of an infant with stridor upon inspiration, even whilst rest-
ing, but worsening as a child becomes aroused. The vocal quality is almost normal 
and the airway becomes steadily less patent. Indeed, it may become obstructed to 
the degree that respiratory distress occurs and airway management is needed. Since 
patients with bilateral paralysis of the vocal cords frequently aspirate, the child may 
be prone to repeated lower respiratory tract infections.

When the child is physically examined, there may be signs of respiratory distress 
(flared nostrils, use of accessory muscles of respiration (e.g. supraclavicular), 
indrawing of the rib cage and cyanotic episodes) but some children will not show 
these signs. Examination of the head and neck may indicate abnormalities affecting 
the cranial nerves. The diagnosis can generally be confirmed by endoscopic exami-
nation, at which vocal cord paralysis is apparent. No other condition should be able 
to account for the symptoms.

Vocal cord paralysis affecting only one side may come to clinical attention 
shortly after birth or be subclinical. The most frequently occurring presentation is a 
dysphonic, breathy cry that becomes more evident with arousal. Infants in this situ-
ation may also have difficulty feeding and may aspirate [3].

3.4  Diagnosis

Unilateral paralysis of the vocal folds can be diagnosed endoscopically. If the 
patient has distressed breathing, rigid bronchoscopy should be employed to ensure 
there are no other obstructions to the passage of air. Radiological investigations are 
warranted to evaluate the possibility that the recurrent laryngeal nerve is affected by 
a lesion of the mediastinum or cervical region. The technique of laryngeal 
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electromyography (EMG) is currently being used to assess mobility in conditions 
affecting the vocal cords and is useful to separate true paralysis from vocal fold fixa-
tion. This technique is also beneficial for estimating the outcome following the 
development of vocal fold paralysis [3].

3.5  Management

In cases where the vocal cords are paralysed bilaterally, urgent management of the 
airway may be required. This typically involves endotracheal intubation. To bypass 
the obstructed portion tracheotomy is required. The tubing should be left in situ for 
2 years after placement, by which point the paralysis has completely resolved in 
above 50% of cases. Where the paralysis does not resolve, the patient may be able 
to be safely decannulated following surgical lateralisation of the vocal folds [3].

In the majority of cases where vocal cord paralysis affects a single side, watchful 
waiting is adequate, provided the patient does not develop problems with breathing 
and feeding. Aspiration can generally be prevented by ensuring the child is in an 
upright position. On rare occasions, a distressed patient may need to undergo intu-
bation if a clear airway is to be provided [3].

4  Congenital Subglottic Stenosis

4.1  Epidemiology

The third most frequently occurring congenital laryngeal anomaly is congenital 
subglottic stenosis, which is responsible for some 15% of the total cases. It is also 
the laryngeal abnormality most likely to lead to tracheotomy in an infant patient. 
The male to female ratio is 2:1 [3].

4.2  Aetiology and Pathogenetic Mechanism

Congenital subglottic stenosis (CSS) occurs due to the laryngotracheal tube failing 
to reform a channel in foetal development. This should normally occur during the 
third month. Different degrees of severity are linked to how much recanalisation 
occurs. A total failure of recanalisation results in total atresia of the larynx [8].

There are two principal categories of CSS: membranous and cartilaginous. 
Membranous CSS results when the submucosal layer surrounding the lumen hyper-
trophies. Fibro-connective tissue overgrows, as does mucous glandular tissue. 
Membranous CSS is more common than the cartilaginous variant and is milder.
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Cartilaginous CSS, by contrast, arises because the cricoid cartilage has an abnor-
mal shape. Generally, the cartilage becomes narrower in a lateral direction, but it 
can become thickened overall or feature overgrowth of the anterior or posterior 
laminae [3].

4.3  Clinical Presentation

CSS typically first becomes evident at the age of a few months. Usually there is little 
indication that the stenosis exists until an infective episode occurs, which puts extra 
strain on the subglottic airway. In these situations, the child presents in the same 
way as a case of croup (infectious laryngotracheobronchitis). Thus, stridor exists 
during both phases of respiration, which may also be accompanied by respiratory 
distress. Some children develop a bark when they cough, but patients generally cry 
in the normal way. If such symptoms keep recurring or the length infection-related 
croup lasts exceeds expectations (i.e. beyond three days), clinicians have grounds to 
suspect an underlying diagnosis of CSS [3].

4.4  Diagnosis

CSS is usually suspected when the history reveals repeated episodes of croup. Rigid 
bronchoscopic examination is employed for diagnostic confirmation and to high-
light any other abnormality in the airway. The stenotic portion needs to be mea-
sured – both its length and diameter. The latter can be conveniently estimated from 
the diameter of the largest scope able to pass through the stenosis. The criteria for 
diagnosing CSS are a lumen under 4 mm diameter in an infant or under 3 mm if the 
infant was born prematurely. Endoscopic examination of CSS usually reveals a less 
severe lesion than in cases where the subglottic stenosis is acquired later [3].

4.5  Management

In the majority of cases, CSS resolves without the need for intervention as the child 
matures. However, if the airway is compromised to a major extent, there may be a 
need to intubate the patient and perform a tracheotomy. In the latter case, the can-
nula can usually be removed when the child is 3 or 4 years old, by which point the 
subglottic space has enlarged.

The mortality rate following tracheostomy has been reported by Strang et al., 
based on a retrospective review of 132 procedures undertaken on infants. There 
were a number of indications for tracheostomy included in the sample namely sub-
glottic stenosis, bronchopulmonary dysplasia, congenital cardiac disorders, cranio-
facial abnormalities or trisomies. The rate of death following tracheostomy 
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regardless of indication was 14.4%, but this figure fell to 3.7% when only the indi-
cation for subglottic stenosis was considered [9].

Laser ablation is occasionally of value in managing CSS, but it is generally only 
employed for lesions that are composed of soft tissues and are no greater than 5 mm 
across. Surgical reconstruction of the laryngotracheal tube is generally not required, 
but is an option in cases where decannulation is otherwise impossible. Thus, laryn-
gotracheoplasty is only appropriate where subglottic stenosis is of a high degree of 
severity [3].

5  Congenital Laryngeal Atresia

5.1  Epidemiological Features

Laryngeal atresia has the worst prognosis amongst congenital laryngeal abnormali-
ties, but is fortunately the least frequently encountered. There are limited case stud-
ies indicating that patients with the condition have been able to survive [3].

5.2  Aetiology and Pathogenetic Mechanism

The condition arises when the laryngotracheal tube fails to recanalise during the 
third month of pregnancy. The larynx is therefore atretic [3].

5.3  Presenting Features

The condition presents as an acutely obstructed airway in a neonate. This is appar-
ent as soon as the umbilical cord is clamped. The newborn child exhibits signs of 
severe respiratory distress with highly forceful attempts to breath but the inability to 
inspire or cry. Unless a tracheotomy is immediately performed, the child dies. 
Intubation is impossible in such cases. In a few cases, a child affected by laryngeal 
atresia also has further anomalous development which may paradoxically save his 
or her life. If the trachea and oesophagus are connected by a fistula of sufficient size 
to allow airflow into the lungs, the neonate may be able to breathe via the fistula [3].

5.4  Diagnosis

The presence of laryngeal atresia can be confirmed by diagnostic use of an endo-
scope, after the tracheotomy tube has been placed. In cases of polyhydramnios, the 
condition may be recognised prenatally, which then permits prior planning for 
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tracheotomy. However, in those cases where there is fistulatory communication 
between the trachea and oesophagus, the condition will not be revealed prenatally, 
since there is no polyhydramnios in such cases [3].

5.5  Management

Treatment involves performing tracheotomy immediately after the child is born. In 
cases where prenatal diagnosis has occurred, the umbilical cord should not be 
clamped until after performing a tracheotomy. This ensures the neonate receives 
adequate oxygen throughout. In a neonate with a tracheoesophageal fistula, the 
child may be intubated via the oesophagus and a mask applied until a tracheotomy 
tube has been placed [3].

6  Laryngotracheoesophageal Clefts

Laryngotracheoesophageal clefts occur very infrequently. They are congenital 
lesions affecting the posterior wall of the laryngotracheal tune. Their presence 
means the oesophagus communicates with the larynx and trachea. Benjamin and 
Inglis divided clefts into four types (I–IV) on the basis of various features, in par-
ticular length and whether the lesion extended into the glottis, cricoid cartilage or 
trachea (cervical or thoracic portion) [10]. Types I and II are of minor importance. 
Repair may be undertaken endoscopically or transcervically, and rarely creates 
severe complications apart from a degree of dysphagia. Types III and IV, however, 
do result in more serious illness and may cause early death. If there are large of 
clefts, surgical repair often has to occur several times, and for this reason multidis-
ciplinary working involving cardiothoracic, ENT and intensive care specialists is a 
must for good outcomes [2, 11, 12].

7  Congenital Tracheal Stenosis

Congenital stenosis of the trachea may be confined to one particular location or run 
some length along the airways. Uncommonly, it may affect the carina and a stretch 
of bronchus. Patients with this condition have been noted to have unusual morphol-
ogy of the branching of the trachea and bronchi. The most frequently occurring 
atypical arborisation pattern is a tracheal right superior lobar bronchus and trifurca-
tion pattern [13]. If congenital tracheal stenosis causes symptoms, surgical interven-
tion is required. Symptoms generally depend on the severity of airway narrowing. If 
the stenotic region is short, the affected segment is frequently resected and the cut 
ends are rejoined. However, if the affected segment is lengthy, tracheal 
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reconstruction may be required. Indeed, for lengthy sections of tracheal stenosis, 
surgery presents many challenges. Early attempts at surgical reconstruction of the 
trachea were associated with a raised risk of mortality [14, 15], which stimulated a 
search for a safer technique. Some of the techniques attempted included patch tra-
cheoplasty and the use of external Hagl stents. At present, the most favoured option 
for cases of extensive tracheal stenosis is slide tracheoplasty. Using this method, the 
surgeon can enlarge the tracheal lumen by utilising sections of the patient’s airway 
[16–18]. Although this method is known to shorten the trachea, the trachea subse-
quently lengthens spontaneously, particularly in the half-year following the proce-
dure [19]. In cases where stenosis occurs in conjunction with an anomaly of the 
circulatory system (such as a pulmonary artery sling or reduplicated aorta, creating 
a vessel wrapping around the airway), the circulatory abnormality is addressed at 
the same operation, which calls for use of cardipulmonary bypass [11].

Tracheal repair should be evaluated bronchoscopically 1-week post-surgery, 
with additional balloon dilatation used for regions where the trachea remains nar-
rowed. The objective is to extubate the patient at the earliest opportunity to avoid 
any complications which may arise due to instrumentation damaging the airway. 
The rate of complications is proven lower when the child is not kept on mechanical 
ventilation with the use of sedation and muscle relaxants [20]. There need to be 
regular checks on the airway shortly after surgery. For the initial weeks after the 
procedure, the airway should be checked multiple times using bronchography or 
bronchoscopy. This monitoring identifies any areas of granulation tissue which may 
potentially obstruct the airway, and identifies where any intervention is required [16].

7.1  Stents

If the airway has a tendency to re-stenose post-surgically even when balloon dilata-
tion is employed, airway stenting may be called for. Stents for the airway first 
entered clinical use in the 1990s. Their insertion is straightforward and not espe-
cially risky and they are able to remain in situ for a considerable time, preventing a 
major airway becoming obstructed [21]. Furthermore, stents frequently prevent the 
need for artificial ventilation. Stents were originally of a fixed shape and calibre, but 
are now available in an expandable form of the type employed in angioplasty, so that 
they can be manipulated with a balloon catheter. The material used has also evolved 
from metal to silastic and is now even biodegradable [22–24]. Granulation tissue 
tends to form at the site of stents and where this occurs there may be a need to dilate 
the segment bronchoscopically and remove the stent earlier than anticipated. It is 
unusual for a stent to move out of place or erode into the adjacent tissues, however, 
if this does occur life is endangered. Stents which are custom-produced for each 
patient are now available. They are made from polydioxanone and they degrade 
naturally within the body, which means they are neither permanent nor require a 
procedure to remove them. This then means the patient’s own airway can regenerate 
itself [24].
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Upper Airway Lesions in the Neonate

Mustafa Caner Kesimli

1  Introduction

There are a wide range of conditions which result from abnormalities in nasal devel-
opment. This chapter addresses how the nose and nasal interior develops in utero, 
then discusses congenital nasal abnormalities, such as nasal dermoids, gliomas, 
encephalocoeles, nasal clefts, proboscis lateralis, arhinia, polyrrhinia, nasopharyn-
geal teratoma and epignathus [1]. There is a separate chapter dedicated to choanal 
atresia in this volume.

2  Nasal Embryological Development

There are three distinct stages in the development of the nose from an embryologi-
cal perspective, namely the preskeletal, chondrocranial and ossification phases, 
which occur in that order. In the first stage, the mesenchyme around the external 
nasal placodes swells in size. The second stage involves the laying down of a carti-
laginous framework to support the nasal structures. In the final stage, the different 
structures forming the framework of the nose fuse together and there is cellular 
infiltration of the nasal skeleton [2].

There is migration in a medial and caudal direction of proliferating cells from the 
ectoderm in week 3 of embryogenesis. These cells are destined to establish the 
notochord. At the same time, more specialised cells of ectodermal origin begin fold-
ing back on themselves within the primitive streak, also located medially and cau-
dally within the embryo. The specialised cells find their way between the ectoderm 
and endoderm. During week 3, there are also key developments at the rostral pole. 
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The ectodermal and endodermal layers stick to each other here and produce the buc-
copharyngeal membrane, a structure marking the anterior limit of the primitive 
foregut. As week 3 comes to an end, there is already a neural groove present dorso-
medially. As this groove deepens and becomes thicker, the neural tube comes into 
existence. From the rostral pole of the neural tube, the primary brain vesicles subse-
quently form [1].

Around days 20–30 of embryological development, there is a bilateral thicken-
ing which appears in the midline, which will subsequently form the paraxial meso-
derm cephalically. When this occurs, the buccopharyngeal membrane is no longer 
apparent, and a primordial nasal cavity can be seen [1].

There is medial migration of the nostrils, which meet with fusion of the soft tis-
sue elements at the point where the orbits are also moving towards the midline. The 
anterior portion of the nasal septum, the medial portion of the superior lip and some 
of the anterior bony palate are all derived from the medial nasal processes. The 
posterior portion of the nasal septum and several bones – the ethmoid, nasal and 
premaxilla, are all derived from the nasofrontal process, which grows out of the 
floor of the anterior cranial fossa. Up to weeks 6 or 7 of embryogenesis, there is a 
division of the posterior nasal and oral cavities caused by presence of the oronasal 
membrane, a structure which subsequently undergoes resorption, allowing the 
primitive choanae to develop [3].

During embryological development, the prenasal space exists between the nasal 
and frontal bones. This space is bounded anteriorly by the skin of the nose and pos-
teriorly by the foramen caecum. The dural membrane can potentially herniate in the 
area of the foramen caecum. The cribriform plate is produced when the fonticulus 
frontalis undergoes fusion with the foramen caecum [4].

3  Holoprosencephaly

The most frequently occurring abnormality of development affecting the forebrain 
is holoprosencephaly. In this condition, the forebrain fails partially or completely to 
separate into right and left hemispheres. In most patients, holoprosencephaly also 
causes abnormal development of the face in the midline [3].

The appearances in holoprosencephaly vary, with manifestations of abnormal 
midline development such as a single incisor in the upper jaw, cebocephaly (with 
the eyes less than one eye-width apart, microstomia and a fused nostril) or cyclopia. 
Although the brain may have developed normally, in many cases the right and left 
halves may remain fused (semilobar holoprosencephaly), the lateral ventricles may 
be conjoint or the corpus callosum may not be present (alobar holoprosencephaly). 
Typically, greater severity of facial abnormality correlates with more severely 
abnormal development of the central nervous system. There is a high likelihood of 
fatality occurring in infants with severe holoprosencephaly. In those who do not die 
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from the condition, epilepsy and learning disability frequently occur. On the other 
hand, mental function may be normal and there may be no symptoms in some pae-
diatric cases of semilobar holoprosencephaly.

It is probable that solitary median maxillary incisor syndrome is due to a degree 
of holoprosencephaly [5].

4  Frontonasal Dysplasia

The presentation in frontonasal dysplasia differs somewhat from holoprosenceph-
aly. This condition may also be termed median cleft face syndrome. The clinical 
manifestations include wide-set eyes, a frontal hairline forming a V-shape in the 
midline, clefting of the calvarium (cranium bifidum occultum) and a midline cleft 
affecting the superior lip and palate [6]. The Tessier system used to classify cleft 
disorders of the face and cranium begins numbering in an anti-clockwise direction 
around the eye socket. In this system, frontonasal dysplasia is the 14th type.

The putative aetiology of frontonasal dysplasia is defective development of the 
nasofrontal process, which prevents cellular migration towards the midline. There is 
an association with mutated ALX homeobox family alleles, which render the gene 
product inactive [7]. Management potentially includes surgery to the face and cra-
nium, for a better cosmetic outcome [8].

5  Nasal Dermoids

5.1  Embryological Aspects and Aetiology

Nasal dermoids are characterised by cysts or sinus tracts with a lining of epithelium, 
which may bear appendages typical of the skin, such as eccrine or exocrine glands 
or hair follicles. As a group they occur the most frequently of all congenital abnor-
malities affecting the nose. They may originate from islands of isolated epithelium 
formed within ectodermal tissues, or arise as remnants of ectoderm within the nasal 
septum after it has fused and ossified.

The majority of experts consider the most likely explanation for nasal dermoids 
to involve the prenasal space and fontanelle. This potential space opens up between 
the front wall of the nose and the frontal and nasal bones. As ossification occurs, 
skin may persist, joined to the fibrocartilaginous nasal capsule and occupying the 
prenasal space or fonticulus. Elements of the epidermis, including the appendages, 
may become isolated within the ossified tissues. A tract may develop. The island of 
epidermis may also be attached to the dura mater, and there is then a tract connect-
ing the skin of the nose to the meninges via the prenasal space and foramen caecum 
or the fontanelle [1].
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5.2  Clinical Presentation and Management

Between 3.7 and 12% of the dermoids affect the head and neck region, representing 
1.1% of all dermoids in the body. Typically, nasal dermoids are in the midline and 
usually they are found on the dorsum of the nose. They appear as a mass or a pit in 
the nose and may be found along the entire length of the nose from the glabella 
down to the columella. They may occur singly or as a group. It is not unusual for the 
dermoid to contain hair and sebaceous secretion. A portion of these dermoids drain 
outwards. The characteristic time for a dermoid to present is up to the age of 1 
month. By the age of 1 year, 73% of nasal dermoids have already been identi-
fied [1].

5.3  Operative Removal

A nasal dermoid that extends into the cranial cavity is a possible portal of entry for 
pathogens into the central nervous system and thus necessitates operative removal 
[9]. The traditional approach to surgical excision of nasal dermoids extending into 
the cranial cavity was craniotomy, usually as one part of a multi-stage procedure 
[10]. More recently, surgeons have favoured endoscopic surgery for lesions of the 
skull base or extending just into the cranial cavity, since these are far less invasive. 
An endoscopic approach may be combined with incision of the nose directly or with 
performance of open rhinoplasty. In the latter method, the nose may be degloved 
from the nasal tip to the dorsum [3, 11].

6  Glioma

6.1  Embryological Factors and Aetiogenesis

A glioma refers to collections of glial cells which lack a surrounding capsule and 
are found external to the central nervous system. Various hypotheses have been 
proposed to explain how gliomas form, such as [1]: (a) Part of the olfactory bulb 
remains separated by the fused halves of the cribriform plate or (b) nervous tissue 
develops in an ectopic location, or (c) they represent an encephalocoele which has 
been divided from the main lesion, or (d) the rostral neuropore closes abnormally, 
and mesodermal cells do not enter the region properly, leaving some areas deficient 
in osseous tissue growth [1].
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6.2  Clinical Presentation and Management

Some 30% of paediatric gliomas are within the nose, 60% are outside the nose and 
10% occur in combination with other cells. In contrast to dermoids, gliomas are not 
typically midline lesions, nor are they attached to the skin or sinuses. Gliomas can-
not be easily compressed, they do not expand when the Valsalva manoeuvre is per-
formed and they cannot be transilluminated. Gliomas occurring outside the nose are 
typically at the level of the glabella, although their location is often away from the 
midline [12].

Gliomas occurring in the nasal cavity are often attached to the middle turbinate 
or are superior. They may resemble a nasal polyp. Gliomas that are both within and 
outside the nose have a characteristic dumbbell appearance, being joined by a con-
necting band of tissue. In 15% of cases, the glioma is continuous with the dura 
mater, the connecting region passing through the foramen caecum or the fontanelle. 
Possible clinical presentations include one-sided nasal blockage, a mass on one side 
of the nose, nose bleeds or a nasal discharge of cerebrospinal fluid. Gliomas outside 
the cranial cavity more frequently cause telecanthus or wide spacing of the eyes. If 
both internal jugular veins are compressed by the examiner at the same time, the 
lesion does not grow in size, i.e. it is Furstenberg negative. Imaging with computed 
tomography (CT) is valuable for diagnostic purposes. CT can reveal osseous defects, 
whereas magnetic resonance imaging (MRI) is helpful for delineating the soft tissue 
elements. These lesions should not be biopsied. The treatment is to excise the lesion 
surgically.

Glioma removal for an extranasal lesion generally involves standard excision 
techniques. An intranasal glioma that does not enter the cranial cavity may call for 
lateral rhinotomy to achieve access. If the lesion extends into the cranial cavity, 
neurosurgical assistance will be required. To prevent the lesion recurring, the entire 
glioma must be removed [1].

Neither biopsy nor excision by surgery should occur unless the lesion has been 
imaged fully using CT and MRI [13]. The first-line management involves surgical 
excision [14]. If treatment is not undertaken in a timely manner, the lesion may 
cause an infection or damage the nasal septum +/− the nasal bone [3].

7  Encephalocoele

7.1  Embryological Factors and Aetiogenesis

In encephalocoeles, nervous tissue prolapses through a defective area of the cra-
nium. Lesions consisting of meningeal tissues are termed meningocoeles, whereas 
if neural tissue is intermixed with meningeal elements, an encephalomeningocoele 
is formed. A lesion of this type that connects to a ventricle is termed an encephalo-
meningocystocoele. The aetiogenesis has some similarity with how gliomas form. 
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Despite the absence of a clear genetic basis for encephalocoeles, the fact that they 
occur in conjunction with some other disorders, notably Ehlers-Danlos syndrome or 
frontonasal dysplasia, does raise the suspicion that genetic factors are of signifi-
cance, even if currently unknown [1].

7.2  Clinical Presentation and Management

Encephalocoeles which involve the cranial cavity represent 20% of such lesions. 
Amongst this 20%, 15% are within the nose. The encephalocoeles within the nose 
represent two types: sincipital (60%) and basal (40%).

Sincipital encephalocoeles may be further subdivided in the following way: (a) 
Nasofrontal type (two-fifths of lesions), where the lesion passes through a defect 
between the nasal bone and frontal bone. (b) Nasoethmoidal lesions (a further two- 
fifths of lesions), where the lesion passes between the nasal bone and the cartilages 
of the nose. (c) Nasoorbital type (the remaining fifth), where the lesion passes 
through a defective maxillary frontal process. The usual presentation of a sincipital 
encephalocoele is as a mass overlying the glabellar region that does not readily 
compress [1].

Basal encephalocoeles may also be further subdivided in the following way: (a) 
Transethmoidal lesions, which pass via the cribriform plate to enter the superior 
meatus. These lesions extend in a medial direction towards the middle turbinate. (b) 
Sphenoethmoidal type, which passes via the cribriform plate, then between the pos-
terior ethmoid cells and sphenoid into the nasopharyngeal region. (c) Sphenoorbital 
type, which invades the eye socket through the superior orbital fissure. These lesions 
may present as exophthalmos. (d) Transsphenoidal type, in which the lesion pro-
lapses into the nasopharyngeal region through defective bone behind the cribriform 
plate. All these types may fail to come to clinical attention for many years [1].

8  Nasopharyngeal and Oropharyngeal 
Teratoma (Epignathus)

Teratomas are rare tumours consisting of cellular elements derived from endoder-
mal, mesodermal and ectodermal embryological tissues. Infrequently a teratoma 
shows features of a fully developed organ, such as a limb. This type of teratoma is 
referred to as an epignathus [1].
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8.1  Embryological Factors and Aetiogenesis

Multiple hypotheses have been advanced to account for why teratomas occur. 
Amongst the better supported hypotheses are the following:

• The lesion is a result of abnormal development of germ cells. This may account 
for their occurrence in the ovary or testis, but not in the head and neck region.

• Certain totipotent cells may fail to differentiate and later begin differentiating, 
producing a teratoma.

• A teratoma is a separate embryo embedded within the body of the patient. It is, 
in effect, a conjoined twin [1].

8.2  Clinical Presentation and Management

The usual presentation is of acute respiratory distress in a neonate of sufficient 
severity to necessitate endotracheal intubation or a tracheotomy. If the teratoma is 
small, it may reveal itself due to problematic feeding. It is essential to exclude 
involvement of the cranial cavity by imaging studies. Both CT and MRI studies are 
utilised to delineate any osseous defect within the sphenoid and to ascertain how the 
lesion is related to the brain and meninges [1].

The majority of teratomas occurring within the nasopharynx do not extend into 
the cranial cavity and thus can be removed surgically by approaching through the 
mouth. It is generally straightforward to excise a nasopharyngeal teratoma if the 
palate is cleft, as is generally the case. For teratomas which extend into the cranial 
cavity, the approach must be craniofacial. The outcome following surgery is gener-
ally favourable and no teratomas have yet been reported to indicate features of 
developing malignancy [15].

Recently a new approach to the obstructed airway has been introduced. This 
approach, known as ‘ex utero intrapartum treatment (EXIT)’, involves opening the 
airway whilst the foetus is still attached to the uteroplacental circulation, thus ensur-
ing a steady supply of oxygen [16].

9  Pyriform Aperture Stenosis

The pyriform aperture is the opening within the bones of the face that allows air to 
pass from the nasal cavity into the nasopharynx. This aperture may be stenotic at 
birth (a condition referred to as congenital pyriform aperture stenosis [CPAS]). 
CPAS may result in an obstructed airway in a neonate [17–20].
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9.1  Presentation

The usual presentation of CPAS is an infant who breathes noisily and is in respira-
tory distress. This distress deepens when feeding is attempted, but lessens when the 
child cries [18, 20]. CPAS may be an isolated condition or form part of a set of 
abnormalities, such as in conjunction with a solitary upper central incisor, anomaly 
of the pituitary, craniosynostosis or holoprosencephaly [17, 21–25].

9.2  Treatment

If the degree of stenosis is relatively mild, stenting of the nose bilaterally using 
endotracheal tubes is sometimes sufficient. If, however, the stenosis is very marked, 
a tracheotomy may need to be undertaken, and the tube then remains in place up to 
the point when the child can tolerate surgical repair of the stenosis [21, 26]. Surgical 
intervention may still lead to a narrowed pyriform aperture, with the result that the 
patient is prone to recurrent respiratory infective episodes in early childhood. In 
some cases of severe CPAS, one alternative approach to consider is dilation of the 
nose without taking away any bone or use of stents [27].
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Newborn Hearing Screening

Taylan Bilici, Nuray Bayar Muluk, and Yusuf Dundar

1  Introduction

The first recommendation for the development and nationwide implementation of 
“universally applied procedures for early identification and evaluation of hearing 
impairment” came in 1965 from the Babbidge Report, a report of the Advisory 
Committee on Education of the Deaf. Efforts have continued since this time to fur-
ther reduce the age at which a child is identified as having hearing loss, with the 
ultimate goal that “all infants with hearing loss be identified before 3 months of age 
and receive intervention services initiated by 6 months of age.” The Joint Committee 
on Infant Hearing (JCIH) issued a statement in 2000 recommending universal 
screening for hearing loss before hospital discharge in addition to principles and 
guidelines for hospital and state programs [1]. Identification of newborn hearing 
loss is addressed in the Healthy People 2010 goals (Goal 28–11) stated as “increas-
ing the proportion of newborns who are screened for hearing loss by age 1 month, 
have audiologic evaluation by age 3 months, and are enrolled in appropriate inter-
vention services by age 6 months.” [2, 3].
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Significant permanent hearing loss is a common disorder at birth and can lead to 
delayed language development, difficulties with behavior and psychosocial interac-
tions, and poor academic achievement. Detection of hearing loss during infancy can 
initiate intervention resulting in improved language, cognitive, behavioral, and aca-
demic outcomes [4]

2  Epidemiology

2.1  General Newborn Population

Clinically significant bilateral hearing loss occurs in 1 to 3 per 1000 live births [5–
7]. In the United States, data from the Centers for Disease Control and Prevention 
(CDC) reported a rate of permanent hearing loss of 1.7 per 1000 infants screened for 
hearing loss, with an overall screening rate of 98.4% for all newborns, excluding 
infant deaths and parental refusal [7]. There was no documented diagnosis reported 
in 38.0% of infants who failed the newborn hearing screening.

The prevalence of moderate, severe, and profound bilateral permanent hearing 
loss is estimated at 1 in 900 to 2500 newborns [6, 8]. The prevalence of unilateral 
hearing impairment above 30 decibels (dB) has been reported as 6 out of 1000 new-
borns [9].

Congenital hearing loss may be due to genetic/hereditary disorders or acquired 
conditions due to perinatal problems (e.g., congenital infections) [5]. Permanent 
hearing loss is often associated with other congenital abnormalities, and there are 
>400 syndromes reported to be associated with permanent hearing loss. In approxi-
mately one-quarter to one-half of infants and children with permanent hearing loss, 
the cause is not identified [9, 10].

2.2  NICU Setting

Infants cared for in a neonatal intensive care unit (NICU), which includes neonatal 
level II, III, and IV care units, are at greater risk of hearing loss compared with 
healthy term infants [11–13]. In particular, sensorineural hearing loss (SNHL) and 
auditory neuropathy (AN) are much more common with reported rates of 16.7 and 
5.6 per 1000 infants, respectively, among infants cared for in a NICU compared 
with an estimated incidence of 0.06 per 1000 infants among a healthy newborn 
population [11, 12]. If infants with hyperbilirubinemia are included in the healthy 
newborn population, the incidence of SNHL rises to 0.3 per 1000 infants, still one- 
tenth of the rate seen in infants cared for in the NICU [4].

Risk factors associated with acquired SNHL and AN include very low birth 
weight (<1500  g), congenital infections, severe hyperbilirubinemia, perinatal 
asphyxia, and exposure to ototoxic medications (e.g., aminoglycosides, diuret-
ics) [8].
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3  Risk Factors for Hearing Loss

Major risk factors for neonatal hearing loss include the following [4, 6, 14]:

• Neonatal intensive care unit (NICU) admission for at least 5 days.
• Syndromes associated with hearing loss.
• Family history of permanent childhood hearing loss.
• Craniofacial anomalies (e.g., anomalies of the pinna or ear canal, cleft lip, and 

palate).
• Congenital or neonatal infection (e.g., cytomegalovirus, toxoplasmosis, rubella, 

syphilis, herpes, Zika) or bacterial meningitis.
• Severe hyperbilirubinemia (defined as serum bilirubin >35 mg/dL (599 micro/L) 

or requiring exchange transfusion) [15].
• Perinatal complications (e.g., perinatal asphyxia, neonatal encephalopathy, low 

five-minute Apgar score).
• Ototoxic mediation (e.g., aminoglycosides, diuretics).

4  Prevention of Deafness with Early Hearing Loss Detection 
and Intervention Programs

Before the establishment of universal newborn hearing screening (UNHS), the typi-
cal age at which a kid in the United States was diagnosed as profoundly deaf was 
2 years. Children with mild-to-severe hearing loss were seldom diagnosed until they 
started school [1, 16].

The early detection of hearing loss in neonates has been revolutionized by uni-
versal newborn hearing screening (UNHS) programs [3].

There are three essential features that define early hearing detection and inter-
vention programs (EHDI):

• “Screening (the initial test for hearing loss), conducted through universal new-
born hearing screening (UNHS)”

• “Audiologic evaluation to confirm for hearing loss”
• “Early intervention to enhance communication, thinking, and behavioral skills 

needed to achieve academic and social success” [16].

Even the most attentive parents may miss the signs of hearing loss in their infants 
and toddlers before the first birthday [16].

The early worries of parents concerning hearing difficulties are often dismissed 
by doctors and other health experts, even when they turn out to be right. In most 
cases, parents don’t become concerned that their kid has a hearing problem until he 
or she misses developmental milestones in speech and language around the age of 1 
or 2 [3, 17].

After a baby is diagnosed with hearing loss, an audiologist may equip them with 
an amplification device as early as 4 weeks of age. Cochlear implants may be placed 
in children as young as 12 months if necessary. Infants born deaf may be expected 
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to catch up to their hearing counterparts in linguistic, cognitive, and social develop-
ment with the help of early intervention [18].

Spread the word to expectant and new parents as well as the general public about 
the value of a routine hearing test for their child. A hearing test should be given to 
infants who were delivered at home or in other nontraditional birth settings between 
2 and 3 months of age. Please check with your state’s program for eligibility crite-
ria. The screening process must be transparent to parents, and the findings must be 
communicated to them without undue delay. Provide parents the facts and point 
them in the direction of facilities that can do the hearing tests quickly [3].

5  Rationale for Screening

Screening newborns for hearing loss leads to earlier detection and intervention in 
patients with congenital hearing impairment. Early intervention can significantly 
improve language acquisition and educational achievement in affected patients 
[19–25].

5.1  Earlier Detection

The available evidence demonstrates that screening newborns detects hearing loss 
at an earlier age than relying solely on identifying clinical signs of hearing loss [17, 
26–30]. This is because caregivers and clinicians are often not able to detect hearing 
loss in infants until there are signs of delayed speech and language development.

This point was best illustrated by a clinical trial carried out in the 1990s at four 
hospitals in England [26, 30]. Over a 3-year period, the hospitals alternated between 
6-month periods of screening all newborns and periods of no screening. Among the 
25,609 infants born during screening periods, 27 were found to have bilateral per-
manent hearing loss (incidence 105 per 100,000 live born infants) and among the 
28,172 infants born during periods without screening, 26 were found to have bilat-
eral permanent hearing loss (incidence 92 per 100,000 live born infants). Compared 
with infants with hearing loss who were born during periods without screening, 
those born during screening periods were more likely to have the hearing loss con-
firmed before age 10 months (59 versus 38%) and to start intervention before age 
10 months (56 versus 27%; odds ratio 2.4, 95% confidence interval [CI]: 1.0–6.0) [4].

5.2  Language and Developmental Outcomes

Earlier diagnosis and intervention for permanent hearing loss in infants appear to 
improve language and developmental outcomes [19, 21–25, 31]. Earlier diagnosis 
allows for earlier introduction of hearing aids.
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In a study of 120 children with bilateral permanent hearing loss identified from a 
large birth cohort in England, children whose hearing loss was confirmed by 9 
months of age had better receptive and general language abilities compared with 
those confirmed after 9 months of age [21, 22, 26, 30]. In subsequent follow-up 
reports, patients from this cohort who were identified before 9 months had better 
reading and communication skills than those diagnosed after 9 months of age 
through adolescence [4, 21, 23].

6  Types of Hearing Loss

The pinna and ear canal make up the outer ear, while the tympanic membrane, 
ossicles, and middle ear cavity make up the middle ear, and the cochlea and vestibu-
lar system make up the inner ear (the cochlea). Hearing loss is classified according 
to the site of the anatomic or physiological dysfunction that leads to it [32].

If there is a problem with the system that transfers external sounds to the inner 
ear, the person will suffer from conductive hearing loss. There is damage to either 
the external or middle ear, or both, in this case. Loss of loudness or sensitivity to 
inaudible noises is common symptoms of conductive hearing loss. Foreign bodies, 
impacted ear wax, fluid in the ear from things like colds, allergies, or ear infections, 
and a malfunctioning eustachian tube are common causes of conductive losses. If a 
kid has conductive hearing loss, it can typically be treated medically or surgically, 
and if not, a hearing aid helps tremendously [3].

Damage to the cochlea (inner ear) or auditory nerve causes sensorineural hearing 
loss. Deficits in speech comprehension or amplification are only two of the symp-
toms of sensorineural hearing loss. Diseases, injuries, ototoxic medicines, and 
genetic disorders are only few of the many potential root causes of sensorineural 
hearing loss. Exposure to loud noise, infections, traumatic brain injury, old age, and 
tumors are additional potential causes. Twenty) The likelihood of this kind of hear-
ing loss is particularly significant for NICU grads. Hypoxia, intraventricular hemor-
rhage, hyperbilirubinemia, exposure to ototoxic medications, infection, and 
convulsions all increase the risk of hearing loss in premature infants with a birth 
weight of less than 1500 g [33] Sensorineural hearing loss is currently treated with 
no medicinal options. Educational and communicative therapy, as well as a hearing 
aid or cochlear implant, may help a kid who has trouble hearing [3].

Occasionally, a sensorineural loss may occur with conductive hearing loss. Such 
a condition is known as “mixed hearing loss,” and it may affect both ears. The 
degree of deafness may be further broken down into two categories: unilateral and 
bilateral. Most cases of congenital hearing loss in a Colorado infant study were of 
the sensorineural type, affecting both ears (68%). Unilateral conductive (7%), uni-
lateral sensorineural (20%), and bilateral conductive (5%) losses also occurred [34].

The degree to which someone has lost their hearing is also measured. Dependent 
on the decibel (dB) level or loudness of a sound, it may range from barely audible 
to completely deafening for a young kid. Deafness is a term used to identify 
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children with severe (71–90 dB) and profound (91+ dB) hearing losses, while hard 
of hearing is used to describe those with mild (26–40  dB) to moderately severe 
(70 dB) losses. Hearing impairment varies from person to person and from the low-
est to the highest sound frequencies [32].

There are four primary consequences for children with hearing loss [3]:
One of its effects is a halt in the development of both receptive and expressive 

language (speech and language).
Second, because of difficulties in learning and retention, academic performance 

suffers because of the language barrier.
[3] Isolation from others and a low opinion of oneself are common results of 

having trouble communicating
This factor could influence the career paths people choose [3, 18].
The first screening test may not pick up on certain moderate hearing impairments 

that only impact certain pitches. It’s also possible for some newborns to have nor-
mal hearing but later acquire a kind of hearing loss. There are genetic, drug, and 
medical factors that may contribute to this. Assist parents in understanding typical 
speech and language development patterns. Parents should be on the lookout for 
signs of hearing loss and should contact their doctor immediately if they have con-
cerns [3].

7  Severity of Hearing Loss

The extent of hearing loss is defined by measuring the hearing threshold in decibels 
(dB) at various frequencies. Normal hearing has a threshold of −10 to 15 dB [4].

Hearing loss ranges from slight to profound. In individuals with bilateral hearing 
loss, the severity of loss is based on the better-functioning ear.

Severity of hearing loss defined by the American Speech-Language Hearing 
Association as follows [9, 19, 35]:

• No hearing loss—−10 to 15 dB.
• Slight—16 to 25 dB.
• Mild—26 to 40 dB.
• Moderate—41 to 55 dB.
• Moderately severe—56 to 70 dB.
• Severe—71 to 90 dB, or 61 to 80 dB based on the World Health Organization 

(WHO) definition [9].
• Profound—>91 dB, or >80 dB based on WHO definition.
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8  Tests Used in UNHS Programs

A loss of hearing of more than 30 dB may have a negative impact on a child’s ability 
to learn language. Hearing evaluation methods for babies aged 3 months and 
younger should be sensitive enough to pick up on this level of damage. Automated 
auditory brainstem response (AABR) and otoacoustic emissions (OAE) are two 
physiological measurements that have shown potential for this purpose [3].

Oscillatory auditory emissions (OAE) are noises produced by the cochlea that 
are not perceptible to the human ear when stimulated by audible sounds. The middle 
ear receives an inaudible signal from the cochlea’s outer hair cells, which vibrate 
and generate an echo. A tiny probe placed within the ear canal can accurately quan-
tify this sound. Emissions are made by people with typical hearing. Individuals with 
a hearing loss of more than 25–30 dB do not. Outer-ear-canal obstruction, middle- 
ear fluid, and outer-hair-cell injury in the cochlea may all be detected by OAEs. 
OAE requires fewer throwaway components, so it’s cheaper overall, and it works 
quickly. Transient evoked otoacoustic emissions (TEOAE) and distortion product 
otoacoustic emissions (DPOAE) are two types of OAE (DPOAE). When the middle 
ear has not been properly ventilated after delivery or when there is still dirt in the ear 
canal, the test may provide false results [34]. It cannot identify problems with the 
auditory or nervous systems either. When an infant has auditory neuropathy or a 
brain conduction issue in addition to sensory (i.e., outer hair cell) malfunction, 
OAEs will not be able to identify the condition [1].

The auditory evoked potential (AABR) is a signal that is generated in the audi-
tory nerve. Infants often utilize it. Electrodes are attached to the scalp in order to 
capture the brain’s electrical activity while it processes sound. Cochlear, auditory 
nerve, and auditory pathways in the brainstem may all be damaged, but AABR can 
identify this. In the context of early hospital discharge, the AABR is recommended 
since it is unaffected by middle ear fluid or ear canal debris, both of which are com-
mon in the first 12–24 h of birth. Because to the increased risk of auditory neuropa-
thy in NICU grads, this screening is recommended [33, 34]. Babies must be napping 
or otherwise calm during AABR testing [3, 36].

Both exams are trustworthy and may be finished in about ten minutes [34]. Both 
of these testing procedures may be employed alone or together. When used together, 
the OAE and AABR may evaluate more of the auditory system and lower the amount 
of false positives. Several hospitals use OAEs as a first step in baby screening, with 
the AABR being used on those who don’t pass [3].

A research was conducted to examine the referral rates and costs of the three 
universal newborn hearing screening (UNHS) protocols (TEOAE alone, AABR 
alone, and the 2-step TEOAE/AABR). Three screening techniques were compared, 
with AABR attaining the lowest referral rate at discharge (3.21%), followed by the 
2-step approach (4.67%), and the TEOAE methodology (6.49%) (P 0.01). Costs per 
identified kid were comparable amongst programs using any of the three approaches 
(AABR, $32.81; 2-step, $33.05; TEOAE, $28.69) [37].
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8.1  Screening Tests for Hearing

A credible newborn hearing screening test is one that can identify a better-ear hear-
ing loss of 35 dB or less in babies less than 3 months of age [38].

Based on these four requirements, two electrophysiological methods exist:
Otoacoustic emissions (OAEs) Automatic auditory brainstem responses 

(AABRs) (OAE).
Low-cost, easily transportable, and repeatable, OAE and AABR methods may be 

fully automated. They can test for issues with the ear’s periphery and the cochlea, 
but not with the most core parts of the ear. Every youngster who does not pass one 
of these tests has to be evaluated further by an audiologist to determine whether they 
have a hearing loss. Furthermore, slight hearing loss will be missed by both 
approaches [4].

8.2  Automated Auditory Brainstem Response

AABR is a test that analyzes how many times a click stimulus causes an increase in 
electrical activity in the inferior colliculus of the midbrain, which is part of the 
eighth cranial nerve (the cochlear nerve). Sensorineural hearing loss (SNHL) and 
auditory neuropathy are two forms of impairment that may be identified (AN). The 
screening auditory brainstem response (SABR) or screening brainstem auditory 
evoked response are other names for this evaluation (BAER). Around 4% of new-
borns screened with AABR are sent on for a more in-depth audiologic examination, 
which often involves a diagnostic ABR and an assessment by an audiologist with 
experience working with young children [38].

Methodology: The AABR makes use of 35 dB of click or chirp stimulation. The 
waveform recordings produced by the ABR in response to the stimuli are recorded 
using three surface electrodes placed on the forehead, neck, and mastoid or shoul-
der. The screening AABR compares the waveforms’ morphology and latency to 
typical newborn templates, producing a pass or fail reading without the requirement 
for examiner interpretation if the waveforms are in plain sight. Most AABR screen-
ings take between 4 and 15 min to complete, yet with the most up-to-date technol-
ogy, a newborn baby may have their screening finished in as little as 8 min [4].

Automatic acoustic brainstem response (AABR) is not the same as an acoustic 
brainstem response (ABR) used for diagnosis. AABR is a machine that can instantly 
tell you whether or not you passed a screening. Diagnostic ABR, on the other hand, 
gives quantifiable data (e.g., waveforms) that, when assessed by a qualified audiolo-
gist, may pinpoint the precise kind and extent of a hearing loss. Delays or complete 
lack of waves, for instance, may indicate a problem with the brain or the inner ear. 
It is common practice for NICUs to do the diagnostic ABR on newborns who failed 
the screening AABR before discharging them. More explanations of ABR are found 
elsewhere [4].
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8.3  Otoacoustic Emissions

What the test is measuring: Otoacoustic emissions (OAEs) are sound waves pro-
duced by the inner ear’s cochlear outer hair cells in response to acoustic stimulation. 
These weak OAEs may be picked up by placing a microphone in the external audi-
tory canal. OAE is utilized for screening for SNHL but cannot identify AN since it 
analyzes hearing only from the middle ear to the outer hair cells of the inner ear [4].

Methodology: A tiny microphone is inserted into the external auditory canal of 
a newborn to perform the OAE screening. A stimulus (clicks or tones) is generated 
by the microphone, and the resulting sound waves are detected as they leave the 
cochlea. It also checks the signal-to-noise ratio to make sure the results are reliable. 
OAE screening typically takes no more than two minutes per ear under optimum 
circumstances.

Types of OAEs may be broken down into subcategories based on the stimulus 
that was utilized to trigger the vibrations of the cochlear basal membrane. Transient 
Otoacoustic Emissions (TOAEs) and Distortion Product Otoacoustic Emissions 
(DPOAEs) are the most often utilized tests in clinical practice [4].

8.4  Comparison of AABR and OAE

Automatic auditory brainstem response (AABR) and otoacoustic emissions (OAE) 
are two different kinds of hearing tests, however they are both used for screening.

Time: OAE tests often take less time overall and less time for patient preparation 
than AABR tests [39]. Time restrictions may also be an issue with AABR due to the 
fact that newborns must either be sleeping or quietly awake throughout testing. 
OAE, on the other hand, may be done when the baby is awake, whether it be for 
feeding or pacifier use [40]. Yet, OAE response time is much improved whether the 
newborn is asleep or quietly awake.

Interference: OAE is very susceptible to environmental noise and the infant’s 
own physiological noise [41]. Physiological noise, myogenic noise, and poor acous-
tics may all make it challenging to get OAE responses at low frequencies. When the 
recorded frequency is less than 1500  Hz, this noise interference becomes more 
noticeable (Hz). As a result, modifying protocol parameters to include select high 
frequencies, which are more critical for interpreting speech, may enhance screening 
with OAE [41–43]. A pediatric audiologist is the ideal candidate to execute these 
protocol adjustments. Muscle artifacts do not affect OAE the way they do AABR 
[40, 44]. Moreover, electrical artifacts may muddy the waters of AABR [40].
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9  Protocols

Single- and two-stage universal screening methods are the two most common forms 
of screening procedures [4].

OAE or AABR are used in a single-stage NHS to identify 80–95% of hearing- 
impaired ears, making this kind of NHS the most efficient. The total cost of univer-
sal NHS would rise because of the high false-positive rate associated with each 
individual test; this would cause many newborns with normal hearing to be sent for 
audiologic screening. Just 4% of newborns tested with AABR [45, 46] and between 
5% and 21% of infants screened with OAE [45, 46] need to be referred for audio-
logic assessment [17, 47]. One in 900–2500 newborns is born with severe-to- 
profound hearing loss, according to some studies. As a result, anywhere between 40 
and 500 newborns with normal hearing would be referred for audiologic examina-
tion after a single-stage screen for a single incidence of substantial hearing loss. 
Thus, most U.S. maternity wards use two-stage procedures [4].

Patients who do not pass the first test are given a second opportunity to do so 
before being sent for an audiological evaluation [48]. The two-step procedure is 
preferable since it cuts down on both the number of false-positive results and the 
number of patients sent for audiologic evaluation [49, 50].

Researchers found that between 900 and 1400 newborns would need to be tested 
in a two-stage NHS in order to detect a single occurrence of bilateral hearing loss 
[26, 51]. A two-tiered NHS predicts that 1 in 45 babies in the newborn nursery will 
have moderate to severe bilateral irreversible hearing loss [6].

Yet, because of an unfounded assumption that all newborns who fail the first test 
but pass the second have normal hearing, the two-stage screening may overlook 
infants with hearing loss [48, 52, 53]. Moreover, the existing screening instruments 
have thresholds of roughly 35 dB, missing minor hearing loss and delaying diagno-
sis. This discovery has led the JCIH and the AAP to propose routine monitoring of 
children’s language and hearing abilities in accordance with the AAP’s periodicity 
plan [4].

10  Significance of Hearing Screen Results

Despite its growing popularity, universal newborn hearing screening (UNHS) is not 
endorsed by all experts due to concerns about its high false-positive rate [54]. There 
are a variety of potential drawbacks associated with false-positive findings for uni-
versal newborn hearing screening (UNHS). They include emotional distress, incor-
rect disease labeling, iatrogenic illness due to unneeded testing, and higher financial 
and time expenditures. The number of false positives is drastically decreased when 
a two-stage testing methodology is used (OAE followed by AABR or AABR per-
formed twice) [3, 54].
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Two-stage testing (AABR followed by ABR administered by an audiologist for 
neonates who failed the first stage) was compared to AABR testing alone in one 
study of infants not in the NICU. After doing the test again, the percentage of false 
positives dropped from 3.9% to 0.8%, a decrease of 80%. A comprehensive retro-
spective assessment of 148,240 newborns assessed with one of three procedures 
(AABR, OAE, or OAE/AABR) confirmed differences in referral rates [26]. Referral 
rates to OAE testing were 11% compared to 1.5% to AABR screening. There was 
an 8.4% referral rate after completing the two-step procedure (OAE and AABR)). It 
is evident that AABR testing seems to provide the lowest false- positive rate, with 
OAE and AABR testing giving the next best alternative [3].

11  Conclusion

Early diagnosis is very important for the children with HL, and it plays an essential 
role in reducing its destructive results. Lingual development of babies during the 
initial period is rather fast. It is important for the babies to have a normal hearing 
capability from the points of social, emotional, and mental progress along with 
speech development. In case the infant’s hearing loss is not detected at an early 
stage, this leads to a disability which will have a lifelong influence in the person 
such as impediment in speech, intellectual performance weakness, social inadapt-
ability, and emotional disorders [2].
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Hearing Loss in Neonates and Infants

Bilal Sizer, Nuray Bayar Muluk, and Nitin R. Ankle

1  Introduction

A high societal and economic cost is incurred due to infant and child hearing loss 
due to the subsequent delay in speech and language development. By early diagno-
sis and therapy, children with hearing loss may improve their language and com-
munication skills to the point that they can fully participate in and contribute to a 
hearing society [1, 2]. The public is becoming more aware of hearing loss, which 
has spurred the development of medical infrastructure and associated medical 
advancements to assist those with hearing loss. The diagnosis and treatment of hear-
ing loss in newborns and babies have undergone a sea change with the implementa-
tion of a screening approach for congenital hearing loss [3, 4].

2  Epidemiology

According to global data, two to three out of every 1000 newborns are born with 
profound bilateral hearing loss, and another two to four are born with moderate or 
unilateral hearing loss [5]. Premature babies and those hospitalized in the neonatal 
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intensive care unit are more likely to develop hearing loss (NICU). Previous studies 
found that between 1.2 and 11% of premature newborns were diagnosed with a 
hearing loss depending on their gestational age [6]. There is an elevated incidence 
of hearing loss among infants admitted to the NICU, ranging from 1.6 to 13.7%. [7]. 
Research out of Korea found that while 4.6% of healthy infants were projected to 
have hearing loss, the rate increased to 28.8% of newborns hospitalized for more 
than 4.5 days in the NICU [8, 9].

In the United States, the rate of congenital hearing loss varies by race and method 
of diagnosis, making it difficult to compile reliable data. Several industrialized 
nations were able to quantify the prevalence of congenital hearing loss once they 
instituted national newborn hearing loss screening programs [10].

About 1.07–2.7 per 1000 preschoolers and 2.05–3.5 per 1000 teenagers are 
affected by hearing loss, respectively [11]. Cochlear implantation, which is used for 
auditory rehabilitation on patients with severe-to-profound hearing loss, was per-
formed significantly later in the “refer” group compared to the “suspect” and 
“delay” groups in the Korean study involving infants with suspected acquired or 
delayed hearing loss after they passed the NHS [8, 9, 11] Since the permanent hear-
ing loss at this age, which grows over that time, imposes severe language develop-
ment delays, communication challenges, and societal expenses, early and precise 
identification of hearing loss in newborns and toddlers is critical. Pure tone audiom-
etry should be routinely done around five or throughout puberty to prevent a delay 
in identifying hearing loss, particularly the late-onset or progressive variety [4, 11].

In order to effectively treat congenital or perinatal hearing loss, it is crucial to 
diagnose the condition and initiate early intervention before the child’s sixth month 
of life [3, 4]. The normal hearing has a significant role in the development of speech 
and language, as well as intellectual and emotional growth, throughout the first year 
of life, making prompt treatment essential [12, 13].

3  Importance of Hearing Loss in Neonates and Infants

Children with hearing loss are at risk for delays in several cognitive skills, including 
working memory and executive abilities, despite the dramatic advances in speech 
and language [14, 15]. The effects of these issues in the classroom and on the job are 
far-reaching. In a population survey of Danish young men who were called to appear 
before a draft board, 51% of those with normal hearing continued their education 
above the age of 16; this number dropped to 42% for those with mild-to-moderate 
hearing loss and 34% for those with more severe hearing loss [16]. Norwegian 
cohort research revealed similar results, showing that those with hearing loss were 
50% less likely to complete college [17].

A child’s quality of life may be negatively impacted by hearing loss, research 
shows, especially in school and social life, as well as in terms of conduct and behav-
ioral problems. Internalizing behaviors, conduct and hyperactivity issues, and other 
emotional difficulties were all linked to hearing loss in an unquantified but elevated 
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way, according to one systematic study [18]. For youngsters who are deaf or hard of 
hearing, one research indicated that as many as half suffered from mental health 
issues [19]. As a result, typical childhood activities may be more challenging for 
17–48% of children with unilateral hearing loss and the 50% with a cochlear implant 
who also have vestibular dysfunction. Studies that follow the same group of people 
over time show a correlation between women’s early hearing loss and later anxiety, 
sadness, and worse well-being [20].

4  Etiology

Congenital hearing loss has several causes, but genes and the environment are the 
most important. Over half of all instances of congenital hearing loss have been 
thought to have a genetic component; another 25% were considered idiopathic, and 
the other 10% were unknown. Ongoing genetic research has led to findings that sug-
gest that up to 80% of instances of congenital hearing loss in wealthy countries are 
caused by hereditary factors, with the other 20% caused by environmental or 
acquired causes [21, 22] such as toxoplasmosis, syphilis, rubella, cytomegalovirus, 
and herpes (TORCH) infections during pregnancy; postnatal bacterial meningitis 
[23]. It is becoming more apparent that congenital cytomegalovirus (CMV) infec-
tion is the leading environmental cause of congenital hearing loss, especially in 
affluent nations. [4, 21].

Branchiootorenal syndrome and CHARGE syndrome are only two examples of 
the many anatomical anomalies with known genetic roots. Those affected with 
branchiootorenal syndrome often have problems with their external ears, hearing, 
and kidneys. Coloboma, cardiac problems, atresia of choanae, growth retardation, 
genital abnormalities, and atypical olfactory development are all features of 
CHARGE syndrome. Ear abnormalities include exterior, middle, and internal ear 
malformations.

The risk of hearing impairment is most remarkable among infants born at less 
than 24  weeks of gestation. It decreases with increasing gestational age, birth 
weight, and the absence of other medical complications (1.2–7.5% among infants 
born at 24–31 weeks and 1.4–4.8% among those who weighed 750–1500 g at birth). 
Babies in NICUs have a 1.2–7.5% incidence rate of hearing loss (NICUs). 
Hyperbilirubinemia, sepsis, newborn bacterial meningitis, necrotizing enterocolitis, 
extended breathing, ototoxic drug exposure, and extracorporeal membrane oxygen-
ation all enhance the risk of hearing loss in the neonatal intensive care unit [10, 24].

Because of congenital CMV’s prevalence, various genetic or structural temporal 
bone etiologies can coexist with it. Due to the widespread immunization of pregnant 
women, congenital sensorineural hearing loss caused by the rubella virus is uncom-
mon. While being very rare, the prevalence of congenital syphilis increased to 
23.3% per 100,000 live births in 2017; this was particularly true in metropolitan 
areas and demographics [24, 25].
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The most common syndromic and non-syndromic causes of hearing loss are 
listed in Table 1. [26]. Mutations in the GJB2 gene (encoding for gap junction pro-
tein beta 2) are the leading cause of congenital deafness in industrialized countries. 
DFNB1 was the first identified locus for non-syndromic deafness with autosomal 
recessive inheritance [27]. Connexin 26 is encoded by this gene (gap junction beta 
2). Connexin 26 is expressed in the cochlea between the supporting cells and stria 
vascularis, spiral ligament, and spiral limbus. An action potential is generated in 
hair cells in response to sound waves, and this protein plays a role in the recycling 
of potassium used in this process [27]. Because of this, it is generally agreed that 
mutations in the GJB2 gene result in sensorineural hearing loss. Mutations in the 
SLC26A4 (solute carrier family 26 members 4) gene on chromosome 7, which 
encodes the pendrin protein, cause Pendred syndrome, the most common syndromic 
hearing loss [28]. Due to the recessive nature of Pendred syndrome, a child must 
inherit two mutant SLC26A4 genes, one from each parent. A predisposition charac-
terizes Pendred syndrome to hearing loss, which is often but not always present at 
birth, often increases with time, and is linked to repeated mild head trauma. This 
condition is characterized by enlarged vestibular aqueducts, which increase the sus-
ceptibility of the inner ear to trauma. Also possible is vertigo. Goiter is a hallmark 
of this condition, seen in 75% of patients [28].

5  Screening for Congenital Hearing Loss

In 1957, Larry Fisch proposed the idea of a newborn hearing screening (UNHS) 
[29]. It became widespread in wealthy nations in the late twentieth century, how-
ever. In the beginning, NHS was only done to those at a high risk for hearing loss. 
Nevertheless, only around half of newborns with hearing loss had a risk factor for 
hearing loss; the other half of instances occurred in infants without risk factors [30]. 
Babies in most industrialized nations now have a hearing test soon after birth. For 
the first 28  days of life, the UNHS screens infants using an automated auditory 
brainstem response (AABR) and an automated otoacoustic emission (AOAE). 
Premature children that undergo UNHS have their accurate ages determined by 
their estimated birth dates. The stated ranges for AOAE’s sensitivity and specificity 
are 50–100% and 13–91%, whereas those for AABR are 96% and 98%. [4]. Table 2 
displays the 2019 recommendations of the American Joint Committee on Infant 
Hearing on causes of hearing loss [4]. Regardless of the newborn hearing screening 
findings, infants with these risk factors should be sent to the otolaryngology depart-
ment for a thorough hearing examination and frequent checks. While audiometric 
tests are not commonly done, after a newborn has passed the NHS, the hearing state 
is monitored periodically using questionnaires designed for infant medical checks 
till 71 months of age. The NHS may not pick up on specific causes of hearing loss 
since they manifest in the early stages only as moderate hearing loss. As a result, 
several industrialized nations now provide pure-tone audiometry hearing exams to 
children as young as 5 years old [4]. For instance, a missed diagnosis is possible 
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even after UNHS in cases of auditory neuropathy spectrum disorder (characterized 
by signal processing dysfunction along the auditory nerve or compromised signal 
transmission to the auditory nerve by presynaptic inner hair cells with fully func-
tional outer hair cells). Since its creation, the UNHS has been applied well in afflu-
ent countries, yet inequities still exist worldwide. Even though certain nations, like 
Ireland and the Netherlands, have a screening percentage above 99%, many others 
have not [31]. Around a third of nations (representing about 38% of the world’s 
population) provided no or very little screening, while another third had UNHS 
programs that were either virtually or entirely implemented. The average living 
level in nations where screening is wholly or almost universal is 10 times greater 
than in countries with less than 10% coverage. [31]. Moreover, with the fast devel-
opment of sequencing technology, molecular genetic testing may compensate for 
the shortcomings of UNHS. Unfortunately, this is impossible due to the high uncer-
tainty accompanying such testing.

*Infants at increased risk of delayed-onset or progressive hearing loss.
**Infants with toxic levels or a known genetic susceptibility remain at risk.
***Syndromes [32].
****Parental/caregiver concerns should always prompt further evaluation.

6  Hearing Rehabilitation for Bilateral Sensorineural 
Hearing Loss

Binaural listening is crucial for the development of spoken language, for effective 
communication in everyday listening and learning environments, and ultimately for 
academic success, and there is physiological and behavioral evidence to support the 
idea that bilateral input to the auditory system, as opposed to unilateral input, facili-
tates these abilities [17]. For children with bilateral sensorineural hearing loss, two 
ears equipped with a device are preferable to one in one ear since this maximizes 
hearing in both ears, which is crucial for developing spoken language. Children 
with both ears affected by sensorineural hearing loss may choose to use two hearing 
aids, two cochlear implants, or one cochlear implant in one ear and one hearing aid 
in the other (referred to as bimodal devices). Patients’ audiometric hearing thresh-
olds are considered while making these recommendations. An ideal listening envi-
ronment would include hearing levels within the average range for both ears. It is 
common practice to prescribe bilateral hearing devices for children with bilateral 
sensorineural hearing loss who have significant quantities of residual hearing. Since 
hearing aids alone may not help children with severe-to-profound hearing loss, 
cochlear implant technology should be investigated. Bimodal devices may be an 
option for kids whose residual hearing is somewhere in the middle or who have 
noticeably different hearing in each ear [17].

Cochlear implants, unlike hearing aids, do not magnify acoustic information but 
instead provide an electrical signal straight to the auditory nerve. A cochlear implant 
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consists of a receiver-stimulator and an electrode array surgically implanted into the 
inner ear, stimulating the cochlea to produce auditory signals. A microphone, mag-
netic transmission coil, and processor comprise a cochlear implant’s exterior 
components.

7  Children with Hearing Aids

Two recent studies indicated that children with moderate-to-severe hearing loss who 
used hearing aids performed worse on average on some spoken language outcomes 
than their usually hearing peers. Compared to their usually hearing counterparts, 
their scores on receptive language, expressive language, speech production, and 
vocabulary tests fell within a range of 0.5–2 standard deviations (SDs) [33]. 
Children’s disadvantages relative to their usually hearing classmates were mitigated 
by the severity of their remaining hearing loss. In addition to superior language 
results, we found higher mother education and nonverbal cognitive abilities, earlier 
hearing aid receipt, more consistent device usage, and stronger audibility [33].

8  Children with Cochlear Implants

Before the clinical availability of cochlear implants, children with bilateral severe- 
to- profound hearing loss using traditional hearing aids learned to talk at about half 
the rate of similar-aged children with normal hearing. By the time they attend pri-
mary school, many children with bilateral severe-to-profound hearing loss have 
acquired age-appropriate speech perception, speech production, and expressive and 
receptive language abilities due to cochlear implant development. Despite favorable 
language-learning conditions, 30–50% of kids still need to catch up in this area [34]. 
Age-appropriate spoken language outcomes for children with cochlear implants 
have been associated with higher preimplant residual hearing, earlier cochlear 
implant and early intervention service receipt, an emphasis on auditory and oral 
instruction, and the use of updated cochlear implant processor technology. It has 
been shown that children with cochlear implants have superior academic outcomes 
and a higher overall quality of life [35]. Cochlear implant patients’ educational, 
vocational, and occupational achievement rates have continuously fallen below 
those of the normative population over the long run [17].

It is widely held in the medical community that children with profound hearing 
loss have a far better chance of acquiring language with the help of bilateral 
cochlear implants [36]. Some kids will get both cochlear implants at once, while 
others may get them in phases, with each step requiring a variable length (e.g., a 
few months to several years). The available research supports increased binaural 
processing capacities. Since there is not much time between the first and second 
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implant, the implications of timing for the second implant need to be discussed 
[37]. Notably, as the threshold for cochlear implant eligibility in the United States 
rises to include children with greater levels of residual hearing in at least one ear, 
many children may present with bimodal device settings (cochlear implant com-
bined with a hearing aids at the nonimplanted ear). Doctors assessing these children 
must choose whether continuing bimodal use or proceed with bilateral implants 
[36, 37].

Before the clinical availability of cochlear implants, children with bilateral 
severe-to-profound hearing loss who used traditional hearing aids acquired spoken 
language skills at about half the rate of similarly aged children with normal hearing. 
Cochlear implants have allowed many children with bilateral severe-to-profound 
hearing loss to reach their full linguistic potential in elementary school. 30–50% of 
children still do not acquire age-appropriate spoken language abilities, even when 
exposed to environmental and pedagogical elements that favor optimal language 
development [34]. Age-appropriate spoken language outcomes for pediatric recipi-
ents of cochlear implants have been linked to higher levels of nonverbal intelligence 
and maternal education, higher levels of preimplant residual hearing, earlier receipt 
of cochlear implant and early intervention services, a focus on auditory and oral 
instruction, and the use of updated cochlear implant processor technology. It has 
been demonstrated that children with cochlear implants do better in school and have 
a higher quality of life [35]. Cochlear implant recipients’ long-term educational, 
vocational, and occupational attainment rates continue to lag well below the general 
population’s [17].

Medical professionals agree that children with profound hearing loss have a far 
better chance of acquiring language if they get dual cochlear implants [36]. Cochlear 
implantation might co-occur for some children or at various periods for others (e.g., 
a few months to several years). Despite evidence suggesting superior binaural pro-
cessing, Because the interval between implants is short, it is crucial to analyze how 
scheduling affects the outcome of the procedure [37]. As the standards for cochlear 
implant candidacy in the United States continue to expand, more and more children 
may be accepted with some degree of residual hearing in at least one ear, increasing 
the likelihood that many children may come with bimodal device setups (cochlear 
implant combined with a hearing aid at the nonimplanted ear). While evaluating 
these children, clinicians must choose between recommending continued bimodal 
use or progressing to bilateral implants [36, 37] to treat single-sided sensorineural 
hearing loss.

There is mounting evidence that unintended loss of hearing may negatively 
impact a child’s development in several areas, including language, speech, and 
learning, as well as their conduct [38]. As a result, there has been a rise in the use of 
conventional hearing aids, frequency-modulating systems, devices for contralateral 
routing of signals, bone-conduction hearing aids, and cochlear implants for children 
with unilateral hearing loss. Transmitting sounds from the transmitter to the receiver, 
frequency-modulating devices lessen the effects of environmental noise, ear fatigue, 
and physical separation between the speaker and the listener. Hearing aids with 
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contralateral signal routing gather sound from the damaged ear and transmit it to the 
healthy ear. Hearing aids that transmit sound through the skull’s skeleton may help 
those with trouble hearing by avoiding the middle ear and activating the auditory 
nerve in either the affected or the normal ear on the same side. A cochlear implant 
is a device that uses an electrode implanted in the cochlea to stimulate the auditory 
nerve. Bone-conduction hearing aids have been demonstrated to help children with 
severe-to-profound unilateral sensorineural hearing loss hear better, particularly in 
noisy situations and at lower sound levels (the speech recognition threshold) [39]. 
Children aged over 5 years with substantial unilateral hearing loss (often called 
single-sided deafness) may undergo cochlear implant treatment. Speech outcome 
metrics in calm and loud settings, bimodal speech reception thresholds in noise, and 
sound localization have all been found to improve via research [40, 41]. Reports of 
success with hearing aids that route signals contralaterally are inconsistent. 
Frequency-modulating systems and traditional hearing aids may be helpful even in 
cases with milder unilateral loss. Children’sHomeInventory for ListeningDifficulties 
(CHILD) scores demonstrate that with traditional hearing aids, kids report feeling 
better at home and in the classroom after using them to help with speech recognition 
in noise, word recognition in both quiet and loud environments, and sound localiza-
tion [42]. Objective hearing tests, such as the Bamford-Kowal-Bench sentence list 
and word recognition scores in loud and quiet settings, have also been proven to 
improve using frequency-modulating devices. Studies are needed to determine 
whether or not auditory rehabilitation can mitigate the adverse effects of unilateral 
hearing loss on speech and language, communication, academic performance, and 
social functioning; the evidence thus far is consistent only in showing improvement 
in audiological measures.

9  The Financial Burden of Newborn Hearing Impairment

The cost of hearing aids used in the rehabilitation process might vary widely. A 
cochlear implant device may cost around $20,000, whereas a set of hearing aids 
may only cost $6000. These estimates do not include ongoing expenses like speech 
therapy, cochlear implant programming, and medical and surgical bills. On the 
other hand, uncorrected hearing loss may result in significant financial burdens; for 
example, one research revealed that special education and lost productivity cost 
families of children with prelingual severe-to-profound hearing loss more than $1 
million throughout their lifetimes [17].

10  Conclusion

Many advancements have been made in detecting and treating hearing loss in neo-
nates and babies. The prognosis and counseling of families affected by hearing loss 
may be improved by early detection and knowledge of the condition’s causes. 
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Furthermore, knowing about the many types of hearing aids, cochlear implants, and 
other assistive devices may help guide patient care and improve results.
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Programming the Auricle

Ergun Sevil, Cemal Cingi, and Mario Milkov

1  Introduction

The incidence rate of ear abnormalities in neonates is between 15 and 50%. [1]. 
Mental anguish might result from an odd auricular appearance [2]. Evidence sug-
gests that children born with ear abnormalities are more likely to struggle with anxi-
ety, low self-esteem, and relationship issues [3]. As a result, correcting ear 
abnormalities is crucial for the emotional well-being of kids [3, 4].

Malformations and deformations are the two most common types of congenital 
auricle abnormalities. The partial lack of skin and/or cartilage characterizes auricle 
abnormalities, which arise from a failure in embryologic development. As a conse-
quence, the pinna becomes undeveloped, necessitating auricular restoration. 
Deformities of the auricle manifest as a completely formed pinna with no missing 
skin or cartilage [5].

After the ear has finished 85–90% of its development, usually just before school 
age, surgical correction is the primary therapy for these auricular abnormalities. 
Many studies have indicated that beginning the process of shaping a malformed ear 
as early as possible after birth (ideally within the first 3 days) may provide desirable 
outcomes and avoid the need for surgical surgery. Peak levels of maternal estrogen 
and tissue hyaluronic acid, which promote pliability in the infant auricle, occur 
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during the first 72 hours after delivery and return to baseline by 6 weeks of age, 
when the auricle becomes more elastic and solid [6].

A shorter molding treatment and less frequent need for surgical correction may 
result from establishing criteria for early detection of congenital auricular abnor-
malities so that molding therapy may begin within 3 days of birth [6, 7]. Use of 
foam, adhesives, wires, and putty were among the novelties. Maternal estrogen cir-
culates through the body, keeping hyaluronic acid levels in cartilage high and 
enhancing the cartilage in the ear’s capacity to be flexible. It has been shown that 
estrogen receptors are present in human auricular chondrocytes, and animal models 
have shown that estrogen injection into the auricle causes the ear to become soft and 
malleable [6–10].

2  Epidemiology

Auricular abnormalities are quite common in newborns, with a reported prevalence 
of 55.2–57%. [6]. Delays in treatment have occurred in the past due to the common 
belief that infants born with earlobe abnormalities would grow out of them naturally.

3  Etiology

Congenital auricle abnormalities may be traced back to a combination of hereditary 
(25%) and environmental (10%) causes, with genetic interaction accounting for the 
remaining 65% of cases. In the fifth to ninth week of pregnancy, if the embryo is 
inadequately formed, the baby may be born without key ear anatomical features. 
Auricular morphologic abnormalities including prominent ear, cup ear, and lop ear 
may occur as a consequence of aberrant auricle cartilage formation in the latter 
stages of embryogenesis. Single or numerous hillock loss and division may be at the 
root of these abnormalities [11]. Auricle morphological malformations may also be 
caused by antenatal intrauterine and external pressures, as well as by labor canal 
resistance, with the kind of deformity correlating with the direction of the pressure. 
The typical form of the auricle relies heavily on the work of the internal and exterior 
auricle muscles [12].

4  Evaluation of Auricular Anomaly

Auricular malformation (Table  1) should have been identified on the first visit. 
Photographs of the patient’s clinical condition before, during, and after therapy are 
required. Whether or not the ear could be molded, the parents should have been 
informed of the potential outcomes, dangers, and alternatives [12].
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Table 1 Auricle anomalies (Adopted from Reference 6)

Ear 
anomalies Characteristics

Prominent 
ear

Auricle inclines forward, cranial ear angle increases, and the auricle is large and 
flat. The normal anatomic morphology of the auricle and anti-auricle is unknown

Cryptotia ear The upper pole of the auricle is buried under the temporal subcutaneous tissues
Stahl’s ear The superior auricle is flat and has an abnormal bulge
Cup ear The auricle length becomes shorter, the triangular fossa become narrower but do 

not disappear, and the shape of the supine position is like a cup
Lop ear The upper part of the auricle is pendulous
Conchal crus The auricular foot is abnormally raised in the auricular cavity
Helical rim The ear rim does not curl, and the ear wheel is flat or not present
Grade I 
microtia

The auricle is slightly smaller but its shape is not significantly altered

Auricle abnormalities are best treated non-surgically between days 5 and 7 fol-
lowing delivery. The levels of residual maternal estrogen after delivery are highest 
during the first 72  h after birth and decline to their initial levels after 6  weeks. 
Auricular cartilage’s adaptability is enhanced by estrogen, which may raise its hyal-
uronic acid levels. Around 6 weeks, the auricle loses a lot of its pliability since the 
estrogen and hyaluronic acid levels in the baby’s blood have dropped [9, 13]. 
Patients have a 30% probability of self-healing if they are born within a week. 
Certain auricular malformations, including lobed ears with mild and severe defor-
mities and Stahl’s ears, may enhance their self-healing rate if the patient’s parents 
massage and manipulate them appropriately within 14  days after birth [5, 8]. 
According to Tan et al., the effectiveness of noninvasive correction was maximized 
if it occurred during the first 3 months after birth, and the timeliness of therapy was 
strongly correlated with the durability of its therapeutic benefits [9]. Byrd et  al. 
found that kids older than 3 weeks of age required a longer treatment course, and 
that the therapy’s effectiveness was reduced by 50%. [5].

Auricular abnormalities may be treated in a variety of manner. Stahl’s ear and lop 
ears had the quickest recovery times. When the helix of one ear folds over onto the 
upper leg of the helix of the other ear, a condition known as a lop ear is manifested. 
This causes the top half of the auricle to droop down and cover the upper helix of 
the opposite ear, resulting in a shorter auricle. The ear morphology of a child with a 
lop is drastically different from that of a child with normal ears, and this difference 
is usually readily apparent to parents from an early age. Thus, lop ears are detected 
at an earlier age and treated for a shorter period of time than other forms of abnor-
malities. When the posterior cerebral sulcus is insufficiently deep or nonexistent 
and there is also no discernible posterior auricular sulcus, this condition is known as 
cryptotia. A full look may be restored by pulling the top auricle outward, but the 
deformity will return as the pull is removed. Individuals with extreme cryptotia have 
a significant lack of auricular skin and upper auricular chondrodysplasia. A crypto-
tia ear is a malformation of the upper auricle that is often missed by parents and, as 
a result, requires more time spent on treatment if detected at a later age [6]. After 
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approximately 2 weeks of care, the initial step of therapy is pulling out the auricle’s 
top edge from beneath the scalp [14]. In the second phase, a lower frame is used to 
mold the auricle, a process that takes a considerable amount of time. Byrd felt that 
the diagnosis could only be established when the distance between the middle 
helium and the lateral cranial wall was >1 cm [5], making early identification of the 
prominent ear the most difficult and often disregarded. Patients older than 14 days 
after birth were included in this research, and all three of them had prominent ears 
that needed therapy lasting longer than 4 weeks. Overgrowth of auricular cartilage 
[15] causes cranio-auricular angle enlargement, which is difficult to cure and often 
results in a rebound. An increase in awareness regarding large ears is crucial, since 
this might lead to earlier diagnosis and treatment.

Molding methods may be used to non-surgically treat Stahl’s ears, cup ears, and 
prominent ears, three common congenital auricular malformations [6].

5  Techniques

Non-surgical methods for fixing congenital ear abnormalities have been docu-
mented on several occasions [6, 16]. Metal wire, surgical tape, foam, and silicone 
tape are the traditional molding materials for ears [16, 17].

5.1  Traditional Ear-Shaping

First Step: Before to ear molding, the patient’s hair was cut around the ear (to pro-
tect the skin) and the patient’s skin oil was washed away with isopropyl alcohol to 
provide a good bond between the cradle and the skin.

Second Step: The splint was chosen, bent, and put on the auricle’s anterolateral 
surface such that its form mimicked that of a helix.

Third Step: We used surgical tape to secure the helix to the antihelix groove on 
the auricle’s anterolateral surface. The auricle was brought closer to the scalp with 
the use of surgical tape.

Fourth Step: Foam was used to shield the ear from the mold’s contents.
Taping was employed during the first week of therapy to offset the considerable 

resistive forces to expansion caused by tissue shortage. The splint was then bent into 
the correct helix form and adhered to the ear’s anterolateral surface. All day, every 
day, the babies wore the splint.

Don’t stop therapy only because skin problems manifested themselves; foam- 
covered molding materials absorb exudate and improve skin lesions. As pressure 
ulcers developed, the splinting was discontinued. Patients were instructed to return 
to the clinic 3 days following ear-molding to be evaluated for any adverse reactions. 
Infants were routinely scheduled for weekly follow-up after it was established that 
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none of the initial five patients had any complications 3 days after treatment. This 
allowed for the monitoring of complications and auricle changes, as well as the 
adjustment of devices to achieve better correcting conditions. It was standard prac-
tice to continue splinting until 1 week after the auricular anatomy had returned to 
normal, and in cases where no correction had taken place, splinting was discontin-
ued after a maximum of 6 weeks of therapy [17].

5.2  EarWell Is an Infant Hearing Correction System (Becon 
Medical Ltd., Naperville, Ill.)

Four basic parts make up the EarWell system: The posterior cradle, the retractors, 
the conchal former, and the anterior shell. Positioned in the antihelix and the sug-
gested upper limb of the triangular fossa, the posterior conformer completes the 
posterior cradle. The helical rim is held in place by the retractors. The sticky inner 
surface of the posterior cradle secures these retractors in place. After that, a conchal 
former made of a soft, compressible material is inserted into the conchal space. 
Finally, the anterior shell is fastened to the posterior cradle, causing the conchal 
former and retractor system to experience direct anterior forces [5].

The average time each gadget was used was 2 weeks. When the first problem was 
fixed, additional EarWell molding occurred for another 2 weeks. Weekly patient 
assessments looked for problems and treatment halts due to things like equipment 
movement [5, 18].

5.3  Non-Surgical Ear Molding for Infants with InfantEar 
(TalexMedical LLC, Malvern, Pa.)

The InfantEar set consists of the base plate, conformer, rim piece, silicone gel, and 
the protective cap, which has since been discontinued. Following the manufactur-
er’s instructions, a normal ear molding kit was used [19].

5.3.1  Earlimn (Cihui Ltd., Hunan, China) (Cihui Ltd., Hunan, China)

For both deformations and malformations, the Earlimn system (Cihui Ltd., Hunan, 
China) was implemented. A cradle, retractors of varying sizes, a conchal mold, and 
a cover are all part of the system. The cradle was sewn into place on the abnormal 
ear’s skin. The helical rim’s form was fashioned with the aid of the retractors. The 
concha was given a helping hand when a mold was inserted inside of it. The cradle 
was covered by a lid that also served to secure the retractors and conchal mold [20].
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6  Conclusion

A majority of babies are born with ear abnormalities, and only around 30% of them 
fix themselves. Appropriate shaping begun in the first week of life may fix these 
defects. Compared to the alternative, surgical correction, the outcomes of neonatal 
molding are generally superior.

Ear molding is cheap, simple, and requires no surgery. It is a vital technique for 
correcting auricular abnormalities in newborns, and it has to be extensively dissemi-
nated in clinical practice. Treatment is more likely to be successful if it is started 
right away once the problem is discovered.
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The Effect of Breastfeeding on Childhood 
Otitis Media

Muhammet Pamukcu, Nuray Bayar Muluk, and Peter Catalano

1  Introduction

Throughout history, breastfeeding has been the obvious and natural way for mothers 
to feed their infants. Despite the widespread availability of alternatives to mothers 
breastfeeding their own offspring, in every culture and country the option to breast-
feed remains a significant method for the nutrition of neonates. Breastfeeding, how-
ever, like other cultural practices, has waxed and waned over the years. Three 
hundred years ago, the infants born to mothers of high social class tended to be 
breastfed by wet nurses, and this trend then spread towards members of lower socio-
economic groups over the next 200 years [1, 2]. The trend in the twentieth century 
was towards fewer mothers breastfeeding infants, from a peak of around 90% to the 
current rate of 42%. Unlike many determinants of health, where less healthy prac-
tices are more common amongst lower income groups, breastfeeding is actually 
more prevalent in societies which are poorer overall. The decline in breastfeeding 
comes despite the accumulating evidence that breast milk has numerous advantages 
over artificial baby milk, such as providing immunity against frequently occurring 
pathogens encountered in infancy [3, 4].
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2  The Burden of Otitis Media

The pathogens responsible for acute otitis media (AOM) are generally viral or bac-
terial. In the latter case, antibiotic treatment is frequently prescribed. The risk in 
early childhood increases due to the narrowness of the middle ear cavity and the fact 
that the Eustachian tubes drain the cavity inefficiently due to their twisting course. 
Frequent presenting features of AOM are significant otalgia, abrupt onset deafness, 
pyrexia and malaise. There are several complications associated with AOM. Patients 
who are predisposed towards AOM commonly experience recurrent bouts of the 
infection as infants and young children. After the acute infection resolves, it is com-
mon for an effusion to develop in the middle ear, causing the condition known as 
otitis media with effusion (OME). This then results in auditory loss. OME may 
become chronic, which then causes more long-lasting deafness and problems with 
linguistic development, academic performance and some behavioural issues. The 
tympanic membrane may be perforated following AOM and a chronic discharge 
may occur (known as chronic suppurative otitis media). Although less frequently 
encountered, other more grave complications are also possible, including mastoid-
itis, cerebral abscess formation or meningitis [1, 2].

The annual number of cases of AOM worldwide is thought to be 709 million, 
which equates to an incidence of 10.85% [5]. The age range most affected is between 
1 and 4 years, where the incidence is 60.99%. There is considerable variation in 
incidence according to geographical location, with an incidence of 3.64% in Central 
Europe, but a much higher rate of 43.36% in Africa south of the Sahara [5]. There 
is a major health burden arising from AOM, both in developed and developing coun-
tries. For developed countries, AOM is the number one reason for antibiotics to be 
employed and the condition affects at least 60% of infants (up to the age of 1 year), 
whilst 80% of children have had at least one episode of AOM by the age of 3 years 
[6–8]. The complications of AOM also create considerable morbidity. The preva-
lence worldwide of chronic suppurative otitis media is calculated to be close to 31 
million cases and irreversible auditory loss following AOM occurs at a frequency of 
30.82 per 10,000 cases [1]. Moreover, AOM results in 21,000 deaths each year. The 
risk of mortality is most elevated in children up to the age of 5 years [5].

Despite the fact that the latest official guidance on treating AOM of mild severity, 
short duration and without complications advises against routine antibiotic use [9], 
AOM remains the most frequent indication for prescribing antibiotics in many dif-
ferent countries [10]. Not only does this result in an unwarranted strain on health-
care budgets, it also makes the development of antibiotic-resistant organisms in the 
community more probable [11, 12].

3  How Does Breastfeeding Potentially Protect Against AOM?

At one time the dominant theory to explain how breastfeeding protects against 
AOM posited the idea that the effect largely relied on the increased drainage of the 
eustachian tubes brought about when infants suckle at the breast. This theory 
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suggests that the negative pressure created and the position of the infant when nurs-
ing are the key factors. A rival theory explains the reduced frequency of AOM in 
infants who receive breastfeeding as due to immunity conferred by constituents in 
breast milk which exert an active immune function. Interest in the second theory has 
increased recently following the greater research focus on the microbial flora of the 
gut, especially that established during infancy. It is increasingly evident that a 
healthy gastrointestinal microbiome develops at this stage in life, conferring several 
advantages to the infant, including protection against a number of pathogenic organ-
isms [13–15].

The development of a healthy microbial flora in the infant is contributed to by 
particular constituents of breast milk, namely specific beneficial microbes them-
selves and several kinds of human milk oligosaccharides (HMOs). HMOs are car-
bohydrates secreted in milk and are especially abundant in colostrum. Primates 
secrete milk oligosaccharides with several features unique to this sub-grouping 
within the mammals, namely a high level of diversity and a significant degree of 
fucosylation [16]. More than 200 distinct HMOs have been identified in breast milk 
[17]. Fucosylation occurs in some 50–80% of these. Maternal genetics determines 
which HMOs are present [18]. HMOs are highly abundant in colostrum, with a 
concentration of 20–25 g/L, with a somewhat lower concentration in mature milk, 
namely 5–20 g/L [19]. It appears that infants cannot metabolise these carbohydrates 
to generate energy, but instead they act as nutrition for several different species of 
bacterial organisms that are beneficial to the health of the neonatal and infant gas-
trointestinal tract.

There has been extensive research interest in the composition of the gastrointes-
tinal microbiome in infants and in how the microbial flora both offers a protective 
effect against gastrointestinal infections and helps to train the developing immune 
system to distinguish between pathogens and beneficial commensals. The evidence 
base for the nasopharyngeal microbiome is more slender and less has been learnt 
about how the bacterial flora may prevent AOM.  A recent study undertaken by 
Biesbroek et al. [20] compared the microbial flora of the nasopharynx in 202 infants, 
half of whom received exclusive breastfeeding whilst the other half consumed arti-
ficial baby milk only. This study concluded that the floral composition correlated 
with the type of feeding. The breastfed infants had a flora at age 6 weeks with higher 
numbers of organisms from the genera Dolosigranulum and Corynebacterium than 
in the flora of formula-fed infants. Furthermore, the levels of Staphylococci, 
Prevotella and Veillonella spp. were lower in the breastfed infants [20].

Breast milk constituents act directly to regulate bacterial numbers, but the live 
microbes present within breast milk also cause modulate the numbers of pathogenic 
species known to cause middle ear infections. Milk has lactobacilli within it, and 
these organisms take up residence in the nasopharynx within the initial months of 
breastfeeding. This colonisation helps to lower the rate of middle ear infections [21, 
22]. According to some studies, the presence of commensal bacterial species in the 
nose in breastfed infants also leads to lower number of Staphylococcus aureus and 
may result in fewer middle ear infections, although this has not yet been definitively 
established to occur [23, 24]. Breast milk also reduces inflammation in epithelia, 
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which likely alters any epigenetic effects (reflected in histone activation or DNA 
methylation). The effect of these epigenetic alterations is a less severe reaction to 
the presence of pathogens within the middle ear. However, at present the epigenetic 
changes and how they affect middle ear infections is not well understood and more 
research is needed [25, 26].

4  The Duration of Breastfeeding

There are differences between studies in terms of the length of time for which 
breastfeeding continued. Generally, it has been concluded that breastfeeding which 
continues for longer than 3  months offers a greater degree of protection against 
otitis media than shorter periods [2, 27–29]. Furthermore, a minimum of 6 months 
duration of breastfeeding was also more beneficial than a briefer duration in terms 
of preventing middle ear infections [30, 31]. Studies rarely examine the situation 
where breastfeeding continues beyond 6 months, with studies where the duration of 
breastfeeding was up to 9  months or 1 year a minority. Nonetheless, one study 
which did examine these lengthier durations of breastfeeding concluded that 
9 months of breastfeeding was superior to 3 months in the degree of protection it 
conferred [32].

5  The Effect of Duration and Method of Feeding

Overall, the evidence shows that breastfed infants have a lower risk of middle ear 
infections up to the age of 1 year. Multiple studies have concluded that breastfed 
infants benefit from a lower risk of otitis media at the ages of 6 months or 1 year 
[31–33]. In one study, a risk reduction was detectable for 3 years after breastfeed-
ing, but undetectable after a further 3 years [31–33]. In a different study, it was 
concluded that being exclusively breastfed when younger still conferred a protec-
tive effect in children at the age of 6 years [34]. When exclusive breastfeeding is 
compared to mixed feeding, the former appears to offer a greater reduction in risk. 
Moreover, if formula milk is introduced at an early stage, this reduces the protective 
advantage of breastfeeding and makes middle ear infections more likely.

6  Conclusion

There seems to be a general consensus that breastfeeding confers a reduced risk of 
infectious diseases in infants generally, not just AOM. Infants who are exclusively 
breastfed for 6 months are more protected than those breastfed for shorter durations; 
however, there is no apparent additional protection if breastfeeding extends beyond 
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1 year in duration, despite the fact that breastfeeding for 18 months still lowers the 
incidence of middle ear infections. The incidence of middle ear infections is raised 
in children who are offered artificial baby milk from a very young age. The reduc-
tion in the incidence of middle ear infections is more apparent in data relying on 
parental reporting of episodes of otitis media or AOM than for recurrent middle ear 
infections, those involving a serous effusion or where the child required hospital 
admission.

The promotion of breastfeeding is justified not just by its protective effects in 
AOM but because of other advantages it offers, both for maternal and infant health 
and for the economic health of families. For this reason, there is a need for world-
wide governmental endorsement and encouragement of the WHO breastfeeding 
guidelines.
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Candidiasis During Breastfeeding

Mehtap Koparal, Nuray Bayar Muluk, and Gabriela Kopacheva Barsova

1  Introduction

The earliest published description of oral infection with Candida albicans dates 
from 1838. François Valleix, a paediatric specialist in France noted the infection 
within the buccal cavity. Candidiasis (thrush) generally occurs in newborn children 
or those under the age of 1 year, or in older patients who are on antibiotic or corti-
costeroid pharmacotherapy, have multiple endocrine abnormalities or are immuno-
deficient. Candidiasis is a potential initial presentation of underlying HIV (human 
immunodeficiency virus) infection. When observed at a late stage in HIV, it is an 
ominous sign. Children using corticosteroid inhalers are also at a raised risk of 
thrush [1].

2  Pathophysiological Aspects

Candidiasis occurs where the host becomes immunodeficient or there is a distur-
bance in the normal oral flora. When Candidal organisms multiply on the mucosal 
surfaces of the mouth, epithelial cells are sloughed off and accumulate with bacte-
rial debris, keratin and dead cells, appearing as a pseudomembrane. The 
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pseudomembrane may be stuck tightly to the mucosal tissues. Whilst its extent is 
usually limited, from time to time there may be large areas of swelling, ulcers and 
necrotic destruction of the mucosal tissues underlying the plaque [1].

In most cases occurring neonatally, C. albicans is transferred from the maternal 
vagina during birth. Accordingly, the infants of mothers who have active candidiasis 
of the vagina are more in danger. It has also been established that yeast may be 
transferred by breastfeeding if the breast is colonised by C. albicans, through hands 
and via teats that have been insufficiently sterilised. Kissing the child may also 
transfer the microorganisms.

In a large number of both adults and paediatric patients, the gut is colonised by 
C. albicans without symptoms occurring. This is likely to be the source of Candida 
found on the perineum. It is not uncommon to observe that a child with oral candi-
diasis also has a candidal nappy rash [1].

3  History

Typically, the parents notice that there is a white coating in the oral cavity of their 
offspring. If it is very marked, the child may not be able to feed adequately. Patients 
frequently disclose recent treatment with antibiotics or corticosteroids, which are 
known to predispose to oral candidiasis [1].

A study which addressed negative outcomes associated with prescribing antibi-
otics noted that use of amoxicillin or co-amoxiclav was commonly associated with 
oral thrush, but this was rarely actually reported. The authors concluded that better 
knowledge of the advantages and disadvantages of antibiotic use is needed by doc-
tors [2, 3].

If candidiasis occurs in conjunction with diarrhoeal illness, exanthemata, failure 
to thrive, pathological enlargement of the liver and spleen or recurrent infections, an 
underlying immunodeficiency should be investigated [4].

The mother should be specifically questioned about the following:

• Vaginal thrush at the time of birth, which may explain transfer of yeasts.
• If the mother is HIV positive, this is likely to explain the infection.

4  Physical Examination

Thrush frequently initially presents as white dots that grow and become white- 
coloured plaques on the mucosal tissues of the mouth [1].

If the clinician scrapes a plaque with the spatula, the lesion may be strongly 
adherent to the tissues and when removed, the base may be noted to be painful, 
inflamed and liable to bleed [1].
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Oral candidiasis may occur in conjunction with a nappy rash. A baby with a 
nappy rash should be checked for thrush in the mouth [5].

It is essential to avoid confusing candidal plaques with a tongue coating.
It is vital to perform a careful physical examination, particularly where candidia-

sis recurs or the child is no longer an infant. Note the growth overall, where any 
exanthem occurs, painful swollen lymph nodes, enlargement of the liver and spleen 
and any further infected mucocutaneous areas [6–8].

5  Laboratory Investigations

The most straightforward method for identifying candidal plaques is by scraping the 
lesions with a spatula. Candidal plaques have inflammation around the base and 
tend to bleed [1].

It is possible to send a plaque for microbiological culture; however, this is sel-
dom necessary. Microscopy reveals gram-positive yeasts that are large and ovoid in 
shape [1].

Tooyama et al. studied methods by which oral thrush could be reliably confirmed 
in the laboratory [9] and concluded that concentrated rinse sampling was effective 
for this purpose.

6  Treatment

Candida spp. are susceptible to a considerable number of antimycotic agents. The 
most frequently prescribed antimicrobials for thrush are nystatin or an imidazole. 
However, it is vital to be aware of any local variation in antimicrobial susceptibility. 
Some strains of C. albicans are no longer sensitive to fluconazole. There are some 
newer agents which have received US FDA approval for paediatric use, such as the 
echinocandins (caspofungin, micafungin). Anidulafungin, another agent in the echi-
nocandin group, does also have FDA approval, but not for paediatric use. All the 
echinocandins work by disrupting the integrity of the fungal cell wall via inhibition 
of 1,3 beta-D-glucan synthase. There are now multiple agents of this type in licensed 
clinical use [10].

The use of antimicrobials typically leads to quicker recovery from oral candidia-
sis [11]. The first-line therapy involves fluconazole or an oral suspension of nystatin. 
Several other antimicrobials also have proven efficacy. It is unusual for C. albicans 
to be resistant to nystatin. However, this agent achieves its microbicidal action by 
coming into direct contact with the organisms. Thus, it needs to be swirled over all 
the mucosae where plaques are present, in contrast to systemic agents, such as flu-
conazole. Treatment failure occurs more often with nystatin than fluconazole [12].

If the patient is an older child or an adult, the antimicrobial solutions need to be 
swirled around in the mouth before being ingested. If this does not occur, posterior 
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pharyngeal and oesophageal lesions may remain untreated. In a young child, the 
carers should smear 1 or 2 mL of the suspension over the buccal mucosa each time. 
Nystatin can be painted on the plaques using a swab (not the absorbent type) or an 
applicator. Ideally, the treatment should be provided in the interval between feeding, 
so that the suspension remains in more prolonged contact with the yeasts [1].

7  Candidiasis Affecting the Nipple and Breast 
in Lactating Women

It is challenging to confirm the existence of candidal organisms in breast milk since 
lactoferrin, a normal component of breast milk, interferes with mycological culture 
[13–18]. Culture is more sensitive if iron is added to the sample first [15]. Iron- 
containing culture medium, although selective for C. albicans, is difficult to obtain. 
In clinical practice, standard laboratory mycological culture is not helpful given the 
inhibitory effect of breast milk lactoferrin. In cases where a bacterial pathogen may 
be responsible, and antibiotic pharmacotherapy has not resolved the problem, breast 
milk should be cultured and antibiotic susceptibility testing undertaken [13].

7.1  History and Physical Examination

Alongside clinical physical examination, a lactating patient should be referred to a 
clinician with a special interest in breastfeeding or another professional with special 
training on lactation to ensure that breastfeeding occurs in the most suitable way to 
prevent problems [13].

The history needs to thoroughly cover any pain, how delivery occurred and 
details of any breastfeeding. The mother should be asked about use of antibiotics 
during labour or thereafter, any previous problems with cracked nipples and whether 
her child has a dummy or uses a bottle [19–21]. From a number of studies, it has 
emerged that vaginal candidiasis peripartum, antibiotics at that time or subsequently 
and utilisation of dummies, bottle feeders and breast pumps are all risks for a yeast 
infection of the breast. These associations were all found based on clinical diagnosis 
or self-reported breast infection [20, 22, 23]. A different study where diagnosis was 
confirmed microbiologically found, however, that the sole significant association 
with breast infection was with bottle feeding in the initial fortnight following deliv-
ery (odds ratio [OR]: 6.4; confidence interval [CI]: 2.8–71.4; P < 0.001) [14].

The history should also cover factors suggesting papillary or areolar dermatitis 
or Raynaud’s syndrome. The clinical observation that the breast exhibits cyanosis is 
sufficient to diagnose Raynaud’s syndrome. It is a common mistake to diagnose and 
treat apparent mammary candidiasis in cases of papillary pain, where in fact this is 
due to Raynaud’s syndrome [24].
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7.2  Therapy for Papillary Candidasis

Pharmacotherapy for papillary or ductal candidiasis is complicated by insufficient 
evidence from trials. Although a number of agents are employed for treating papil-
lary or mamillary candidiasis, there is no trial evidence to confirm benefit. The 
agent most frequently utilised for papillary candidiasis is topical nystatin 
(mycostatin), an antimicrobial with activity against C. albicans [14, 19, 21]. 
Nonetheless, resistance to nystatin is present in above 40% of strains of C. albicans 
and thus maternal treatment with concomitant miconazole or clotrimazole as topi-
cally applied creams is advisable. Pharmacological management generally also 
includes a topical antibiotic to be applied to papillary fissures, which are frequently 
seen in cases of papillary candidiasis and may harbour S. aureus. For this purpose, 
suitable choices include mupirocin (Bactroban) or a combination product, such as 
neosporin [25, 26]. If papillary candidiasis results in severe oedema or erythema, 
corticosteroid ointment may be used, either of low or mid-potency, as this aids heal-
ing [18]. Whatever the management approach taken, both the mother and infant 
must be treated at the same time. For infants, the most frequently preferred approach 
is to use a suspension of nystatin in conjunction with fluconazole (Diflucan) by 
mouth [21, 27].

7.3  Management of Ductal Candidiasis

It is common to treat persistent papillary or presumed ductal candidiasis with fluco-
nazole by mouth [19, 21]. Nonetheless, given that no trial has yet established that 
fluconazole is both safe and efficacious in managing candidal infections of the 
breast, treatment should only be undertaken where the diagnosis appears very clear. 
Indeed, the US FDA has so far not licensed fluconazole in this application. The dos-
ages used in treating breast infections are the same as those used in candidal infec-
tions of other internal organs, namely the bladder, liver or oesophagus, which occur 
in patients whose immune systems are severely compromised. Thus, the initial load-
ing dose of between 200 and 400 mg is followed by a daily course of 100–200 mg 
lasting 2–3 weeks [28–30]. According to the data from randomised controlled trials, 
the side effect burden at these doses is slight [29]. It is common for clinicians to 
prolong the fluconazole course for between 1 and 2 weeks following symptomatic 
resolution to guarantee the infection has been eradicated and recurrence will not 
occur [13].

The recommendation is for breastfeeding not to stop while mothers are pre-
scribed fluconazole. Nonetheless, breastfeeding women should be advised prior to 
commencing the course that there is a lack of trial data about fluconazole and they 
should weigh up the advantages and disadvantages when deciding about breastfeed-
ing and weaning. In pregnant women fluconazole is a category C agent (i.e. it has 
teratogenic potential according to animal models where high does were employed. 
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It is therefore contraindicated. Fluconazole also interacts with other medications, 
resulting in raised concentrations of phenytoin, warfarin, cisapride and certain sul-
fonylureas [31]. It is advisable to discuss potential drug interactions with patients 
prior to prescription. There is excretion of fluconazole into breast milk, but this is 
only equivalent to around 1% of the dose provided to the mother and is under 5% of 
the dosage licensed in children. Overall, fluconazole is rated as safe for the infant 
when prescribed to breastfeeding mothers [32].
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Frenotomy for Tongue-Tie in Neonates

Selis Gülseven Güven and Ahmet Köder

1  Introduction

Tongue-tie, or ankyloglossia, refers to a condition in which the frenulum of the 
tongue is so shortened that it prevents the tongue executing its normal range of 
movement. There is uncertainty about the exact frequency with which ankyloglossia 
occurs, with estimates ranging from below one in a hundred to one in ten infants. 
This unclarity about prevalence is likely to result from there being no universally- 
agreed criteria for diagnosing ankyloglossia [1–5].

In certain cases, ankyloglossia has been linked to mutation of the TBX22 gene. 
In these patients, ankyloglossia occurs are part of an X-linked cleft palate syndrome.

2  Anatomical Considerations

It is common to describe the lingual frenulum as consisting of connective tissue in 
the form of a cord or band underlying the mucosa. This description fails to do justice 
to the dynamic function of the frenulum. There is a fascial layer attached to the 
medial border of the mandible, somewhat in the manner of a diaphragm. The mid-
line fold in this layer forms the frenulum. The fascial layer lies submucosally within 
the mouth. It is fused in the midline with the ventral connective tissue of the tongue. 
The fascia envelops the sublingual salivary glands and the duct of the submandibu-
lar gland. Deep to the fascia lies the anterior genioglossus muscle [5]. The frenulum 
is a dynamic structure insofar as it changes in position and thus overlies different 
parts of the mouth as the tongue moves. When the frenulum is in a tense state, the 
appearance varies significantly from patient to patient. The point of insertion may 

S. G. Güven (*) · A. Köder 
Medical Faculty, Department of Otorhinolaryngology, Trakya University, Edirne, Türkiye

© The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
Ö. N. Şahin et al. (eds.), Breastfeeding and Metabolic Programming, 
https://doi.org/10.1007/978-3-031-33278-4_51

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-33278-4_51&domain=pdf
https://doi.org/10.1007/978-3-031-33278-4_51


612

be at the furthest anterior aspect of the tongue or some way further back. Indeed, for 
some infants who appear fully healthy, there is no identifiable frenulum attaching 
the oral floor to the tongue. When these infants raise their tongue, the muscular 
fibres of the genioglossus bunch up to form a fold resembling the frenulum, but con-
nected more posteriorly than is usually the case [6].

The lingual nerve ramifies over the lingual ventral surface. These nerves lie just 
under the fascial layer and are at risk of being damaged when a frenotomy is per-
formed [7].

3  Epidemiology

It appears that ankyloglossia is more common in boys than girls, the ratio of male to 
female lying somewhere between 1.1:1 and 3:1. The majority of cases of ankylo-
glossia are thought not to be genetic in origin and typically there are no other associ-
ated abnormalities. In a certain number of cases, there are reports which link 
ankyloglossia to specific genetic syndromes [1].

The frequency of tongue-tie is between less than 1 in 100 and 1 in 10 infants, 
with estimates affected by which population is sampled and the criteria applied in 
diagnosis [8–14]. There is no universally accepted clinical definition for ankylo-
glossia, nor has an entirely objective grading system so far been accepted by all 
practitioners. Certain methods of grading, e.g. the Coryllos scheme, are ways to 
identify the nature of the frenulum rather than grade the severity of any dysfunction, 
whilst other methods of grading, namely the Hazelbaker Assessment Tool for 
Lingual Frenulum Function and the Bristol Tongue Assessment Tool, involve evalu-
ation of both the type and function of any tongue-tie [15].

In the majority of studies, male infants are more commonly affected by ankylo-
glossia than females, the condition being between 1.5 and 2.6 times more common 
in boys [8]. Although tongue-tie is typically not clearly genetic, in heritable X-linked 
ankyloglossia, mutated alleles for the T box transcription factor, TBX22, lead to 
ankyloglossia which may be associated with cleft lip or palate or hypodontia [16].

4  Pathophysiological Mechanism

Standardised diagnostic criteria for tongue-tie do not exist, nor is there a standard 
scheme for classifying cases. In a neonate, normally there should be at least 16 mm 
of ‘free tongue’ movement. If this figure is below 11 mm, the infant has moderately 
severe tongue-tie, whilst a free tongue length of under 7 mm is considered severe. 
For children older than this, the utility of this classification is in doubt. If the point 
of frenal attachments is located in the midline and posteriorly on the ventral lingual 
aspect, this situation is termed ‘posterior ankyloglossia’. There are numerous 

S. G. Güven and A. Köder



613

methods that may be helpful for distinguishing between cases, either on anatomical 
or functional grounds [1].

One such method is the Hazelbaker Assessment for Lingual Frenulum Function, 
which takes into account both anatomical and functional characteristics of the 
lesion [1].

• Anatomical characteristics which are scored include appearance when the tongue 
is raised, how elastic the frenulum is and how long and where it is attached to the 
tongue and the inferior alveolar ridge [1].

• Functional characteristics to consider include ability to move from side-to-side, 
raise tongue, protrude tongue, spread the tongue, perform a cupping movement, 
propel food back towards the throat and whether snap-back occurs [1].

5  Clinical Presentation

The following are all features that may present in cases of ankyloglossia [8, 11, 
14, 17]:

• The frenulum is shorter than normal and its point of insertion is on the lingual tip 
or close to it.

• The child cannot place the tongue on the superior teeth and jaw.
• The tongue cannot be extended beyond 1 or 2 mm beyond the inferior mesial 

incisors.
• The tongue cannot be fully lateralised.
• The tongue develops a notch or becomes heart-shaped when extended.
• In children who lack the ability to follow a request to stick the tongue out, if the 

examiner is unable to insert a finger between the inferior lingual surface and the 
lower jaw, this counts as evidence of tongue-tie.

It is unknown exactly how ankyloglossia develops if no intervention is under-
taken [17]. It is hypothesised that the frenulum may naturally elongate as a result of 
the constant pressure exerted by tongue movements, but whether this actually occurs 
awaits validation using a prospective study design [17].

5.1  Posterior Ankyloglossia

This condition lacks a standard definition. In some writing, the term ‘posterior 
ankyloglossia’ refers to frenular attachment on the posterior lingual underside, but 
elsewhere this term refers to the tongue being tethered submucosally. Indeed, cer-
tain authors argue that posterior ankyloglossia is not a distinct abnormality and 
deprecate the use of this concept [15].
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5.2  Superior Labial Frenulum

There is little consensus about when an upper lip tie can be identified, how it should 
be classified and what the implications are. The current schemes proposed for clas-
sification lack reliability, even amongst specialists with an interest in the condition 
[18]. A labial frenulum of some sort is invariably present in neonates, the majority 
with attachment to the gums [19, 20]. On rare occasions, a baby may not be able to 
latch on during breastfeeding because the superior lip cannot be adequately everted. 
In these infants, it has been suggested that the upper lip tie should be divided surgi-
cally. However, there are no data to prove how effective this procedure is, nor when 
it should be undertaken.

6  Differential Diagnosis

• Glossoschissis.
• Congenital fissured tongue.
• Lingual thyroid.
• Lymphatic vessel anomalies.
• Intraoral ranula.
• Macroglossia [1].

7  Possible Complications

The most frequently occurring complications in cases of ankyloglossia are as fol-
lows [17, 21]:

• Neonates or infants may have problems feeding from the breast.
• Young children, including toddlers, may have difficulty saying words clearly.
• In older children or teenagers, there may be specific problems caused by the 

tongue’s limited range of movement, such as being unable to lick their lips or 
kiss properly.

There is little agreement amongst experts on how far ankyloglossia can cause 
problems of an extent to come to clinical attention [17]. The evidence base is poor, 
with most studies in ankyloglossia comprising either case series or studies of obser-
vational design [8, 22]. In spite of this situation, the frequency with which tongue- 
tie is diagnosed and surgical remediation sought has increased almost twofold since 
a decade ago, and this frequency varies widely across centres [23].
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7.1  Difficulties Related to Breastfeeding

Most infants are still able to feed from the breast, in spite of ankyloglossia [10]. 
Nonetheless, difficulties related to breastfeeding more commonly arise in tongue- 
tied infants than in those with a normal lingual frenulum. According to a published 
case series, difficulty latching on or the mother experiencing papillary pain occurs 
in 25% of cases with tongue-tie, but in only 3% in those without [10, 14]. If a child 
is solely breastfeeding and cannot fully latch on, the amount of milk transferred 
may be so low as to cause failure to thrive [14, 24]. Researchers have not high-
lighted any issues related to bottle feeding in tongue-tied infants. This is likely to be 
because the movements needed are so different between bottle and breastfeeding [6].

If a child has begun to breastfeed but then experiences difficulties, clinicians 
should be suspicious of tongue-tie and examine the child accordingly [8]. It is ben-
eficial to seek the advice of a breastfeeding specialist to ensure no other problem is 
present that may explain the difficulty [17]. In certain patients, frenotomy is required 
before the infant is able to continue breastfeeding adequately [12, 13, 25–27].

• Speech articulatory issues. It remains unclear exactly how tongue-tie affects 
the development of speech [17, 28]. In some paediatric patients, tongue-tie is 
linked to articulatory difficulties, although the child is still able to vocalise and 
speech begins at a normal age [17, 29]. A lingual frenulum attached to the lingual 
tip and of a length that does not permit the tongue to articulate with the alveolar 
ridge is potentially the most likely to explain the problem. The phonemes likely 
to be misarticulated are /t/, /d/, /z/, /s/, /ð/, /θ/, /n/ and /l/, i.e. dental and alveolar 
consonants plus fricatives. Ankyloglossia does not cause speech delay. The rate 
of language acquisition in affected children does not differ from their peers.

• Difficulties related to clear articulation may pass unnoticed or unremarked on by 
the parents [9]. A speech and language therapy referral should be made for any 
child with tongue-tie who cannot accurately produce the phonemes listed 
above [17].

7.2  Mechanical or Social Difficulties

A number of mechanical or social issues may arise from the limited range of move-
ment in individuals with ankyloglossia, namely [17]:

• Periodontal disorders may arise from the child being unable to sweep food away 
from the teeth with the tongue or lick his or her lips.

• Poor dental hygiene may be noted.
• There may be localised discomfort.
• The patient may be unable to lick or kiss, which may make older children feel 

socially discomfited.

There may be a diastema in the inferior mesial incisors.

Frenotomy for Tongue-Tie in Neonates



616

8  Management

Surgical intervention (i.e. frenotomy) consists in raising the tongue to tension the 
frenulum prior to making an incision through the mucosa and fascia in a direction 
parallel to the tongue and near to the point of attachment. This incision can be done 
in a single movement and is very swift. The child can be held by being swaddled or 
attached to a papoose board. If an assistant can hold the infant’s head still, the pro-
cedure is easier to accomplish. This procedure is usually performed when the child 
is between 6 day and 18 days old. A study which enrolled 200 infant subjects where 
frenotomy was performed without analgesia found that 18% of subjects cried whilst 
frenotomy was being undertaken, and 60% did so afterward. Griffiths, in an article 
titled ‘Do tongue ties affect breastfeeding?’ states that infants who undergo frenot-
omy only cry for 15 seconds on average. Some clinicians administer sucrose prior 
to incision, which may reduce pain. On rare occasions, the frenulum re-grows in a 
similar abnormal fashion [1].

Prior to a decision for frenotomy, it is important that other diagnostic possibili-
ties to account for difficulty breastfeeding and low weight gain be considered. A 
nurse with expertise in breastfeeding advice should undertake an evaluation of the 
infant-mother dyad and ensure the mother is well-informed about the best technique 
to use when feeding the infant [1].

Although it is rare for frenotomy to result in complications or additional risks, 
there are reports indicating these do sometimes occur. The most frequent complica-
tion is bleeding, which usually resolves with applied pressure. The relatives should 
be questioned about bleeding disorders in family members, or in the child him or 
herself if older than a few weeks, prior to performing frenotomy [1].

Laser surgery is increasingly replacing various conventional surgical instruments 
due to a number of associated benefits, in particular shorter operation times, the 
ability to cauterise and sterilise the tissues, rapid restoration of haemostasis, lower 
levels of associated pain and less frequent post-surgical complications, such as pain, 
oedema or infection [30, 31]. Laser surgery additionally permits improved access 
and better visualisation of the operative field, since no instruments block the view 
and bleeding is minimised. Furthermore, wounds frequently do not require suturing 
and any incisions can be at a definite depth, thereby preventing inadvertent injury to 
the underlying lingual musculature [31–33].

The most frequently undertaken treatment for ankyloglossia is frenotomy, which 
has the advantage of being a straightforward, rapid and largely non-destructive pro-
cedure that can be undertaken even in an outpatient first appointment [34, 35]. The 
level of pain experienced by the patient is low and breastfeeding can occur even 
straight afterwards. The lingual frenulum is easily pierced and is not a highly vascu-
lar structure. However, frenotomy has the disadvantage that the tongue-tie may 
recur and it may be necessary to undertake further interventions before the tongue 
gains a normal range of movement [34–36].

Frenectomy is a more invasive operation and less easily undertaken in infants, 
albeit the outcome is more guaranteed and recurrent tongue-tie seldom occurs. It 
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involves excising the frenulum in its entirety [36, 37]. The evidence base is inade-
quate to answer the question of when the optimal timing is for frenectomy to be 
undertaken [11, 36]. It is clear, nonetheless, that frenectomy should occur before 
any abnormality in speech or swallowing has begun to be apparent. If frenectomy is 
delayed, the involvement of a speech and language therapy specialist is essential to 
ensure that the child goes on to develop the normal tongue movements needed for 
eating and speech [36].

Frenotomy (or frenulotomy) is a procedure whereby the tension in the frenulum 
is released by clipping the structure [17]. It is often indicated for infants unable to 
breastfeed adequately and generally does not require local anaesthetic injections to 
be performed first [14, 17, 38].

In undertaking frenotomy, the frenulum should be directly visualised, since this 
ensures the incision is adequate and helps prevent inadvertent damage to adjacent 
oral structures. The patient should first be immobilised by being swaddled or placed 
in a papoose board, and the baby’s head should be kept in position by a suitable 
assistant. A headlight or operating microscope are suitable for illumination. A pair 
of surgical forceps may be used to grasp and lift the tongue. Alternatively, a grooved 
retractor or simply two gloved fingers may be sufficient to place the tongue in the 
desired position. When the frenulum is divided, bleeding is usually only minor [6].

Where bleeding occurs, applied pressure using a gauze sponge generally stops 
any oozing from the capillaries. In some centres, there is a preference for dividing 
the tongue-tie by means of a laser (carbon dioxide or diode type). This then prevents 
bleeding. The use of laser has the disadvantage of making the intervention more 
costly without any corresponding improvement in surgical outcome [39]. As soon 
as frenotomy has been completed, the infant may be permitted to feed at the 
breast [17].

Lingual frenotomy may be complicated by bleeding, the airway becoming 
obstructed, damage to the salivary ducts or glands, aversion to feeding, cicatrisation 
and the possibility the lesion may recur. Although the frequency of complications is 
low, the risks must be explained to parents whilst obtaining written, informed con-
sent. The majority of studies indicate that patients experience little pain and adverse 
consequences are rare [12, 25, 35, 40–42]. Frenotomy in an infant is relatively con-
traindicated in the following conditions (not an exhaustive list): retrognathia, micro-
gnathia, neuromuscular disease, hypotonia and clotting disorders [15].

Some experts favour getting patients to undertake tongue strengthening exercises 
after frenotomy. These exercises may include lingual massage or stretching the 
tongue and muscles of the oral cavity floor. There is, however, no clinical trial evi-
dence to show benefit from these interventions [43].

Frenuloplasty involves cutting the tongue-tie and performing plastic reconstruc-
tion. This procedure is only used for cases of tongue-tie where basic frenotomy 
fails, there is posterior insertion of the frenulum or revision surgery is required [6].

Frenuloplasty is undertaken under general anaesthesia with ventilation occasion-
ally secured by a mask, or more usually intubation via the nose or mouth. For this 
operation, the surgeon grasps the tongue with forceps and raises it to expose the 
frenulum, which is then incised in the midline, as in frenotomy. The surgeon then 
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dissects submucosally as far as the genioglossal fibres medially. This then com-
pletely releases any tongue-tie. The dissection may be carried out with bipolar elec-
trosurgical scissors or monopolar cautery, this instrumentation being preferred due 
to the ability to establish haemostasis, an important consideration given the rich 
lingual blood supply. Provided the operative field is well-illuminated and the loupe 
or operative microscope are employed, the frenulum can usually be divided with 
minimal risks to the adjacent ducts of the submandibular gland. By dissection in the 
midline, there is less likelihood of damaging the lingual nerve on each side [6].

Following the dissection portion of frenuloplasty, an ellipse of tissue remains 
missing in the area of the oral cavity floor. Unless this area is replaced, cicatrisation 
may occur and the tongue become tethered again. Generally wound closure is 
achieved by placing several absorbable sutures in a coronal plane. This produces a 
V-Y advancement flap on each side. To stop fibrotic contraction of the area, it is 
recommended to create several converging triangular flaps. There is currently no 
trial evidence to substantiate the claim that multiple z-plasties are superior to a sin-
gle z-plasty [44]. Patients may begin eating normally again after surgery as soon as 
they feel able to do so. If the patient is an older child and the indication for frenulo-
plasty is faulty articulation, provision is usually made for continuing speech therapy 
accompanied by particular tongue-strengthening exercises following surgery [45].

References

1. Becker S, Mendez MD.  Ankyloglossia. [Updated 2022 Mar 15]. In: StatPearls [Internet]. 
Treasure Island (FL): StatPearls Publishing; 2022 Jan-. Available from: https://www.ncbi.nlm.
nih.gov/books/NBK482295/. Accessed online at 2 July 2022.

2. Campanha SMA, Martinelli RLC, Palhares DB.  Association between ankyloglossia and 
breastfeeding. Codas. 2019;31(1):e20170264.

3. Hill R.  Implications of Ankyloglossia on Breastfeeding. MCN Am J Matern Child Nurs. 
2019;44(2):73–9.

4. Wood NK. Home-based interventions in a case of first latch at 27 days. Nurs Womens Health. 
2019 Apr;23(2):135–40.

5. Mills N, Pransky SM, Geddes DT, Mirjalili SA. What is a tongue tie? Defining the anatomy of 
the in-situ lingual frenulum. Clin Anat. 2019;32(6):749–61.

6. Isaacson GC. Ankyloglossia (tongue-tie) in infants and children. In: Messner AH, Wilkie L 
(Eds). UpToDate. Last updated: Mar 12, 2021.

7. Mills N, Keough N, Geddes DT, et al. Defining the anatomy of the neonatal lingual frenulum. 
Clin Anat. 2019;32:824.

8. Hall DM, Renfrew MJ. Tongue tie. Arch Dis Child. 2005;90:1211.
9. Cinar F, Onat N.  Prevalence and consequences of a forgotten entity: ankyloglossia. Plast 

Reconstr Surg. 2005;115:355.
10. Messner AH, Lalakea ML, Aby J, et al. Ankyloglossia: incidence and associated feeding dif-

ficulties. Arch Otolaryngol Head Neck Surg. 2000;126:36.
11. Segal LM, Stephenson R, Dawes M, Feldman P. Prevalence, diagnosis, and treatment of anky-

loglossia: methodologic review. Can Fam Physician. 2007;53:1027.
12. Hogan M, Westcott C, Griffiths M. Randomized, controlled trial of division of tongue-tie in 

infants with feeding problems. J Paediatr Child Health. 2005;41:246.

S. G. Güven and A. Köder

https://www.ncbi.nlm.nih.gov/books/NBK482295/
https://www.ncbi.nlm.nih.gov/books/NBK482295/


619

13. Ricke LA, Baker NJ, Madlon-Kay DJ, DeFor TA. Newborn tongue-tie: prevalence and effect 
on breast-feeding. J Am Board Fam Pract. 2005;18:1.

14. Ballard JL, Auer CE, Khoury JC. Ankyloglossia: assessment, incidence, and effect of frenulo-
plasty on the breastfeeding dyad. Pediatrics. 2002;110:e63.

15. Messner AH, Walsh J, Rosenfeld RM, et al. Clinical Consensus Statement: Ankyloglossia in 
Children. Otolaryngol Head Neck Surg. 2020;162:597.

16. Kantaputra PN, Paramee M, Kaewkhampa A, et al. Cleft lip with cleft palate, ankyloglossia, 
and hypodontia are associated with TBX22 mutations. J Dent Res. 2011;90:450.

17. Lalakea ML, Messner AH. Ankyloglossia: does it matter? Pediatr Clin N Am. 2003;50:381.
18. Santa Maria C, Aby J, Truong MT, et al. The superior labial frenulum in newborns: what is 

normal? Glob Pediatr Health. 2017;4:2333794X17718896.
19. Ray S, Golden WC, Walsh J. Anatomic distribution of the morphologic variation of the upper 

lip frenulum among healthy newborns. JAMA Otolaryngol Head Neck Surg. 2019;145:931.
20. Kotlow LA. Diagnosing and understanding the maxillary lip-tie (superior labial, the maxillary 

labial frenum) as it relates to breastfeeding. J Hum Lact. 2013;29:458.
21. Lalakea ML, Messner AH. Ankyloglossia: the adolescent and adult perspective. Otolaryngol 

Head Neck Surg. 2003;128:746.
22. National Institute for Health and Clinical Excellence (NICE) interventional procedure guid-

ance [IPG149]. Division of ankyloglossia (tongue-tie) for breastfeeding. Available at: https://
www.nice.org.uk/guidance/ipg149/chapter/1- Guidance. Accessed on 09 June 2016.

23. Joseph KS, Kinniburgh B, Metcalfe A, et al. Temporal trends in ankyloglossia and frenotomy 
in British Columbia, Canada, 2004-2013: a population-based study. CMAJ Open. 2016;4:E33.

24. Forlenza GP, Paradise Black NM, McNamara EG, Sullivan SE.  Ankyloglossia, exclusive 
breastfeeding, and failure to thrive. Pediatrics. 2010;125:e1500.

25. Dollberg S, Botzer E, Grunis E, Mimouni FB. Immediate nipple pain relief after frenotomy 
in breast-fed infants with ankyloglossia: a randomized, prospective study. J Pediatr Surg. 
2006;41:1598.

26. Geddes DT, Langton DB, Gollow I, et al. Frenulotomy for breastfeeding infants with ankylo-
glossia: effect on milk removal and sucking mechanism as imaged by ultrasound. Pediatrics. 
2008;122:e188.

27. Power RF, Murphy JF. Tongue-tie and frenotomy in infants with breastfeeding difficulties: 
achieving a balance. Arch Dis Child. 2015;100:489.

28. Messner AH, Lalakea ML.  Ankyloglossia: controversies in management. Int J Pediatr 
Otorhinolaryngol. 2000;54:123.

29. Messner AH, Lalakea ML.  The effect of ankyloglossia on speech in children. Otolaryngol 
Head Neck Surg. 2002;127:539.

30. Junqueira MA, Cunha NN, Costa e Silva LL, Araújo LB, Moretti AB, Couto Filho CE, Sakai 
VT. Surgical techniques for the treatment of ankyloglossia in children: a case series. J Appl 
Oral Sci. 2014 Jun;22(3):241–8.

31. Kara C. Evaluation of patient perceptions of frenectomy: a comparison of Nd:YAG laser and 
conventional techniques. Photomed Laser Surg. 2008;26(2):147–52.

32. Aras MH, Göregen M, Güngörmüs M, Akgül HM. Comparison of diode laser and Er: YAG 
lasers in the treatment of ankyloglossia. Photomed Laser Surg. 2010;28(2):173–7.

33. Puthussery FJ, Shekar K, Gulati A, Downie IP. Use of carbon dioxide laser in lingual frenec-
tomy. Br J Oral Maxillofac Surg. 2011;49(7):580–1.

34. Hong P, Lago D, Seargeant J, Pellman L, Magit AE, Pransky SM. Defining ankyloglossia: a case 
series of anterior and posterior tongue ties. Int J Pediatr Otorhinolaryngol. 2010;74(9):1003–6.

35. Masaitis NS, Kaempf JW. Developing a frenotomy policy at one medical center: a case study 
approach. J Hum Lact. 1996;12(3):229–32.

36. Manfro AR, Manfro R, Bortoluzzi MC. Surgical treatment of ankyloglossia in babies: case 
report. Int J Oral Maxillofac Surg. 2010;39(11):1130–2.

37. Kupietzky A, Botzer E. Ankyloglossia in the infant and young child: clinical suggestions for 
diagnosis and management. Pediatr Dent. 2005;27(1):40–6.

Frenotomy for Tongue-Tie in Neonates

https://www.nice.org.uk/guidance/ipg149/chapter/1-Guidance
https://www.nice.org.uk/guidance/ipg149/chapter/1-Guidance


620

38. Froom SR, Stewart J. Novel local anaesthetic analgesic technique for tongue-tie. Anaesthesia. 
2007;62:97.

39. Ghaheri BA, Cole M, Fausel SC, et al. Breastfeeding improvement following tongue-tie and 
lip-tie release: a prospective cohort study. Laryngoscope. 2017;127:1217.

40. Griffiths DM. Do tongue ties affect breastfeeding? J Hum Lact. 2004;20:409.
41. Interventional procedures overview - division of anklyloglossia (tongue-tie) for breastfeeding. 

www.nice.org.uk/ip279overview. Accessed on 25 June 2008.
42. Amir LH, James JP, Beatty J. Review of tongue-tie release at a tertiary maternity hospital. J 

Paediatr Child Health. 2005;41:243.
43. Pransky SM, Lago D, Hong P.  Breastfeeding difficulties and oral cavity anomalies: The 

influence of posterior ankyloglossia and upper-lip ties. Int J Pediatr Otorhinolaryngol. 
2015;79:1714.

44. Ottawa (ON): Canadian Agency for Drugs and Technologies in Health. Frenectomy for the 
Correction of Ankyloglossia: A Review of Clinical Effectiveness and Guidelines, CADTH 
Rapid Response Reports; 2016.

45. Tecco S, Baldini A, Mummolo S, et al. Frenulectomy of the tongue and the influence of reha-
bilitation exercises on the sEMG activity of masticatory muscles. J Electromyogr Kinesiol. 
2015;25:619.

S. G. Güven and A. Köder

http://www.nice.org.uk/ip279overview


621

Dietary Modifications 
and Supplementation in Breastfeeding 
Mothers

İlke Özer Aslan and Keziban Doğan

1  Introduction

Breastfeeding mothers usually feel torn between the need to diet in order to lose 
excess weight gained during pregnancy and the need to maintain an adequate dietary 
intake to ensure milk is available for the infant. Different cultures approach this 
matter in different ways. Older people frequently offer contradictory advice about 
the best thing to do, leaving mothers bemused by how to behave.

Lactation involves a complex interaction of different factors, including nutrition, 
endocrine effects and the mother’s behaviour. Recently there have accumulated 
important insights into how the nutritional status of the mother influences breast-
feeding and the infant’s healthy development. Nonetheless, much is still unknown 
regarding the necessary dietary intake of trace elements in breastfeeding women. 
Some studies have examined how dietary supplementation with zinc, copper or 
iodine affects the level of these ions in human milk [1–3]. One trial, carried out in 
the Italian city of Ferrara, administered a particular dietary supplement tailored for 
breastfeeding to healthy lactating mothers. These women were socio-economically 
above average and their infants in good health. Of 32 women who completed enrol-
ment, 22 continued until the end of the trial. All the infants were delivered at term, 
not part of a multiple pregnancy and were initially breastfed within the first 12 h 
after being born. Each of the 22 women who completed the trial filled out a diary of 
their diet over a 3-day period. Analysis of the diet showed that their average intake 
for the trace elements under study was as follows: Zn = 12 mg, Cu = 1.4 mg and 
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I = 145 μg. The level of intake for zinc and copper ions fell within the recommended 
limits for breastfeeding mothers in Italy, but the iodine intake was deficient, since 
the recommended daily allowance is 200 μg. For the purposes of the trial, the groups 
were split into two. Each subgroup contained seven women with their first child, 
and four women who had already given birth before. The dietary intake between the 
two groups differed. One group ate a normal diet for the region and had no supple-
mentation with vitamins or minerals. The other group received a PerMamma dietary 
supplement manufactured by Abbott, which supplied 20 mg ZnSO4, 2 mg CuSO4 
and 116 μg KI (equating to approximately 60–90% of the daily requirements whilst 
breastfeeding). All the women were actively breastfeeding. Breast milk was anal-
ysed at 3  days, 30  days and 90  days after delivery. The sample volume was 
10 mL. The results indicated a significant fall in the level of zinc in milk, with no 
differences between the two study groups. There was no alteration in copper level 
between day 3 and day 30, but the final sample in both groups showed a lower level 
and the groups were statistically identical in this regard. Iodine levels fells rapidly 
in both groups at an early stage, regardless of whether additional iodine had been 
supplied. The iodine concentration in breast milk remained steady in both groups 
after the first month of breastfeeding. This study found that the groups did not differ 
at the level of statistical significance in terms of breast milk concentrations of the 
elements under investigation. Earlier studies reporting iodine concentrations in 
human milk are not, however, in accord with the findings from this Italian study. 
However, the Ferrara study does appear to show that if mothers are in good health 
and receiving a satisfactory diet, supplements, at least in the short term, do not affect 
the breast milk availability of zinc, copper or iodine. For these elements, breast milk 
concentrations are as expected, regardless of whether any supplement is used. There 
is now a need for a study of longitudinal design to establish exactly how maternal 
dietary iodine relates to breast milk concentration. The homeostatic mechanisms 
operative in breast milk production call for more intensive investigation in the 
future [3].

2  Obesity

The numbers of women suffering from obesity is increasing globally, in high-, mid-
dle- and low-income countries [4, 5]. There are several stages at which women are 
more prone to obesity, such as after giving birth and in middle age. The reasons for 
this propensity include physiological, endocrine, psychological and dietary altera-
tions at these stages in life [6, 7]. There are also a number of incorrect beliefs held 
by particular cultures that can increase obesity, such as feeling that pregnant women 
should eat to excess or specific food items high in lipids and sugar that are said to 
increase breast milk production after birth [2]. Unfortunately, becoming overweight 
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or obese may lead to cardiovascular and metabolic disorders, notably type 2 diabe-
tes mellitus, dyslipidaemia, elevated blood pressure, cerebrovascular accidents and 
even specific malignancies, e.g. those of the breast or ovary [8, 9]. Because of these 
complications, it is a key clinical responsibility to pay close attention to managing 
weight gain in women.

3  Objectives in Losing Weight and Calorie Counting

Women whose body mass index (BMI) indicates they are overweight or obese 
should be encouraged to lose excess weight. It is worth advising weight loss even in 
women whose BMI indicates a normal weight but whose waist measurement 
exceeds 80 cm, or whose body fat comprises above 30–38% of the total body mass. 
Likewise, if they have retained 4.5 kg or more compared to their weight prior to 
conception [10]. When setting targets for a patient to lose weight, they should be 
achievable, based on the patient’s wishes, and result in a more healthy ratio of lean 
to fat mass whilst not harming the overall nutritional status [11, 12]. If a patient is 
able to lose between 5 and 10% of her body weight, this is of clinical significance 
as it results in reduced adipose intra-abdominally as well as intra-hepatically [12]. 
This then has beneficial effects on the glycaemic level, arterial tension and lipids in 
the circulation, regardless of BMI [13]. This degree of weight loss is usually achiev-
able by dietary means, which allows a loss of between half and one kilo each week 
for around half a year. Clinicians should, however, ensure the diet still fulfils the 
patient’s energy requirements [11]. There is also a need to make allowance for the 
lengthier time taken to go from a very high BMI (i.e. one exceeding 30  kg/m2, 
termed obesity II) to a more healthy one than from a less severe degree of over-
weight (obesity I, where BMI is between 25 and 29.9 kg/m2). To achieve the neces-
sary diet, account should be taken, in calculating the calories to supply, of BMI, 
basal metabolic rate (BMR) and the extent to which the patient is physically active. 
This figure is also affected by the woman’s life stage, in particular whether she has 
recently given birth or is in middle age.

4  Principles Behind Dietary Prescriptions

There are a number of principles to bear in mind when prescribing a diet, to ensure 
patients can stick to it. Dietary prescriptions should be individualised, achievable 
and written in terms the patient can understand. This then facilitates patient concor-
dance and greater success. A number of key considerations in improving the sus-
tainability of a prescribed diet are outlined in the following sections [4].
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4.1  Achievable Objectives

Women should aim to return either to the body mass they had prior to conception or 
the ideal weight. Likewise, women in middle age who are overweight or suffer from 
obesity should aim to achieve the ideal weight through following realistic, attain-
able objectives within a time-limited period [11, 12]. An example of a suitable 
objective is to eat between four and five portions of fruit and vegetables daily, con-
sume a maximum of two teaspoons of sucrose in 24 h and aim to lose around half 
to one kilo weekly.

4.2  Mixture of Macro- and Micro-Nutrients

When prescribing a sustainable diet, the clinician should construct it in such a way 
as to provide a perfectly balanced, healthy mixture of macro- and micro-nutrients as 
well as allowing weight loss. There have been several dieting methods advocated 
that alter the usual macro-nutrient balance, e.g. balanced nutrient reduction, in 
which carbohydrates are plentiful, alongside moderate levels of lipids and protein, 
protein-rich diets with moderate lipids and depleted carbohydrates (Zone or South 
Beach diets), high lipids, moderate protein and low carbohydrates (Atkin’s) or 
carbohydrate- rich, moderate protein and depleted lipids (Dr Dean Ornish) [13, 14]. 
Nonetheless, a diet based on the usual balance of macro-nutrients is also suitable for 
achieving sustained weight loss. In such a balanced diet, between 50 and 60% of 
calories are supplied by carbohydrates, between 15 and 25% come from protein 
sources and no more than 30% from lipids [15, 16].

4.3  Tailoring Advice on Diet According to the Patient

To ensure a higher degree of patient concordance with a prescribed diet, the patient’s 
choices and usual habits should be borne in mind [17]. A vegetarian patient, for 
example, should be offered a diet offering appropriate protein-rich items, namely 
dairy products, pulses and cereals and soya. A diet involving egg albumen, chicken 
meat and fish would not be acceptable to the majority of vegetarians.

4.4  Meals Should be Frequent, Not Too Large, and Contain 
Balanced Nutrition

The total daily calorific intake should be spread out over the day in the form of three 
main meals of moderate size and two or three snacks in-between. This type of eating 
pattern allows appetite to be controlled, stops the urge to binge, lessens food crav-
ings and stops patients eating massive, calorie-intense meals [17, 18].
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4.5  Low-Calorie Meals Rich in Nutrients

Low-calorie diets aim to achieve weight loss by reducing the habitual caloric intake 
by between 500 and 750 kcal, which puts the patient in negative energy balance 
[17]. For women of middle age seeking to lose excess weight, the usual recom-
mended daily calorie allowance is 1200–1500  kcal [6]. Women carrying excess 
weight after giving birth require a negative energy balance of 500 kcal, which can 
be achieved by providing between 1200 and 1800 kcal daily. For lactating women, 
this allowance should be increased by 300 kcal [2, 7]. The daily calorie allowance 
is made up of the main meals and snacks consumed during the day, with the bulk of 
the calories coming from main meals. A good practice is to ensure the plate consists 
of 50% vegetables high in dietary fibre and 25% of the plate should be a protein-rich 
item [19]. This will then ensure the patient feels full after eating, which prevents 
appetite surges and bingeing, and, inevitably, excessive consumption of calories. 
For a small meal or snack with less than 200 kcal, vegetable or fruit salads or thick 
vegetable soups are an excellent choice, as they are not highly calorific, but contain 
a rich mixture of nutrients [11, 20, 21].

5  Adjusting the Diet in the Light of Frequent Co-Morbidities

Dyslipidaemia, diabetes mellitus and high blood pressure are frequent co-morbid 
conditions in obese patients [8, 9]. Any recommended diet needs to be suitable for 
women who may have such co-morbidities. It is especially important to consider 
women who have suffered from diabetes of pregnancy or pregnancy-related hyper-
tension, to reduce the incidence of complications. The following sections outline 
some of the factors to consider when treating patients in this situation.

5.1  Diabetes Mellitus

If a diabetic woman can lose at least 2% of her body weight, an improvement in 
diabetic control becomes evident through the blood glucose level and glycosylated 
haemoglobin. Glycaemia becomes increasingly normal as weight is lost [13]. 
Realistic weight loss is possible if the patient follows a low-calorie balanced diet 
tailored to achieve a negative energy balance of 500 kcal. There should be complex 
carbohydrates included and these may be made available at different meals, matched 
to the insulin-dosing regimen for diabetic individuals. Complex carbohydrates give 
a sense of satiety and do not raise blood glucose too high, hence they are of value in 
a diet focused on weight loss [7, 21]. Breakfast cereals and foods high in added 
sucrose need to be eliminated from the diet as far as possible. The patient may be 
advised to eat high-quality sources of protein that are low in fat (both cholesterol 
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and saturated lipids), so that any calories consumed have maximal nutritional value 
[21]. Dairy products with full fat should be swapped for those made with skimmed 
or semi-skimmed milk. Red meat can be replaced by egg albumen, fish, lean cuts or 
poultry. Some culinary spices have beneficial effects on glycaemic levels. The seeds 
of fenugreek are rich in soluble fibre and trigonelline, and are potentially helpful in 
lowering circulating sugar levels, as well as cholesterol and triacylglycerides. 
Despite these purported benefits, fenugreek may interact with specific drugs, includ-
ing anticoagulants, and thus it should only be advised by fully trained nutritionists. 
Cinnamon also potentially lowers glycaemic levels, since it contains procyanidin 
type-A polymer, which possesses bioactivity. Caution is required in patients with 
known hepatic disorders, as high doses of cinnamon, or prolonged use, may be toxic 
to the liver. Patients should be advised against the extremes of prolonged fasting and 
high levels of consumption at a single meal [7, 21].

5.2  Dyslipidaemia

The levels of triacylglycerides and cholesterol partially normalise in obese patients 
who achieve a loss of between 5 and 10% of body mass [19]. There are several dif-
ferent types of diets that may be used with benefit in patients with dyslipidaemia, in 
particular the DASH – dietary approach to stop hypertension – diet, which empha-
sises replacement of milk products with low-fat options, plentiful fruits and vegeta-
bles, nuts and seeds, but restricted consumption of red meat and food items high in 
sugar or fat, Mediterranean-style diets, involving plentiful fruit and vegetables, 
olive oil but lower amounts of protein and lipids, and vegetarian diets, which have 
low levels of saturated fat and large amounts of dietary fibre from whole grains, fruit 
and vegetables. The patient should be advised to consume complex carbohydrates 
plus protein-containing food items that have reduced levels of cholesterol and satu-
rated fats, since this allows for loss of weight and a more healthy lipid profile. To 
counter the raised levels of triacylglycerides, patients are recommended to consume 
items rich in omega-3 fatty acids and to eliminate food items that are high in fat, salt 
and sugar (termed HFSS). Furthermore, lifestyle changes should be advocated, in 
particular the need to get exercise and avoid tobacco and alcohol [19–24].

5.3  Hypertension

Hypertension can be both prevented and managed in obese subjects by the patient 
losing 5–10% of his/her bodyweight. There are significant reductions in the systolic 
blood pressure in subjects with both normal and elevated blood pressure who are on 
the DASH diet, in which fruit and vegetables, minimal fat-content dairy products, 
whole grain cereals, lean cuts of meat and nuts are major constituents. It is recom-
mended that dietary sodium not exceed the range 1500–2000 mg daily. Fruit and 
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vegetables may contain varying amounts of sodium. Bananas, apples, peaches, most 
green and leafy vegetables and beans contain low levels of sodium. Cabbage, cauli-
flower, spinach and beetroot, on the other hand, are rich in sodium and therefore 
consumption of them needs to be limited.

Patients should be advised to severely restrict consumption of food items with an 
unexpectedly high sodium level, e.g. tinned fruit or vegetables, or highly processed 
items like gravy powders, dressings or crisps. Better still, these items may be omit-
ted completely. Some sources of sodium may be overlooked if a drug history is not 
obtained from the patient. Enquiry should be specifically made about antacids, 
amongst other medications. The other essential ions in the diet, namely calcium, 
potassium and magnesium, need to exist in the diet for proper management of 
hypertension to occur. These minerals can be provided in the form of nuts, vegeta-
bles (locally sourced and seasonal, ideally) or some grains (such as millet) [19, 24].

5.4  Polycystic Ovary Syndrome (PCOS)

Female patients with polycystic ovary syndrome should receive advice to lose 2–5% 
of body weight initially, then 5–10% in the longer term, if they want to improve 
ovarian function through lifestyle modification [13]. These patients should increase 
dietary fibre whilst reducing their intake of high-sugar foods. Sources of protein that 
are not high in fat are preferable, thus red meat, if consumed, should be a lean cut. 
Some dietary items have an anti-inflammatory effect, in particular, tomatoes, spin-
ach, nuts and sources of omega-3 fatty acids (including walnuts or flax seeds) or 
turmeric, whereas others tend to stimulate inflammation, in particular fried food, 
red meat and processed items [20]. Consumption of the former should be favoured 
over the latter. In any case, omitting or severely restricting highly processed food 
items and other types of food that have high lipid, sodium and sucrose levels is a 
vital step in dietary management.

6  Conclusion

Management of diet should proceed stepwise. The important factors to consider in 
recommending a suitable diet are the individual’s basal metabolic requirements, the 
balance of macro- and micro-nutrients needed and the objectives aimed for. If 
dietary management is approached from a realistic, personalised perspective, and 
any prescribed diet is provided in a patient-friendly format, weight loss can be 
achieved in women following pregnancy and in middle age. Whatever diet is fol-
lowed, however, one constant feature is that all breastfeeding mothers will require 
additional fluid intake and a varied diet to ensure milk production is sufficient and 
of high quality.
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Human Milk Banking: A Brief Overview

Güniz Yaşöz, Esra Polat, and Despina D. Briana

1  Introduction

Human breast milk is the most nutrient-rich and ideal nutrition for all infants. Breast 
milk is convenient, hygienic, safe, affordable, and contains antibodies that contrib-
ute to preventing many common pediatric diseases. Additionally, infants who are 
exclusively breastfed for six months have significantly lower rates of gastrointesti-
nal and respiratory tract infections. Breastfeeding is beneficial for brain develop-
ment and lowers the incidence of sudden infant death [1]. Human milk constitutes 
bioactive and nutritional factors; microorganisms, stem cells, and oligosaccharides 
are also present, contributing to brain development and the maturation of the 
immune system and gut [2]. Children fed with human breast milk also demonstrated 
better white and gray matter development, resulting in higher language scores and a 
higher neurodevelopment level, such as better intelligence quotient (IQ), memory, 
and academic success in the subsequent years [3, 4]. Consequently, breast milk 
microbiota contributes to the colonization of an infant’s gut, possibly contributing 
to a child’s health [5].
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2  Breastfeeding

The World Health Organization (WHO), the American Academy of Pediatrics 
(AAP), and the European Society for Pediatric Gastroenterology, Hepatology, and 
Nutrition Committee on Nutrition (ESPGHAN) recommend breastfeeding as the 
primary source of nutrition for the first six months [6–8]. The AAP has recently 
updated its policy statement and technical report on “Breastfeeding and the Use of 
Human Milk” and included recommendations and evidence of significant health 
advantages of breastfeeding till two years of age or older to both mothers and infants 
[9]. Donor human milk (DHM) should be considered the first alternative whenever 
a mother is unable to breastfeed, has insufficient milk production, or suffers any 
other circumstance that may prevent her from nursing her child [10]. It is univer-
sally acknowledged that no commercial formula can be compared to breast milk. 
According to the WHO and the United Nations International Children’s Emergency 
Fund (UNICEF) if the newborn cannot be fed by the mother’s own milk, or if sup-
plementation is necessary, especially for those of low birth weight and other vulner-
able infants, DHM should be given [6]. The World Health Organization recommends 
that low birth weight newborns, who are susceptible to infection, necrotizing entero-
colitis, bronchopulmonary dysplasia, and feeding intolerance, should be fed DHM 
when the maternal milk is not accessible [11]. In 2018, a systematic review and 
meta-analysis showed that donor human milk, as compared to formula feeding, sig-
nificantly decreases the risk of necrotizing enterocolitis among low birth weight and 
preterm infants [12]. Another study found that very low birth weight infants with a 
higher breastfeeding rate, including DHM during hospital stay and reduced expo-
sure to formula, did not develop bronchopulmonary dysplasia or sepsis [13]. 
According to the findings of a recent study, in addition to being recommended for 
preterm infants, donor human milk should also be used in healthy and at-risk term 
infants [14].

3  Milk Banking

Several national and global policy groups such as AAP and ESPGHAN have 
declared DHM the preferred feeding method if the mother’s own milk is insuffi-
cient, missing, inaccessible, or contraindicated. When there is no breast milk, the 
World Health Organization recommends DHM for its nutritional properties and 
proven guidance for nursing and lactation. Furthermore, findings of the literature 
concluded that DHM not only contributes to infant development and health but also 
may benefit mothers’ well-being and parents’ mental health [15]. There is also evi-
dence that newborns fed donor human milk rather than formula accept full feeds 
more quickly and leave the hospital sooner. Thus, donor human milk possibly con-
tributes to lowering costs of hospitalization [16]. In a recent study, preterm neonates 
born at less than 37 weeks of gestation who received donor human milk or formula 
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showed lower rates of necrotizing enterocolitis, intracranial hemorrhage, and sepsis 
[17]. Therefore, human milk banks (HMBs) were established so that mothers could 
provide their babies with human milk if their own milk was insufficient, unavail-
able, or not recommended. The purpose of a human milk bank is to serve as a bridge 
between donors and recipients by collecting, storing, screening, processing, and 
distributing donor milk in a safe and ethical manner [18].

Although the issue and importance of donor human milk banks have recently 
come to the fore, its history is quite old, dating back to the 1900s. The first breast 
milk bank was established in Vienna, Austria, in 1909 [19]. During the 1980s, many 
human milk banks closed due to different conditions and increased disease risks 
[20]. Today efforts to achieve standardization in most human milk banks are being 
made by applying strict rules and criteria for milk donors. However, a global coor-
dinating committee has not been established to issue minimum standards for qual-
ity, safety, and ethics in the storage and distribution of human milk by donors [21].

Current knowledge indicates that breast milk is a complex biological liquid but 
not sterile since many pathogenic, commensal, and probiotic microbes including 
bacteria and viruses have been isolated, such as Streptococci, Staphylococci, 
Lactobacilli, Micrococci, Enterococci species, hepatitis B, C viruses, herpes sim-
plex virus, cytomegalovirus, human immunodeficiency virus, and human 
T-lymphotrophic virus. Although many microbes are potentially pathogenic, some 
are also found in fresh breast milk of women, which means some of them are part 
of the natural microbiome of human milk [22–24]. Donor human milk is pasteur-
ized for its microbial safety by the human milk banks to eliminate pathogens. 
Currently, the Holder technique is the one that is most frequently advised for pas-
teurizing human donor milk. In addition to pasteurization, donor selection includes 
stringent rules and serological testing for the safety of human milk prepared by 
HMB. Generally, donors do not receive any payment; they give their milk altruisti-
cally. However, there are some for-profit milk banks that compensate donors [25]. 
Paying donors for breast milk remains an ethical dilemma.

After donor human milk reaches the HMB, it is frozen and stored in the labora-
tory. The milk from two to four donors is pooled, carefully mixed, and poured into 
bottles. The bottles are pasteurized by using Holder pasteurization, in which DHM 
is heated to 62.5°C for 30 min and then rapidly cooled down [26–28]. Using Holder 
pasteurization, most pathogens can be removed from donor milk, but some of their 
biological properties are also significantly reduced. Some nutrients, anti-infective 
components, enzymes, growth factors, as well as stem cells may be affected by the 
pasteurization process. Nevertheless, some essential compounds, such as oligosac-
charides and some vitamins, are relatively heat resistant [27, 29]. Thus, for the time 
being, there is no ideal method for pasteurization. Therefore, there is growing inter-
est in developing new techniques that can inactivate hazardous pathogens and retain 
the functional and essential components of human donor milk.

The best nutrition for an infant is typically regarded as breast milk from the 
mother. The composition of every mother’s milk differs individually. It is also 
important to note that breast milk content changes as the baby grows. When there is 
no mother’s own milk available, the use of donor human milk is also advised. On the 
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other hand, the donor milk banks are known to provide mature or pooled milk from 
breastfeeding mothers at various phases of the lactation process. The nutritional 
content of different donor human milk samples might vary considerably due to 
changes in maternal characteristics, lactational phase, donor milk bank procedures, 
and environmental conditions [30]. As a result, donor mothers at various phases of 
breastfeeding contribute milk to the pool in the HMB. If donor human milk is used, 
the ideal stage of breastfeeding and gestation should be identical [31]. A recent 
study about the nutritional content of human donor milk reveals that its fat, calorie, 
and protein compositions can fluctuate by twice or more, and that the mineral and 
vitamin composition is missing. There is currently a limited amount of information 
available regarding the constituents of donor human milk. Targeting donor human 
milk fortification, protein and energy assessments are reasonable strategies [32]. 
Future research should focus on the development of individualized methods of pre-
paring human donor milk (Table 1).

Human milk banks are expanding around the globe providing human donor milk 
to improve infant health. In 2020, there were approximately over 65 countries with 
more than 750 human milk banks. A growing number of milk banks are being 
founded in low- and middle-income nations. A 2020 Global Milk Banking Leaders 
Network report estimated that at least 800,000 newborns get human donor milk 
worldwide each year [34]. The 19th of May has been celebrated internationally as 
World Day of Human Milk Donation for over a decade.

Since there is a growing interest in spreading and investing in HMBs worldwide, 
efforts are being made to standardize procedures and regulations to establish HMBs. 
An international expert meeting on human milk banks was organized by the WHO 
and the University of Zurich in 2019 to emphasize that the use of donor human milk 
should be regulated wherever necessary in the setting of encouraging, protecting, 
and enhancing the use of mother’s own milk. Furthermore, the WHO recently called 
for the development of guidelines for human milk banking, which are expected to 
be released in 2022–2023 [21].

Various factors contribute to differences in human milk banking organization 
worldwide, including economics and funding, as well as religious and cultural 

Table 1 Flowchart of the human milk process

Selection of donor mother
Health check of donor mother
Donor mother expresses breastmilk
Milk stored in home freezer or refrigerator
Milk is transported to milk bank
Milk is stored in bank freezer
Milk is thawed and pooled
Milk is aliquoted
Milk is pasteurized (usually Holder 62.5°C for 30 min)
Milk is cultured (at random)
Milk is delivered to the recipient (baby)

Adapted from Haiden N, Ziegler EE.  Human Milk Banking. Ann Nutr Metab. 2016;69 Suppl 
2:8–15. doi: 10.1159/000452821. Epub 2017 Jan 20. PMID: 28103607 [33]
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factors. Accordingly, legislation should be developed according to the needs of each 
country. Various countries around the world have systematically developed HMB 
networks. For example, by implementing a nationalized, integrated human milk 
banking program in Brazil, significant progress has been made in promoting breast-
feeding, providing lactation support, and providing donor milk to families in need. 
Brazil’s HMB program is an excellent example for low- and middle-income coun-
tries. On the other hand, Kenya, which is located in a continent with a high neonatal 
mortality rate, started an integrated program with the UK in 2016. The program 
includes a learning exchange to support and train staff and to establish standard 
operating procedures for HMB. On the other hand, Vietnam has created standards 
for establishing human milk banks that align with government standards for hospi-
tals [21]. Muslim countries face a slightly different situation. As a result of the tra-
ditional practice of milk kinship, establishing human milk banks in Muslim countries 
is challenging. The concept of milk kinship in the Muslim faith is based on the 
belief that breastfeeding creates a kinship between women and their nonbiological 
nursing infants and the biological infants they are nursing, preventing future mar-
riages for “milk brothers and sisters.” As a result, many Muslim families are reluc-
tant to use human donor milk as a source of breast milk due to the anonymity of 
human donor milk and the fact that a large number of donors have contributed to 
such banks [35]. The first HMB was launched in the Al-Zahra Hospital of Tabriz, 
Iran, in 2016. In 2021, a retrospective study from Iran was published on the short- 
term outcomes of this hospital’s donor human milk bank, and as a result of launch-
ing the HMB, premature infant outcomes significantly improved [36].

Several organizations such as the European Milk Bank Association (EMBA) 
have also been established worldwide. There have been already 281 human milk 
banks in 30 countries, according to EMBA. EMBA is a nonprofit organization dedi-
cated to promoting milk banking in Europe and encouraging international coopera-
tion among European milk banks, which was founded in 2008 [37].

Several studies showed similarities in the microbiome between the mother’s own 
milk and donor human milk, which differs from the microbiome of formula. Thus, 
it is possible that the microbiome of infants who get donor milk functions similarly 
to the microbiome of those who receive their mothers’ own milk [38, 39].

In late 2019, the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
emerged among humans, resulting in the coronavirus disease-2019 (COVID-19) 
pandemic throughout the world. There has been a rise in uncertainty regarding 
breast milk and feeding in light of the global COVID-19 pandemic. During the early 
phases of the COVID-19 pandemic, most clinical practices involved anti- 
breastfeeding strategies, such as separating mothers from their babies [40]. As the 
pandemic progressed, new evidence has emerged confirming the benefit and impor-
tance of human milk and the significance of protecting and supporting breastfeed-
ing. Moreover, it is been repeatedly confirmed that infected mother’s milk supplies 
anti-SARS-CoV-2 IgG and IgA, which neutralize SARS-CoV-2 activity in babies. 
In light of the recent results, it is suggested that mothers keep feeding with their own 
milk throughout mild or moderate maternal COVID-19 illness as milk likely 
provides newborns with immunological benefits [41]. Therefore, breast milk was 
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once again found to be the best option for nutrition, regardless of the pandemic 
conditions.

4  Conclusion

It is well known that human breast milk is the ideal source of nutrition for an infant. 
It has been suggested that DHM would be the best option for babies who do not get 
adequate milk supply from their mothers for several reasons. Human milk banks 
were established so mothers could feed their babies with human milk if their milk 
was insufficient, unavailable, or not recommended. Human milk banks serve as a 
bridge between donors and recipients, collecting, storing, screening, processing, 
and distributing donor milk, ensuring its quality and safety.

Developing an integrated approach to human milk banking worldwide is crucial 
to enhancing newborn care. Therefore, it is necessary to develop and implement 
global standards for operating human milk banks among all countries around 
the world.
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Emotional Communication During 
Breastfeeding

Can Cemal Cingi and Dilek Eroğlu

1  Introduction

The ability to lactate is unique to mammals. Lactation arose due to evolutionary 
pressures favouring high efficiency in delivering nutrients to offspring, both in 
quality and quantity. There is complete consensus that breastfeeding is the opti-
mal way for neonates and infants to feed for the initial part of their lives. The 
recommendation from both the World Health Organisation and the American 
Academy of Pediatrics is for infants to be breastfed for a minimum of six months, 
without additional sources of nutrition. Besides the immediate benefits of supply-
ing the infant’s nutritional requirements, it has been demonstrated that breastfeed-
ing creates major and long-lasting effects on children’s cognitive and behavioural 
development, as well as their mental health. Furthermore, the act of breastfeeding 
an infant results in a durable and significant communicative exchange between 
mother and child [1–3].
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2  How Breastfeeding Influences Affective State and Stress 
in the Mother

Evidence suggests that breastfeeding affects mothers’ affective state and their 
response to stress [4]. A comparison of breastfeeding vs bottle-feeding mothers 
indicated that breastfeeding mothers were less anxious, had a more positive 
affect and felt less stressed than those feeding their infants formula milk [5]. 
This research was based on mothers’ self-reported emotions, but there is also 
objective evidence confirming that breastfeeding fosters good emotional health, 
such as studies indicating that breastfeeding was associated with increased 
activity of the tenth cranial nerve on the heart, lower blood pressure and a 
decrease in the tendency for cardiac rate to speed up, compared to women feed-
ing their infants formula. These physiological effects suggest the breastfeeding 
mothers are calmer and less anxious [6, 7]. It has also been shown that lactating 
mothers secrete lower levels of cortisol in reaction to social stress [4]. 
Furthermore, mothers of breastfed infants sleep longer and more deeply than 
mothers using formula for feeding, with one study demonstrating a 45-minute 
lengthening in sleep duration and fewer arousals from sleep [8]. Breastfeeding 
mothers also respond in different ways to displays of emotion in other people, 
an effect that has the potential to raise the quality of social relationships and 
interactions. In particular, research published recently has found an association 
between breastfeeding infants as the sole method for lengthy periods and 
responding more readily to emotionally warmer-looking faces. If a mother 
breastfed more than usual on a particular day, she also tended to react less to 
faces exhibiting hostile emotions [9].

Thus, to summarise the evidence on the effects of breastfeeding on maternal 
affect, mood and responsiveness to stress, it has been demonstrated that there is a 
protective effect on emotional health and an increased tendency to perceive emo-
tional warmth in other people. The emotional effects of breastfeeding resemble 
those seen when oxytocin was supplied via the nose, using a placebo comparator, 
which may indicate that the effects in lactating mothers occur secondary to a rise in 
endogenous oxytocin [10, 11]. Oxytocin has an established role in lactation and is 
known to increase during breastfeeding [12]. A genetic study, moreover, established 
an association between polymorphism of the CD38 rs3796863 single nucleotide 
polymorphism (SNP) and how rapidly cortisol levels fall when the mother breast-
feeds her child. In particular, in those subjects who had the genotype associated with 
higher levels of oxytocin, cortisol levels fell more sharply. This more rapid fall in 
cortisol was, surprisingly, also observed in the infants [13]. We may therefore con-
clude that the physiological mechanism that accounts for the emotional and other 
beneficial effects described earlier operates through an increase in endogenous oxy-
tocin in women who are breastfeeding.
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3  Breastfeeding and Attachment Between Mother and Infant

It is believed that breastfeeding plays a key role in ensuring attachment of the 
mother and infant and ensuring the mother understands the child’s needs [14, 15]. 
Studies indicate that, compared to mothers whose infants are formula-fed, breast-
feeding mothers are more tactile with their children, show greater responsiveness 
and the mother and infant gaze at each other to a greater extent during feeding 
[16–18]. A study consisting of 675 pairs of mother and infant followed up longitu-
dinally found that mothers who breastfed for longer responded more sensitively to 
the infant’s needs, the attachment was more secure and the disoriented attachment 
style was rarer when the child reached the age of 14 months [19]. Evidence from 
neuroimaging studies also indicates that breastfeeding reinforces the bond between 
mother and infant. In one such study, where functional magnetic resonance was the 
imaging modality, a difference was noted in the region of the central nervous system 
activated when mothers heard their infant crying. The mothers who breastfed exclu-
sively showed higher levels of limbic activation, consistent with emotional involve-
ment, than the mothers who fed their infants formula [20, 21].

Despite this evidence, it is noteworthy that not all researchers have found a direct 
connection between breastfeeding and the type of attachment that develops. Britton 
et al. [23] found that there was no relationship between breastfeeding and attach-
ment formation at the age of 12 months. There was, however, a significant correla-
tion between how sensitive the mother was to the infant’s needs at the age of 
three months and the likelihood of continuing to breastfeed up to one year. Mothers 
with greater sensitivity have been shown to bond more effectively with their infants 
[22–24]. These results may be interpreted as hinting that breastfeeding and attach-
ment are linked through the increased maternal sensitivity seen in breastfeeding 
mothers. The way mothers act towards their infants is also likely impacted by the 
emotional benefits that breastfeeding confers on mothers, namely greater emotional 
positivity, lower stress and improved emotional responsiveness towards other peo-
ple [8, 9].

4  How Being Breastfed Affects Psychological Development

Evidence from studies in many different countries has now accumulated to support 
the idea that breastfeeding leads to better cognitive outcomes as the child develops, 
such as greater ability to remember things, higher linguistic abilities and improved 
intelligence quotient (IQ) [25–29].

Studies of longitudinal type undertaken prospectively have the advantage that 
they do not rely on mothers’ reporting on breastfeeding retrospectively, which may 
be a source of inaccuracy. The authors of a longitudinal study of this type ascer-
tained that being breastfed more frequently or for a longer period had a positive 
association with higher scores on the Bayley Scales of Infant Development. In 
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particular, memory improved, as did linguistic performance and motor develop-
ment, assessed at ages 14 and 18 months. It is also noteworthy that this beneficial 
effect on cognitive development in breastfed infants persists right into adolescence 
[30–32]. A study undertaken by Bernard et al. [33] evaluated the cognitive abilities 
and motor skills of children at the ages of two and three years, noting that cognitive 
development was greater in those children who had been breastfed. This study used 
the Communicative Development Inventory [34] and Ages and Stages Questionnaire 
[35] to assess cognitive development.

The results from this study indicated that children exclusively breastfed for 
lengthy periods were better at solving problems than other children. A different 
study, involving a large cohort taken from the general population, assessed execu-
tive function (i.e. sequencing, etc.) at the age of four years. Those children who had 
received exclusive breastfeeding for more than half a year outperformed those who 
never received breastfeeding, or in whom breastfeeding continued for under 
six months [36]. A cohort study that assessed children from the first to sixth years 
of life concluded that the length of time children were breastfed correlated in a 
dose-dependent manner with verbal intelligence, assessed by means of the Revised 
Peabody Picture Vocabulary Test (PPVT-R) [37]. The results demonstrated that, for 
children aged five years, the highest performance on the test was seen in those chil-
dren who had received breastfeeding for half a year or more, whereas the lowest 
scores occurred in those who were always bottle-fed. A different study, also of lon-
gitudinal type, evaluated cognitive ability in children aged between one and 
seven years. The measurements were made using the Wechsler Intelligence Scale 
for Children [38]. Longer exclusive breastfeeding correlated consistently with 
higher performance on the scale [39]. Moreover, a comparison between those chil-
dren who received only breast milk and those who got both breast and artificial milk 
showed that the former kept on raising their scores higher for the age range studied. 
Although one explanation for the difference between the groups is that maternal 
intelligence is a confounder, a study involving large numbers and also of longitudi-
nal design did in fact control for this and still established that breastfeeding was 
beneficial in terms of cognitive development [40].

The claim has also been asserted that starting breastfeeding straight after birth is 
protective against the development of cognitive impairments in children. One clinic- 
based study compared children aged between 4 and 11 years with a specific lan-
guage impairment with their neurotypical peers. The researchers asked about 
breastfeeding and concluded that specific language impairment was significantly 
more likely if children had not been breastfed from birth onwards [41]. Although 
the data support the fact that early breastfeeding and specific cognitive impairments 
are negatively correlated, they cannot be used to prove a definite causal link between 
breastfeeding and a reduction in risk.

There is even more persuasive evidence to suggest that breastfeeding affects cog-
nitive development. One randomised controlled study enrolled 13,000 pairs of 
mothers and infants [28]. The intervention consisted of a programme advocating 
breastfeeding, following which seven times as many mothers were still breastfeed-
ing when the infant was three months old. The study had a longitudinal design. At 
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follow-up, when the children were 6.5 years old, they were assessed for intelligence 
level and their teachers asked to rate their academic ability [28]. In terms of both 
outcome measures the children who were exclusively breastfed did better than the 
non-intervention group. When this same cohort was followed up ten years later, the 
breastfed individuals continued to have an advantage in terms of linguistic compe-
tence, but this difference did not persist for other measures of neurocognition [42]. 
The researchers involved speculated that the benefits of breastfeeding may become 
weaker over time, as other factors, for example intellectual stimulation by the par-
ents, or association with other children, play a more determining role in cognitive 
development.

Nonetheless, the idea that breastfed children continue to have an advantage in 
cognitive abilities, even as adults, does seem to be justified. Mortensen et al. [25] 
assessed cognitive abilities in different groups via a variety of psychometric instru-
ments. Their results reveal that being breastfed for a lengthier period as an infant 
increased cognitive abilities as an adult, an effect that was demonstrable in different 
groups and regardless of the psychometric technique employed [43]. Yet another 
study, where the subjects were aged 30  years, revealed that a longer time being 
exclusively breastfed correlated with higher IQ, better academic performance and 
higher earnings [44]. Indeed, one study went as far as to argue that the length of time 
an individual was breastfed as an infant influenced reading ability even in middle 
age (i.e. at the age of 53 years). The test applied in this case was the National Adult 
Reading Test [43].

It is important to observe that the studies we have been discussing so far attempted 
to control for many of the potential confounders, such as the mother’s educational 
attainment, employment status, income level, age, how the child was delivered, 
smoking whilst pregnant and weight at birth. One study that enrolled many subjects 
controlled for a large number of commonly considered potential confounders, 
including the mother’s IQ, socioeconomic status and educational attainment, but 
also less obvious confounders, e.g. mother’s mental health, attachment style and 
risk of environmental toxins. Despite factoring all these into the analysis, there was 
still a powerful effect linking a long duration of being exclusively breastfed with 
improved neuropsychological development [45]. There have been studies, however, 
where the relationship between breastfeeding and psychological benefit was much 
less clear after confounders were taken into consideration. One such study was that 
of Jacobsen et al., which discovered an apparent association between breastfeeding 
and children’s IQ scores at the ages of 4 and 11 years. Once the mother’s IQ and the 
level of parenting skill were factored in (the latter having been evaluated via the 
Home Observation Measurement of the Environment [HOME] instrument), the 
association appeared less definite [45]. Likewise, in a study undertaken by von 
Stumm and Plomin [46], once socioeconomic status and gestational age were fac-
tored in, only a small effect of breastfeeding was noted on children’s IQ. Moreover, 
this effect was only observable at the age of two years and only in female children. 
At age 16 years no effect was observable. Thus, in general terms, since there are so 
many potential confounders and it is so complex to factor them into any analysis, 
any results that appear to show that breastfeeding has an unequivocal impact on 
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cognition need to be interpreted cautiously [47, 48]. This issue of confounders in 
studies investigating the benefits of breastfeeding has been discussed in depth in a 
review article [49]. Despite the caution needed in interpreting results from individ-
ual studies, it is clear that, overall, the evidence supports the notion that exclusively 
breastfeeding for a lengthy period does indeed benefit the child in neuropsychologi-
cal terms.

If breastfeeding does influence neuropsychological development, it is reasonable 
to ask how this effect may be mediated. It has been hypothesised that certain com-
ponents of breast milk, notably the long-chain polyunsaturated fatty acids 
(LC-PUFAs), found in breast milk but not typically in artificial substitutes, may 
play a role [50]. Two principal fatty acids of this type are docosahexaenoic acid 
(DHA) and arachidonic acid (ARA). These molecules have a neurodevelopmental 
role since they are needed for normal growth of neurones, repair processes and 
myelin sheath formation [51]. It is probably significant that the myelin sheaths 
mainly develop up to the age of 18 months. Neonates are able to synthesise a limited 
amount of DHA up to the age of 14 days, but synthesis then ceases until the child is 
6 months old [52]. Because endogenous production halts during this period, the 
provision of exogenous LC-PUFAs may be significant for neural development, 
which explains why breast milk has an advantage.

5  Conclusion

Besides the nutritional benefits of breastfeeding, the action of breastfeeding is 
important in establishing communication between the mother and infant. It is a part 
of bonding. Beyond its nutritional role, breastfeeding helps to form loving bonds 
between the child and mother that grow over time. Mothers who understand the 
value of breastfeeding know that an aspect of this act is communication. Just as 
knowledge of metabolic programming is growing, so is our appreciation of the 
importance of early communication between mother and child.
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Tobacco Use in Breastfeeding Mothers

Ali Timucin Atayoglu and Ayten Guner Atayoglu

1  Introduction

Smoking is a major health hazard that remains very common worldwide. Nicotine 
is a highly addictive substance. There are in excess of 250 million female smokers 
globally. When expectant mothers continue to smoke, they not only harm them-
selves, but also damage the health of their foetus [1]. Postpartum smoking mothers 
continue to damage infant health as the child is exposed to passive smoking and the 
nicotine and other harmful constituents of tobacco smoke linger in the air and are 
passed on through breastfeeding [1–3].

Nicotine and the other toxic constituents of tobacco are present in all types of 
tobacco products, namely cigarettes, cigars, pipe tobacco and chewing tobacco. 
Whether the infant is breastfed or given artificial formula milk, if the mother smokes, 
there is a raised risk of sudden infant death syndrome (SIDS), infections of the ear 
and lower respiratory tract (especially bronchitis and pneumonia) and less effective 
pulmonary function in infancy and later childhood [4].

All infants whose mothers smoke are exposed to the hazards of passive smoking 
and therefore inhale the toxic compounds released by burning tobacco, including 
nicotine. Furthermore, these same toxic compounds may be passed on during 
breastfeeding. The nicotine in tobacco is probably also the reason why smoking 
mothers produce less breast milk, since it suppresses the circulating maternal pro-
lactin concentration [4].
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Consumption of electronic cigarettes and vaping generally involves inhaling 
nebulised nicotine, flavour molecules and other ingredients produced by a small 
electrical vaping device. The potential harms that vaping presents to infant health 
have not yet been fully elucidated, however it is clear that the vapour produced by 
these devices still contains toxic and harmful molecules, including nicotine, flavour 
molecules and solvents [4].

Clinicians should provide support to smoking or vaping mothers to enable them 
to give up smoking altogether. In mothers who continue their tobacco use breast-
feeding is still the best option for infant nutrition, as it remains superior in terms of 
both balanced nutrition and its clear advantages for health [4].

The following advice should be provided to smoking mothers, to enable them to 
reduce some of the harm to the infant [4]:

• Smoking should not occur in the vicinity of the infant.
• Smoking inside or in confined areas should stop.
• In vehicles and at home, a no smoking rule should be made.
• After smoking, mothers should wash their hands thoroughly and change their 

clothes.

2  Breastfeeding

Breast milk is generally accepted to be the optimal way for infants to feed, since it 
has the ideal nutritional balance for the child and assists with healthy growth and 
development. There are above 200 individual constituents in breast milk. It contains 
the essential nutrition for the infant, supplying water, carbohydrates, protein, fat, 
electrolytes and vitamins. In addition, milk contains various immunoactive ele-
ments, both cellular (i.e. macrophages, lymphocytes, neutrophils and epithelio-
cytes) and humoral (immunoglobulins from classes M, A, D, G and E, complement 
proteins, interleukin-6, -8 and -10, cytokines, bifid factor, resistance factor, lactofer-
rin and antioxidants). Finally, it also contains numerous endocrine signals, includ-
ing (but not limited to) insulin, erythropoietin, bombesin and thyroxine [5, 6].

Breastfeeding offers benefits in various ways, such as improving infant and 
maternal health, as well as aiding family cohesion and social function. In terms of 
infant health, there are several domains in which breastfeeding offers benefits. It 
lowers the infant death rate, particularly deaths resulting from diarrhoeal illness and 
infections of the respiratory tract. Breastfed infants are less prone to atopy. It results 
in better neurological, motor and psychological development. It is linked to reduc-
tions in the rates of various chronic disorders, including systemic hypertension, 
diabetes mellitus, Crohn’s disease, ulcerative colitis, coeliac disease, disorders 
involving autoimmunity and lymphoma. Furthermore, breastfeeding also protects 
against malocclusion syndromes, mouth breathing and speech and language disor-
ders involving faulty articulation [7].
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Besides benefits to the infant’s health, breastfeeding also provides benefits for 
maternal health. Nursing an infant causes more rapid involution of the uterus, since 
it causes increased oxytocin levels. It leads to a reduction in postpartum haemor-
rhage and hence lower levels of maternal anaemia. There are associated reductions 
in the risk of developing diabetes mellitus, malignant neoplasia of the breast, ovary 
or uterus and bony fractures secondary to osteoporosis. Nursing also improves 
bonding between the infant and mother. Breastfeeding also acts like a contraceptive 
and helps to space out pregnancies. In mothers whose infants are exclusively breast-
fed for at least six months, it aids weight loss after delivery. Furthermore, breast-
feeding is also good for the family budget as it avoids the cost of purchasing artificial 
formula milk and the related equipment, and means lower costs for prescribed med-
icines, since breastfed infants enjoy better health in general [5–7].

3  Breastfeeding in Smoking Mothers

Despite acknowledging that breast milk entails numerous benefits, many clinicians 
have concerns that toxic compounds from cigarette smoke, including nicotine, may 
be transferred to the infant in milk, in addition to the damage caused by passive 
smoking. There is plentiful published evidence about the negative effects of passive 
smoking in childhood, such as triggering or exacerbating allergic disorders (includ-
ing allergic rhinitis and asthma [8]), provoking chronic disorders of the respiratory 
system [9], lengthier and more frequently occurring infections of the respiratory 
tract (upper and lower) [10] and higher rates of admission to hospital [11].

Cigarette smoke contains a number of compounds with established toxicity, 
including cyanide, aluminium, dichlorodiphenyltrichloroethane (DDT), arsenic, 
ammonia, formaldehyde, benzene, lead, carbon monoxide and nicotine [12]. The 
toxic effects of these compounds on breastfed infants are not yet understood, and 
the evidence base so far is inconclusive about the harms these compounds may pro-
duce [6].

The concentration of nicotine in breast milk is at least twice that found in the 
mother’s peripheral circulation [13]. Nonetheless, it seems clear that breastfeeding 
still protects infants against various disorders. Acute respiratory conditions occurred 
more frequently in the infants of smoking mothers if they were fed artificial baby 
milk than if they were breastfed [14]. The balance of risk still favours breastfeeding 
over formula feeding and thus nicotine consumption is no longer recognised as a 
reason to advise mothers not to breastfeed [15]. Whilst every mother who smokes 
should receive smoking cessation advice, even if the woman continues to smoke, 
breastfeeding should still be recommended since it is the ideal nutrition for the 
infant and there is a lack of definite evidence showing harm linked to consumption 
of breast milk. There is, however, reason for concern that smoking mothers produce 
milk that is depleted in iodine [16]. One reason that there appears limited evidence 
for harm may be because the subject is inadequately researched. Furthermore, stud-
ies that examined how infants of smoking mothers develop suffered from the 
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absence of key data, such as for how long breastfeeding occurred, whether the 
mother continued smoking after delivery, and what level of exposure to tobacco 
through breast milk actually occurred [3].

Although the guidelines do advise smoking mothers still to breastfeed their off-
spring, the rate of breastfeeding amongst smokers is lower than in non-smokers and 
the duration for which breastfeeding occurs is shorter [17]. There have been various 
theories advanced as to why this is so. One theory is that smoking at least ten ciga-
rettes each day interferes with lactation, causing the breast to secrete less milk than 
usual and changing the constituents in the milk [18]. The endocrine processes by 
which these changes in lactation occur are not understood yet, nor what the effects 
of lower tobacco consumption are. A second theory hypothesises that smoker moth-
ers are more inclined to judge the amount of breast milk secreted to be insufficient 
[19] and to have lower than usual motivation to continue [20]. Finally, the behaviour 
of the infants of smoking mothers with tobacco use equivalent to at least five ciga-
rettes a day might encourage the mothers to attempt weaning. Such behaviours may 
include showing signs of colic and crying more than usual [21].

After their mothers had been smoking cigarettes, infants had alterations in their 
sleeping pattern. The duration of active and quiet sleep was significantly diminished 
and early waking from naps also occurred. There appears to be a dose–response 
relationship between the nicotine in breast milk and the degree of sleep disturbance 
in the infant [3].

It is unclear from the data available so far if shorter infant naps connected to 
smoke exposure are compensated by longer sleeps at other times. The effects of 
nicotine withdrawal in infants also require investigation. It has been observed that 
adults who quit smoking do enjoy better sleep, albeit they suffer from withdrawal 
symptoms during the initial period of quitting [22]. In a study examining the effects 
of alcohol exposure on breastfed infants, the infants were noted to recover any tem-
porary sleep debt induced by this exposure [23]. Mothers typically want their infants 
to sleep for longer [24] and not to exhibit signs of colic and lengthy crying, and this 
generally occurs when infants are weaned. This may be the explanation for why 
smoking mothers cease breastfeeding earlier than their non-smoking peers.

There are a number of different factors affecting infants’ sleep patterns, both 
physiological and related to the surrounding environment. One study attempted to 
link alterations in the sleep patterns of infants to breast milk consumption by elimi-
nating other possible confounding variables. The observation of sleep was sched-
uled for the same time each day and in a private room. The mothers who smoked did 
so in a separate place from the child to avoid passive inhalation of cigarette smoke 
by the infant. The infants were fitted with an actigraph and lay in a supine position 
on a carpet or crib, so that any movements were not artefacts of the mother’s move-
ment [25]. The volume of breast milk consumed by infants of smoking mothers and 
that of infants of non-smoking mothers were compared and found to match, show-
ing that infants did not show any aversion for the tobacco flavours in breast milk [2]. 
All in all it seems, therefore, that any change in sleep pattern of infants breastfed by 
smoking mothers is due to the actual breast milk itself, not some other factor [3].
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The precise way in which breast milk containing tobacco causes alterations in 
infant sleep architecture has not been established, but the fact that sleep is altered in 
this way is consistent with the known pharmacodynamic profile of nicotine, the 
most potent pharmacological agent in cigarette smoke [26]. Consumption of nico-
tine has a direct effect on spike activity in the pontogeniculo-occipital region, and 
this spiking is known to be of importance in sleep beginning and continuing [27]. 
Furthermore, the neurones of the ventrolateral preoptic region, which encourage 
sleep, are also indirectly inhibited by nicotine [28]. Exposure to tobacco smoke is 
the factor that most increases the risk of SIDS (sudden infant death syndrome) [29]. 
There are several potential mechanisms for this risk: one is via changed sleep and 
arousal reactions; another is that agents in tobacco are neurotoxic and can cause 
death in infants with pre-existing susceptibility, as may occur with alcohol [30, 31]. 
At present it is not known which of the two possibilities (if either) is the correct 
explanation.

Nicotine has complex effects upon neurotransmission in numerous different neu-
ral pathways and affects functionality in the long term of synapses [32]. It therefore 
follows that the injurious effects of being exposed to nicotine as an infant may not 
appear until later, following apparently normal development. Neonates exposed to 
nicotine via breastfeeding have increased expression of nicotinic receptors, as 
occurs both in utero [32] and in adults with prolonged tobacco use [33]. There may 
be long-term harmful consequences on behaviour and cognitive development if 
neonates are exposed to nicotine [1]. Sleep is a key factor in how infants learn and 
it is known that nicotine disrupts sleep, hence nicotine may disturb cognitive devel-
opment in this way [34]. From studies in experimental animals, it has been estab-
lished that hindering active sleep prevents effective learning and interferes with the 
ability to remember [35].

The likelihood that an adolescent will begin smoking is increased if the mother 
was a smoker when the adolescent was a young child [36]. Animals exposed to 
nicotine in utero via amniotic fluid or through milk express nicotinic receptors in the 
central nervous system at the same level as in adult smokers [33]. Where the mother 
smokes, both breast milk and amniotic fluid contain taste molecules from tobacco. 
It therefore appears probable, since it has been shown for other tastes that exposure 
via milk increases liking for specific flavours [37, 38], that taste-bearing molecules 
from tobacco also increase liking for smoking. This effect operates alongside the 
neurodevelopmental alterations induced by nicotine. Children who grow up in a 
smoking environment come to attach particular emotions to tobacco, linked to the 
way tobacco was used by the parents [39].

4  Nicotine in Breast Milk

There are a number of significant toxic effects of nicotine exposure through breast 
milk on neonates [21]. The degree of toxicity depends on the mother’s daily tobacco 
use and the time elapsed between smoking and commencing breastfeeding [40]. 
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Nicotine has a half-life of around 2 h in human milk [41]. Nicotine undergoes rapid 
absorption from the infant gut and there is the potential for accumulation to occur in 
particular tissues, leading to apnoea, agitation and vomiting [42]. The age at which 
infants become competent to fully metabolise nicotine has not yet been established. 
Nicotine is water-soluble and undergoes extensive hepatic metabolism before enter-
ing the systemic circulation [40]. Further research focus on how infants metabolise 
nicotine is warranted [43, 44].

A study that examined the level of cotinine (a metabolite of nicotine) in the urine 
of mothers who smoke, concentrating on the effect of breastfeeding on urinary 
excretion, ascertained that metabolites of tobacco are concentrated in breast milk, 
particularly nicotine. The authors suggested that the focus on harmful passive smok-
ing by children was only one part of the total exposure, and that breastfeeding actu-
ally considerably increases tobacco exposure [6, 40].

Researchers have now discovered that the nicotine concentration in breast milk 
of mothers who smoke is nearly three-fold (actually 2.9) times the level in the 
peripheral circulation. Indeed, when the urine of breastfed infants was analysed, the 
concentration of cotinine was found to be ten-fold that of children whose mothers 
also smoked but were fed artificial formula milk. The concentration of cotinine in 
breastfed offspring of smoking mothers is similar to that measured in adult smok-
ers [40].

There are alterations in the length of time infants sleep and remain awake if they 
breastfeed straight after the mother has smoked. The average sleeping time if the 
mother did not smoke was 84.5 min, whereas it was 53.4 min if the mother smoked 
[3]. This reduction in the time spent actively and quietly asleep by infants has been 
definitely linked to maternal tobacco consumption just before infant feeding. 
Furthermore, smoking also has a broader effect on the pattern of sleeping and wak-
ing in breastfed infants of smoking mothers. A different study also noted that the 
infants of mothers who smoked had disordered sleep [19]. When nicotine is inhaled, 
it also causes discomfort to infants, resulting in infants becoming more irritable, 
crying excessively, displaying lack of energy, exhibiting symptoms of colic and 
appearing paler than usual [10, 12, 13, 19, 21].

It has also been reported that smoking reduces the iodine content of breast milk. 
In the breast milk of non-smoking mothers the concentration is 53.8 g/L, but this is 
reduced to 26.9 g/L in smoking mothers [43]. The infant also excretes a lower con-
centration of iodine in the urine, with the average being 33.3 g/dL, compared to 
50.4 g/dL in children of non-smokers. There is an inverse correlation between the 
cotinine concentration in maternal urine and the concentration of iodine in breast 
milk. Cotinine is the biomarker for smoking that has the highest reliability and has 
a t½ of around 20 h. It has been speculated that the lowered breast milk concentra-
tion of iodine in the breast milk of smoking mothers may lead to iodine deficiency 
in infants. This may then cause endocrine problems since thyroid hormones are 
synthesised by infants using iodine from the breast milk. Thiocyanate levels in the 
maternal peripheral circulation were also found to be significantly raised in smok-
ers, which may provide the mechanism by which the transport of iodide ions into 
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the breast milk is inhibited, since thiocyanate acts as a competitive inhibitor of the 
sodium-iodide transporter protein. The transporter protein moves two substances in 
the same direction, i.e. it is a secondary active transport mechanism [6].

Using an animal model (rats), researchers have also ascertained that exposing the 
animal mother to nicotine causes the thyroid in the newborn rat to dysfunction and 
may result in secondary hypothyroidism in adult rats. The hepatic deiodinase I (also 
known as iodine peroxidase) level of the rat young was measured 15 and 180 days 
after birth. Hepatic deiodinase I is a biomarker for thyroid dysfunction, since its 
level falls in hypothyroid animals but rises in hyperthyroidism. Whilst maternal 
nicotine exposure did not affect the body mass of the young, either positively or 
negatively, at the period of lactation, following weaning the rats of mothers exposed 
to nicotine had a higher body mass than those of non-nicotine-exposed mothers. 
Nicotine exposure in the mother increased the serum leptin concentration at days 
15, 21, 90 and 180 of life. At 180 days the rat is considered adult and the increase at 
that point was statistically significant. Both whilst lactation was still underway (at 
day 15) and at day 180 (adult stage) the rats with maternal exposure to nicotine had 
a higher level of body fat than controls. At day 15 the proportion of body fat was 
27%, and at day 180, it was 33%. Furthermore, compared to rats without the mater-
nal nicotine exposure, the exposed rats had a higher concentration of body protein 
and adipose surrounding the viscera. The lipid profiles in the exposure group adults 
were, however, normal [45].
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