
123

Breastfeeding 
and Metabolic 
Programming

Özlem Naciye Şahin
Despina D. Briana
Gian Carlo Di Renzo
Editors



Breastfeeding and Metabolic Programming



Özlem Naciye Şahin  •  Despina D. Briana 
Gian Carlo Di Renzo
Editors

Breastfeeding and Metabolic 
Programming



ISBN 978-3-031-33277-7        ISBN 978-3-031-33278-4  (eBook)
https://doi.org/10.1007/978-3-031-33278-4

© The Editor(s) (if applicable) and The Author(s), under exclusive license to Springer Nature 
Switzerland AG 2023
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

Editors
Özlem Naciye Şahin
Department of Child Health and Diseases
Arel University, Medical Faculty
Istanbul, Türkiye

Gian Carlo Di Renzo
Department of Obstetrics and Gynecology
University of Perugia
Perugia, Perugia, Italy

Despina D. Briana
Pediatrics Department
National and Kapodistrian University of
Athens, Greece

https://doi.org/10.1007/978-3-031-33278-4


v

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
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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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