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Preface

Feeding during the first two years of life is very important for the nutrition and 
growth of an infant. The World Health Organization (WHO) ranks feeding as one 
of the most effective interventions for improving a child’s health. It has a great effect 
on early morbidity and mortality and a long-term effect on the health and future of 
individuals and the public. Breastfeeding, formula feeding, and complementary food 
introduction constitute the main parts of feeding during infancy. Breastfeeding, 
especially when done exclusively for the first six months, has many benefits for the 
infant, mother, and the public in general. Formula feeding, although associated with 
disadvantages and problems, can be life saving for infants who need it. Introduction 
of complementary food at the proper time is important to meet growth requirements 
and prevent common nutritional problems. This book covers infant feeding and 
nutrition over eight chapters organized into five sections.

The first chapter is an introductory chapter written by the editors that discusses 
the impact of the first 1000 days of nutrition on child health and development. 
The concept of the first 1000 days refers to the period from conception through the 
age of 2 years. This period is crucial for the growth and development of fetus and 
child and the child’s long-term health outcomes. Many factors influence this period 
including maternal health, breast and complementary feeding, and socioeconomic 
factors. Biological and metabolic development may be permanently affected by 
nutritional interventions, leading to adaptive pathophysiological alteration later in 
childhood and/or adulthood, such as the development of non-communicable dis-
ease like diabetes mellitus, cardiovascular and chronic respiratory diseases, cancers, 
and neurodegenerative disorders, as well as obesity. In other words, children and 
adult health risks may be programmed by nutritional status during this period. As 
such, this chapter concentrates on the effects of the first 1000 days of nutrition on 
the development of obesity, respiratory diseases, and the brain, as well as the role of 
probiotics and epigenetics. 

The second chapter by Dr. Jayashree Purkayastha discusses the basic concepts of 
breastfeeding in normal newborns. Breastfeeding is complete nutrition for the baby 
and beneficial to both baby and mother. Mothers should be prepared for breastfeed-
ing and motivated antenatally. Breastfeeding should be initiated within one hour of 
normal delivery and four hours of cesarean section. Colostrum is secreted within 
the first two days of life and is highly immunogenic to the baby. Mature milk comes 
by day 10 of life. Foremilk is rich in protein and vitamins and hindmilk is rich in fat.  
Proper technique should be followed for successful breastfeeding. Reflexes in the 
mother while breastfeeding are prolactin and oxytocin reflexes and reflexes in 
the baby are rooting, sucking, and swallowing. In the case of early discharge from 
the hospital, adequacy of breastfeeding should be checked at three to five days of 
life. Breastfeeding develops bonding between the baby and the mother, as well as 
promotes infant brain growth. Human milk is suitable for the baby and contains 
less protein and minerals than cow’s milk. It also has less solute load, which is better 
for the immature kidneys of a baby. Breastfeeding should be performed on demand 
for a minimum of eight times per day. Common feeding problems in the mother 
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are flat or inverted nipples, sore nipples, engorgement of breasts, and mastitis. 
Breastfeeding can be continued in case of minor febrile illness in the mother if the 
illness is not infectious to the baby. Otherwise, expressed breast milk should be 
given if the mother is unable to breastfeed.

In the third chapter, Dr. Whitney N. Hamilton reviews the factors that influence the 
maternal decision of which method to feed her baby. He provides an overview of 
the dynamic interplay between individual, interpersonal, community, and societal 
factors, such as policies that impact breastfeeding rates and more specifically 
the health of infants. The decision to formula feed or breastfeed a child typically 
begins with an established prenatal intention. The chapter examines the multiple 
dimensions influencing maternal decision-making including individual maternal 
characteristics, organizational factors, hospital/provider recommendations, and 
systematic/policy factors. It also examines the impact of infant feeding practices 
on early infant and childhood health outcomes. Research has demonstrated the 
benefits of breastfeeding on infants and early childhood, which include but are not 
limited to protection against common illnesses and infections, improved IQ, and 
even increased school attendance. Moreover, the World Health Assembly global 
nutrition objectives focus on encouraging breastfeeding support across all sectors 
in addition to implementing tailored community-based approaches, limiting the 
excessive marketing of infant formula, and enforcing supportive breastfeeding 
legislation.

In the fourth chapter, Dr. Bozkurt Erdinc discusses the relationship between ocu-
lar morbidity and infant nutrition. The nutrition of the constantly growing and 
developing infant even after birth has an undeniable contribution to the devel-
opment of eyes, which can be considered extensions of the brain. Therefore, 
the elucidation of these physiological developments is valuable in terms of 
preventing pathological conditions. During the first six months of an infant’s 
life, nutrition is provided through breast milk or infant formula, and after the 
sixth month, there is a transition to additional food. Breast milk is considered a 
“miracle food,” with a growing body of research being undertaken to investigate 
its relationship with orbital diseases and indicating that breast milk reduces 
ocular morbidity. Breast milk is an accessible, economical, and important nutri-
tion source for eye development and infant health. Developments in recent years 
have resulted in the content of formula being closer to that of breast milk, which 
can positively affect the neurovisional development of babies that cannot be fed 
with breast milk.

The fifth chapter, by E. Ledesma Martinez, is dedicated to caseins as a regulator of 
hematopoiesis. The main physiological role of casein, the main protein component 
in milk, is to be a source of amino acids that are required for the growth of the 
neonate; therefore, casein is considered a highly nutritious protein. Over time, it 
has been revealed that casein is a protein whose physiological importance reaches 
levels far superior to the food field, having a wide array of biological activities 
including antimicrobial activities, facilitating the absorption of nutrients, and 
acting as a growth factor and immune stimulant. The authors analyze how caseins 
can exert numerous hematopoietic and immunomodulatory actions and their role 
in granulopoiesis, monocytopoiesis, and lymphopoiesis from the early stages of 
postnatal development seemingly throughout life. They explore whether casein 
could be useful to fight pathogens resistant to antibiotics, inducing a strong 
immune response in immunosuppressed patients, or even be a prophylactic strategy 
to prevent infections.

V

Sandeep Kaur et al., in the sixth chapter, highlight the prophylactic and thera-
peutic role of human breast milk proteins and bioactive peptides against neonatal 
bacterial Infections. Breast milk represents nature’s best mechanism to provide 
complete nourishment and protection to the newborn. Breastfeeding plays an 
important role in not only providing abundant nutrients to the infant but also acts 
as a storehouse of an array of bioactive factors including antimicrobial proteins 
and antimicrobial peptides (AMPs). These peptides help in conferring early pro-
tection and thus lowering the incidence of developing various infections such as 
diarrheal infections, respiratory infections, pneumonia, neonatal sepsis, entero-
colitis, and others. These antimicrobial peptides also possess the property of 
immune modulation activating the immune cells to fight against invading patho-
gens and thus boosting the innate immune system. Among the bioactive peptides, 
endogenous peptides present in breast milk produced after cleavage by proteases 
have opened a new window of research focusing on studying their unique 
mechanisms of action. This may help in incorporating these useful peptides in 
formula milk for meeting special needs where breastfeeding is not possible. These 
properties confer human breastfeeding as an important intervention in prevent-
ing as well as treating many diseases  and decreasing the rate of early child deaths. 
This chapter gives a deep insight into the various AMPs and the newly reported 
endogenous peptides present in human breast milk with emphasis on the levels 
and activity of AMPs in preterm milk. Also, the chapter highlights the antibacte-
rial mechanism as well as immune modulating pathways adopted by these bioac-
tive peptides and elucidates their protective and therapeutic role towards various 
clinically relevant neonatal bacterial pathogens (Escherichia coli, Staphylococcal 
aureus, Streptococcus pyogenes, S. agalactiae, S. pneumoniae, coagulase negative 
staphylococci (CoNS), Klebsiella pneumoniae, Pseudomons aeruginosa, etc.) with 
special emphasis on the infections caused by resistant bacterial strains in hospital 
settings (neonatal wards).

In the seventh chapter, Dr. Bita Najafian and Mohammad Hossein Khosravi review the 
subject of breastfeeding and gut microbiota. Human breast milk is not only a source 
of nutrition for infants but also contains a variety of biologically active components 
and bacterial species. These molecules and bacteria guide both intestinal microbiota 
and the infantile immune system. Recently published studies have found several vital 
roles for gut microbiota including effects on the individual’s personality, decreased 
predisposition to the diseases, and a variety of other health-related consequences such 
as possible therapeutic or preventative effects.

The last chapter, by Dr. Burhan Başaran, discusses childhood foods and Infant for-
mula exposure to thermal processing contaminants of furan, chloropropanols, and 
acrylamide by food processing. In this chapter, the author evaluates the exposure of 
thermal processing contaminants such as furan, chloropropanols and acrylamide 
from infant formulas. These compounds are produced in foods naturally as a 
result of thermal processing and accepted as potentially carcinogenic for humans 
by the International Agency for Research on Cancer. They exist at varying levels 
in several types of foods including infant formulas and their consumption leads 
to exposure. In this sense, it is apparent that humans face hidden danger through 
dietary exposure throughout their lives. Infants are exposed to the greatest levels of 
these substances due to the fact that they have low body weight and consume infant 
formulas in their diets as alternative nutrition.

I hope this book will shed light on some of the interesting aspects of infant feeding 
and nutrition. I would like to thank all authors who contributed chapters for their 
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Chapter 1

Introductory Chapter: Impact of 
First 1000 Days Nutrition on Child 
Development and General Health
Isam Jaber AL-Zwaini, Zaid Rasheed AL-Ani  
and Walter Hurley

1. Introduction

The concept of the first 1000 days refers to the period from conception through 
the age of 2 years. This period is very crucial for the growth and development of the 
fetus and child and its long-term health outcomes. Many factors influence this period, 
including maternal health, breast and complementary feeding, and socioeconomic 
factors. Biological and metabolic development might be affected permanently by 
nutritional interventions, leading to adaptive pathophysiological alteration later in 
childhood and/or adulthood, such as noncommunicable diseases like diabetes mel-
litus, cardiovascular and chronic respiratory diseases, cancers and neurodegenerative 
disorders [1], as well as obesity and its adverse consequences [2]. In other words, 
children’s and adults’ health risks may be programmed by the nutritional status 
during this period. The first scientist who raised the theory of the possible effect of 
inherited genes and environmental factors during this critical period as an origin for 
the adult disease was Professor David Barker during the 1980s of the last century [3]. 
Barker affirmed, “Much of human development is completed during the first 1000 
days after conception.” His theory was later evolved in the Developmental Origin of 
Health and Disease (DOHaD) theory [4].

This introductory chapter aims to discuss the effects of nutrition, during preg-
nancy through the age of 2 years, on the health and development of the child and 
adult and the potential underlying mechanisms.

2. First 1000 days and overweight and/or obesity

Overweight and obesity are defined as an abnormal or excessive accumula-
tion of fat that may impair health. It is a very common problem worldwide, and 
according to WHO an estimated 38.2 million children under the age of 5 were 
overweight or obese in 2019 and 340 million children and adolescents aged 5–19 
were overweight or obese in 2016 [5]. Obese children are more likely to become 
obese adults, and in 2016, more than 1.9 billion adults aged 18 years and older were 
overweight and of these 650 million adults were obese. The problem is increasing and 
the worldwide prevalence of obesity nearly tripled between 1975 and 2016 [5]. There is 
increasing evidence that the origins of obesity are within the first 1000 days of life 
[6]. Prevention of childhood obesity is a public health priority and as it the source 
for adult obesity, early intervention is recommended. Effective and affordable 
preventive strategies that are embedded in the existing health system are needed. 
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These strategies should start early in life, should not be resource intensive, and can 
be maintained for the long term [7–10].

Risk factors’ list for childhood obesity is wide, and antecedents are multifacto-
rial, including genetic/epigenetic, social, biological, environmental, dietary, and 
behavioral influences. Among these, the most important modifiable risk factors 
during pregnancy and early childhood are maternal overweight/obesity, gesta-
tional weight gain, feeding practice during the first 2 years of life, in addition to 
maternal general health and smoking during pregnancy, physical activity, and 
sleep duration [6].

Although the fetal origin of the disease is an old theory dating back to about 
40 years ago [3], focusing on its role in the prevention of childhood overweight/
obesity is recent. Aspects of nutritional programming are variable, and some 
aspects may result in a modification in organs or endocrine structures and their 
function, resulting in irreversible lifelong consequences, and other aspects can be 
corrected with repeated learned exposure as in early flavor programming for later 
acceptance of taste/flavor [6]. Childhood obesity is a multifactorial problem. Both 
acquired and environmental factors can induce effects on genetic expression, and 
with appropriate interventions, some of the epigenetic changes can be reversed or 
modified [11]. Several of these modifiable factors have been identified and well 
studied at the individual level. The most important are maternal feeding behavior 
during pregnancy and feeding practice behavior during the first 2 years of life. 
Generally, these factors can be categorized as food and diet behavior (maternal BMI 
and the rate of increase weight during pregnancy, breastfeeding, age of introduc-
tion of complementary feeding, fruit and vegetable intake, sweetened beverage 
consumption, and the rate of infant weight gain) or feeding and associated lifestyle 
behavior (maternal smoking, maternal diabetes mellitus and gestational diabetes, 
sleep duration or screen watching time, use of a pacifier, physical activity, parental 
inattention to child hunger and satiety, and the parental use of rewarding, control-
ling, and restrictive feeding practice behavior) [12–14].

A good example of how maternal diet affects the nutritional and metabolic 
programming of infants as well as his food preference is flavor programming, in 
which shaping infant food preferences is rooted to fetus exposure via amniotic 
fluid, and after the development of taste bud, it is from maternal diet preference 
during pregnancy. As such, the infant shows preference to carrot-flavored cereal in 
his complementary food when his mother consumed carrot-flavored water during 
the latter part of pregnancy [15].

Prevention of childhood obesity is also related to infant feeding during the first 
2 years of life. Healthy growth of infants requires breastfeeding started as early 
as possible after birth and the introduction of nutritious complementary food 
at an appropriate time. Weight gain during the first year of life is one of the best 
predictors for later obesity [16]. When compared with formula feed counterparts, 
infants on breastfeeding have a lower percentage of body fat accumulation and 
in turn lower weight gain and risk for obesity [17]. Three meta-analyses of obser-
vational studies found that the obesity risk at school age was reduced by 15–25% 
with early breastfeeding compared with formula feeding. Additionally, 4% lower 
obesity prevalence at a later age for each additional month of breastfeeding had 
been reported [18].

There is no consistent evidence that the introduction of complementary feeding 
before the age of 4 months is associated with higher later risk for obesity when com-
pared with the introduction of infant complementary feeding between 4 and 6 months 
or at 6 months age. A study involving a systematic review of the literature investigating 
the relationship between the introduction of complementary feeding time and over-
weight or obesity during childhood concludes that the risk of childhood overweight 
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and obesity has no clear association with the timing of the introduction of complemen-
tary foods, although some evidence suggests that very early introduction (at or before 
4 months), rather than at 4–6 months or more than 6 months, may increase the risk of 
childhood overweight [19].

Complementary diet quantity and quality, and in turn energy intake, may also 
play a role in the acquisition of subsequent childhood obesity. A large study that 
followed 881 infants in the United Kingdom shows that a higher prevalence of 
greater weight gain between birth and 1–3 years of age can be predicted in infants 
who were provided with solid foods at the age of 4 months [20].

Higher dietary protein intake during infancy, in particular from infant formula, 
had been found to be associated with a higher risk of obesity during the first 6 years 
of life [18, 21]. One explanation is given through early protein hypothesis, which 
describes the increasing level of insulin and insulin-like growth factor-1 as a result 
of high protein intake in early life, resulting in increased fat deposition and weight 
gain [18]. Apart from sweetened beverage intake, total carbohydrate intake during 
complementary feeding seems not to be associated with a higher risk of later child-
hood obesity [22]. Most of the studies about the role of fat intake during infancy 
in the development of childhood obesity failed to show a positive relationship. 
Although, one large study from China concludes that fat intake as fish liver oil is 
associated with a higher risk of childhood overweight [23, 24].

Measures to decrease the risk of obesity through the behavioral changes 
and nutritional education are found to be most effective during early life. 
Furthermore, human biology is the most pliable and amenable to changes during 
this period [25, 26].

3. First 1000 days nutrition and respiratory diseases

Susceptibility to the development of respiratory disease and its progression 
is affected by nutrition and feeding during the first 1000 days through epigen-
etic mechanisms [27]. Additionally, nutrition might affect the development 
of microbiota, which in turn can impress inflammatory, allergic, and immune 
mechanisms, rendering some individuals more susceptible to the various respira-
tory diseases of various mechanisms [28]. A study by Mayor et al. in 2015 shows that 
placental developmental and fetal growth is affected by poor maternal nutrition, 
resulting in increased susceptibility to noncommunicable diseases. This study in par-
ticular revealed that a high maternal fat diet intake before and during pregnancy 
increased glucose and insulin levels, leading to placental inflammation resulting 
in placental insufficiency, intrauterine growth restriction, and alteration of fetal 
lung development [29]. Fetal lung maturation impairment predisposes the neonate 
to an increased risk of respiratory distress syndrome at birth and chronic lung dis-
ease later on [30]. Furthermore, intake of diets rich in vegetables and fruit in the 
first and second trimesters is associated with a lower risk for allergic respiratory 
diseases such as allergic rhinitis and asthma in contrast with a diet rich in vegetable 
oil, margarine, and processed food [31]. This is very important when we compare 
Western diet (rich in oil, fast food, and processed food) to the Mediterranean 
diet (rich in fruit and vegetable, olive oil, fish, cereals, and other fiber diets) as 
a maternal dietary risk factor for the development of respiratory diseases. The 
adherence to the Mediterranean diet has been found to be associated with the nor-
malization trend of gut microbiota, making it a good preventive choice for allergic 
diseases [32]. Some studies show that maternal supplementation with fish source 
Omega-3 polyunsaturated long-chain fatty acids during pregnancy is associated 
with a lower risk of allergic sensitization like allergic rhinitis, asthma, and atopic 
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dermatitis [31, 33, 34]. Additionally, maternal supplementation during pregnancy 
with micronutrients as Vitamin D and E and zinc is associated with a lower risk for 
childhood wheezes [35].

The short- and long-term benefits of breastfeeding are beyond doubt. 
Breastfeeding reduces childhood morbidity and mortality from infectious diseases, 
including respiratory, because it contains secretory IgA antibodies, anti-inflammatory 
cytokines, galacto-oligosaccharides, and lactoferrin [36]. The American Academy of 
Pediatrics reported, in 2012, a 72% reduction of risk of first-year hospitalization in 
exclusively breastfed infants for the first 4 months of life. Additionally, the severity 
of RSV bronchiolitis was reduced by 74% when compared with infants who are never 
or only partially breastfed [37]. WHO, on the other hand, reports that human milk 
can reduce the rate of hospital admission, severity, and mortality of lower respiratory 
tract infection by around 50, 30, and 60%, respectively [38].

The increasing incidence of various types of allergic diseases, including allergic 
rhinitis and asthma, in the last decades, is well documented all over the world, 
especially in developed countries. Many theories for this raise of incidence have 
been suggested, such as the urbanization of the population and following of the 
western lifestyle. Hygiene hypothesis (decreased rate of infectious burden is 
associated with the increased incidence of allergic disease), tobacco smoking, 
pollution, sedentary lifestyle, and reduced rate or absence of breastfeeding in the 
first months of life are thought to be important contributors [31]. In the first year of 
life, exposure to a wide range of food antigens is associated with a lower incidence 
of asthma, allergic rhinitis, and atopic dermatitis. So, the inclusion of food allergen 
in the first year of life might be protective against allergic diseases especially asthma 
[31]. Furthermore, maternal diet during pregnancy might have an impact on health 
even before delivery, and some interventional studies report immunomodulatory 
effects of specific nutrients on the neonate and a reduction of early sensitization to 
allergens [39, 40]. The proposed mechanisms are mainly immunological, suggesting 
the key role of diet in the hemostasis of the immune system, leading to oral toler-
ance and preventing excessive reactions to innocuous antigens which lead to allergic 
disease.

The role of breastfeeding in preventing allergic respiratory disease is contro-
versial. Some studies have addressed the protective effect of breast feeding on the 
development of allergic diseases during childhood by facilitating the development 
of host immune mechanisms especially against allergic rhinitis in the first 5 years of 
life, while the evidence for the association between breastfeeding and wheezing and 
asthma was inconclusive [41, 42]. On the other hand, a protective effect of exclusive 
breastfeeding during the first 3 months of life against the development of asthma in 
children from atopic families has been demonstrated by other recent studies [29].

Many studies have investigated the role of complementary foods’ introduction 
during infancy as a risk factor for developing allergy. Delayed introduction of solid 
foods has no effects on the prevalence of allergy, a result found by many studies 
[43, 44]. Recently, many studies investigated the protective effect of early introduc-
tion of highly allergenic foods (cow’s milk, egg, fish, and peanuts) after at least 
3–4 months of exclusive breastfeeding against food allergy [30]. In general, the 
results of these studies and many others [31, 45, 46] are inconclusive, and further 
studies, especially in children with a positive family history of atopy, are required to 
investigate the role of timing of introduction of high allergenic food in the develop-
ment of atopy.

The effect of type of the diet on the susceptibility to asthma and atopy in 
children also has been studied. It has been found that Mediterranean type of diet 
(rich in fruit, vegetable, fibers, seafood, and olive oil) has a protective effect against 
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asthma and atopy when compared to the western style of diet (rich in saturated fats, 
red meats and poor in fruit, vegetable, whole grain, and seafood) [33, 47].

The micronutrient also has an important protective effect against respiratory 
diseases. Those with a potent antioxidant activity may delay the onset, severity, 
and outcome of asthma. Recent studies conclude that asthma is associated with 
the boosted production of reactive oxygen and reactive nitrogen species (ROS and 
RNS) and the pathogenesis of this disease is enhanced by changes in enzymatic 
antioxidant activity in lung and blood. Furthermore, both ROS and RNS increase 
systemic oxidative stress and subsequently increase the oxidative burden due to the 
alteration of systemic and blood antioxidant systems, which is typical of bronchial 
asthma. Wherefore, improvement of antioxidant activity may represent a successful 
strategy for delaying the onset, decreasing the severity, and improving the outcome 
of asthma. The most important antioxidants in this regard are vitamin E, vitamin C, 
selenium, coenzyme Q10, and carotene [48]. Zinc and iron have an important role 
in the immune system. Zinc is thought to inhibit the viral replication or intracellular 
adhesion and boost immune response at mucosal surfaces and hence may have a 
protective effect against the upper respiratory tract infections. Iron, on the other 
hand, has an important role in cytokines secretion, T cell proliferation, and bacteri-
cidal activity. Iron deficiency might impair these functions [48].

Vitamins also play a role in the defense mechanisms against respiratory diseases. 
Vitamin A is important for the enhancement of immune function and may limit 
the severity of respiratory infections in children older than 5 years of age [30]. 
Vitamin D, on the other hand, probably affects the onset, severity, and exacerbation 
of asthma, respiratory tract infections, and chronic obstructive airway diseases. 
Many theories have been adopted to explain this effect of vitamin D, including 
modulating immune mechanisms [49] and its influences on fetal lung maturation 
and airway smooth muscle cell proliferation and differentiation per via paracrine 
[50]. The role of vitamin C in the prevention and treatment of common cold is 
well known. By its potent antioxidant proprieties, vitamin C counteracts oxidants 
and decreases the external attacks of bacteria, viruses, toxins, and xenobiotics in 
the lung and hence modulates the development of bronchial inflammation and the 
impairment of pulmonary function [30, 51]. Contrary to the positive effects of the 
above vitamins, some studies show that folic acid (commonly used as a preventive 
measure for neural tube defects) in high dose given after the first trimester has been 
associated with an increased incidence of childhood asthma and eczema [30]. This 
relationship has not been documented by many other studies [52, 53].

4. First 1000 days nutrition and brain development

Throughout life, the first 1000 days represent the most vulnerable period for 
brain development and growth. During this period, the brain grows more rapidly 
than any other time, and it is the period where the neuronal connection and proper 
cognitive functioning occurs. Nutritional needs should be met during this period to 
ensure proper growth and development of the brain. A lifelong deficit may result 
from failure to provide key nutrients during this critical period despite subsequent 
nutrient repletion [54].

Development of the brain started 16 days after conception, growing through-
out pregnancy, and taking adult form by 7 months of gestation [55]. Protein, fat 
and fatty acids, zinc, iron, folate, and iodine are required for neuronal creation, 
myelination, and synapses formation. Inadequate intake for these nutrients and 
micronutrients might impair the neurodevelopmental process [56].
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Nutrition during the first 2 years of life is essential for this critical period of 
brain development and growth. Motor functions such as posture, balance, and 
coordination and the child’s ability to create and recall memories (hippocam-
pal—prefrontal connection) are well known to develop during this period [57]. 
Breastfeeding is the idealistic food for brain growth and development during 
the first 2 years of life as it contains hormones, growth factors, and a variety of 
nutrients that are essential for this process. Deoni et al., in their cross-sectional 
study in 2013, conclude that infant breastfeeding is associated with improved 
developmental growth in late-maturing white matter association regions, and 
extended breastfeeding duration is associated with improved white matter struc-
ture and cognitive performance [58]. Furthermore, extreme preterm infants fed 
predominatingly with breast milk in the first 28 days of life show a greater deep 
nuclear gray matter volume, and by the age of 7 years, they had higher IQs and 
better scores in reading, mathematics, working memory, and motor function tests 
[59]. Breastfeeding provides not only the first-class nutrition necessary for the 
shaping of the brain but also affects the quality of the experiences and interactions 
they have with caregivers, which is found to be critical for both the cognitive and 
socio-emotional development [60].

5. First 1000 days nutrition and probiotics

The term dysbiosis refers to the microbial imbalance inside the human, especially 
digestive tract. In the last two decades, there was a great interest in the human 
microbiome. Thousands of studies were conducted to highlight its impact on health 
and disease. More than 500 bacteria species were found harboring the digestive tract, 
representing about 25 times more genes than the human genome [61, 62]. These 
microbes are thought to play a vital role in human health through protection against 
pathogenic microorganisms, metabolic functions by fermentation of indigestible car-
bohydrates, and modulation of the human immune system. Furthermore, recently 
there is important evidence to link dysbiosis with many human diseases like allergy, 
asthma, obesity, and inflammatory bowel diseases [63–65]. The gut of newborns 
will be rapidly colonized by microbes immediately after birth from exposure to the 
mother’s microbiota, especially from the vagina and fecal material. Later on, feed-
ing, close physical contact like hugging and kissing, and the environment will be the 
source of microbes. The adult pattern of gut microbiota will be established by the age 
of 3 years [66]. The establishment of the gut bacterial patterns is greatly influenced 
by the type of feeding. Breast milk is rich in complex nondigestible oligosaccharides, 
with more than 200 different molecules [67]. These oligosaccharides are resistant to 
hydrolysis by human small intestine enzymes and reach the large intestine, acting 
as substrates for microorganisms there, promoting the growth of specific bacteria. 
Nowadays, most infant formulas are supplemented with oligosaccharides, in par-
ticular fructo- and galacto-oligosaccharides, with the aim to improve the intestinal 
microbiota in early life [68]. Early dysbiosis that resulted from different factors like 
cesarean sections, prematurity, and early exposure to antibiotics might be associated 
with a wide spectrum of diseases like obesity, allergic disease, and autism spectrum 
disorders as revealed by several epidemiological studies [68, 69].

6. First 1000 days and epigenetics

Epigenetic modifications of the expression of genes occur through several mech-
anisms including DNA methylation, histone modifications, and posttranscriptional 
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gene-silencing by noncoding microRNAs [1]. Modifications to the epigenetic profile 
by external and internal environments of the cell can have short-term and long-term 
effects on gene expression [70–72]. A range of environmental stressors have epigen-
etic effects that are associated with diseases [70]. Some of these stressors include 
tobacco smoke-related diseases, air pollution effects on immunity and inflamma-
tory responses, endocrine disrupting compounds, and others [73, 74].

Studies of the impact of environmental stressors on the epigenome provide 
insights into the mechanisms that link those stressors with the subsequent manifes-
tations of disease. Such studies are especially important in establishing a full under-
standing of the linkage between stressor-induced modifications of the epigenome 
during the initial 1000 days and maternal and neonatal nutrition. At this time, most 
human studies have been aimed at characterizing the degree of association between 
epigenetic modifications and environmental stressors. Many of these studies use 
methodologies that characterize changes in global DNA methylation patterns or 
methylation of a limited subset of specific genes of interest in cord blood or mater-
nal or neonatal peripheral blood samples. The methylation patterns are then used as 
biomarkers to correlate with the developmental abnormalities and disease status. A 
few examples are summarized here.

Maternal folate nutrition during pregnancy has been implicated in several birth 
defects [75]. The mechanisms that underlie DNA methylation are dependent on 
dietary folate and one-carbon metabolism [76]. Methylation profiles of a number of 
genes, including some not normally associated with folate biology, have a signifi-
cant association with the maternal plasma folate during pregnancy [77]. Maternal 
serum folate concentrations are associated with DNA methylation patterns of 
seven genomic regions observed in the neonatal cord blood, especially in a region 
upstream of a regulator of DNA methylation during development [78]. Methylation 
patterns of insulin-like growth factor-2 (IGF2) in children are associated with the 
maternal periconceptional supplementation of folic acid [79]. Others have observed 
that the methylation patterns of IGF2 promoter regions are not associated with the 
folate concentrations in maternal blood or cord blood [80]. On the other hand, the 
latter study did report an association between the serum levels of vitamin B12 in 
maternal blood and methylation patterns in one of the IGF2 promoters. Vitamin D 
supplementation of pregnant and lactating women also has been associated with 
differential epigenome-wide DNA methylation patterns in their breastfed infants 
[81]. Specific effects of folate and other nutrients on epigenetic alterations in the 
fetus or newborn continue to be the areas of active investigation.

Toxic metal (arsenic, mercury, cadmium, and lead) exposure during preg-
nancy is associated with epigenomic changes in the offspring [82, 83]. Similarly, 
epigenomic changes in the offspring have been found associated with the exposure 
to endocrine disruptors, such as bisphenol-a, dichlorodiphenyltrichloroethane, 
polybrominated diphenyl ethers, polychlorinated biphenyls, and phthalates [83]. 
The relationship between these types of observed associations of epigenetic changes 
and environmental stressors during pregnancy and early life and their relationship 
with the known effects of those stressors and childhood and adult health remain to 
be understood.

Prenatal exposure to famine is associated with less methylation of the insulin-
like growth factor-2 (IGF2) gene observed in adults six decades later [84]. That 
study underscores the potential for early life environmental stressors to cause long-
term epigenetic modifications. Prenatal exposure to other environmental stressors 
on the mother, such as smoking, asthma, immune stress during pregnancy, and 
obesity, are associated with differences in the DNA methylation patterns of periph-
eral blood cells when comparing children who develop asthma with those who do 
not develop the condition [85].
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Nutrition during the first 2 years of life is essential for this critical period of 
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mother’s microbiota, especially from the vagina and fecal material. Later on, feed-
ing, close physical contact like hugging and kissing, and the environment will be the 
source of microbes. The adult pattern of gut microbiota will be established by the age 
of 3 years [66]. The establishment of the gut bacterial patterns is greatly influenced 
by the type of feeding. Breast milk is rich in complex nondigestible oligosaccharides, 
with more than 200 different molecules [67]. These oligosaccharides are resistant to 
hydrolysis by human small intestine enzymes and reach the large intestine, acting 
as substrates for microorganisms there, promoting the growth of specific bacteria. 
Nowadays, most infant formulas are supplemented with oligosaccharides, in par-
ticular fructo- and galacto-oligosaccharides, with the aim to improve the intestinal 
microbiota in early life [68]. Early dysbiosis that resulted from different factors like 
cesarean sections, prematurity, and early exposure to antibiotics might be associated 
with a wide spectrum of diseases like obesity, allergic disease, and autism spectrum 
disorders as revealed by several epidemiological studies [68, 69].
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Epigenetic modifications of the expression of genes occur through several mech-
anisms including DNA methylation, histone modifications, and posttranscriptional 
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gene-silencing by noncoding microRNAs [1]. Modifications to the epigenetic profile 
by external and internal environments of the cell can have short-term and long-term 
effects on gene expression [70–72]. A range of environmental stressors have epigen-
etic effects that are associated with diseases [70]. Some of these stressors include 
tobacco smoke-related diseases, air pollution effects on immunity and inflamma-
tory responses, endocrine disrupting compounds, and others [73, 74].

Studies of the impact of environmental stressors on the epigenome provide 
insights into the mechanisms that link those stressors with the subsequent manifes-
tations of disease. Such studies are especially important in establishing a full under-
standing of the linkage between stressor-induced modifications of the epigenome 
during the initial 1000 days and maternal and neonatal nutrition. At this time, most 
human studies have been aimed at characterizing the degree of association between 
epigenetic modifications and environmental stressors. Many of these studies use 
methodologies that characterize changes in global DNA methylation patterns or 
methylation of a limited subset of specific genes of interest in cord blood or mater-
nal or neonatal peripheral blood samples. The methylation patterns are then used as 
biomarkers to correlate with the developmental abnormalities and disease status. A 
few examples are summarized here.

Maternal folate nutrition during pregnancy has been implicated in several birth 
defects [75]. The mechanisms that underlie DNA methylation are dependent on 
dietary folate and one-carbon metabolism [76]. Methylation profiles of a number of 
genes, including some not normally associated with folate biology, have a signifi-
cant association with the maternal plasma folate during pregnancy [77]. Maternal 
serum folate concentrations are associated with DNA methylation patterns of 
seven genomic regions observed in the neonatal cord blood, especially in a region 
upstream of a regulator of DNA methylation during development [78]. Methylation 
patterns of insulin-like growth factor-2 (IGF2) in children are associated with the 
maternal periconceptional supplementation of folic acid [79]. Others have observed 
that the methylation patterns of IGF2 promoter regions are not associated with the 
folate concentrations in maternal blood or cord blood [80]. On the other hand, the 
latter study did report an association between the serum levels of vitamin B12 in 
maternal blood and methylation patterns in one of the IGF2 promoters. Vitamin D 
supplementation of pregnant and lactating women also has been associated with 
differential epigenome-wide DNA methylation patterns in their breastfed infants 
[81]. Specific effects of folate and other nutrients on epigenetic alterations in the 
fetus or newborn continue to be the areas of active investigation.

Toxic metal (arsenic, mercury, cadmium, and lead) exposure during preg-
nancy is associated with epigenomic changes in the offspring [82, 83]. Similarly, 
epigenomic changes in the offspring have been found associated with the exposure 
to endocrine disruptors, such as bisphenol-a, dichlorodiphenyltrichloroethane, 
polybrominated diphenyl ethers, polychlorinated biphenyls, and phthalates [83]. 
The relationship between these types of observed associations of epigenetic changes 
and environmental stressors during pregnancy and early life and their relationship 
with the known effects of those stressors and childhood and adult health remain to 
be understood.

Prenatal exposure to famine is associated with less methylation of the insulin-
like growth factor-2 (IGF2) gene observed in adults six decades later [84]. That 
study underscores the potential for early life environmental stressors to cause long-
term epigenetic modifications. Prenatal exposure to other environmental stressors 
on the mother, such as smoking, asthma, immune stress during pregnancy, and 
obesity, are associated with differences in the DNA methylation patterns of periph-
eral blood cells when comparing children who develop asthma with those who do 
not develop the condition [85].
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Chapter 2

Breastfeeding in Normal Newborn: 
Basic Concepts
Jayashree Purkayastha

Abstract

Breastfeeding is a complete nutrition for the baby and beneficial to the baby 
and the mother. Mothers should be prepared for breastfeeding and motivated 
antenatally. Breastfeeding should be initiated within 1 h of normal delivery and 
4 h of Caesarean section. In the first 2 days, colostrum is secreted which is highly 
immunogenic to the baby. Mature milk comes by day 10 of life. Foremilk is rich in 
protein and vitamins, while hindmilk is rich in fat. Proper technique should be fol-
lowed for successful breastfeeding. Reflexes in the mother while breastfeeding are 
prolactin and oxytocin reflexes, while reflexes in the baby are rooting, sucking and 
swallowing. In case of early discharge from the hospital, adequacy of breastfeeding 
should be checked at 3–5 days of life. Breastfeeding develops bonding between the 
baby and the mother and promotes brain growth of the baby. Human milk is suit-
able for the baby and contains less protein and minerals than cow’s milk and has less 
solute load for immature kidneys of the baby. Breastfeeding should be on demand, 
minimum eight times per day. The common feeding problems in the mother are flat 
or inverted nipple, sore nipple, engorgement of breasts, and mastitis which should 
be prevented.

Keywords: breastfeeding, breastmilk, benefits, term baby, mother

1. Introduction

Breastfeeding is a birthright of every baby, and also it is the right of every 
mother to breastfeed her baby. Breastfeeding is a complete nutrition for the baby 
and has several advantages to the baby and the mother. Breastfeeding (colostrum) 
has so much benefit for the baby especially immunologically that it is called the 
first vaccine for the baby. Breastfeeding is hypoallergenic and safe to the baby. It is 
sterile, hygienic and also economical. Breastfeeding is the saviour of the infant from 
respiratory and diarrhoeal morbidity and mortality especially in the developing 
and underdeveloped countries. It relieves a lot of economic burden for the poor 
countries [1]. In low-income and middle-income countries, only 37% of the babies 
less than 6 months are exclusively breastfed [2]. Breastfeeding helps in brain growth 
and improves the intelligence quotient (IQ ) of the children and thus benefits the 
country as a whole [3]. Breastfeeding reduces mortality and morbidity of children 
under 5 years of age especially in developing and underdeveloped countries. 
Breastfeeding enhances the bond between the mother and the child, provides 
tender loving care to the child and keeps the mother happy.
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country as a whole [3]. Breastfeeding reduces mortality and morbidity of children 
under 5 years of age especially in developing and underdeveloped countries. 
Breastfeeding enhances the bond between the mother and the child, provides 
tender loving care to the child and keeps the mother happy.
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2. Physiology of lactation

Stage 1: The mammary gland is developed to produce milk as colostrum 
12 weeks prior to parturition, but colostrum secretion is inhibited by the raised 
progesterone levels.

Stage 2: Milk production occurs after delivery due to the decrease in progester-
one and the increase in prolactin levels. By the second or third day, milk production 
depends on suckling of the baby.

Stage 3: Mature milk production starts after 10 days of delivery and is the third 
stage of lactogenesis. The lactogenic effect of prolactin is modulated by the complex 
interplay of pituitary, thyroid, ovarian, adrenal and pancreatic hormones [4].

2.1 Preparing mothers for breastfeeding

During the last trimester of antenatal care, the mother’s nipples should be 
checked. In case of flat nipple or retracted nipple, oil massage and manipulation to 
make the nipples conducive to breastfeeding should be done. The mother should 
be given healthy diet, green leafy vegetables, fruits, eggs, fish (omega 3 fatty acid) 
and plenty of fluids. She should take extra 300 cal and 15 g of protein during 
the antenatal period and extra 500 cal and 25 g of protein during the lactation 
period [5].

2.2 Initiation of breastfeeding

Breastfeeding should be initiated as early as possible after delivery preferably 
within 1 h after normal delivery and 4 h after Caesarean section [5]. The baby is 
biologically active immediately after delivery after which the baby goes into sleep 
and there is difficulty in establishment of breastfeeding; hence breastfeeding 
should be initiated early. Immediately after delivery, he/she should be put on the 
mother’s abdomen, crawl to the breast and suckle at the breast; this method helps 
in early initiation of breastfeeding. Early skin-to-skin contact, putting the baby in 
mother’s abdomen helps in early initiation of breastfeeding [6]. Keeping the baby 
with the mother in the same room is called ‘rooming in’, keeping him/her in the 
same bed with his/her mother is called ‘bedding in’ and keeping him/her in his/her 
mother’s abdomen is called ‘mothering in’ [5].

2.3 Types of breastmilk

In the first 2 days, colostrum is secreted which is rich in lymphocytes, IgA and 
antibodies; the colostrum secreted is 10–40 ml/day which is sufficient for a term 
baby and does not require any supplementation. No prelacteal feeds should be given 
because these can cause infection and delay in establishment of breastfeeding. The 
baby should be well supported while breastfeeding, and the mother may require 
help in the first few days. Both the mother and the baby should be comfortable 
while breastfeeding. A healthy baby will empty the breast within 20 min, and alter-
nating the breasts used for each feed is advised. The baby should completely empty 
the breast on the one side in order to get adequate hindmilk. Foremilk is the initial 
milk which is rich in vitamins, proteins, sugar, mineral and fluid, while hindmilk 
contains fat. Hence foremilk only satisfies the thirst, and the baby needs to get 
adequate hindmilk to get adequate calories and to satisfy hunger. If a baby does 
not empty the breast each feed, he/she does not get hindmilk and hence does not 
get nutritional requirement and feels hungry very fast and does not gain adequate 
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weight. Transitional milk is secreted in the first 10 days followed by mature milk. 
Milk production increases for the first 6 months and then plateaus off. Average milk 
secreted is 500–800 ml/day [5].

2.4 Technique of breastfeeding

The correct technique should be followed for successful breastfeeding. The mother 
should touch the angle of the baby’s mouth with the nipple; rooting reflex causes the 
baby to open the mouth and take in the nipple and the areola into the mouth.

Good attachment: Signs of good attachment are as follows: the baby’s chin 
should be touching the breast, the mouth should be wide open, the lower lip should 
be turned outwards, the upper areola should be visible and the lower areola covered 
(Figure 1). He/she should suckle at the areola and not at the nipple so that the 
tongue is under the lactiferous sinuses and the nipple against the palate. He/she 
should form an adequate seal around the nipple and areola to eject the milk from 
lactiferous sinuses [5].

Good positioning: The baby should be turned towards the mother; his/her 
head, body and buttocks should be well supported and in straight line; his/her 
abdomen should be against his/her mother’s abdomen [7].

Burping: When the baby sucks the breast, air goes in which causes colic, regur-
gitation and abdominal distension; hence burping is necessary. Burping is done by 
putting the baby on the left shoulder and gently patting his/her back or by making 
him/her sit on his/her mother’s lap with support and gently patting the back [7].

Figure 1. 
Correct technique of breastfeeding (cradle hold).
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2.5 Various positions of breastfeeding

Cradle hold: Mother positions the infant’s head at or near the antecubital space 
at the level of her nipple with her arm supporting the infant’s body and her other 
hand is free to hold the breast (Figure 2).

Cross cradle hold: Useful in preterm and babies with fractured clavicle. Mother 
holds the head with the hand opposite the side on which the infant will feed and 
supports the infant’s body across her lap with her arm. The other hand is free to hold 
the breast.

Football hold: This method avoids pressure on Caesarean incision and helps in 
heavy breasts. Mother supports the infant’s head and neck with her hand with the 
infant’s body resting on pillows alongside her hip.

Side lying position: This position avoids pressure on episiotomy or abdominal 
incision and helps the mother to rest while feeding. She lies on her side and her 
upper hand is used to position her breast. Pillows can be put behind her back and 
between her legs to provide comfort. A small blanket or towel can be placed over 
the abdominal incision to protect from the infants’ movement (Table 1) [8].

2.5.1 Reflexes in the mother while breastfeeding

Prolactin reflex: This is the milk production reflex; when the baby suckles at the 
breast, it causes sensory nerves to be stimulated which stimulates the anterior pitu-
itary to secrete prolactin which helps in the production of milk for the next feed.

Oxytocin reflex: When the baby suckles at the breast, stimulation of posterior 
pituitary secretes oxytocin which contracts the myoepithelial cells and helps in 
the ejection of milk; this reflex is also called let down reflex because when the 
mother feeds the baby from one breast and this reflex is acting, then there will 
be breastmilk secretion from the other breast also, which is called drip milk. This 

Figure 2. 
Various positions of breastfeeding (taken from toko.semuada.com).
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reflex if present tells us that mother’s milk is adequate. Oxytocin reflex is usually 
affected by the mother’s mental status; if she is relaxed, calm and happy, oxytocin 
reflex is augmented on the other hand; if she is depressed and sad, oxytocin reflex 
is inhibited; for successful breastfeeding, the mother should be relaxed, calm and 
happy [5].

2.5.2 Reflexes in the baby

Rooting reflex: When the mother’s nipple touches the angle of the mouth and 
then the baby opens the mouth and tries to latch at the breast, this is called rooting 
reflex.

Sucking reflex: The baby suckles at the areola when the nipple and the areola 
are put inside the mouth.

Swallowing reflex: The baby sucks and then swallows. The synchrony of 
respiration with sucking and swallowing takes place at 34 weeks of gestation. Babies 
born at or after 34 weeks of gestation can only successfully breastfeed. The rhythm 
is usually suck, suck, suck, pause and then swallow [5].

2.6 Adequacy of breastmilk

How to know if breastmilk is sufficient or not? In the first week of life, there will 
be weight loss; in an exclusively breastfed term baby, about 5–7% of birthweight is 
lost in the first week especially by 48–72 h of birth [9]. A term baby usually regains 
birthweight, on average, by 8.3 days of life [9] and starts gaining minimum ½ 
ounce/day for the first 3 months [10]. Hence after the first week of life, we know 
that breastmilk is adequate by observing adequate weight gain, five to six times, 
pale-coloured urine per day and golden yellow colour stools, and then baby should 
sleep after each feed. Also when the mother is breastfeeding from one breast, if 
milk drips from the other breast, it is suggestive of adequacy of milk, and the milk 
that drips from the other breast is called drip milk. Drip milk is low in energy and 
fat content. If the baby is not gaining adequate weight and urine output is less after 
the third day of life, it is suggestive of inadequate breastmilk; the baby needs to 
attend a paediatrician to prevent complications like hypernatraemic dehydration 
[10]. However it should be remembered that in the first 2 days of life, only colos-
trum is secreted which is less in amount; hence urine output may be very less so 
much so that we can wait for 48 h for the first passage of urine. There is no need to 
give any complementary feeds to the baby in the first 2–3 days when colostrum is 
less because whatever colostrum is there, it is enough to meet the nutritional needs 
of a term baby, and a term baby also contains enough stores of glycogen. In case of 
early discharge from the hospital exclusively, breastfed babies should be seen by a 
paediatrician on the third to fifth day of life to check the adequacy of breastmilk 
and establishment of lactation [10].

Positions Elements positive Elements negative

Cradle hold Classic position Head tends to wobble

Cross cradle hold Provides good head control Least familiar

Football or clutch hold For LBW, minimum head control, 
avoids Caesarean incision

Teaching required

Side lying Minimises fatigue Chances of smothering

Table 1. 
Various positions for breastfeeding.
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2.7 Benefits of breastmilk

2.7.1 Benefits to the baby

1. It is a complete nutrition for the baby till 6 months of age. It is easily digestible 
due to the presence of lipase and whey proteins.

2. Breastmilk contains anti-infective properties, antibodies, IgA and lactobacilli 
which protect the baby from diarrhoea, respiratory tract infection, otitis media 
and necrotizing enterocolitis.

3. Breastmilk is hypoallergenic and reduces disorders like asthma and eczema in 
breastfed babies.

4. Biochemical benefits: Protein is predominantly whey protein which 
contains alpha lactalbumin and lactoferrin. Lactalbumin is rich in 
tryptophan which is a precursor of serotonin and plays an important role as 
neurotransmitter. Lactoferrin helps in the absorption of iron and zinc and is 
bacteriostatic. Calcium phosphorus ratio is more than 2 and helps in calcium 
absorption. Protein content is less which provides less solute load to the 
baby’s kidneys.

5. Microbiological benefits: It is sterile and there is less chance of contamination. 
Lactoferrin is bacteriostatic and inhibits E. coli growth in gut; lactoferrin 
binds with iron and makes it unavailable to E. coli. Peroxidases and lipases 
kill bacteria. The bifidus factor promotes the growth of lactobacilli. Bile 
salt- stimulated lipase (BSSL) kills amoeba and Giardia. Deficiency of para- 
aminobenzoic acid (PABA) in breastmilk prevents the growth of malarial 
parasite.

6. Immunological benefits: Breastmilk supplies passive immunity to the baby. 
It contains macrophages, lysozymes and complements, T lymphocytes and B 
lymphocytes. Secretory IgA provides surface immunity to GI tract and respira-
tory tract.

7. Psychological benefits: Breastfeeding promotes bonding between the mother 
and the baby. Breastfeeding provides maternal warmth, closeness and comfort 
to the baby.

8. Better IQ: Breastfed babies have higher intelligence quotient than formula-fed 
babies and have enhanced visual development. Breastmilk contains long-chain 
fatty acids like arachidonic acid (AHA) and docosahexaenoic acid (DHA), lac-
tose and sialic acid which promote brain growth. Breastmilk contains choline, 
taurine and iodine which promote brain growth.

9. Breastfed babies have less risk of developing diabetes mellitus, high blood 
pressure, obesity, heart attack and certain cancers in adult life [5, 11–13].

2.7.2 Benefits to the mother

1. Breastfeeding releases oxytocin which helps in involution of the uterus which 
leads to less chance of postpartum haemorrhage.
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2. Mothers who breastfeed have lactational amenorrhoea and have less chance 
of conception during that period. Night feeds especially help in preventing 
conception during lactational amenorrhea.

3. Breastfeeding is convenient, economical and readily available at the desired 
temperature.

4. Mothers develop a close bond with the baby; they feel relaxed and happy to 
take care of their baby.

5. Mothers regain their prepregnancy weight earlier than in those mothers who 
formula feed their babies because the energy stored during pregnancy is lost 
during lactation.

6. Mothers who breastfeed their babies have less chance of developing breast 
cancer and ovarian cancer [5, 11–13].

2.8 Breastmilk and brain growth

Breastmilk contains arachidonic acid (AHA), docosahexaenoic acid (DHA), 
high contents of amino acids like cysteine and taurine, choline, iodine, zinc, lactose 
and oligosaccharides which promotes maturation, myelination and synaptogenesis 
of the human brain [3].

2.9 Composition of breastmilk and cow’s milk

Breastmilk contains less protein and solute load which are suitable for the baby 
and their immature kidneys. Cow’s milk protein is predominantly casein, whereas 
breastmilk contains whey protein which is easily digestible. It is mainly lactalbumin 
and lactoferrin. Casein to whey protein ratio is 40:60 in human milk and 80:20 in 
cow’s milk. Cow’s milk contains lactoglobulin which is the cause of intolerance to cow’s 
milk. Lactobacilli and lactic acid are probiotics which help in digestion in human milk. 
Nonprotein nitrogen in human milk like urea, amino acids, choline, creatinine, uric 
acid, ammonia and N-acetylglutamine are bioactive factors which are not present in 
cow’s milk. Breastmilk is rich in long-chain polyunsaturated fatty acid (PUFA) like 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). Cow’s milk is rich in 
saturated fats. The polyunsaturated/saturated fat ratio is 1.2:1 in breastmilk compared 
to 1:2 in cow’s milk. Carbohydrate in breastmilk is lactose which is double in content 
in breastmilk than in cow’s milk and is suitable for brain growth and for the develop-
ment of normal GI flora in babies. Vitamins like K and D are deficient in breastmilk. 
Especially in vitamin D-deficient mothers, breastmilk contains less vitamin D, and 
hence vitamin D supplementation in normal newborn exclusively breastfed babies is 
essential. Vitamin K is given to all babies after birth to prevent haemorrhagic disease 
of newborn. Minerals are less in breastmilk, but bioavailability is better in breastmilk 
than in cow’s milk. Cow’s milk contains high levels of electrolytes and hence high 
solute load and is not suitable for immature kidneys of babies [5, 12] (Table 2).

2.10 Breastfeeding schedule

In a normal term baby, breastfeeding should be done as and when baby demands. 
Usually after every 2–3 h, the baby will wake up and cry for feeds; this is called 
demand feeding. Some babies might sleep for a long duration usually in the first few 
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milk. Lactobacilli and lactic acid are probiotics which help in digestion in human milk. 
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2.10 Breastfeeding schedule

In a normal term baby, breastfeeding should be done as and when baby demands. 
Usually after every 2–3 h, the baby will wake up and cry for feeds; this is called 
demand feeding. Some babies might sleep for a long duration usually in the first few 
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days after birth; these babies should be awakened and fed if the gap exceeds more 
than 3 h. Some babies sleep off after few minutes of suckling; they should be aroused 
by tickling at the ears and flicking the sole, or the mother should try to withdraw 
the nipple and then the baby starts suckling again [12]. Usually a normal term baby 
requires 15–20 min to empty one breast; he/she should be allowed to completely 
empty one breast so that he/she gets both foremilk and the hindmilk, which is required 
for the satiety of hunger and weight gain. If the baby sleeps off after a few mins, 
he/she should be aroused and then start suckling again and complete the feed [12]. 
Breastfeeding should be continued till 2 years of age because the maximum growth 

Nutrition Human milk Cow’s milk

Calories 65 67

Protein 1.1 g 3.5 g

Lactose 7.4 g 4.5 g

Fat 3.5 g 3.5 g

Calcium 35 mg 140 mg

Phosphorus 15 mg 90 mg

Magnesium 4 mg 12 mg

Electrolytes (meq/L)

Sodium 6.5 25

Chloride 12 29

Potassium 14 35

Osmolality (mosm/L) 290 350

Vitamins

Vitamin A (μg) 53 34

Vitamin D (IU) 0.4–10 0.3–4

Vitamin E (mg) 0.2

Vitamin K1 (μg) 0.3 0.7

Vitamin C (mg) 4.3 1.8

Thiamine (B1) (μg) 16 42

Riboflavin (B2) (μg) 43 157

Niacin (μg) 172 85

Vitamin B6 (μg) 11 58

Folic acid (μg) 0.18 0.23

Vitamin B12 (μg) 0.18 0.4

Biotin (μg) 2 22

Choline (mg) 1.3 1.2

Taurine (mg) 5 0.5

Carnitine (mg) 0.8 1

Iron (mg) 0.05–0.2 0.1–0.3

Iodine (mg) 7 21

Copper (mg) 0.04 0.03

Zinc (mg) 0.53 0.38

Table 2. 
Human milk versus cow’s milk composition per 100 ml [5, 12].
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and myelination of the brain take place in the first 2 years of life [5]. After 6 months 
of age, weaning should be started which is done by introducing semisolids or comple-
mentary feeds to the diet along with breastfeeding. After 6 months of life, the baby 
becomes interested in his/her surroundings and shows interest when adults take food; 
breastmilk output of the mother is not sufficient to meet the needs of the baby, and 
hence semisolid diet according to the regional availability may be introduced. If wean-
ing is not started by 6 months of age, it might lead to malnutrition. An exclusively 
breastfed term baby does not require multivitamin supplementation; however the 
baby may be given vitamin D supplementation for a period of 6 months [10].

2.11 Immunobiology of breastmilk

Colostrum is very rich in secretory IgA (sIgA) which protects the mucosal lining 
of GI tract and respiratory tract and contains lymphocytes and macrophages. 
After 2–3 days, colostrum is replaced by transitional breastmilk which contains 
less amount of sIgA than colostrum. SIgA are produced in the mammary gland by 
the plasma cells that are derived from gut-associated lymphoid tissue (GALT) and 
bronchus-associated lymphoid tissue (BALT) [5]. Breastmilk contains sIgA and 
also IgM antibodies. IgM antibodies are transmitted from the mother to the baby by 
breastmilk; IgM antibodies usually do not cross the placenta and are not transferred 
from the mother to the baby via the placenta [12]. Breastmilk also contains IgG anti-
bodies, lymphocytes, polymorph, macrophages and plasma cells and nonspecific 
humoral factors like lysozyme, oligosaccharides, lactoferrin and lactoperoxidase. 
Probiotics in breastmilk protects the gut from enteric pathogens. It also contains 
antiviral and anti-staphylococcal factors [12].

2.12 Common feeding problems in the mother

2.12.1 Flat or inverted nipple

If the nipple is flat, the areola and the nipple should be brought out to form the 
teat; otherwise the baby cannot latch a flat nipple. Occasionally while trying to 
pull out the nipple, it goes deeper into the breast and this is called inverted nipple; 
in this case the baby finds difficulty in latching. Nipple protractility test (nipple 
should be capable of being pulled out) should be done in the last trimester of preg-
nancy [14]. The nipple might get corrected as the baby sucks. In case of problem, 
syringe technique should be tried (Figure 3). Supple cups or silicone nipple can be 
used over flat or inverted nipple to form a teat so that the baby can suckle.

2.12.2 Prevention of engorgement of breasts

Usually by days 2–3, milk production increases, and if the baby is not put for 
suckling, the breasts get engorged. If the breasts get engorged, then the nipple and 
areola becomes hard and baby does not suck at the breast. To relieve breast engorge-
ment, breasts have to be emptied; this can be done by putting the baby for frequent 
suckling at the breast or by emptying the breast using breast pump. Warm packs 
applied to breasts or a warm shower before feeding combined with massage helps to 
relieve the congestion [8].

2.12.3 Prevention of sore nipples

This may occur from strong sucking action of the baby if his/her position is not 
correct, i.e. if he/she sucks at the nipple instead of the areola; correct breastfeeding 
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of age, weaning should be started which is done by introducing semisolids or comple-
mentary feeds to the diet along with breastfeeding. After 6 months of life, the baby 
becomes interested in his/her surroundings and shows interest when adults take food; 
breastmilk output of the mother is not sufficient to meet the needs of the baby, and 
hence semisolid diet according to the regional availability may be introduced. If wean-
ing is not started by 6 months of age, it might lead to malnutrition. An exclusively 
breastfed term baby does not require multivitamin supplementation; however the 
baby may be given vitamin D supplementation for a period of 6 months [10].

2.11 Immunobiology of breastmilk

Colostrum is very rich in secretory IgA (sIgA) which protects the mucosal lining 
of GI tract and respiratory tract and contains lymphocytes and macrophages. 
After 2–3 days, colostrum is replaced by transitional breastmilk which contains 
less amount of sIgA than colostrum. SIgA are produced in the mammary gland by 
the plasma cells that are derived from gut-associated lymphoid tissue (GALT) and 
bronchus-associated lymphoid tissue (BALT) [5]. Breastmilk contains sIgA and 
also IgM antibodies. IgM antibodies are transmitted from the mother to the baby by 
breastmilk; IgM antibodies usually do not cross the placenta and are not transferred 
from the mother to the baby via the placenta [12]. Breastmilk also contains IgG anti-
bodies, lymphocytes, polymorph, macrophages and plasma cells and nonspecific 
humoral factors like lysozyme, oligosaccharides, lactoferrin and lactoperoxidase. 
Probiotics in breastmilk protects the gut from enteric pathogens. It also contains 
antiviral and anti-staphylococcal factors [12].

2.12 Common feeding problems in the mother

2.12.1 Flat or inverted nipple

If the nipple is flat, the areola and the nipple should be brought out to form the 
teat; otherwise the baby cannot latch a flat nipple. Occasionally while trying to 
pull out the nipple, it goes deeper into the breast and this is called inverted nipple; 
in this case the baby finds difficulty in latching. Nipple protractility test (nipple 
should be capable of being pulled out) should be done in the last trimester of preg-
nancy [14]. The nipple might get corrected as the baby sucks. In case of problem, 
syringe technique should be tried (Figure 3). Supple cups or silicone nipple can be 
used over flat or inverted nipple to form a teat so that the baby can suckle.

2.12.2 Prevention of engorgement of breasts

Usually by days 2–3, milk production increases, and if the baby is not put for 
suckling, the breasts get engorged. If the breasts get engorged, then the nipple and 
areola becomes hard and baby does not suck at the breast. To relieve breast engorge-
ment, breasts have to be emptied; this can be done by putting the baby for frequent 
suckling at the breast or by emptying the breast using breast pump. Warm packs 
applied to breasts or a warm shower before feeding combined with massage helps to 
relieve the congestion [8].

2.12.3 Prevention of sore nipples

This may occur from strong sucking action of the baby if his/her position is not 
correct, i.e. if he/she sucks at the nipple instead of the areola; correct breastfeeding 
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technique can prevent sore nipples. The baby should not be forcefully removed 
from sucking at the breast, but instead a finger can be introduced to break the suc-
tion and then remove him/her; he/she should not be allowed to suck for a long time 
after the breast is emptied; the nipple should not be allowed to remain wet from 
leaking milk. The mother can keep the nipple exposed to air for 10–15 min after 
breastfeeding or apply vitamin E lotion, coconut oil and lanolin to prevent soreness. 
While cleaning the nipples, she should avoid using soap and use only warm water. 
In case of sore nipple or cracked nipple, nipple shells or nipple shields can be used to 
allow the baby to suckle and to prevent the mother from pain [7].

2.12.4 Blocked ducts

Sometimes a segment of the breast becomes hard due to blocked ducts; in this 
case proper massage and warm packs with emptying of the breast helps, and if 
blocked ducts are not treated, it leads to mastitis [5]. Sometimes due to incorrect 
technique and engorgement of breasts if not treated, the mother may develop 
mastitis (non-infective); in this condition mothers should be given analgesia 
(paracetamol) prior to feeds, and the baby should be put for suckling; if baby cannot 
be put for suckling at the breast due to pain, breasts must be emptied by using breast 
pump; the mother should take bed rest and plenty of fluids orally. In case the mother 
develops breast abscess, antibiotics should be given for 10–14 days. Breastfeeding 
can be continued from the affected breast if there is no pus discharge from the nipple 
[15]. Breast abscess might require drainage. Candidal infection: sometimes mothers 
may experience excruciating pain while feeding the baby; if the baby has oral thrush, 
1% gentian violet clotrimazole mouth paint may be applied over the nipple and inside 
the baby’s mouth. Mothers may require systemic antifungal like fluconazole in severe 
cases [16]. Psychological counselling for the mother is necessary in these cases of 
feeding problems. A mother needs constant support and guidance in these cases [5].

2.13 Breastfeeding when the mother is ill

A mother can breastfeed her baby in case of fever, rhinitis, respiratory tract 
infection, diarrheal diseases and asthma provided she is not very sick and unable 
to breastfeed. In case of respiratory tract infections, she should wear mask while 
breastfeeding. If the mother is unable to breastfeed, expressed breastmilk (EBM) can 

Figure 3. 
Syringe technique for flat and inverted nipple (taken from Wikihow.com).
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be given through cup and spoon. Breastmilk can be expressed using manual or elec-
tric breast pump. Bottle feeds should not be used because it creates nipple confusion 
in the baby and the baby will refuse to take breastfeeding. Bottle feeding is easier and 
needs less energy, and henceforth the baby becomes lazy and refuses breastfeeding 
[12]. If the mother has mastitis, she can breastfeed from the unaffected breast and 
also from the affected breast if there is no pus discharge from the nipple of affected 
site [15]. In case of UTI and tuberculosis (if sputum is negative), breastfeeding can 
be given. In case of hepatitis B-positive mother, the baby should be given hepatitis 
B immunoglobulin and hepatitis B vaccine after birth, and breastfeeding can be 
continued [5]. In case of HIV-positive mother, the WHO recommends to continue 
breastfeeding in developing countries because in developing countries morbidity 
and mortality is high if the baby is not breastfed due to other infections like respira-
tory and diarrhoeal diseases. However in the case of higher socioeconomic status, 
breastfeeding can be stopped and formula feeds may be given in HIV-positive 
mothers. CDC recommends to stop breastfeeding in HIV-positive mothers [17]. In 
postpartum psychosis, breastfeeding may be allowed under supervision.

2.14 Contraindications to breastfeeding

Galactosemia, congenital lactose intolerance, chemotherapy, antithyroid drugs 
except propylthiouracil and antipsychotic drugs like lithium are contraindications 
for breastfeeding [5].

2.15 Breastfeeding-associated problems

2.15.1 Regurgitation of feeds

Some babies regurgitate some curdy milk precipitates (fermented milk from the 
stomach) after each feed; the mother should be advised to burp the baby properly 
to eructate the swallowed air and to make the baby lie in right lateral position with 
slight elevation of the head.

2.15.2 Gastrocolic reflex

Some breastfed babies may pass stool after each feed; this is not diarrhoea, and if 
urine output is good, then there is no dehydration and no treatment required; it is a 
phenomenon due to gastrocolic reflex. If the urine output is good then it is normal.

2.15.3 Evening colic

Some breastfed babies cry during the evening hours due to aerophagia. These 
babies can be put prone, and burping can be done which will help the air to come 
out and relieve the colic [12].

2.16 Breastfeeding in working mothers

Usually working mothers get 6 months of maternity leave. In the first 6 months, 
exclusive breastfeeding can be given and then complementary feeds should be 
started along with breastfeeding.

Ideally there should be a crèche near the working place for the mother to go and 
feed in between. There should be a private place in the working area for the mother 
to express her milk and give to her baby in the crèche. Expressed breastmilk can be 
given to the baby if the mother is away by cup and spoon [5].
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needs less energy, and henceforth the baby becomes lazy and refuses breastfeeding 
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be given. In case of hepatitis B-positive mother, the baby should be given hepatitis 
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and mortality is high if the baby is not breastfed due to other infections like respira-
tory and diarrhoeal diseases. However in the case of higher socioeconomic status, 
breastfeeding can be stopped and formula feeds may be given in HIV-positive 
mothers. CDC recommends to stop breastfeeding in HIV-positive mothers [17]. In 
postpartum psychosis, breastfeeding may be allowed under supervision.
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Galactosemia, congenital lactose intolerance, chemotherapy, antithyroid drugs 
except propylthiouracil and antipsychotic drugs like lithium are contraindications 
for breastfeeding [5].
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Some babies regurgitate some curdy milk precipitates (fermented milk from the 
stomach) after each feed; the mother should be advised to burp the baby properly 
to eructate the swallowed air and to make the baby lie in right lateral position with 
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to express her milk and give to her baby in the crèche. Expressed breastmilk can be 
given to the baby if the mother is away by cup and spoon [5].
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2.17 Breastmilk storage

Expressed breastmilk (EBM) should be stored in a stainless steel, food grade 
hard plastic or glass container having a tight fitting lid. EBM can be stored at room 
temperature for 6 h and in the refrigerator for 24 h and in the freezer compartment 
of the refrigerator for 2 weeks. EBM should be thawed before feeding by running 
tap or lukewarm water over the container; never use boiling or hot water to thaw 
the milk. EBM should never be heated or microwaved because the antibodies get 
destroyed [18].

2.18 Medications to the lactating mothers

All drugs taken by the mother will be excreted in the milk, but the concentration 
of drugs in the breastmilk is less, usually less than 1%. Propylthiouracil and warfa-
rin are safe and can be taken during breastfeeding. Antibiotics taken by the mother 
may cause increased stooling of the baby. Laxatives taken by the mother can cause 
diarrhoea in the baby; however milk of magnesia, liquid paraffin and glycerine 
suppositories are safe. Oral contraceptives, pyridoxine, nicotine and bromocriptine 
suppress lactation [5].

2.19 Delayed lactation

Some mothers with obesity, diabetes mellitus, stress, polycystic ovarian disease, 
postpartum haemorrhage and retained placenta may have delayed lactation. In 
these cases galactogogues can be given like domperidone and metoclopramide 
tablets. However it should be kept in mind that these drugs can cause extra pyrami-
dal symptoms (EPS) in the mother. Domperidone has less chance of EPS and is well 
tolerated and can be given for 7–10 days at length [5].

2.20 Baby-friendly hospital initiative (BFHI)

The Baby-friendly Hospital Initiative (BFHI) was started in the year 1992 
organised by the UNICEF and WHO. The World Alliance for Breastfeeding Action 
(WABA) is the global agency for the promotion of breastfeeding. The 10 steps of 
BFHI are as follows [5]:

1. Every hospital should have a written breastfeeding policy that is routinely 
communicated to all healthcare staff.

2. Train all healthcare staff in skills necessary to implement this policy.

3. Inform all pregnant women about the benefits and management of 
 breastfeeding.

4. Help mothers to initiate breastfeeding within an hour of birth.

5. Show mothers how to breastfeed and how to maintain lactation even if they are 
separated from their infants.

6. Give newborn infants no food or drink other than breastmilk, unless medically 
indicated.
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7. Practise rooming-in and allow mothers and infants to remain together 24 h a 
day.

8. Encourage breastfeeding on demand.

9. Give no artificial teats or pacifiers (also called dummies or soothers) to breast-
feeding infants.

10. Foster the establishment of breastfeeding support groups, and refer mothers to 
them on discharge from the hospital or clinic.

2.21 Breastfeeding week celebration

Every year breastfeeding week is celebrated from August 1 to August 7. It com-
memorates the Innocenti Declaration in August 1990 when the WHO, UNICEF and 
several other organisations came together to protect, promote and support breast-
feeding. Every year there is a theme based on which it is celebrated. Breastfeeding 
week celebrations are organised by the WABA, UNICEF, WHO and several govern-
ment and non-government organisations [19].

3. Conclusion

All mothers should be antenatally motivated for breastfeeding. Breastfeeding 
should be initiated within 1 h of birth. Early skin-to-skin contact helps in early 
initiation of breastfeeding. Correct technique of breastfeeding should be taught to 
the mother. Exclusive breastfeeding should be given for 6 months of age and then 
complementary feeds should be introduced. In low- and middle-income coun-
tries, breastfeeding not only benefits the mother and the baby but also reduces 
economic burden of the country. Hence we should protect, promote and support 
breastfeeding not only in low- and middle-income countries but also in developed 
countries.
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tablets. However it should be kept in mind that these drugs can cause extra pyrami-
dal symptoms (EPS) in the mother. Domperidone has less chance of EPS and is well 
tolerated and can be given for 7–10 days at length [5].

2.20 Baby-friendly hospital initiative (BFHI)

The Baby-friendly Hospital Initiative (BFHI) was started in the year 1992 
organised by the UNICEF and WHO. The World Alliance for Breastfeeding Action 
(WABA) is the global agency for the promotion of breastfeeding. The 10 steps of 
BFHI are as follows [5]:

1. Every hospital should have a written breastfeeding policy that is routinely 
communicated to all healthcare staff.

2. Train all healthcare staff in skills necessary to implement this policy.

3. Inform all pregnant women about the benefits and management of 
 breastfeeding.

4. Help mothers to initiate breastfeeding within an hour of birth.

5. Show mothers how to breastfeed and how to maintain lactation even if they are 
separated from their infants.

6. Give newborn infants no food or drink other than breastmilk, unless medically 
indicated.
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7. Practise rooming-in and allow mothers and infants to remain together 24 h a 
day.

8. Encourage breastfeeding on demand.

9. Give no artificial teats or pacifiers (also called dummies or soothers) to breast-
feeding infants.

10. Foster the establishment of breastfeeding support groups, and refer mothers to 
them on discharge from the hospital or clinic.

2.21 Breastfeeding week celebration

Every year breastfeeding week is celebrated from August 1 to August 7. It com-
memorates the Innocenti Declaration in August 1990 when the WHO, UNICEF and 
several other organisations came together to protect, promote and support breast-
feeding. Every year there is a theme based on which it is celebrated. Breastfeeding 
week celebrations are organised by the WABA, UNICEF, WHO and several govern-
ment and non-government organisations [19].

3. Conclusion

All mothers should be antenatally motivated for breastfeeding. Breastfeeding 
should be initiated within 1 h of birth. Early skin-to-skin contact helps in early 
initiation of breastfeeding. Correct technique of breastfeeding should be taught to 
the mother. Exclusive breastfeeding should be given for 6 months of age and then 
complementary feeds should be introduced. In low- and middle-income coun-
tries, breastfeeding not only benefits the mother and the baby but also reduces 
economic burden of the country. Hence we should protect, promote and support 
breastfeeding not only in low- and middle-income countries but also in developed 
countries.
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Chapter 3

Factors Influencing Maternal 
Decision-Making on Infant 
Feeding Practices
Whitney N. Hamilton

Abstract

The decision to formula feed or breastfeed a child typically begins with an estab-
lished prenatal intention. This chapter will examine the multiple dimensions influenc-
ing maternal decision-making in regards to the feeding practices of infants including 
1) individual maternal characteristics, 2) organizational factors, 3) hospital/provider 
recommendations, and 4) systematic/policy factors. The chapter will also examine 
the impact of infant feeding practices on early infant and childhood health outcomes. 
Research has demonstrated the benefits of breastfeeding on infants and early childhood 
which includes but is not limited to protection against common illnesses and infections, 
improved IQ , and even increased school attendance. Moreover, the World Health 
Assembly global nutrition objectives focus on encouraging breastfeeding support across 
all sectors in addition to implementing tailored community-based approaches, limiting 
the excessive marketing of infant formula, and enforcing supportive breastfeeding 
legislation. The aim of this chapter is to provide an overview of the dynamic interplay 
between individual, interpersonal, community, and societal factors, such as policies 
that impact breastfeeding rates and more specifically the health of infants.

Keywords: infant feeding, breastfeeding, health outcomes

1. Introduction

Key Points

• The World Health Organization recommends mothers exclusively breastfeed their children for the 
first 6 months of life and thereafter, supplement nutritious foods and breastmilk for up to 2 years 
and beyond in order for children and mothers to reap the optimal health benefits associated with 
breastfeeding.

• Despite the known health and economic benefits of breastfeeding, global breastfeeding prevalence 
remains an underachieved target, where less than 40% of infants are globally breastfed according to 
the WHO’s recommendations [1].

• The World Health Assembly (WHA) has a goal of increasing the prevalence of exclusive breastfeed-
ing to at least 50% by the year 2025 [1].

• In order to increase global breastfeeding prevalence understanding and addressing the individual 
maternal characteristics, community, organizational, and political factors affecting breastfeeding 
practices is crucial.
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Breastfeeding is a child’s first barrier against death and disease, providing 
protection against respiratory infection, gastrointestinal illness, and other adverse 
health outcomes [1–3]. Breastfeeding has also been associated with increased IQ , 
school attendance, as well as higher income in adult life [2, 3] The World Health 
Organization recommends infants exclusively receive breastmilk for the first 
6 months of life and consume nutritionally adequate foods in addition to breastmilk 
for 2 years and beyond in order for children and mothers to reap the optimal health 
benefits associated with breastfeeding [1]. Nearly 1 million deaths of children under 
the age of 5 worldwide could be averted through breastfeeding alone, if families 
adhered to the World Health Organization’s breastfeeding recommendation [2]. 
Improving maternal compliance to optimal breastfeeding recommendations can 
also reduce a mother’s risk of ovarian cancer, heart disease, and diabetes and prevent 
approximately 20,000 maternal deaths from breast cancer alone. Breastfeeding also 
delays the return of the menstrual cycle which can help with birth spacing. Global 
adherence to optimal breastfeeding practices can lead to an array of health benefits 
coupled with economic benefits contributing to a worldwide economic savings of 
300 billion U.S. dollars [1, 2].

The World Health Assembly (WHA), which is the governing body of the 
World Health Organization, recognizes the benefits of breastfeeding and has 
set a goal of increasing the prevalence of exclusive breastfeeding to at least 50% 
by the year 2025. In addition to the WHA breastfeeding objective, the Global 
Breastfeeding Collective, a partnership of non-governmental organizations, aca-
demic institutions, and donors, led by UNICEF and WHO, seeks to work alongside 
WHA to accelerate progress toward reaching the breastfeeding targets and improve 
overall rates of breastfeeding initiation and continuation for 2 years [4]. The World 
Bank Investment Framework for Nutrition estimates that by reaching the WHA 
breastfeeding targets in 2025, would prevent over 500,000 child deaths as well as 
save approximately $300 billion as a result of improved child development and 
survival rates [5].

Despite the recognized benefits of breastfeeding, only 38% of infants worldwide are 
exclusively breastfed for 6 months [4]. The maternal decision on infant feeding practices 
begins with an established prenatal intention to breast or formula feed. Macro-level 
factors such as media broadcasting, infant formula marketing, and breastfeeding 
legislation interact with the micro-level factors which include hospitals, workplaces, and 
cultural norms that are supportive or discouraging to a woman’s intent to breastfeed [6]. 
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The prevalence of breastfeeding remains variable around the world due to the lack of 
necessary support for a mother to sustain breastfeeding [7]. Economic pressures, soci-
etal factors, and the lack of positive media coverage on breastfeeding has resulted in a 
cultural shift that does not fully support breastfeeding and are cited reasons for reduced 
breastfeeding rates globally [8]. The excessive marketing, support of, and reliance on 
infant formula has created a new culture and standard for infant feeding practices [8].

2. Breastfeeding prevalence

As aforementioned, the overall rate of exclusive breastfeeding for infants under 
6 months of age is slightly less than 40% despite the known benefits of breastfeed-
ing [4]. However, the least developed countries have experienced the greatest 
improvement in exclusive breastfeeding rates, where exclusive breastfeeding preva-
lence at 6 months increased from 38% in 2000 to 50% in 2012 [9]. In such develop-
ing countries a majority of infants are also still breastfeeding at 1 year in contrast to 
the approximate 20% in developed countries and the less than 1% still breastfeeding 
in the UK [3, 4]. According to the World Health Organization, only 23 countries 
have achieved at least 60% of infants less than 6 months being exclusively breastfed 
and nearly 40% of countries have breastfeeding initiation rates above 80%. In 
Africa, approximately 70% of countries have extended duration rates of continued 
breastfeeding for at least 1 year. In contrast, only four countries in the Americas 
have reached such high rates of breastfeeding duration at 1 year. The duration of 
breastfeeding for 2 years dramatically drops to 45% and no country in the Americas 
experiences a continued breastfeeding duration of 2 years [4].

The high initiation rate and reduced duration rate suggest many mothers intend 
to breastfeed but may face barriers to continue breastfeeding. The most commonly 
cited breastfeeding barriers as indicated in research include misinformation regard-
ing the specific benefits of breastfeeding, social norms, lack of spousal and family 
support, child-birth complications, maternal employment, and lack of healthcare 
provider breastfeeding recommendations [10]. The Global Breastfeeding 
Collective’s Call to Action highlights seven priorities to improve global breastfeed-
ing prevalence including 1) funding breastfeeding programs, 2) eliminating the 
promotion of infant formula, 3) enacting legislation to protect the rights of breast-
feeding women, 4) providing breastfeeding support and maternity services, 5) 
improving community support for breastfeeding, 6) developing systems to monitor 
and improve breastfeeding programs and 7) disseminating accurate information on 
the significance of breastfeeding (see Table 1) [11].

Exclusive breastfeeding The practice of giving an infant only breastmilk for the first 
6 months of life (no additional food or water) [1].

Optimal breastfeeding Exclusively breastfeeding an infant for the first 6 months of life 
followed by continued breastfeeding supplementary to nutritious 
food for 2 years of age and beyond [1].

Table 1. 
Key breastfeeding terminology.
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3. Determinants of breastfeeding in developing and developed countries

Unique factors exist in developing and developed countries that influence 
breastfeeding behaviors. Research illustrates child and maternal morbidities 
such as infant colic and maternal infection are critical factors influencing 
breastfeeding in developing countries in contrast to developed countries. In 
developing countries, mothers who experience breast infections, swelling, pain, 
and/or chronic conditions or had infants with congenital or acquired disease 
were less likely to breastfeed [12, 13]. Environmental factors also have a great 
influence on breastfeeding in developing countries due to the limited availability 
of electricity to refrigerate breastmilk and the fear of contamination due to 
unsanitary feeding environments prevalent in some underdeveloped areas [12, 
13]. Unlike developing countries that face major challenges associated directly 
with maternal and child health, major influences of breastfeeding practices in 
developed countries stem from health systems, political, and societal factors. 
However, in both developing and developed countries there is an interaction 
between individual maternal characteristics, interpersonal, community, and 
societal factors, such as policies and legislation that impact a mother’s decision 
to start and continue breastfeeding [12, 13]. It may be difficult for mothers to 
sustain breastfeeding even after initiating due to sociodemographic, social- 
cultural, and systematic factors that are not supportive of breastfeeding  
practices (see Figure 1 below).

3.1 Maternal characteristics

Correlates of breastfeeding initiation and duration as indicated in research 
include maternal marital status, vaginal delivery, previous live birth, multiple 
live birth (plurality), smoking and drinking habits, prenatal care within the first 
trimester, conversation with a healthcare provider about breastfeeding, and 
birth intendedness [14, 15]. Additional factors associated with breastfeeding 
behaviors include maternal age, race and ethnicity, level of educational 

Figure 1. 
Social determinants of breastfeeding.
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attainment, employment status, annual household income, and Body Mass Index 
(BMI) [14, 15]. Teenage mothers, specifically those who had a cesarean section, 
experienced postpartum depression, and/or perceived an inadequate supply of 
breastmilk reported a shorter duration of exclusive breastfeeding. The ethnicity 
of mothers also has a significant association with duration of exclusive breast-
feeding, which could be related to the traditions of various ethnicities in addi-
tion to religious recommendations and views [14, 15]. For example, in the U.S., 
black women have the lowest breastfeeding initiation and duration rates of all 
ethnicities [14]. The racial breastfeeding disparity among black women in the 
U.S. persists due to several cultural misperceptions. For instance, a common 
cultural belief prevalent in the black community is that the addition of cereal to 
an infant’s bottle will help the infant sleep longer [16]. Furthermore, a mother’s 
pre-existing health issues including obesity, experiencing multiple pregnancy 
complications, or giving birth to a premature child were also associated with a 
shorter duration of exclusive breastfeeding [15]. A mother’s lack of knowledge 
regarding breastfeeding, limited breastfeeding guidance, poor family and social 
support are also associated with a lack or shorter duration of exclusive 
breastfeeding. 

In contrast, the likelihood of breastfeeding is higher among mothers who 
received a high school diploma, married, and older at childbirth. Married 
mothers are more likely to breastfeed because they are more likely to receive 
spousal support that helps overcome breastfeeding challenges. Other factors 
that significantly improve the duration of exclusive breastfeeding include a 
singleton pregnancy, breastfeeding friendly birthing facility, natural vaginal 
delivery, babies’ proper weight gain during breastfeeding, and the calmness of 
the infant [15].
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3.2 Community factors (cultural values and norms)

3.2.1 Common misperceptions and attitudes toward breastfeeding

The following are actual quotes from various members of global communities 
illustrating common misconceptions associated with breastfeeding [17].

Cultural attitudes, lack of public acceptance, and social norms which sexualize 
breasts may discourage women from breastfeeding in public [10]. Interventions 
promoting behavior change with regards to breastfeeding should focus on dispelling the 
negative cultural beliefs and practices that result in suboptimal breastfeeding practices. 
Infant feeding practices are strongly influenced by family members and spouses who 
may not be well informed about optimal breastfeeding practices. In some communities, 
breastfeeding in public is perceived as a culturally unacceptable practice. Therefore, 
disseminating tailored communication messages addressing prevailing misperceptions 
that build on the positive aspects of breastfeeding while involving spouses and other 
family members is also critical in shifting the negative perceptions of breastfeeding.

3.3 Organizational factors

3.3.1 Hospital/provider recommendations

Pediatricians, obstetricians, and other healthcare workers are usually the most 
trusted and credible source on infant health and nutrition [18]. The practices of 
maternity hospitals regarding breastfeeding and the recommendation of health 
providers contribute to a mother’s decision to breastfeed. New mothers may lack 
the confidence or relevant knowledge regarding breastfeeding and health workers 
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can play an important role by providing lactation guidance and helping to resolve 
challenges [1]. Lactation issues that may arise can be addressed through breast-
feeding support and counseling. Thus, healthcare workers should be adequately 
trained to support breastfeeding and help mothers manage common lactation 
barriers and challenges. The support of healthcare providers enables women to 
attain the confidence and skills needed to successfully and optimally breastfeed.

However, when health care workers provide expectant and/or new mothers with 
infant formula promotion materials they mistakably reduce an infant’s likelihood 
of being breastfeed. Studies show mothers who receive discharge packages contain-
ing items useful for breastfeeding are more likely to breastfeed than mothers who 
receive discharge packages including free formula samples and coupons [18]. The 
sooner a mother opts out of breastfeeding, the more formula is purchased, which 
creates an incentive for formula companies to market infant formula to women even 
before giving birth which is usually when prenatal intention to breast or formula 
feed is established.

The practices of maternity hospitals regarding breastfeeding as well as the 
attitudes and information provided by healthcare workers regarding infant feed-
ing largely influences infant feeding behaviors. Health providers and maternity 
facilities that disseminate information regarding the benefits of breastfeeding as 
well as provide useful breastfeeding resources have the potential to significantly 
increase breastfeeding prevalence [18]. In 1991, the WHO and UNICEF initiated the 
Baby-Friendly Hospital Initiative, with the goal of improving maternity facilities to 
better support and promote breastfeeding. A facility must follow the “Ten Steps to 
Successful Breastfeeding” (described in Table 2 below) in order to be designated as 
a “Baby-friendly” facility [1] (Table 3).

1. Fund breastfeeding programs that will build advocacy and garner political support for breastfeeding.

2. Regulate the promotion of infant formula.

3. Enact legislation to protect the rights of breastfeeding women and advocate for paid maternity leave.

4. Provide breastfeeding support and maternity services, including lactation counseling and peer support 
programs.

5. Improve community support for breastfeeding and integrate the voices of mothers, spouses and their 
families into breastfeeding advocacy campaigns.

6. Develop systems to monitor and improve breastfeeding programs.

7. Disseminate accurate information on the value and significance of breastfeeding.

Table 2. 
The World Health Assembly call to action to support breastfeeding [11].
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3.4 Societal factors

3.4.1 Legislation

Policies that protect and support breastfeeding are necessary in order to enable a 
mother’s decision to initiate and sustain breastfeeding. A majority of the approximate 
1 million women who are employed full-time around the world do not benefit from 
supportive workplace policies regarding breastfeeding [2, 4]. The large prevalence and 
increase of women working outside the home is often cited for the low rates of breast-
feeding indicating the necessity of workplace policies to support working mothers [7]. 
It is necessary that a woman has the time, space, privacy, and place to express milk in 
the workplace and in public areas [10]. Legislation in support of a women’s choice to 
breastfeed can help overcome employment barriers and aid in the return of breast-
feeding becoming the societal norm and standard feeding practice [10].

1. Have a written breastfeeding policy that is communicated to all health care staff.

2. Train all health care staff in the skills necessary to implement this policy.

3. Inform all new mothers about the benefits of exclusive breastfeeding

4. Assist mothers in initiating breastfeeding within a half hour of an infant’s birth

5. Show mothers how to breastfeed and how to maintain lactation, even if they are separated from their 
infants.

6. Do not give infants any food or drink other than breastmilk, unless supplemental food is medically 
necessary

7. Allow mothers and infants to room-in or stay in the same room at all times during their stay in the 
facility

8. Encourage breastfeeding on demand.

9. Do not give pacifiers or artificial nipples to breastfeeding infants.

10. Foster the establishment of breastfeeding support groups and refer mothers to them upon discharge 
from the hospital or birth center

Table 3. 
Ten steps to successful breastfeeding [1].
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The lack of legislative accommodation in the workplace is a significant predic-
tor of shorter duration of exclusive breastfeeding. Key workplace barriers include 
the lack of flexibility for milk expression in the work schedule, lack of accom-
modations such as a nursing room equipped to enable mothers to pump or store 
breastmilk, and concerns about employer or co-worker support [10]. Additional 
workplace barriers include the perception that breastfeeding may hinder a moth-
ers’ job performance, lack of privacy for expressing breast milk or for breastfeed-
ing, and the inability to find a child care facility near the workplace, the high cost 
of day care, insurance regulations, employer building codes, and other rules that 
may limit infants and children in the workplace. Studies illustrate that supportive 
work site environments that provide a private place to express milk and access 
to a quality breast pump helps women to continue breastfeeding upon return to 
work [19].

Workplace policies such as paid breaks for expressing milk, the provision of 
lactation rooms, and public awareness of the breastfeeding policies, have the 
ability to improve the ability of mothers to sustain breastfeeding while working. 
Using data from 182 countries, Atabay and colleagues (2015) found the prevalence 
of exclusive breastfeeding among infants 6 months and younger was nearly 9 
percentage points higher in countries with guaranteed paid breastfeeding work 
breaks compared to those without paid breaks [9]. Another study conducted in 
2014, found 136 out of 176 countries, or approximately 71% of the world, provided 
mothers the right to take paid breaks during the workday in order to provide 
breastmilk for their child until 6 months following birth while four countries 
permitted shorter or unpaid breastfeeding breaks. However, 51 countries, the 
remaining 29% of the world, did not have policies that protected the right of 
mothers to breastfeed [9].

Further, research illustrates extended maternity leave is associated with 
higher prevalence of exclusive breastfeeding because women are able to continue 
breastfeeding without choosing between employment and providing breastmilk 
for her child. A report by the International Labor Organization found that in 
most developed countries 75–100% of pay was guaranteed for up to 16 weeks of 
maternity leave. In over 70 countries, employers are paid through social security 
systems in order to decrease cost burdens [20]. The United States does not have 
a universal policy that guarantees paid maternity leave and also has one of the 
lowest rates of breastfeeding and one of the highest rates of infant mortality 
among developed countries. A study examining 16 countries found maternity 
leave policies increase breastfeeding prevalence and prevent one to two neonatal 
deaths per 2000 live births [21]. In Norway, mothers can take up to 42 weeks of 
maternity leave with full pay or receive 80% pay for 52 weeks. More than 97% of 
Norwegian women initiate breastfeeding and 80% continue to do so until at least 
3 months; this is largely different from the 79% of American women who initiate 
breastfeeding and the 41% who still exclusively breastfeed at 3 months [20, 22]. 
Other interventions implemented in Norway to encourage breastfeeding include 
the availability of breastfeeding informational material, training health workers 
to help mothers have positive breastfeeding experiences, and establishing sup-
port groups where mother are able collectively share breastfeeding experiences 
[22]. Norwegian mothers who are employed are entitled to 60- to 90-minute 
daily breaks and can even leave to breastfeed their infant or have their infant 
brought to work. Supportive policies workplace policies are needed in order to 
improve breastfeeding rates and achieve the maximum benefits breastfeeding 
can offer [20].
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3.4.2 Infant formula marketing

Women entering the labor force and the promotion of large-scale infant 
formula brands have drastically altered infant feeding practices. The provi-
sion of free infant formula samples in maternity facilities and the promotion 
of breastmilk substitutes by the media and healthcare providers have been 
shown to reduce breastfeeding prevalence [23]. Research indicates the use of 
infant formula is twice as high among mothers who have viewed and recalled 
an infant formula advertisement compared to mothers who had not viewed the 
advertisements [23].

The media, including marketing and advertisements, influence social norms, 
which are the shared beliefs regarding the acceptable behaviors within a social 
group [23]. The media also influences the attitudes toward behaviors and tend 
to appeal to prevalent values and perceptions in order to generate views and 
boost profits. For example, in 1997, Tabitha Walrond, a young black mother, was 
convicted of negligent homicide after her 2-month old child died from malnutri-
tion. The mother was unaware that her breast reduction surgery from years prior 
would result in an insufficient supply of breastmilk. Years later, Walrond’s case was 
depicted on a popular TV show, “Chicago Hope,” which depicted breastfeeding to 
be potentially fatal. However, the episode portrayed white and middle-class parents 
(a more “appealing” demographic) who were being criminally investigated follow-
ing the death of a breastfed child as a result of malnutrition. Rather than illustrating 
the -Friendly Hospital Initiative as an effort to enable successful breastfeeding the 
episode suggested the initiative was forcing mothers to breastfeed leading to infant 
deaths as a result of malnourishment. Alarmingly, the episode was also found to be a 
ploy by pharmaceutical companies to inform the public of the risks associated with 
breastfeeding [24].

Infant formula advertisements also appeal to common maternal experiences 
and concerns often suggesting breastmilk substitutes have ingredients that improve 
infant intelligence, solve digestive issues, and even help infants sleep through the 
night. Such claims have not been substantiated by research. However, research has 
recognized the association of breastfeeding with higher intelligence and reduced 
risk of gastrointestinal illness among many other health benefits. Digestive issues 
such as colic are no less prevalent in formula fed than breastfed infants and formula 
fed infants have not been found to sleep more than breastfed infants. Hunger is one 
of many reasons infants cry, thusly, infant formula is not associated with a reduced 
response of infant crying [23].

Further, media is often driven by profits and audience appeals. The exter-
nal pressures stemming from the aggressive marketing of infant formula and 
media messages regarding formula can affect a mother’s intent to breastfeed 
and provide the most optimal form of nutrition to her child [25]. The exces-
sive marketing of infant formula and inaccurate portrayal of breastfeeding can 
undermine the significance of breastfeeding by spreading biased information 
and diminishing a mother’s confidence in her ability to breastfeed. Infant for-
mula is often portrayed to be as good as breastfeeding and a viable solution to a 
convenient lifestyle for working mothers. The labels displayed on infant formula 
often include descriptions such as “gold standard” and images depicting happy 
infants. This type of labeling implies positive health and developmental benefits, 
while ignoring the potential economic and health consequences associated with 
formula feeding [23]. However, families of breastfed infants can experience 
economic advantages in addition to health benefits. Infant formula can cost over 
$1500 throughout an infant’s first year of life, however, women who breastfeed 
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avoid the substantial cost burden [10]. Breastfed infants also require less medi-
cal attention rendering decreased medical expenses and fewer missed days of 
work for parents. A study found that a group of formula-fed infants had accrued 
$68,000 in health care costs over a 6-month timeframe, while an equal number 
of breastfeeding babies accrued only $4000 of similar medical expenses [26]. 
Breastfeeding is also better for the environment because less waste is produced 
compared to the waste created by formula products and bottle supplies. The 
media can play an integral role in disseminating such accurate and positive mes-
sages regarding breastfeeding. Media campaigns that are short, tailored to the 
needs and values of the audience, and displayed through the appropriate channel 
(e.g., radio, television, social media) that reaches and appeals to the target audi-
ence are most successful.

However, formula companies tend to make unsubstantiated claims regarding 
breastmilk substitutes and use trusted healthcare workers to promote infant 
formula. The provision of free infant formula samples in maternity facilities and 
the promotion of breastmilk substitutes by the media and healthcare providers 
have also been shown to reduce breastfeeding prevalence [23]. Infant formula 
companies attract new consumers by providing free samples and information 
on breastmilk substitutes to expectant and new mothers through providers 
and hospital facilities. Physicians are usually the most undisputed consultant 
on infant health and nutrition, making them a prime vehicle for promoting 
infant formula. Formula companies give doctors free or discounted products in 
exchange for physicians recommending and encouraging their brand of infant 
formula to expectant and new mothers. Many hospitals provide new moth-
ers with packages containing free infant formula and coupons upon hospital 
discharge [23].

The marketing tactics employed by formula companies sparked interna-
tional disapproval based on the assertion formula marketing led to preventable 
infant deaths. The international opposition prompted the WHO and UNICEF 
to develop the International Code of Marketing of Breastmilk Substitutes. The 
Code prohibits the unethical marketing of infant formula as equal to or superior 
to breastmilk and restricts the promotion of infant formula by medical prac-
tices [18]. Distributing accurate, unbiased information regarding the benefits 
of and importance of breastfeeding through the media as well as healthcare 
workers is critical to improving breastfeeding prevalence and reducing the 
dispersion of false information and misperceptions regarding the significance of 
breastfeeding.

4. Conclusion

Breastfeeding is considered the single most effective solution to preventing 
deaths of children under the age of five globally [26]. Considering the substan-
tial economic and health savings that breastfeeding alone provides, exclusive 
breastfeeding should be supported and promoted within families, communities, 
workplaces, and hospital facilities that provide care to mothers and their infants. 
Understanding and addressing the dynamic interplay between individual, interper-
sonal, community, organizational and societal factors, such as policies and legisla-
tion that impact breastfeeding rates and the health of infants is key to improving 
breastfeeding prevalence. Below is an example of evidence-informed approaches 
used to improve the prevalence of exclusive breastfeeding that can be adapted and 
applied in both developing and developed countries.



45

Factors Influencing Maternal Decision-Making on Infant Feeding Practices
DOI: http://dx.doi.org/10.5772/intechopen.91325

avoid the substantial cost burden [10]. Breastfed infants also require less medi-
cal attention rendering decreased medical expenses and fewer missed days of 
work for parents. A study found that a group of formula-fed infants had accrued 
$68,000 in health care costs over a 6-month timeframe, while an equal number 
of breastfeeding babies accrued only $4000 of similar medical expenses [26]. 
Breastfeeding is also better for the environment because less waste is produced 
compared to the waste created by formula products and bottle supplies. The 
media can play an integral role in disseminating such accurate and positive mes-
sages regarding breastfeeding. Media campaigns that are short, tailored to the 
needs and values of the audience, and displayed through the appropriate channel 
(e.g., radio, television, social media) that reaches and appeals to the target audi-
ence are most successful.

However, formula companies tend to make unsubstantiated claims regarding 
breastmilk substitutes and use trusted healthcare workers to promote infant 
formula. The provision of free infant formula samples in maternity facilities and 
the promotion of breastmilk substitutes by the media and healthcare providers 
have also been shown to reduce breastfeeding prevalence [23]. Infant formula 
companies attract new consumers by providing free samples and information 
on breastmilk substitutes to expectant and new mothers through providers 
and hospital facilities. Physicians are usually the most undisputed consultant 
on infant health and nutrition, making them a prime vehicle for promoting 
infant formula. Formula companies give doctors free or discounted products in 
exchange for physicians recommending and encouraging their brand of infant 
formula to expectant and new mothers. Many hospitals provide new moth-
ers with packages containing free infant formula and coupons upon hospital 
discharge [23].

The marketing tactics employed by formula companies sparked interna-
tional disapproval based on the assertion formula marketing led to preventable 
infant deaths. The international opposition prompted the WHO and UNICEF 
to develop the International Code of Marketing of Breastmilk Substitutes. The 
Code prohibits the unethical marketing of infant formula as equal to or superior 
to breastmilk and restricts the promotion of infant formula by medical prac-
tices [18]. Distributing accurate, unbiased information regarding the benefits 
of and importance of breastfeeding through the media as well as healthcare 
workers is critical to improving breastfeeding prevalence and reducing the 
dispersion of false information and misperceptions regarding the significance of 
breastfeeding.

4. Conclusion

Breastfeeding is considered the single most effective solution to preventing 
deaths of children under the age of five globally [26]. Considering the substan-
tial economic and health savings that breastfeeding alone provides, exclusive 
breastfeeding should be supported and promoted within families, communities, 
workplaces, and hospital facilities that provide care to mothers and their infants. 
Understanding and addressing the dynamic interplay between individual, interper-
sonal, community, organizational and societal factors, such as policies and legisla-
tion that impact breastfeeding rates and the health of infants is key to improving 
breastfeeding prevalence. Below is an example of evidence-informed approaches 
used to improve the prevalence of exclusive breastfeeding that can be adapted and 
applied in both developing and developed countries.



Infant Feeding - Breast versus Formula

46

5.  Key strategies employed to increase global exclusive breastfeeding 
prevalence
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Chapter 4

Relationship between Ocular 
Morbidity and Infant Nutrition
Erdinc Bozkurt and Hayrunisa Bekis Bozkurt

Abstract

The nutrition of the constantly growing and developing infant even after birth 
has an undeniable contribution to the development of eyes, which can be consid-
ered as the extension of the brain. Therefore, the elucidation of these physiological 
developments is valuable in terms of preventing pathological conditions. During 
the first six months of an infant’s life, nutrition is provided through breast milk or 
infant formula, and after the sixth month, there is a transition to additional food. 
Breast milk is, thus, considered as ‘miracle food’, with a growing body of research 
being undertaken to investigate its relationship with orbital diseases and reporting 
that breast milk reduces ocular morbidity. Breast milk is an accessible, economical 
and important nutrition source for eye development and infant health. The devel-
opments in recent years have resulted in the content of formula being closer to that 
of breast milk, which can positively affect the neurovisional development of babies 
that cannot be fed with breast milk.

Keywords: breastfeeding, formula, infant, visual development, refractive disorders, 
retinal disease

1. Nutrition in the first year of life and orbital development

Orbital development begins in fourth to sixth weeks of the intrauterine period. 
The eye develops from the surface ectoderm, neural ectoderm, and mesoderm. The 
optic nerve is also seen as an extension of the brain [1]. There is a significant rela-
tionship between the mother’s diet during pregnancy and the orbital development 
of the infant. In recent years, the concept of the “first 1000” days emerged to refer 
to the process during pregnancy and the first two years after birth. The first 1000 
days play a key role in many stages of life [2], and this period is also important in 
terms of healthy eye development and the prevention of orbital diseases, comorbid 
conditions, and complications.

The mother’s diet during pregnancy is very valuable in terms of providing 
essential fatty acids and amino acids, which are necessary for the development of 
the orbital tissues of the infant. Studies have shown this developmental process 
is positively affected by a diet rich in phospholipids (PL), phosphatidylcholine 
(PC), phosphatidylethanolamine (PE), N-acylphosphatidylethanolamine (NAPE), 
phosphatidylinositol (PI), and phosphatidylserine (PS) [3]. Similarly, the mother’s 
malnutrition during breastfeeding in the first year after birth negatively affects the 
orbital and brain development of the infant. In the complex process of orbital and 
visual development, tissues and cells need many minerals, vitamins and nutrients 
to continue their functions [4]. For example, in this process, vitamin A plays a vital 
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role for photoreceptors, vitamin C is important for the development of the aqueous 
humor, and fatty acids are essential for the development of the optic nerve and 
myelin sheath [5]. In recent years, with the development of technology, premature 
infants now live longer, and the nutrition and supportive treatments for premature 
newborns have become even more important. In these infants, retinopathy of 
prematurity (ROP), which can cause blindness when not treated early, is seen very 
often due to hyperoxia, long stay in mechanical ventilation, infection, prematurity, 
low birth weight, and low-calorie maternal diet [6]. A diet rich in vitamins A and E, 
and longer duration of breastfeeding decreases the requirement of surgery to treat 
ROP [7, 8].

The nutrition of the constantly growing and developing infant even after birth 
has an undeniable contribution to the development of eyes, which can be consid-
ered as the extension of the brain. Therefore, the elucidation of these physiological 
developments is valuable in terms of preventing pathological conditions [9]. During 
the first six months of an infant’s life, nutrition is provided through breast milk or 
infant formula, and after the sixth month, there is a transition to additional food. 
In this chapter, we discuss breast milk, infant formula, and their relationship with 
ocular morbidity.

2. Breast milk: the best nutrition for orbital development

After the baby is born, breastfeeding especially in the first six months is consid-
ered as a fundamental right by WHO and necessary actions are taken to ensure this 
for every child [10]. Breast milk is the most suitable food for a newborn in terms 
of the balance of nutrients it contains [11]. Studies have shown that breast milk 
protects the infant against many diseases, malignancies, obesity, and malnutrition 
[12]. Degeneration occurs in retinal ganglion cells and photoreceptors, especially 
when the infant’s diet is deficient in taurine found at high levels in breast milk [13]. 
Many bioactive compounds, such as α-lactalbumin, lactoferrin and immunoglobu-
lins, which have antioxidant properties, are known to be important for brain and 
orbital development, as well as immunomodulatory functions [14]. Being rich in 
glial cell-line derived neurotrophic factor (GDNF) and oligosaccharides, breast 
milk acts as an important stimulator for healthy development [15]. The presence 
of many growth factors and the importance of the baby being in proper osmolarity 
and balance for the full development of the intestines and kidneys further increase 
the value of breast milk [16]. Breast milk is, thus, considered as ‘miracle food’, with 
a growing body of research being undertaken to investigate its relationship with 
orbital diseases and reporting that breast milk reduces ocular morbidity [17].

3. New formulas enriched with vitamin and minerals

In circumstances where breast milk is insufficient or contraindicated, the use of 
formula approaching breast milk in terms of content has increased in recent years. 
Infant formula can be divided into three groups as soy-based, cow milk-based and 
hypoallergic or amino acid-based special foods produced for special conditions, 
such as metabolic diseases [18]. However, there have been discussions of safety for 
formula in terms of infant health since its first use [19]. Due to the high levels of 
renal solute load of the foods used in the first year of life, infant formula still lags 
behind breast milk, and there are only limited scientific studies on the relationship 
between infant formula and highly critical molecules for brain and eye develop-
ment, . Considering the positive impact of breast milk on the immune system, the 
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food given to the infant in case of breast milk deficiency or contraindication should 
be “closest” to breast milk [20]. With the latest technologies, the enrichment of 
formula foods with prebiotics, probiotics, oligosaccharides, and various vitamins 
and minerals has made significant contributions to infant nutrition [21]. In par-
ticular, molecules which take part in the development of visual functions, such as 
docosahexaenoic acid (DHA), vitamin A, and vitamin E have started to be added 
to infant formula. In a study on baby rhesus monkeys, it was observed that formula 
enriched with carotenoid increased the amount of lutein in the brain and tissues 
and positively affected their development, but not to the extent of the positive 
effect of breast milk [22].

A healthy and balanced nutrition in childhood is very important for not only 
growth and development and but also prevention of diseases. In terms of eye 
health, it is important to ensure that the infant receives age-appropriate nutrition 
with breast milk and foods close to breast milk in content and quality, which will 
protect her/him against malnutrition and obesity and an adequate intake of vita-
mins and minerals.

4. Breastfeeding and ocular disease

4.1 Breastfeeding and visual development

Breast milk contains an average of 1.1% protein, 4.2% fat, and 7.0% carbohy-
drates, and is a miraculous nutrient in which every 100 g contains 72 kcal energy 
[23]. Breast milk also has vitamins E and C, as well as enzymes, such as superoxide 
dismutase, catalase, and glutathione peroxidase with strong antioxidant proper-
ties. In this way, it protects the infant from eye damage that may be caused by 
oxidative stress [24]. Generally, breast milk has been found to be inadequate in cer-
tain vitamins and minerals, such as vitamin D, iodine, iron, and vitamin K. Since 
the deficiency of these vitamins and minerals can affect the infant systematically, 
going beyond eye diseases, they are usually added to the infant’s diet as supple-
ments [25].

Breast milk supports the infant’s growth and development through its content 
of long-chain polyunsaturated essential fatty acids, such as arachidonic acid, long 
chain polyunsaturated fatty acids (LC-PUFAs) (20: 4n-6) and DHA (22: 6n-3), 
linoleic (LA; 18: 2n-6) and alpha-linolenic (18: 3n-3) acid [26]. DHA and arachi-
donic acid (AA) in the membrane lipids of the brain and retina are critical for visual 
and neuronal functions. Taking these substances with diet in the first year of life is 
important for the visual development of infants [27].

The retina (and the crystalline lens to a lesser extent) has reduced light-sourced 
oxidative damage by vitamin E and C, and carotenoids (lutein and zeaxanthin), 
which are intensely present in the macular region. Vitamins E and C and lutein can-
not be synthesized by the infant, and therefore should be taken in through the diet 
[28]. Dietary carotenoid, lutein and zeoxanthin are known to be protective against 
some eye diseases, such as macular degenerations [29]. It was observed that the 
serum lutein level of infants fed with breast milk was higher than that of infants fed 
with formula [30]. This indicates that infants fed with breast milk may be resistant 
to many eye diseases caused by oxidative damage due to its higher antioxidant 
levels than formula. Vitamin A is an important vitamin used by photoreceptors 
in visual physiology. Adequate intake of vitamin A, which is found in breast milk 
and formula foods, has been shown to reduce the severity of ROP through vascular 
endothelial growth factor (VEGF-A). In addition, preterm infants fed with breast 
milk have higher serum insulin-like growth factor-1 (IGF-1) levels than those who 
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feed with formula [31]. A high IGF-1 level decreases the severity of ROP by ensur-
ing the normal development of retinal vascularization [32].

4.2 Refractive disorders and breastfeeding

Refractive disorders (error) represent a mismatch between the focal and axial 
lengths of the eye. The 10th revision of the International Classification of Diseases, 
defines this disorder as blurring in vision as a result of a defect in focusing light 
on the retina [33]. At birth, the average cycloplegic refractive error for the infant 
usually ranges from ±1.50 dioptre (D) to ±2.50 D, with standard deviations from 
+1.00 to +2.50 D [34]. At the age of six to 72 months, the eyes undergo a process of 
emmetropization in which the average refractive error decreases in both myopic and 
hypermetropic infants [35].

Refractive disorders are the most common cause of visual impairment and the 
second most common cause of treatable visual deficiency [36]. The frequency of 
refractive disorders may vary according to ethnicity, age, and the development 
level of the country [37]. According to a study carried out in the USA in 2015, the 
frequency of visual impairment in children between the ages of three and five is 
estimated to be around 1.5%, which is expected to increase in the near future [38]. 
Among the most important etiological causes of refractive disorders are genetics 
and gene-environment interactions [39–41]. In addition, nutrition is considered to 
have an impact on refractive disorder and orbital health. It is stated that the preva-
lence of refractive disorders, such as ametropia, anisometropia and astigmatism is 
high, especially in African societies exposed to malnutrition [37].

Recently, the effect of breast milk intake, which is the most important source 
of infant nutrition, on refractive disorders has been investigated. It is thought that 
breastfeeding is important for visual development and orbital growth during the 
infantile period [42]. In one of these studies, it was shown that breast milk-fed 
children of mothers with a DHA-rich diet had better stereoscopic vision than the 
formula-fed children [43].

Refractive disorders can be basically classified as myopia, hyperopia, and astig-
matism. Myopia is one of the most common visual impairments and has become an 
important public health problem due to its increasing prevalence in recent years. 
While the prevalence of ametropia, anisometropia, and astigmatism is high in 
Africa, the frequency of myopia is low in developing countries while it is higher in 
developed societies, such as the United States of America (USA) and the United 
Kingdom (UK) [44]. This is not a surprising finding considering that myopia is 
associated with reading and using technological devices, which require looking at 
objects closely.

In a study carried out in Singapore, high levels of unsaturated fatty acids and 
cholesterol intake were associated with longer AL, although they could not be 
directly associated with myopia [45]. In another study undertaken by Liu et al. in 
China, it was found that feeding the infant with breast milk for the first six months 
was associated with hyperopic spherical equivalent refraction (SER) and less 
myopia and was not related to AL [46]. However, in the study of Growing Up in 
Singapore Towards Healthy Outcomes (GUSTO), infant feeding at the sixth, ninth 
and 12th months did not affect the myopia levels at the age of 3.5 years [47].

There are also many studies suggesting that breastfeeding has no effect on 
myopia. In a study on strabismus, amblyopia and refractive disorder (STARS) 
conducted with 797 children in Singapore, 65.4% of the sample were myopic, of 
which 8.5% were breastfed. In that study, it was stated that there was no relation-
ship between breast milk and myopia [48]. In another study supporting the STARS 
study, it was reported that breast milk had no effect on myopia [49]. In a study 
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which included 311 children in Iran (grades 1–5), the rate of breastfeeding for more 
than six months was 85% while the frequency of myopia (SE of at least −0.50 D) 
was 5.2%. It was stated that the breastfeeding of the infant for the first six months 
had no significant effect on vision level or refractive error [50]. A study undertaken 
in the UK suggested that other factors, such as parental education status, gender, 
maternal age, and order of birth were more important for visual development and 
myopia in early life than the type of infant feeding [49]. The existence of differ-
ent opinions and findings on this subject indicates that further detailed studies 
are needed.

Another refractive defect is hypermetropia, which occurs due to either the AL of 
the eye being shorter than normal or refractive structures such as cornea and lens 
having less refractive power than normal [51]. In a study investigating the relation-
ship between hyperopia and breastfeeding, it was stated that breastfeeding resulted 
in a significantly high rate of hyperopia. This increased incidence of hyperopia was 
associated with various reasons, such as ethnicity, presence of refractive disorder, 
ethnic and sociocultural structure, and content of the mother’s milk [52]. Bozkurt 
et al. stated that although breastfeeding leads to a hyperopic shift, it has no effect on 
SER [53].

Another refractive disorder, astigmatism, occurs as a result of the refractive 
parts of the eye (cornea and lens) not producing an equal amount of refraction 
on each meridian, leading to images not being focused on a point on the fovea. 
Generally, the breaking force of the vertical axis of the anterior aspect of the cornea 
is 0.5 D more than its horizontal axis. This condition, known as physiological 
astigmatism, is reduced to zero by the cornea posterior face and lens. Lenticular 
(lens-dependent) astigmatism is rarer. The image of an object being in the form of 
two separate lines, 90° perpendicular to each other in two planes, is called regular 
astigmatism, which is the most common type of astigmatism in the clinic [54]. The 
prevalence of astigmatism can be seen in different countries at different frequen-
cies. While this rate is 2.2% in Nepal, it reaches 82.2% in Singapore [55, 56]. Since 
there is only limited information in the literature investigating the relationship 
between breastfeeding and astigmatism, we consider that there is not yet enough 
data to support the presence of such relationship.

4.3 Breastfeeding and retinal disease

The retina, which is considered an extension of the brain, has two major layers 
as the outer retinal pigment epithelium and the inner neurosensory layer. The neu-
rosensory layer is formed by a photoreceptor layer, bipolar ganglion, amacrine and 
horizontal cells, and support cells similar to neuroglia [57]. When the pathologies 
that may occur with inflammation, trauma, autoimmune or epigenetic mechanisms 
in each layer are examined, it is seen that they are associated with the deficiency of 
vitamins and minerals [58, 59].

In addition to except vitamins K and D, breast milk is very rich in other vitamins 
and minerals that are indispensable elements of a healthy and balanced nutrition. 
Furthermore, polyunsaturated fatty acids and antioxidants in breast milk play an 
important role in the development of the eye and neuronal structure in the first 
months of life [48]. The leading chemical structures that contribute to the develop-
ment of the brain and retina in breast milk are LA, α-LA, AA, and DHA [60], which 
are commonly called LC-PUFAs. In animal experiments, DHA deficiency has been 
shown to cause the impairment of neuronal and retinal functions [61]. It has also 
been reported that the photoreceptor external segments of monkeys fed with a diet 
devoid of taurine amino acid are degenerated, and taurine is abundantly found in 
breast milk [62].
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feed with formula [31]. A high IGF-1 level decreases the severity of ROP by ensur-
ing the normal development of retinal vascularization [32].
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Another important molecule, phosphatidylcholine, is essential for the syn-
thesis of phospholipids, DNA methylation, and the neurodevelopmental process 
of infants. In an animal experiment study conducted by Surzenko et al., it was 
shown that a low choline diet during pregnancy affected the retinal development 
and function in the fetus, and choline provided differentiation and proliferation 
in retinal progenitor cells [63]. Infants received enough choline and LC-PUFAs 
from breast milk, which are very important for the brain, retinal and neurovisional 
development. In another study, it was emphasized that formula foods containing 
choline and LC-PUFAs were required for growth and development in non-breastfed 
infants [64].

The thickness of the retinal nerve fiber layer (RNFL) can offer an idea about 
retinal structures in the early period. Conditions occurring in the retinal layers, 
such as edema and atrophy can be objectively evaluated using optical coherence 
tomography. In a study undertaken by Bozkurt et al., stated that the retinal nerve 
fiber layer was thicker in formula-fed children, than breast-fed infant, which might 
be related to the content of formula. However, a definitive conclusion could not be 
reached as to whether the thickening of RNFL in formula-fed infants was a healthy 
neurotrophy or an adaptive change [53].

Another important eye disease associated with infant nutrition is ROP, which 
occurs in preterm babies (birth week <37) with an immature retinal structure 
and not fully developed retinal vasculature. Today, ROP is considered as the most 
important cause of preventable blindness in childhood in developed and developing 
countries all over the world [65]. There are many studies showing the relation-
ship between ROP and breast milk intake. For example, Okamoto et al. reported 
that the content of breast milk could reduce ROP severity and the ingredients in 
breast milk could protect premature infants from blindness [66]. In another study, 
Hylander et al. found that antioxidant substances, such as inositol, vitamin E, and 
beta carotene in breast milk prevented ROP development, and formula-fed infants 
had a higher ROP frequency than breast-fed infants, especially due to the absence 
of inositol in standard formula [67]. In another study supporting this study, the 
supplementation of infant diet with inositol was shown to reduce the incidence 
of ROP [68]. ROP is the most serious retinal disease that causes the deficiency of 
vision in the neonatal period, secondary to retinal detachment. According to the 
literature, breast milk intake should be encouraged to reduce the harm caused by 
ROP [66, 67].

In conclusion, breast milk is an accessible, economical and important nutrition 
source for eye development and infant health. The developments in recent years 
have resulted in the content of formula being closer to that of breast milk, which 
can positively affect the neurovisional development of babies that cannot be fed 
with breast milk.
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Chapter 5

Caseins as Regulators of 
Hematopoiesis
Edgar Ledesma-Martinez, Vanihamin Domínguez-Meléndez, 
Itzen Aguiñiga-Sánchez and Edelmiro Santiago-Osorio

Abstract

The main physiological role of casein, the main protein component in the milk, 
is to be a source of amino acids that are required for the growth of the neonate; 
therefore, casein is considered a highly nutritious protein. Over time, it has been 
revealed that casein is a protein whose physiological importance reaches levels far 
superior to the food field, having a wide array of biological activities including 
antimicrobial activities, facilitating absorption of nutrients, as well as acting as a 
growth factor and an immune stimulant. Here we analyze how caseins can exert 
numerous hematopoietic and immunomodulatory actions, their role in granulopoi-
esis, monocytopoiesis, and lymphopoiesis from the early stages of postnatal devel-
opment seemingly throughout life, and we wonder if casein could be useful to fight 
pathogens resistant to antibiotics, inducing a strong immune response in immuno-
suppressed patients, or even be a prophylactic strategy to prevent infections.

Keywords: granulopoiesis, monocytopoiesis, lymphopoiesis, milk proteins,  
sodium caseinate

1. Introduction

Hematopoiesis is a process that includes the formation, maturation, and dif-
ferentiation of blood cells. These cells have a relatively short life in circulation, so 
blood is a tissue with a high rate of renewal. The production of hematopoietic cells 
depends on a highly specialized bone marrow microenvironment, which regulates 
the quiescence, differentiation, and self-renewal of a rare population of multipotent 
cells known as hematopoietic stem cells (HSCs) and hematopoietic progenitor cells 
(HPCs), which give rise to all hematopoietic cell lineages [1].

The hematopoietic system plays numerous essential roles in human health and 
disease. Failure to maintain homeostasis in the blood system results in a range 
of human diseases, including anemia, hemophilia, immunodeficiency, allergies, 
leukemia, and lymphoma [2].

Studies in the past have consistently demonstrated that diet and nutritional 
status can significantly alter organismal physiology [3]. Thus, Kornberg et al. 
demonstrated over 60 years ago that amino acids were required for granulocyte and 
erythrocyte production; now, it is evident that disruption of dietary and metabolic 
factors [4], such as inadequate or imbalanced intake of macronutrients (carbohy-
drates, proteins, and fats) and micronutrients (vitamins and minerals), also known 
as “malnutrition,” alters hematopoiesis and is generally associated with health risk 
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markers [3]. In this sense, the organismal diet has emerged as an important regula-
tor of adult HSC function [5].

Of the different types of malnutrition, protein restriction results from insuf-
ficient protein ingestion that can modify physiological responses and induce cellular 
disturbances, especially in tissues with a high rate of cellular renewal and prolifera-
tion, such as hematopoietic tissue; such process requires a large supply of nutrients 
as well as an organized structure for proliferation [6]. Protein malnutrition causes 
modifications to the blood tissue, hampering the development and maturation of 
hematopoietic cells, and these changes could be the cause of anemia, leukopenia, 
and bone marrow hypoplasia [1].

Protein malnutrition can disrupt numerous processes in hematopoiesis, causing 
damage to the hematopoietic niche, stromal cells, and the extracellular matrix, and 
they can result in cell death in bone marrow [1]. However, these issues are not only 
a consequence of inadequate nutrient supply. Here, we analyze how protein intake, 
in particular, caseins, the main proteinaceous component of milk, can exert numer-
ous hematopoietic and immunomodulatory actions in addition to performing their 
nutritional properties [7] from the early stages of postnatal development seemingly 
throughout life.

2. Casein

Milk proteins can be broadly classified into three categories: caseins, whey 
proteins, and mucins [8], as proteins present in the milk fat globule membrane. 
In milk, caseins interact with calcium phosphate, forming large stable colloidal 
particles termed micelles. The micelles consist of casein molecules, calcium, inor-
ganic phosphate, and citrate ions [9]. These micelles make it possible to maintain a 
supersaturated calcium phosphate concentration in milk, providing the newborn 
with sufficient calcium phosphate for the mineralization of calcified tissues [10].

Casein (from the Latin word caseus for cheese) comprises the major protein 
component of milk of most mammals [11], but relative proportions of caseins differ 
widely between species. In this sense, caseins comprise approximately 80% of the 
total protein in ruminant milk [12], but only about 55% of the total protein in horse 
milk [13].

Casein, which is a phosphoprotein, contains 0.7–0.9% phosphorus that is cova-
lently bound to the protein by serine ester linkages [9], composed of many hundreds 
of individual amino acids, each of which may have a positive or a negative charge 
depending on the pH of the milk system. All amino acids that are essential to humans 
are present in casein in high proportions, with the possible exception of cysteine [9]. 
It is widely accepted that the main physiological role of casein in the milk system is to 
be a source of amino acids that are required for the growth of the neonate; therefore, 
casein is considered a highly nutritious protein. However, the dominant physiologi-
cal role of the casein micelle system is to prevent pathological calcification of the 
mammary gland [14]. Over time, it has been revealed that casein is a protein whose 
physiological importance reaches levels far superior to the food field, having a wide 
array of biological activities including antimicrobial activities, facilitating absorp-
tion of nutrients, as well as acting as a growth factor and an immune stimulant [15].

Caseins are consist of at least three and normally four gene products and further 
divided into αS1-casein, αS2-casein, β-casein, and κ-casein in farm animals [11, 16] 
and human, and each has slightly different properties that are caused by small varia-
tions in their amino acid content. The four different types are known to occur in at 
least 10 genetic variants (A1–A3 and B–H) from which the A2, A1, and B forms are the 
most prevalent [9].
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Casein is the major component of bovine milk, whereas whey is predominant in 
human milk. The human milk whey/casein ratio changes over the course of lacta-
tion, declining from 90/10 in colostrum (days [d] 0–5) to 65/35 in transitional milk 
(d6–15), then 60/40 beginning at 1 month postpartum, and continuing throughout 
the first year of lactation [8].

Caseins are synthesized in the mammary gland and are under multihormonal 
control, and in the bovine genome, they are linked within a 200-kb region on 
chromosome 6, in the order αS1-, β-, αS2- and κ-casein [17].

Bovine milk caseins are composed mainly of equal amounts of β-casein and αS1-
casein [11] also contains κ-caseins [18], whereas human milk contains β- and κ-casein 
and a low concentration of α-casein. The whey/casein ratio in the formula is similar to 
that of mature human milk (60/40), but the formula contains all bovine milk caseins. 
The concentrations of total caseins and β- and κ-casein increase slightly between 
early and transitional milk before declining and remaining relatively stable in mature 
milk. In contrast, the concentration of α-casein is constant throughout lactation [19].

αS2-casein is the most calcium-sensitive member of the casein family; the 
sensitivity is potentially due to its high ester phosphate content, which ranges from 
10 to 13 phosphate groups per peptide chain [20]. αS2-casein comprises up to 10% of 
the casein fraction in bovine milk; it consists of two major and several minor com-
ponents that exhibit varying levels of posttranslational phosphorylation [21] as well 
as minor degrees of intermolecular disulfide bonding [22]. αS1-casein is only found 
in trace amounts in human milk (between 3 and 540 μg/mL postpartum) [23] and is 
thus unlikely to function as a significant amino acid source for breastfed infants [24].

β-Casein has 209 amino acids. The presence of proline or histidine at the 67th 
position of β-casein allows the distinction between two types of milk, A1 and A2; 
otherwise, there are no other differences between the two caseins. A1 β-casein is a 
major variant of β-casein in the milk of the common dairy cows of north European 
origin: Friesian, Ayrshire, British Shorthorn, and Holstein. A2 β-casein is pre-
dominantly found in the milk of Channel Island cows, Guernsey and Jersey cows, 
Southern French breeds, Charolais and Limousin cows [25], and Zebu original 
cattle of Africa. The presence of proline or histidine at the 67th position of β-casein 
is associated with a major effect in terms of bioactive peptide release by differ-
ent gastrointestinal enzymes [26]; thus, a bioactive seven-amino-acid peptide, 
β-casomorphin-7 (BCM-7), can be more easily released in the small intestine by 
digestion of A1 β-casein with pepsin, leucine aminopeptidase, and elastase, but the 
alternative proline at position 67 prevents a cleavage at this site [27].

κ-Casein contains only one cysteine residue [28, 29], which implies that it is 
unable to form homomultimers, but it is capable of making one intermolecular 
disulfide bond [10]. In bovine milk, κ-casein exists as homomultimers cross-linked 
by random disulfide bonds [22], and it plays a key role in maintaining the stability 
and solubility of the micelle. Thus, the other caseins do not seem to have a role that 
requires well-defined structures, and κ-casein may well be more structured to fulfill 
its function as the interface between the calcium-sensitive caseins and milk serum 
[30]. In that role, κ-casein naturally resides at the surface of the casein micelle [31].

3. Casein and hematopoietic tissue

Low protein intake can affect all systems and organs, but it primarily affects 
tissues with a high rate of cell turnover, such as hematopoietic tissue [6]. Recently, 
Hastreiter et al. [32] compared a low-protein diet based on 20 g/kg casein with a 
control diet based on 120 g/kg casein, and they showed that male C57BL/6 mice 
after the period of malnutrition presented with peripheral leukopenia and a 
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markers [3]. In this sense, the organismal diet has emerged as an important regula-
tor of adult HSC function [5].

Of the different types of malnutrition, protein restriction results from insuf-
ficient protein ingestion that can modify physiological responses and induce cellular 
disturbances, especially in tissues with a high rate of cellular renewal and prolifera-
tion, such as hematopoietic tissue; such process requires a large supply of nutrients 
as well as an organized structure for proliferation [6]. Protein malnutrition causes 
modifications to the blood tissue, hampering the development and maturation of 
hematopoietic cells, and these changes could be the cause of anemia, leukopenia, 
and bone marrow hypoplasia [1].

Protein malnutrition can disrupt numerous processes in hematopoiesis, causing 
damage to the hematopoietic niche, stromal cells, and the extracellular matrix, and 
they can result in cell death in bone marrow [1]. However, these issues are not only 
a consequence of inadequate nutrient supply. Here, we analyze how protein intake, 
in particular, caseins, the main proteinaceous component of milk, can exert numer-
ous hematopoietic and immunomodulatory actions in addition to performing their 
nutritional properties [7] from the early stages of postnatal development seemingly 
throughout life.

2. Casein

Milk proteins can be broadly classified into three categories: caseins, whey 
proteins, and mucins [8], as proteins present in the milk fat globule membrane. 
In milk, caseins interact with calcium phosphate, forming large stable colloidal 
particles termed micelles. The micelles consist of casein molecules, calcium, inor-
ganic phosphate, and citrate ions [9]. These micelles make it possible to maintain a 
supersaturated calcium phosphate concentration in milk, providing the newborn 
with sufficient calcium phosphate for the mineralization of calcified tissues [10].

Casein (from the Latin word caseus for cheese) comprises the major protein 
component of milk of most mammals [11], but relative proportions of caseins differ 
widely between species. In this sense, caseins comprise approximately 80% of the 
total protein in ruminant milk [12], but only about 55% of the total protein in horse 
milk [13].

Casein, which is a phosphoprotein, contains 0.7–0.9% phosphorus that is cova-
lently bound to the protein by serine ester linkages [9], composed of many hundreds 
of individual amino acids, each of which may have a positive or a negative charge 
depending on the pH of the milk system. All amino acids that are essential to humans 
are present in casein in high proportions, with the possible exception of cysteine [9]. 
It is widely accepted that the main physiological role of casein in the milk system is to 
be a source of amino acids that are required for the growth of the neonate; therefore, 
casein is considered a highly nutritious protein. However, the dominant physiologi-
cal role of the casein micelle system is to prevent pathological calcification of the 
mammary gland [14]. Over time, it has been revealed that casein is a protein whose 
physiological importance reaches levels far superior to the food field, having a wide 
array of biological activities including antimicrobial activities, facilitating absorp-
tion of nutrients, as well as acting as a growth factor and an immune stimulant [15].

Caseins are consist of at least three and normally four gene products and further 
divided into αS1-casein, αS2-casein, β-casein, and κ-casein in farm animals [11, 16] 
and human, and each has slightly different properties that are caused by small varia-
tions in their amino acid content. The four different types are known to occur in at 
least 10 genetic variants (A1–A3 and B–H) from which the A2, A1, and B forms are the 
most prevalent [9].
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thus unlikely to function as a significant amino acid source for breastfed infants [24].
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dominantly found in the milk of Channel Island cows, Guernsey and Jersey cows, 
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is associated with a major effect in terms of bioactive peptide release by differ-
ent gastrointestinal enzymes [26]; thus, a bioactive seven-amino-acid peptide, 
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digestion of A1 β-casein with pepsin, leucine aminopeptidase, and elastase, but the 
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unable to form homomultimers, but it is capable of making one intermolecular 
disulfide bond [10]. In bovine milk, κ-casein exists as homomultimers cross-linked 
by random disulfide bonds [22], and it plays a key role in maintaining the stability 
and solubility of the micelle. Thus, the other caseins do not seem to have a role that 
requires well-defined structures, and κ-casein may well be more structured to fulfill 
its function as the interface between the calcium-sensitive caseins and milk serum 
[30]. In that role, κ-casein naturally resides at the surface of the casein micelle [31].

3. Casein and hematopoietic tissue

Low protein intake can affect all systems and organs, but it primarily affects 
tissues with a high rate of cell turnover, such as hematopoietic tissue [6]. Recently, 
Hastreiter et al. [32] compared a low-protein diet based on 20 g/kg casein with a 
control diet based on 120 g/kg casein, and they showed that male C57BL/6 mice 
after the period of malnutrition presented with peripheral leukopenia and a 
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reduction in lymphocytes and monocytes, especially in granulocytic cells associ-
ated with bone marrow hypoplasia. Therefore, hematopoietic stem cell (Lin-Sca-
1+c-Kit+-LSK) and progenitor cell (CD45+CD34+) populations were decreased in 
malnourished animals [33], but also low protein intake induced a specific reduction 
in granulocyte-monocyte progenitors (Lin-IL7r-c-Kit+Sca-1-CD16/32high), which 
explains, in part, why there was a reduction in mature granulocytes [32].

It is well known that in protein malnutrition states, the number of granulocytic 
cells, especially neutrophils, is reduced, which predisposes patients to higher sus-
ceptibility to infection [34, 35]. However, this involvement in hematopoiesis cannot 
be explained only because there are not enough amino acids to support the require-
ments of an expanding tissue; other cellular mechanisms are involved. In this 
sense, Hastreiter et al. showed that there is an impaired ability of c-Kit+ cells from 
the bone marrow of malnourished animals to produce CFU-GEMM and CFU-GM 
cells, which are myeloid progenitors and, consequently, are the cells responsible 
for granulopoiesis [36]; this malfunction is related to Kit+ cells exhibiting reduced 
expression of the receptor of granulocyte colony-stimulating factor (G-CSFr), 
which is a granulopoietic cytokine [32].

Interestingly, Domínguez-Melendez et al. showed that administration of casein 
as sodium caseinate in BALB/c mice increased the percentage of myeloid precursors 
from bone marrow and increased the total number of bone marrow leukocytes 
resulting from cell proliferation. They also found that casein induced prolifera-
tion and activation of granulocytes, and it increased the serum concentration of 
cytokines such as G-CSF, M-CSF, and GM-CSF [37]. These cytokines are key to the 
proliferation, differentiation, and activation of granulomonocytic cells, which in 
turn induce multiple functions within the immune response; since these cytokines 
regulate inflammation, as is the case for monocyte-macrophages, they are respon-
sible for phagocytosis, which is a crucial event in fungal and bacterial infections; 
once activated, macrophages are the bridge between activated CD4+ lymphocytes 
and the adaptive immune response [38]. For the lymphoid lineage in vivo, sodium 
caseinate also influences the induction of IL-7, a key cytokine involved in lympho-
poiesis of B cells, which are key cells for the adaptive immune response, since once 
activated, they are responsible for producing antibodies that they will opsonize 
foreign antigens to facilitate their elimination [39].

This suggests that casein may be linked to the development of the immune 
system in the early stages of life, and it may be relevant throughout life as a way of 
activating the immune system; this notion has been demonstrated experimentally 
by mice that, when injected with lethal doses of bacteria, can survive only after 
inducing protection by granulocytes with administration of casein [40].

Studies of the effect of casein or sodium caseinate on hematopoietic tissue 
in vivo and in vitro are limited, and most of them do not include non-casein protein 
experimental controls. In some cases, there could be controversy in its effects 
observed due to the presence of a general source of protein or if they were specific 
to casein. In this sense, it would be more than advisable for future casein work to 
consider the inclusion of non-casein protein controls.

4. The role of caseins in granulopoiesis and monocytopoiesis

Caseins and sodium caseinate have been studied for almost four decades, 
where, from the beginning, it was clear that there was a proinflammatory effect of 
casein on myeloid lineage cells; this activity was demonstrated by Lotem and Sachs 
working group, which showed that sodium caseinate had the ability to differenti-
ate a leukemic cell line of myeloid origin toward granulocytes and macrophages 
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in mice via inflammation and via the activity of T lymphocytes in the peritoneal 
cavity [41]. Later, this same group showed that the inflammation caused by sodium 
caseinate had the ability to induce the production of G-CSF and GM-CSF in vitro 
and in vivo [42]. Another study showed that protein deprivation, such as dietary 
casein restriction, in rats directly resulted in a decrease in erythropoietin, which is a 
hormone that is directly related to the proliferation of the erythroid lineage [43]. In 
a similar study, the role of casein on this lineage was reconfirmed, since the restric-
tion of protein in standard diets in mice once again demonstrated the involvement 
of proteins in the proliferation of erythroid progenitors in mice [44]. Subsequently, 
it was shown that after intraperitoneal inoculation of casein, both the production 
of G-CSF and GM-CSF were rapidly induced, and the high concentration of both 
cytokines caused a high migration of neutrophils only at the site of inoculation, but 
they revealed no increase in their percentage in the bone marrow [45]. Interestingly, 
in a study carried out by the Noursadeghi group, it was shown that after previous 
inoculation of casein, protection could be given to mice treated with lethal doses of 
bacteria, and this was due to defensive ability of activated neutrophils recruited by 
G-CSF induced by that intraperitoneal (IP) injection of casein [40]. Regarding the 
casein and sodium caseinate fractions on myeloid cell lines, one study showed that 
in vitro sodium caseinate had the ability to inhibit the proliferation of a myeloid 
cell line 32D without inhibiting its viability. On the other hand, α-casein exhibited 
the ability to inhibit the proliferation of a myeloid tumor line, which is the case for 
WEHI-3 and sodium caseinate of tumor lines J-774 and P388 at different concen-
trations. In this same study, it was shown that casein fractions α-, β- and κ-casein 
could induce differentiation of the 32D cell line but not the WEHI-3 tumor cell line, 
but the study interestingly demonstrated that sodium caseinate and a-casein have 
the ability to induce M-CSF secretion in the 32D cell line [46]. The same group of 
researchers subsequently demonstrated that sodium caseinate has the ability to 
induce the differentiation of the granulocytic lineage in vitro in the same way that 
G-CSF does, and G-CSF is the specific cytokine required for the differentiation of 
this lineage; these results demonstrated that these cells have the ability to induce the 
production of functional M-CSF, a key cytokine in the activation and differentia-
tion of the monocytic lineage [47]. The Vordenbaumen group demonstrated that 
macrophages of human origin could be stimulated by human αS1-casein to produce 
GM-CSF and that αS1-casein activated the p38 MAPK pathway, which is an impor-
tant signal in cells of hematopoietic origin. Interestingly, this group found that 
αS1-casein was linked to specific receptors for the protein in most of the macro-
phages analyzed and not only that but also that it could induce the production of 
IL-1 and IL-6, which positions it as an excellent immunomodulatory protein [48]. 
This same group subsequently demonstrated that αS1-casein in human milk has the 
ability to differentiate human monocytes from macrophages, and they also increase 
the phagocytic capacity of the monocytes in vitro once stimulated with the protein 
[49]. On the other hand, the Santiago-Osorio group showed that the IP inoculation 
of BALB/c mice with sodium caseinate induces in vivo proliferation of the myeloid 
lineage in the bone marrow. Interestingly, it was observed that the granulocytes 
had the ability to incorporate BrdU, a thymidine analyte that is incorporated into 
proliferating cells; further, the cells exhibited a greater ability to phagocytose when 
compared to cells from mice that had not received treatment [37].

5. The role of caseins in lymphopoiesis

Regarding the influence of caseins or sodium caseinate on the lymphoid lineage, 
the role of these proteins is not prominent, but they have interesting functions 
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reduction in lymphocytes and monocytes, especially in granulocytic cells associ-
ated with bone marrow hypoplasia. Therefore, hematopoietic stem cell (Lin-Sca-
1+c-Kit+-LSK) and progenitor cell (CD45+CD34+) populations were decreased in 
malnourished animals [33], but also low protein intake induced a specific reduction 
in granulocyte-monocyte progenitors (Lin-IL7r-c-Kit+Sca-1-CD16/32high), which 
explains, in part, why there was a reduction in mature granulocytes [32].

It is well known that in protein malnutrition states, the number of granulocytic 
cells, especially neutrophils, is reduced, which predisposes patients to higher sus-
ceptibility to infection [34, 35]. However, this involvement in hematopoiesis cannot 
be explained only because there are not enough amino acids to support the require-
ments of an expanding tissue; other cellular mechanisms are involved. In this 
sense, Hastreiter et al. showed that there is an impaired ability of c-Kit+ cells from 
the bone marrow of malnourished animals to produce CFU-GEMM and CFU-GM 
cells, which are myeloid progenitors and, consequently, are the cells responsible 
for granulopoiesis [36]; this malfunction is related to Kit+ cells exhibiting reduced 
expression of the receptor of granulocyte colony-stimulating factor (G-CSFr), 
which is a granulopoietic cytokine [32].

Interestingly, Domínguez-Melendez et al. showed that administration of casein 
as sodium caseinate in BALB/c mice increased the percentage of myeloid precursors 
from bone marrow and increased the total number of bone marrow leukocytes 
resulting from cell proliferation. They also found that casein induced prolifera-
tion and activation of granulocytes, and it increased the serum concentration of 
cytokines such as G-CSF, M-CSF, and GM-CSF [37]. These cytokines are key to the 
proliferation, differentiation, and activation of granulomonocytic cells, which in 
turn induce multiple functions within the immune response; since these cytokines 
regulate inflammation, as is the case for monocyte-macrophages, they are respon-
sible for phagocytosis, which is a crucial event in fungal and bacterial infections; 
once activated, macrophages are the bridge between activated CD4+ lymphocytes 
and the adaptive immune response [38]. For the lymphoid lineage in vivo, sodium 
caseinate also influences the induction of IL-7, a key cytokine involved in lympho-
poiesis of B cells, which are key cells for the adaptive immune response, since once 
activated, they are responsible for producing antibodies that they will opsonize 
foreign antigens to facilitate their elimination [39].

This suggests that casein may be linked to the development of the immune 
system in the early stages of life, and it may be relevant throughout life as a way of 
activating the immune system; this notion has been demonstrated experimentally 
by mice that, when injected with lethal doses of bacteria, can survive only after 
inducing protection by granulocytes with administration of casein [40].
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in vivo and in vitro are limited, and most of them do not include non-casein protein 
experimental controls. In some cases, there could be controversy in its effects 
observed due to the presence of a general source of protein or if they were specific 
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consider the inclusion of non-casein protein controls.
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Caseins and sodium caseinate have been studied for almost four decades, 
where, from the beginning, it was clear that there was a proinflammatory effect of 
casein on myeloid lineage cells; this activity was demonstrated by Lotem and Sachs 
working group, which showed that sodium caseinate had the ability to differenti-
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in mice via inflammation and via the activity of T lymphocytes in the peritoneal 
cavity [41]. Later, this same group showed that the inflammation caused by sodium 
caseinate had the ability to induce the production of G-CSF and GM-CSF in vitro 
and in vivo [42]. Another study showed that protein deprivation, such as dietary 
casein restriction, in rats directly resulted in a decrease in erythropoietin, which is a 
hormone that is directly related to the proliferation of the erythroid lineage [43]. In 
a similar study, the role of casein on this lineage was reconfirmed, since the restric-
tion of protein in standard diets in mice once again demonstrated the involvement 
of proteins in the proliferation of erythroid progenitors in mice [44]. Subsequently, 
it was shown that after intraperitoneal inoculation of casein, both the production 
of G-CSF and GM-CSF were rapidly induced, and the high concentration of both 
cytokines caused a high migration of neutrophils only at the site of inoculation, but 
they revealed no increase in their percentage in the bone marrow [45]. Interestingly, 
in a study carried out by the Noursadeghi group, it was shown that after previous 
inoculation of casein, protection could be given to mice treated with lethal doses of 
bacteria, and this was due to defensive ability of activated neutrophils recruited by 
G-CSF induced by that intraperitoneal (IP) injection of casein [40]. Regarding the 
casein and sodium caseinate fractions on myeloid cell lines, one study showed that 
in vitro sodium caseinate had the ability to inhibit the proliferation of a myeloid 
cell line 32D without inhibiting its viability. On the other hand, α-casein exhibited 
the ability to inhibit the proliferation of a myeloid tumor line, which is the case for 
WEHI-3 and sodium caseinate of tumor lines J-774 and P388 at different concen-
trations. In this same study, it was shown that casein fractions α-, β- and κ-casein 
could induce differentiation of the 32D cell line but not the WEHI-3 tumor cell line, 
but the study interestingly demonstrated that sodium caseinate and a-casein have 
the ability to induce M-CSF secretion in the 32D cell line [46]. The same group of 
researchers subsequently demonstrated that sodium caseinate has the ability to 
induce the differentiation of the granulocytic lineage in vitro in the same way that 
G-CSF does, and G-CSF is the specific cytokine required for the differentiation of 
this lineage; these results demonstrated that these cells have the ability to induce the 
production of functional M-CSF, a key cytokine in the activation and differentia-
tion of the monocytic lineage [47]. The Vordenbaumen group demonstrated that 
macrophages of human origin could be stimulated by human αS1-casein to produce 
GM-CSF and that αS1-casein activated the p38 MAPK pathway, which is an impor-
tant signal in cells of hematopoietic origin. Interestingly, this group found that 
αS1-casein was linked to specific receptors for the protein in most of the macro-
phages analyzed and not only that but also that it could induce the production of 
IL-1 and IL-6, which positions it as an excellent immunomodulatory protein [48]. 
This same group subsequently demonstrated that αS1-casein in human milk has the 
ability to differentiate human monocytes from macrophages, and they also increase 
the phagocytic capacity of the monocytes in vitro once stimulated with the protein 
[49]. On the other hand, the Santiago-Osorio group showed that the IP inoculation 
of BALB/c mice with sodium caseinate induces in vivo proliferation of the myeloid 
lineage in the bone marrow. Interestingly, it was observed that the granulocytes 
had the ability to incorporate BrdU, a thymidine analyte that is incorporated into 
proliferating cells; further, the cells exhibited a greater ability to phagocytose when 
compared to cells from mice that had not received treatment [37].

5. The role of caseins in lymphopoiesis

Regarding the influence of caseins or sodium caseinate on the lymphoid lineage, 
the role of these proteins is not prominent, but they have interesting functions 
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in vivo and in vitro; for instance, the proteolytic activity of leukocytes can be 
induced by β-casein in vitro [50]. In another work, it was demonstrated that 
peptides derived from αS1-casein increased the concentration of IFN-γ by stimulat-
ing CD8+ T cells, and IFN-γ is a potent inhibitor of Th2 lymphocyte-dependent 
events as well as an inhibitor of the production of IgE [51]. Another working group 
demonstrated that β-casein rather than κ-casein is mainly responsible for inhibiting 
spleen CD3+ T lymphocytes [52]. In a more detailed work, the group of Santiago 
Osorio demonstrated that the IP inoculation of BALB/c mice with sodium casein-
ate decreases the proliferation of B/B220+ lymphocytes in bone marrow, but this 
lineage increases proliferation in the spleen; this observation suggests that the IP 
injection induces extramedullary lymphopoiesis, while the treatment does not 
increase the proliferation of lineage lymphocytes specifically in the thymus and 
has only very subtle effects in the spleen without affecting the viability of both 
lineages. It should be noted that the production of IL-2, IL-7, and IL-15 is increased, 
and they are key interleukins involved in lymphopoiesis of both T cells and B cells 
in mice [53]. Although there is currently clear evidence for the role of caseins or 
sodium caseinate on the lymphoid lineage, there is more evidence of their effect on 
the myeloid lineage, which may be due to the characteristics of the protein and its 
particular influence on these cells. However, the field is still open to further explo-
ration of the role of sodium caseinate or caseins on the lymphoid lineage, since its 
role is not yet clear.

6. Inflammation and immune system enhancement by caseins

Milk is a complex physiological liquid that simultaneously provides nutrients 
and bioactive components, including prebiotics, immune proteins, and the micro-
biome of human milk itself; the establishment of symbiotic microflora and the 
development of gut-associated lymphoid tissues facilitate the successful postnatal 
adaptation of the newborn infant by stimulating cellular growth and digestive 
maturation [9]. Breastfeeding is associated with a decreased incidence of gastroin-
testinal (GI) tract infections [54, 55], which is corroborated by several studies that 
have correlated breastfeeding with a lower incidence of necrotizing enterocolitis in 
humans and animal models [56, 57].

The antimicrobial activity in milk is greater than the sum individual immuno-
globulin and of whey proteins such as lactoferrin, lactoferricins, lactoperoxidase, 
lysozyme, lactenin, casecudubs, etc. [58]; this activity could be also associated 
with gut-colonizing bacteria that prevent adhesion and colonization of pathogenic 
bacteria while stimulating mucosal cell proliferation and enhancing immune devel-
opment [59]; a portion of these antimicrobial activities are performed by caseins, 
most likely κ-casein fucose carbohydrate residues.

Purified human κ-casein inhibits specific adhesion of Helicobacter pylori to 
mucous cells at the human gastric surface. The inhibitory activity is abolished by 
the oxidation of metaperiodate and is considerably reduced by preincubation with 
alpha-l-fucosidase but not with α-N-acetylneuraminidase or endo-β-galactosidase. 
Thus, glycosylated κ-casein is likely important for the inhibition of Helicobacter 
pylori adhesion and, therefore, infection. This could explain why breastfeeding may 
protect against Helicobacter pylori infection during early life and how the species-
specific glycosylation patterns in human bovine κ-casein partly determine both 
the narrow host spectrum of this human gastric pathogen and the capacity to resist 
infection [60].

Unphosphorylated αS1-casein in breast milk may contribute to the development 
of the immune system before major colonization of the gut by microbes occurs by 
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triggering immune responses to potential pathogens, including pathogen-associated 
molecules such as LPS. Moreover, αS1-casein by itself gives rise to sustained specific 
IgG antibody production in individuals who nursed [61]. Early infantile autoanti-
body production in turn is speculated to confer protection from pathogens [62].

αS1-casein activates the secretion of the proinflammatory cytokines GM-CSF 
(granulocyte-macrophage colony-stimulating factor), IL1-β (interleukin 1β), IL-6 
(interleukin 6), and chemokine IL-8 (interleukin 8) in human monocytes via the 
mitogen-activated protein kinase p38 (MAPK-p38) signaling pathway [24, 49].

Human unphosphorylated αS1-casein induces Toll-like receptor 4 (TLRs) 
mediated expression of the proinflammatory cytokines IL-1β, GM-CSF, and 
IL-6 in monocytic cells [63] and induces the differentiation of monocytes toward 
macrophages [49, 64], but this process is not dependent upon LPS. Interestingly, 
a posttranslational modification in αS1-casein (a phosphorylation event) inhibits 
binding to TLR4, which acts as an off switch for proinflammatory effects [48]. 
Ectopic expression (outside the mammary gland) of αS1-casein has been detected 
in inflamed tissues such as synovial cells and cartilage of rheumatoid arthritis, 
osteoarthritis, and multiple sclerosis patients [63, 65–67], prostate hyperplasia [68], 
and lymph nodes of encephalomyelitic mice [67]. Hence, αS1-casein may consti-
tute an autogenous stimulus that upholds chronic autoimmune inflammation via 
TLR4 [64].

On the other hand, it is known that casein and sodium caseinate are agents that 
can induce inflammation when inoculated intraperitoneally, and it has been shown 
that sodium caseinate and casein can stimulate neutrophils to produce proinflam-
matory cytokines, such as M-CSF, in vitro [47]. Not only that, but it is known that 
they can induce in this same lineage signaling pathways involved in inflammation, 
such as p38 MAPK, which in turn stimulates the production of key cytokines both 
in inflammation and in hematopoietic cell differentiation processes [69]. However, 
casein inoculation can induce a rapid accumulation of neutrophils within 3 h 
due to selective release of mature cells from the bone marrow; then, a significant 
increase in the concentrations of granulocyte-macrophage colony-stimulating 
factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) occurs in the 
peritoneal cavity [45], but the accumulation did not affect the serum values of TNF-
α, IL-1β, or IL-6. As demonstrated by Noursadeghi, inflammation induced by casein 
was associated with higher serum G-CSF concentrations, and administration of an 
Ab that neutralized this cytokine completely nullified protection against Escherichia 
coli infection after casein pretreatment. Injection of recombinant murine G-CSF 
between 3 and 24 h before infection conferred the same protection that was pro-
vided by casein injection [40].

7. Toll-like receptors (TLRs) and caseins

Caseins serve as a source of amino acids but also perform a range of functions, 
including improving micronutrient bioavailability, stimulating intestinal growth 
and maturation, supporting immunologic defense, shaping the microbiome, 
and enhancing learning and memory [19]. Some bioactive peptides in milk act in 
variable ways as antihypertensives, antithrombotic agents, opioids, antimicrobials, 
cytomodulators, and immunomodulators [70]. How can this be possible, if proteins 
are degraded in the gastrointestinal tract to yield the essential amino acids for the 
development of the neonate?

Bioactive milk peptides were first described in 1950, when Mellander (1950) 
reported that ingestion of casein-derived phosphorylated peptides led to enhanced 
vitamin D-independent calcification in rachitic infants. While bioactive peptides 
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in vivo and in vitro; for instance, the proteolytic activity of leukocytes can be 
induced by β-casein in vitro [50]. In another work, it was demonstrated that 
peptides derived from αS1-casein increased the concentration of IFN-γ by stimulat-
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spleen CD3+ T lymphocytes [52]. In a more detailed work, the group of Santiago 
Osorio demonstrated that the IP inoculation of BALB/c mice with sodium casein-
ate decreases the proliferation of B/B220+ lymphocytes in bone marrow, but this 
lineage increases proliferation in the spleen; this observation suggests that the IP 
injection induces extramedullary lymphopoiesis, while the treatment does not 
increase the proliferation of lineage lymphocytes specifically in the thymus and 
has only very subtle effects in the spleen without affecting the viability of both 
lineages. It should be noted that the production of IL-2, IL-7, and IL-15 is increased, 
and they are key interleukins involved in lymphopoiesis of both T cells and B cells 
in mice [53]. Although there is currently clear evidence for the role of caseins or 
sodium caseinate on the lymphoid lineage, there is more evidence of their effect on 
the myeloid lineage, which may be due to the characteristics of the protein and its 
particular influence on these cells. However, the field is still open to further explo-
ration of the role of sodium caseinate or caseins on the lymphoid lineage, since its 
role is not yet clear.

6. Inflammation and immune system enhancement by caseins
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and bioactive components, including prebiotics, immune proteins, and the micro-
biome of human milk itself; the establishment of symbiotic microflora and the 
development of gut-associated lymphoid tissues facilitate the successful postnatal 
adaptation of the newborn infant by stimulating cellular growth and digestive 
maturation [9]. Breastfeeding is associated with a decreased incidence of gastroin-
testinal (GI) tract infections [54, 55], which is corroborated by several studies that 
have correlated breastfeeding with a lower incidence of necrotizing enterocolitis in 
humans and animal models [56, 57].

The antimicrobial activity in milk is greater than the sum individual immuno-
globulin and of whey proteins such as lactoferrin, lactoferricins, lactoperoxidase, 
lysozyme, lactenin, casecudubs, etc. [58]; this activity could be also associated 
with gut-colonizing bacteria that prevent adhesion and colonization of pathogenic 
bacteria while stimulating mucosal cell proliferation and enhancing immune devel-
opment [59]; a portion of these antimicrobial activities are performed by caseins, 
most likely κ-casein fucose carbohydrate residues.

Purified human κ-casein inhibits specific adhesion of Helicobacter pylori to 
mucous cells at the human gastric surface. The inhibitory activity is abolished by 
the oxidation of metaperiodate and is considerably reduced by preincubation with 
alpha-l-fucosidase but not with α-N-acetylneuraminidase or endo-β-galactosidase. 
Thus, glycosylated κ-casein is likely important for the inhibition of Helicobacter 
pylori adhesion and, therefore, infection. This could explain why breastfeeding may 
protect against Helicobacter pylori infection during early life and how the species-
specific glycosylation patterns in human bovine κ-casein partly determine both 
the narrow host spectrum of this human gastric pathogen and the capacity to resist 
infection [60].

Unphosphorylated αS1-casein in breast milk may contribute to the development 
of the immune system before major colonization of the gut by microbes occurs by 
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peritoneal cavity [45], but the accumulation did not affect the serum values of TNF-
α, IL-1β, or IL-6. As demonstrated by Noursadeghi, inflammation induced by casein 
was associated with higher serum G-CSF concentrations, and administration of an 
Ab that neutralized this cytokine completely nullified protection against Escherichia 
coli infection after casein pretreatment. Injection of recombinant murine G-CSF 
between 3 and 24 h before infection conferred the same protection that was pro-
vided by casein injection [40].
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Bioactive milk peptides were first described in 1950, when Mellander (1950) 
reported that ingestion of casein-derived phosphorylated peptides led to enhanced 
vitamin D-independent calcification in rachitic infants. While bioactive peptides 
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can be generated from a variety of foods, milk proteins are generally regarded as a 
very rich source; as a result, they have become fundamental constituents of several 
commercially available functional food products and ingredients [19].

What is the bridge that connects casein, the genesis of myeloid and lymphoid 
hematopoietic cells, and the activation of the immune system? This linking role 
may be the direct responsibility of TLRs, which are receptors that recognize at least 
α-casein and β-casein [71] and are expressed in granulocytes, macrophages, and 
B and T lymphocytes; TLRs are capable of activating these cells to produce key 
cytokines for both proliferation and activation of the innate and adaptive immune 
response, such as TNF-α [72], G-CSF, IL-2 [73, 74], and IL-7 [75].

In this sense, there is evidence that at least β-casein can influence B lymphocytes 
via TLR4 [76, 77], and a recent study showed that casein binds directly to TLR4 
of CD8+ T lymphocytes [64], although it has also been shown that β-casein can 
influence the activation and production of histamine through a kinase-dependent 
mechanism PI3 [78].

Regarding the role of TLR in the production of key cytokines for the activation 
and proliferation of both T and B lymphocytes, TLR4 of T lymphocytes is involved 
in the production of IL-2 [73, 74].

For myeloid cells, neutrophils have been shown to use both TLR4 and TLR2 for 
survival and activation [79]. Thus, TRL4 is essential for the production of G-CSF 
in neutrophils stimulated with Clostridium [80], and another study showed that in 
addition to G-CSF, TLR4 is capable of inducing the expression of GM-CSF, which 
plays a fundamental role in the activation and differentiation of both neutrophils 
and monocytes [81].

TLRs have been shown to be essential for the activation of monocytic cells, and 
it plays a role in the production of GM-CSF by activating the transcription factor 
PU.I, which plays a fundamental role in this lineage [82]. In dendritic cells derived 
from macrophages, TLRs are involved in the synthesis of IL-7, which is an essential 
interleukin for the maintenance of LT CD8+ [75]. Therefore, casein or sodium 

Figure 1. 
Action mechanism of caseins to induce hematopoiesis and immunomodulation. Casein is highly likely to induce 
TLR4 activation, after which the expression of GM-CSF, G-CSF, M-CSF, and IL-7 is induced in both myeloid 
and lymphoid cells. This massive cellular activation of hematopoietic cells and immune responses explain the 
antimicrobial and immunomodulatory effects of casein.
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caseinate could stimulate TLR4 via the production of at least IL-7 in dendritic cells 
derived from macrophages.

It is clear that there is a close relationship between TLR4 and cells of myeloid 
and lymphoid origin, as these cells use TLR4 both in their proliferation and in their 
activation. This relationship then entails the production of cytokines of myeloid 
and lymphoid origin, and these cytokines in turn are key pieces for the proliferation 
and activation of these same cells. Thus, TLR4-bound caseins or sodium caseinate 
are highly likely to induce TLR4 activation, after which the expression of GM-CSF, 
G-CSF, M-CSF, and IL-7 is induced in both myeloid and lymphoid cells (Figure 1). 
It is even possible that indirectly, by stimulating other cell types, TLR4 could induce 
the activation of cells that can influence the erythroid and megakaryocyte lineage. 
Then, this massive cellular activation of hematopoietic cells and immune responses 
could explain the antimicrobial and immunomodulatory effects of casein as well 
as the activity of casein as an antihypertensive, antithrombotic, and antioxidant 
molecule [83].

Here, we can reveal that activation of the innate immune system by casein could 
be useful to fight pathogens resistant to antibiotics, as has been suggested [40], so 
casein could be used to induce a strong immune response in immunosuppressed 
patients [84, 85]; it could be used as a prophylactic strategy to prevent infections.
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Abstract

Breast milk represents nature’s best mechanism to provide complete nourish-
ment and protection to the newborn. Human breast milk acts as a store house of an
array of bioactive factors, which includes antimicrobial proteins and antimicrobial
peptides that confer early protection while lowering the incidence of developing
various infections and exhibiting immune modulation property to activate the
immune cells to fight against the invading pathogens. Among the bioactive pep-
tides, endogenous peptides present in breast milk have opened a new window of
research on studying their unique mechanisms of action. This will help in incorpo-
rating these peptides in formula milk for meeting special needs where breastfeeding
is not possible. The present chapter aims to give a deep insight into the various
antimicrobial peptides and the newly reported endogenous peptides in human
breast milk with emphasis on their levels and activity in preterm milk as data
related to this is lacking and preterm newborns are highly vulnerable to acquire
infections. Further, the chapter focuses on highlighting the antibacterial mecha-
nisms adopted by the bioactive peptides for protection against the neonatal bacte-
rial pathogens with special emphasis on the infections caused by resistant bacterial
strains in hospital settings (neonatal wards) and their future implications.

Keywords: breast milk, neonatal infections, antimicrobial proteins, antimicrobial
peptides, preterm, necrotizing Enterocolitis

1. Introduction

Breastfeeding provides a nursing infant with a plethora of bioactive molecules
evolved to optimally develop the infants overall health. Traditionally breast milk
was considered to serve only as a source of nutrition but breast milk is actually a
perfect store house of an array of bioactive molecules essential for the overall
development and protection of the newborn. It is considered as the best functional
food for all instances, whether preterm or full term that is produced specifically by
each mother to satisfy her unique infant. World Health Organization (WHO)

81



Chapter 6

Prophylactic and Therapeutic Role
of Human Breast Milk Proteins
and Bioactive Peptides against
Neonatal Bacterial Infections
Sandeep Kaur, Mandeep Kaur Panaich, Simrat Kaur Virk,
Mahima Choudhary, Chandni Sharma, Sunita Chauhan,
Parul Chadha and Vandana Sharma

Abstract

Breast milk represents nature’s best mechanism to provide complete nourish-
ment and protection to the newborn. Human breast milk acts as a store house of an
array of bioactive factors, which includes antimicrobial proteins and antimicrobial
peptides that confer early protection while lowering the incidence of developing
various infections and exhibiting immune modulation property to activate the
immune cells to fight against the invading pathogens. Among the bioactive pep-
tides, endogenous peptides present in breast milk have opened a new window of
research on studying their unique mechanisms of action. This will help in incorpo-
rating these peptides in formula milk for meeting special needs where breastfeeding
is not possible. The present chapter aims to give a deep insight into the various
antimicrobial peptides and the newly reported endogenous peptides in human
breast milk with emphasis on their levels and activity in preterm milk as data
related to this is lacking and preterm newborns are highly vulnerable to acquire
infections. Further, the chapter focuses on highlighting the antibacterial mecha-
nisms adopted by the bioactive peptides for protection against the neonatal bacte-
rial pathogens with special emphasis on the infections caused by resistant bacterial
strains in hospital settings (neonatal wards) and their future implications.

Keywords: breast milk, neonatal infections, antimicrobial proteins, antimicrobial
peptides, preterm, necrotizing Enterocolitis

1. Introduction

Breastfeeding provides a nursing infant with a plethora of bioactive molecules
evolved to optimally develop the infants overall health. Traditionally breast milk
was considered to serve only as a source of nutrition but breast milk is actually a
perfect store house of an array of bioactive molecules essential for the overall
development and protection of the newborn. It is considered as the best functional
food for all instances, whether preterm or full term that is produced specifically by
each mother to satisfy her unique infant. World Health Organization (WHO)

81



recommends exclusive breastfeeding until 6 months and continuation of
breastfeeding until 2 years as part of mixed diet [1, 2]. Past studies clearly indicate
that as compared to formula fed infants, breast fed infants present lower incidence
of microbial infections, better quality and composition of their gut flora, better
cognitive functions, reduced risk of allergy with a stronger immunity to fight
against infections in their future as well [3–6].

These properties and benefits of breastfeeding are due to the presence of mul-
titude of bioactive molecules in human breast milk that help to protect the new-
born from pathogenic microbes while strengthening infant’s immune system.
Among the major bioactive molecules are the milk proteins present. Colostrum has
high concentration of proteins, is low in fat and carbohydrates than mature milk
indicating that its primary purpose is to provide immediately as many bioactive
proteins and peptides to the newborn aimed for its protection against microbial
insult [7, 8].

These bioactive proteins serve various physiological functions which include
enhancement of nutrient absorption by specific binding proteins facilitating the
uptake of nutrients, assistant in digestion and growth stimulation. One of the major
role of bioactive proteins is their antimicrobial effect as these molecules have broad
spectrum antimicrobial activity in vitro against bacteria, viruses, and fungi, as well
as synergistic activity with conventional antibiotics [9–11].

Antimicrobial proteins are multifunctional defense molecules that are highly con-
centrated in early lactation and decrease with progressing lactation. Their composi-
tion in milk changes to serve to the growing and changing needs of infant. They
present a strong defense against the pathogens thus protecting the highly vulnerable
infant while its immune system is still being developed. Antimicrobial proteins
(AMPrs) and antimicrobial peptides (AMPs) exhibit their effect through many
different mechanism and unique ways. They are involved in (a) direct outright killing
the microbes, (b) neutralizing the bacteria and viruses and making them ineffective
or (c) indirectly by blocking the initial attachment/adherence of the bacteria to
mucosal surfaces. Besides this, these molecules also modulate the immune system by
activating immune cells against infectious agents and strengthening the innate system
against life-threatening infections and those targeting the mucosal lining (gastroin-
testinal infections, skin infections, respiratory tract infections) [12–14]. The combi-
nation of immunomodulation and antimicrobial factors help the child to avoid the
development of various childhood infections and inflammatory diseases. Another
major role played by breast milk proteins is the development of infant’s gut flora
exerted due to the prebiotic effect [10, 15]. Therefore, breast milk is a unique and
complex reservoir of multitude of proteins and peptides all of which work in a
synergistic manner to maximize the benefits in favor of the growing infant.

Another area of interest pertains to endogenous peptides present in human milk
and their unique role that still warrants further research. These peptides are derived
from proteins by specific proteases, many possess antibacterial action [16, 17].
Studying such endogenous peptides especially their role in preterm milk is of
paramount importance in developing functional foods to cater to the special need of
low birth weight infants (LBW) as well as preterm infants that stand at a higher
chance of developing infections than term infants.

The role of milk derived antimicrobial proteins and peptides against neonatal
pathogens and their clinical utility is definitely a complex topic and needs more
detailed investigation. The present chapter focuses on various bioactive proteins
and peptides involved, their mechanisms, spectrum of activity against range of
bacterial infections with special emphasis on preterm infants and role of these
molecules against resistant infections that are on rise in neonatal wards. Finally,
future implications pertaining to use of newer technologies to exploit various
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human milk derived proteins and novel peptides as therapeutic and preventive
intervention strategy has been highlighted.

2. The human milk proteome

Human breast milk is an ideal nutrition to the infants consisting of 87% water,
1% protein, 4% lipid and 7% carbohydrate along with various minerals and vitamins
[15]. These bio-components of breast milk have been shown to provide bioactivities
that are important for infant growth and development. The largest variety of
bioactivities, however, is provided by proteins in breast milk [18].

Breast milk contains a wide array of proteins which are present in the form of
enzymes/proteases, glycoproteins, and endogenous peptides. They provide unique
biological activities, ranging from antimicrobial effects to immunostimulatory
functions, facilitating the digestion and uptake of other nutrients in the milk such as
iron, calcium and vitamin B besides providing sufficient amounts of essential amino
acids to breast-fed infants [8]. The concentration and composition of human milk
proteome changes continuously in their composition and concentration throughout
gestational age and lactation stage. Over the last several years, an extensive analysis
of the protein composition of term and preterm breast milk has been done [19–21].
Results indicate both quantitative as well as qualitative modifications through lac-
tation in both term and preterm breast milk. Breast milk obtained from mothers
who deliver preterm showed significantly higher protein content than that of
mothers who deliver at term [22, 23]. The mean total protein content in preterm
milk has been reported to range from 3.0 to 1.9 g/dl, and in term milk to vary from
2.2 to 1.1 g/dl over the first 4 weeks postpartum [19, 20, 24–26]. As lactation stage
proceeds from colostrum to transitional milk, a gradual and physiological decrease
in protein quantity occurs in both kinds of milk [26–28]. A decrease of protein levels
by 30% was reported in preterm milk and by 50% in term milk from the first to
eighth weeks of lactation [20, 29]. The concentration of proteins remains relatively
constant thereafter in mature (term) milk. However, according to Lucas and Hud-
son [30], the volume of milk produced is an important determinant of protein
content. They negatively correlated the postnatal age of the donor with milk protein
concentration. Also, for feeding preterm infants, the lower level of total protein and
specific amino acids from donor (typically, term, late lactation) milk alone is limit-
ing, and requires additional supplementation. Many other factors also influence the
protein content of human term milk. Bachour et al. [31] showed that smoking and
mother’s basal metabolic index (BMI) and lactation stage significantly decreased the
protein content (12%) of the term milk. Overweight mothers also showed a lower
milk protein concentrations [32]. The treatment of expressed milk also induces
changes in the valuable nutrients contained in human milk. Ramirez-Santana et al.
[33] evaluated the effect of cooling storage at 4°C and freezing storage at �20°C
and �80°C on bioactive factors in human colostrum. The results interpreted that
colostrum can be stored at 4°C for up to 48 h or at �20°C or �80°C for at least
6 months without losing its immunological properties provided by bioactive pro-
teins. Similar study reported that lactating mother can pump the milk and refriger-
ate it for later consumption without compromising on the antibacterial potency of
their milk against for up to 24 h [34].

Bjorksten et al. [35] and Evans et al. [36] reported no significant changes in
human term milk proteins after freezing for 3 months. Another study suggested
that frozen storage resulted in a lower reduction in various bioactive proteins as
compare to pasteurization in term milk [37] Similarly, Chang et al. [38] revealed a
non-significant decrease in most of the bioactive proteins in frozen as well as in
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low-grade heat treated (below 60°C) term milk. They proposed frozen breast milk
as an alternative choice if fresh breast milk is unavailable. The Academy of
Breastfeeding Medicine has a protocol for home storage of human milk that can be
used to guide mothers in these activities to optimize the integrity of expressed and
stored milk.

3. Breast milk and antimicrobial proteins

Human milk possesses inherent antimicrobial proteins that have been attributed
to the defense against number of pathogens preventing their proliferation and
invasion. The major antimicrobial proteins (AMPr) present in human milk act as
first line of innate defense and are discussed below:

3.1 Lactoferrin

Human lactoferrin (HmLf) a multifunctional whey class of globular glycopro-
tein, found in abundance in human milk. The concentration is highest in colostrum
at 5.5 g/L and decreases between 1.5 and 3.0 g/L in mature milk depending on the
stage of lactation [39]. The decline in lactoferrin concentration is slower in preterm
mother’s milk than in full-term mother’s milk [40]. Lactoferrin is an antiviral,
antibacterial and anti-inflammatory protein. HmLF exert antimicrobial activity
against Gram-positive [41–44] bacteria by either iron-depletion and/or disruption
of bacterial membrane [45]. Lactoferrin also possesses anti-inflammatory properties
and seems to be involved in phagocytic killing and immune responses [46]. The
presence of human lactoferrin in breast fed infants indicate that it survive proteo-
lytic digestion. Higher concentration found in the feces of premature infants
suggests that these proteins play an active role in the infant gut [47].

3.2 Secretory immunoglobulin A (sIgA)

sIgA is the major immunoglobulin belonging to whey group of proteins present
in human milk. The average concentration ranges from 2.0 g/L in colostrum to
approximately 0.5 g/L in mature milk [48]. The secretory component works as a
defense mechanism for the antibody molecules, protecting them from gastric acid
and digestive enzymes, hence, resist digestion [49]. As a result, sIgA molecules
remain active throughout the infants’ gastrointestinal tract and protect against
bacterial infections especially diarrheal diseases which are a major cause of morbid-
ity and mortality in children in developing countries [50]. sIgA bind to pathogenic
bacteria, toxins and other antigenic materials, such as lipopolysaccharide (LPS),
thus, preventing their adherence and penetration into the intestinal epithelium
without triggering inflammatory reactions that could be harmful to the newborn.
This mechanism is called immune exclusion.

Apart from direct binding, sIgA can agglutinate bacteria non-specifically
through oligosaccharide α-side chains of the immunoglobulin molecule. These oli-
gosaccharides bind to fimbrial lectins, e.g., of E. coli and other bacteria [51]. Purified
sIgA from human milk has been shown to protect the breast-fed infant by inhibiting
the adhesion of enteropathogenic Escherichia coli (EPEC) to HEp- 2 cells in cell
culture [52]. Another study demonstrated the ability of human milk sIgA to block
the adhesion of Staphylococcus aureus strain in tissue culture.
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3.3 Lysozyme

This protein constitutes a major fraction of the whey protein of breast milk. It is
present in higher amounts in colostrum (0.36 g/L) and its concentration is slightly
reduced in mature milk to 0.30 g/L [53]. Lysozyme is a protein that can exerts its
antibacterial effect against gram positive bacteria independently by cleaving the 1–4
linkage between N-acetyl glucosamine and N-acetylmuramic acid in their cell wall.
It may also act in concert with lactoferrin to kill both gram-positive and gram-
negative bacteria and perhaps also against viruses. Electron microscopic studies
showed that lactoferrin first binds to LPS in outer membrane of the bacteria creat-
ing holes through which lysozyme can penetrate and degrade the inner peptidogly-
can matrix [8]. It is found intact in the stool of infant showing that it may exert its
activity in the gut of breast fed infant.

3.4 κ-Casein (κ-CN)

k-casein, a small subunit of casein present in breast milk, is a highly
glycosylated (90%) oligosaccharide. Concentration of kappa casein in colostrum is
25 and 1 g/L in mature milk [54]. The antimicrobial properties of the κ-casein
portion of human milk fluids were first reported by Aniansson et al. [55]. κ-casein
was showed to inhibit the adherence of Streptococcus pneumoniae to human respi-
ratory tract epithelial cells in vitro. κ-casein prevents the attachment of bacteria to
the mucosal lining as their oligosaccharides act as a receptor analogue having
structures similar to exposed glycans on mucosal surface [56]. Others have dem-
onstrated an inhibitory effect of κ-CN on the adhesion of Helicobacter pylori to
human gastric mucous cells [57]. These studies clearly established that the actual
anti-infective agent responsible for preventing infection in their respective cell
types was the carbohydrate portion of the glycoprotein. Later, the fucose carbo-
hydrate moiety was specifically identified as the primary factor responsible for
inhibiting adhesion. Studies have also indicated that κ-CN in milk works together
in a synergistic approach with lactoferrin, and sIgA work to protect the new born
against microbial attack.

3.5 Osteopontin (OPN)

It is a multifunctional glycosylated and heavily phosphorylated acidic protein
initially discovered in bones. With high variability among mothers and stages of
lactation, the average concentration of osteopontin in breast milk is approximately
(138 � 79 mg/L, mean � SD) [58]. Present in low concentration in colostrum but
after 3 days of lactation, high levels are established. The levels decrease with
advancing lactation, but about half maximal levels are maintained beyond 1 year of
lactation [59]. In vitro experiments have indicated that human and bovine milk
OPN are in part resistant to proteolysis in the infant intestinal tract, which makes
OPN a potentially bioactive component of human milk [60]. It also plays an impor-
tant role in immune activation and immune regulation by acting as chemotactic
agent and stimulates both pro- and anti-inflammatory processes. It enhances B
lymphocyte immunoglobulin production and proliferation and also influences cell-
mediated immunity by inducing Th1 cells [61]. Furthermore, it also has been shown
to form complexes with lactoferrin and act as carrier for other immunomodulator
protein to enhance their competencies [62].
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3.6 Haptocorrin

Haptocorrin is a heavily glycosylated protein present at a concentration of 5 mg/
ml in colostrum and 3 mg/ml matured milk. Haptocorrin is a vitamin B12-binding
protein, stable against proteolytic digestive enzymes [46]. As the infants lack
intrinsic factor required for absorption of vitamin B12, hence, haptocorrin may
facilitate vitamin B12 absorption [63]. Even at low concentration, haptocorrin has
been shown to possess antibacterial activity against pathogenic strains of E. coli and
thus may serve as a defense protein against E. coli related infection [64]. However,
more studies delineating the effect of the bacterial strain and it’s mode of action is
required as its antimicrobial role has been shown to be limited to very few
pathogens.

3.7 Lactoperoxidase

A member of whey protein, lactoperoxidase is secreted by mammary glands and
is persistently present during lactation with concentration of 1–1.5 units/ml [65].
Lactoperoxidase is a glycoprotein and it is resistant to proteolysis [66], thus playing
a role in infant host defense. It forms lactoperoxidase system with thiocyanate
(SCN–) present naturally in human milk, and H2O2, which is generated by bacteria
[67]. In the presence of H2O2, lactoperoxidase oxidases SCN– to hypothiocyanite
(OSCN–), which has antimicrobial activity against both Gram positive and Gram
negative bacteria [68]. These chemical reactions also cause leakage of potassium
ions, amino acids, and peptides across the damaged cytoplasmic membrane.
Lactoperoxidase together with sIg and lysozyme help to eradicate microorganisms
from the small intestine without inflammation, contributing to the development of
a healthy microbiome [69].

3.8 α-Lactalbumin

The most well characterized and primary whey protein in human milk is
α-lactalbumin [70, 71], which accounts for 20–25% of total breast milk proteins.
During its digestion, peptides appear to be transiently formed that have
antibacterial and immunostimulatory properties, thereby possibly help in providing
protection against infection. Various hydrolytic products of α-lactalbumin have
shown antimicrobial activity against E. coli, Klebsiella pneumoniae, Staphylococcus,
Streptococcus, and C. albicans [72].

3.9 Mucins

Mucins are high molecular mass glycoproteins (200–2000 kDa) heavily
glyosylated proteins with variable number of tandem repeats, i.e., mucin domains
[73]. Mucins are found within the milk fat globule membranes (MFGM), and
typically make up less than 1% of total protein. At least 16 mucins have been
identified in humans. Mucin-1 and Mucin-4 have been identified as the major
human milk mucins [73]. Mucins provide protection against gastrointestinal and
respiratory tracts infections by decreasing the adhesion of pathogens to the cell
surface. Mucin-1 specifically has been reported to inhibit the invasion of Salmonella
typhimurium, in a model of fetal intestinal cells, at concentrations that are similar to
that of human milk [73]. Sialic acid moiety of mucin-1 interacts with pathogen
thereby inhibiting the ability of the pathogen to bind to its infant host cell surface
glycan receptor.
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3.10 Lactadherin (milk fat globular membrane protein; MFGMP)

Lactadherin is a 46 kDa mucin associated sialyated glycoprotein found in milk
fat globule membrane. In a study reported by Newburg et al. [74], 200 infants in
Mexico City from birth to 2 years of age were closely monitored for rotavirus
infection symptoms. Milk samples were obtained from the respective mothers
weekly until 4 weeks post-partum. The milk samples were taken immediately
before an infant’s episode of rotavirus infection and levels of lactadherin,
butyrophilin, mucin, and secretory IgA were determined. Results indicated that
concentration of lactadherin in the milk samples fed to infants belonging to asymp-
tomatic group was 48.4 (range 5.6–180) μg/mL while in the symptomatic group, it
was lower, i.e., 29.2 (6.2–103.4) μg/mL. No such association between symptom
status and concentrations of butyrophilin, mucin, or secretory IgA was found.
These findings indicated that Lactadherin concentrations showed a significant
association with symptoms in rotavirus-infected breastfed infants and is represen-
tative of a class of non-antibody glycoconjugates in human milk having protective
effect against symptomatic rotavirus infection.

4. Breast milk: reservoir of antimicrobial peptides (AMPs)

Human milk derived bioactive peptides are low-density molecules (5–90 amino
acids) exhibiting their bioactivity features when separated from the parental pro-
teins. These human milk peptides not only act as sources of amino acids, but they
are also involved in immune-modulation, opioid-like activity, antioxidant, antimi-
crobial, and antiviral action, and probiotic action. These peptides when released
may express activity different from that of the parent protein. This may account for
their “encrypted” role other than parent protein after digestion [75]. Nielsen et al.
[76] identified a total of 5264 unique peptides by mass spectrometry deriving from
human and bovine milk proteins. Of these 1722 and 3399 originated from bovine
and human milk proteins, respectively. β-casein accounted for 71.2% of the total
human peptide ion intensity, with αs1-casein and κ-casein combining for an
additional 11.7%.

Anti-microbial peptides (AMPs) exhibit activity against an array of neonatal
pathogens both Gram positive (Staphylococcus aureus, Streptococcus pneumoniae,
Group B Streptococcus, i.e., GBS) and Gram negative bacteria (E. coli, Klebsiella
pneumoniae), mycobacteria, fungi and even the viruses [14, 77–79]. AMPs are
expressed either constitutively or their expression can be inducible in response to
certain pro-inflammatory stimuli. AMPs are cationic peptides that destroy bacteria
in a unique way that is less prone to resistance. They initially target the bacteria via
electrostatic contact at the anionic bacterial surface, i.e., AMPs interact with the
highly negatively charged surface of the membrane consisting of lipopolysaccha-
ride. This is then followed by self-promoted uptake while the AMPs insert and
translocate to the outer bilayer to bind the anionic inner membrane [80]. This leads
to rapid killing and lysis due to serious reduction of membrane integrity at high
concentrations with some AMPs, also having intracellular targets such as DNA [81].
The concept of extracellular entrapment of bacteria by AMPs at epithelial surfaces
and within the bloodstream is also one mechanism.

Although many AMPs of bovine origin have been studies in detail, but we are
focused on detailing the antimicrobial peptides of human origin and their mode of
action. Studying the activity and properties of human origin antimicrobial peptides
will open a new window of alternate therapy targeting the treatment of infections
resilient to the action of antibiotics especially in neonatal scenario. Also, such potent

87

Prophylactic and Therapeutic Role of Human Breast Milk Proteins and Bioactive Peptides…
DOI: http://dx.doi.org/10.5772/intechopen.91865



3.6 Haptocorrin

Haptocorrin is a heavily glycosylated protein present at a concentration of 5 mg/
ml in colostrum and 3 mg/ml matured milk. Haptocorrin is a vitamin B12-binding
protein, stable against proteolytic digestive enzymes [46]. As the infants lack
intrinsic factor required for absorption of vitamin B12, hence, haptocorrin may
facilitate vitamin B12 absorption [63]. Even at low concentration, haptocorrin has
been shown to possess antibacterial activity against pathogenic strains of E. coli and
thus may serve as a defense protein against E. coli related infection [64]. However,
more studies delineating the effect of the bacterial strain and it’s mode of action is
required as its antimicrobial role has been shown to be limited to very few
pathogens.

3.7 Lactoperoxidase

A member of whey protein, lactoperoxidase is secreted by mammary glands and
is persistently present during lactation with concentration of 1–1.5 units/ml [65].
Lactoperoxidase is a glycoprotein and it is resistant to proteolysis [66], thus playing
a role in infant host defense. It forms lactoperoxidase system with thiocyanate
(SCN–) present naturally in human milk, and H2O2, which is generated by bacteria
[67]. In the presence of H2O2, lactoperoxidase oxidases SCN– to hypothiocyanite
(OSCN–), which has antimicrobial activity against both Gram positive and Gram
negative bacteria [68]. These chemical reactions also cause leakage of potassium
ions, amino acids, and peptides across the damaged cytoplasmic membrane.
Lactoperoxidase together with sIg and lysozyme help to eradicate microorganisms
from the small intestine without inflammation, contributing to the development of
a healthy microbiome [69].

3.8 α-Lactalbumin

The most well characterized and primary whey protein in human milk is
α-lactalbumin [70, 71], which accounts for 20–25% of total breast milk proteins.
During its digestion, peptides appear to be transiently formed that have
antibacterial and immunostimulatory properties, thereby possibly help in providing
protection against infection. Various hydrolytic products of α-lactalbumin have
shown antimicrobial activity against E. coli, Klebsiella pneumoniae, Staphylococcus,
Streptococcus, and C. albicans [72].

3.9 Mucins

Mucins are high molecular mass glycoproteins (200–2000 kDa) heavily
glyosylated proteins with variable number of tandem repeats, i.e., mucin domains
[73]. Mucins are found within the milk fat globule membranes (MFGM), and
typically make up less than 1% of total protein. At least 16 mucins have been
identified in humans. Mucin-1 and Mucin-4 have been identified as the major
human milk mucins [73]. Mucins provide protection against gastrointestinal and
respiratory tracts infections by decreasing the adhesion of pathogens to the cell
surface. Mucin-1 specifically has been reported to inhibit the invasion of Salmonella
typhimurium, in a model of fetal intestinal cells, at concentrations that are similar to
that of human milk [73]. Sialic acid moiety of mucin-1 interacts with pathogen
thereby inhibiting the ability of the pathogen to bind to its infant host cell surface
glycan receptor.

86

Infant Feeding - Breast versus Formula

3.10 Lactadherin (milk fat globular membrane protein; MFGMP)

Lactadherin is a 46 kDa mucin associated sialyated glycoprotein found in milk
fat globule membrane. In a study reported by Newburg et al. [74], 200 infants in
Mexico City from birth to 2 years of age were closely monitored for rotavirus
infection symptoms. Milk samples were obtained from the respective mothers
weekly until 4 weeks post-partum. The milk samples were taken immediately
before an infant’s episode of rotavirus infection and levels of lactadherin,
butyrophilin, mucin, and secretory IgA were determined. Results indicated that
concentration of lactadherin in the milk samples fed to infants belonging to asymp-
tomatic group was 48.4 (range 5.6–180) μg/mL while in the symptomatic group, it
was lower, i.e., 29.2 (6.2–103.4) μg/mL. No such association between symptom
status and concentrations of butyrophilin, mucin, or secretory IgA was found.
These findings indicated that Lactadherin concentrations showed a significant
association with symptoms in rotavirus-infected breastfed infants and is represen-
tative of a class of non-antibody glycoconjugates in human milk having protective
effect against symptomatic rotavirus infection.

4. Breast milk: reservoir of antimicrobial peptides (AMPs)

Human milk derived bioactive peptides are low-density molecules (5–90 amino
acids) exhibiting their bioactivity features when separated from the parental pro-
teins. These human milk peptides not only act as sources of amino acids, but they
are also involved in immune-modulation, opioid-like activity, antioxidant, antimi-
crobial, and antiviral action, and probiotic action. These peptides when released
may express activity different from that of the parent protein. This may account for
their “encrypted” role other than parent protein after digestion [75]. Nielsen et al.
[76] identified a total of 5264 unique peptides by mass spectrometry deriving from
human and bovine milk proteins. Of these 1722 and 3399 originated from bovine
and human milk proteins, respectively. β-casein accounted for 71.2% of the total
human peptide ion intensity, with αs1-casein and κ-casein combining for an
additional 11.7%.

Anti-microbial peptides (AMPs) exhibit activity against an array of neonatal
pathogens both Gram positive (Staphylococcus aureus, Streptococcus pneumoniae,
Group B Streptococcus, i.e., GBS) and Gram negative bacteria (E. coli, Klebsiella
pneumoniae), mycobacteria, fungi and even the viruses [14, 77–79]. AMPs are
expressed either constitutively or their expression can be inducible in response to
certain pro-inflammatory stimuli. AMPs are cationic peptides that destroy bacteria
in a unique way that is less prone to resistance. They initially target the bacteria via
electrostatic contact at the anionic bacterial surface, i.e., AMPs interact with the
highly negatively charged surface of the membrane consisting of lipopolysaccha-
ride. This is then followed by self-promoted uptake while the AMPs insert and
translocate to the outer bilayer to bind the anionic inner membrane [80]. This leads
to rapid killing and lysis due to serious reduction of membrane integrity at high
concentrations with some AMPs, also having intracellular targets such as DNA [81].
The concept of extracellular entrapment of bacteria by AMPs at epithelial surfaces
and within the bloodstream is also one mechanism.

Although many AMPs of bovine origin have been studies in detail, but we are
focused on detailing the antimicrobial peptides of human origin and their mode of
action. Studying the activity and properties of human origin antimicrobial peptides
will open a new window of alternate therapy targeting the treatment of infections
resilient to the action of antibiotics especially in neonatal scenario. Also, such potent

87

Prophylactic and Therapeutic Role of Human Breast Milk Proteins and Bioactive Peptides…
DOI: http://dx.doi.org/10.5772/intechopen.91865



peptides can be further isolated, cloned and purified to be incorporated into infant
formula feed acting as a ready therapy given through food to the highly vulnerable
preterm infants. The major antimicrobial peptides present in human milk and their
mechanism of action (Figure 1) reported till date are as follows.

4.1 Defensins

Defensins (2–6 K Da) are small cysteine rich cationic proteins that participate as
host defense peptides against bacteria, fungi and enveloped/non enveloped viruses.
Defensins can be categorized broadly as α-defensins, β-defesins and Ѳ-defensins.
α-defensins are produced in neutrophils and NK cells mostly in a constitutive
manner whereas β-defensins are secreted by epithelial cells of various kinds which
also include mammary gland. Armogida et al. [82] identified expression of hbd-2
gene in 15% of mammary epithelia cells. Baricelli et al. [83] quantified human
β-defensins-2 (HBD-2) levels in colostrum and mature milk from 100 donors. The
colostrum showed concentration ranging from 2.5 to 16.3 μg/ml whereas mature
milk showed a low concentration of an average of 0.97 μg/ml.

They also reported that HBD-2 had potent activity against three opportunistic
pathogens Salmonella, E. coli and Pseudomonas aeruginosa. It also showed activity of
4 μg/ml against multi-drug resistant Acinetobacter baumanii. These molecules have
been shown to form nets to trap bacteria and combat invasion into deeper tissue
[84]. These findings highlight the protective role of this peptide against serious
gastrointestinal infections in neonatal population.

Figure 1.
Summary of different antimicrobial proteins and peptides in human Milk and their action.
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Jia et al. [85] studied the levels of human β-defensins-1 (HBD-1) in human breast
milk by western immunoblotting and reverse HPLC. They detected that level of
HBD-1 was 1–10 μg/ml in mature milk and exhibited antimicrobial activity against
Escherichia coli. In other study, breast tissue sampled from lactating mothers also
showed hBD-1 mRNA expression in mammary gland epithelial cells and in active
milk [86]. HBD1 also showed killing activity against E. coli at a conc. of 5 μg/ml and
against Salmonella enteritidis through formation of entrapping nets in a redox
dependent mode of action [87]. HBD-1 may act synergistically with other peptides
present in breast milk. Also, HBD-1 acts as a chemotactic agent to recruit dendritic
cells, T-cells to mucosal surfaces (respiratory, gastrointestinal, and nasopharynx)
thus acting as a link between innate and adaptive immunity for the neonate [88].

4.2 Cathelicidins

Cathelicidins are multifunctional bactericidal peptides characterized by a highly
conserved N-terminal domain of about 100 amino acid residues. This 14 kDa cathelin-
like domain is flanked by a signal peptide domain (approximately 30 residues long)
on its N-terminus, and by an antimicrobial peptide region on its C-terminus. The
single 16 kDa human cathelicidin is denoted as hCAP18 and it becomes active only
upon proteolytic cleavage into cathelin domain and cathelicidin-derived AMP yield-
ing LL-37 [89]. This LL-37 is the only human cathelicidin-derived AMP secreted by
mammary gland and present in human milk [90].

Human cathelicidin hCAP18/LL-37 mRNA expression was confirmed in human
milk cells showing an increase in expression levels at 30 and 60 days after parturi-
tion. Further, western blot analysis showed that LL-37 was secreted and present in
the mature peptide form in human milk and is present in expressed breast milk
(EBM) of mothers of both term and preterm infants [91].

LL-37 exhibits antimicrobial activity against both Gram-positive and Gram-
negative bacteria., The ability of cathelicidins and defensins to directly confer
protection against bacterial colonization of epithelial surfaces has been shown in
gut, lung, and skin [92, 93]. Chen et al. [94] also showed synergistic effect of
antibacterial agents’ human beta-defensins, cathelicidin LL-37 and lysozyme against
Staphylococcus aureus and Escherichia coli. Scheid et al. [95] examined antimicrobial
activity of LL-37 (15 μg/ml) in hirudin-anticoagulated preterm and term human
cord blood against Staphylococcus aureus, Staphylococcus epidermis and Candida
albicans by CFU assay. LL-37 enhanced the antibacterial/antifungal activity against
all three pathogens in term blood and against S. epidermidis in preterm blood.

4.3 Lactoferricin

Although Lactoferrin is not readily digested and is found intact in stool sample
of infants, it is digested partially to give a peptide called “Lactoferricin”. This
peptide is able to inhibit adherence of Escherichia coli to intestinal cells [96].
Lactoferricin is also active against clinical isolates of enterohemorrhagic E. coli
0157H:7 at concentrations significantly less than either the lactoferrin hydrolysate
or lactoferrin, itself [97]. The mechanism involved in killing the target bacteria is
through membrane perturbation and this peptide also acts synergistically with other
proteins and antimicrobial agents [98]. In addition to Lactoferricin, the role of Lf
(1–11) has also emerged in the recent past [99] as Lf(1–11) was demonstrated to be
active against gram-positive bacteria (Staphylococcus spp. and Streptococcus mitis)
as well as gram-negative bacteria (Acinetobacter baumannii, Pseudomonas spp.,
Klebsiella spp., and E. coli) [98, 100].
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peptides can be further isolated, cloned and purified to be incorporated into infant
formula feed acting as a ready therapy given through food to the highly vulnerable
preterm infants. The major antimicrobial peptides present in human milk and their
mechanism of action (Figure 1) reported till date are as follows.

4.1 Defensins

Defensins (2–6 K Da) are small cysteine rich cationic proteins that participate as
host defense peptides against bacteria, fungi and enveloped/non enveloped viruses.
Defensins can be categorized broadly as α-defensins, β-defesins and Ѳ-defensins.
α-defensins are produced in neutrophils and NK cells mostly in a constitutive
manner whereas β-defensins are secreted by epithelial cells of various kinds which
also include mammary gland. Armogida et al. [82] identified expression of hbd-2
gene in 15% of mammary epithelia cells. Baricelli et al. [83] quantified human
β-defensins-2 (HBD-2) levels in colostrum and mature milk from 100 donors. The
colostrum showed concentration ranging from 2.5 to 16.3 μg/ml whereas mature
milk showed a low concentration of an average of 0.97 μg/ml.

They also reported that HBD-2 had potent activity against three opportunistic
pathogens Salmonella, E. coli and Pseudomonas aeruginosa. It also showed activity of
4 μg/ml against multi-drug resistant Acinetobacter baumanii. These molecules have
been shown to form nets to trap bacteria and combat invasion into deeper tissue
[84]. These findings highlight the protective role of this peptide against serious
gastrointestinal infections in neonatal population.

Figure 1.
Summary of different antimicrobial proteins and peptides in human Milk and their action.
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Jia et al. [85] studied the levels of human β-defensins-1 (HBD-1) in human breast
milk by western immunoblotting and reverse HPLC. They detected that level of
HBD-1 was 1–10 μg/ml in mature milk and exhibited antimicrobial activity against
Escherichia coli. In other study, breast tissue sampled from lactating mothers also
showed hBD-1 mRNA expression in mammary gland epithelial cells and in active
milk [86]. HBD1 also showed killing activity against E. coli at a conc. of 5 μg/ml and
against Salmonella enteritidis through formation of entrapping nets in a redox
dependent mode of action [87]. HBD-1 may act synergistically with other peptides
present in breast milk. Also, HBD-1 acts as a chemotactic agent to recruit dendritic
cells, T-cells to mucosal surfaces (respiratory, gastrointestinal, and nasopharynx)
thus acting as a link between innate and adaptive immunity for the neonate [88].

4.2 Cathelicidins

Cathelicidins are multifunctional bactericidal peptides characterized by a highly
conserved N-terminal domain of about 100 amino acid residues. This 14 kDa cathelin-
like domain is flanked by a signal peptide domain (approximately 30 residues long)
on its N-terminus, and by an antimicrobial peptide region on its C-terminus. The
single 16 kDa human cathelicidin is denoted as hCAP18 and it becomes active only
upon proteolytic cleavage into cathelin domain and cathelicidin-derived AMP yield-
ing LL-37 [89]. This LL-37 is the only human cathelicidin-derived AMP secreted by
mammary gland and present in human milk [90].

Human cathelicidin hCAP18/LL-37 mRNA expression was confirmed in human
milk cells showing an increase in expression levels at 30 and 60 days after parturi-
tion. Further, western blot analysis showed that LL-37 was secreted and present in
the mature peptide form in human milk and is present in expressed breast milk
(EBM) of mothers of both term and preterm infants [91].

LL-37 exhibits antimicrobial activity against both Gram-positive and Gram-
negative bacteria., The ability of cathelicidins and defensins to directly confer
protection against bacterial colonization of epithelial surfaces has been shown in
gut, lung, and skin [92, 93]. Chen et al. [94] also showed synergistic effect of
antibacterial agents’ human beta-defensins, cathelicidin LL-37 and lysozyme against
Staphylococcus aureus and Escherichia coli. Scheid et al. [95] examined antimicrobial
activity of LL-37 (15 μg/ml) in hirudin-anticoagulated preterm and term human
cord blood against Staphylococcus aureus, Staphylococcus epidermis and Candida
albicans by CFU assay. LL-37 enhanced the antibacterial/antifungal activity against
all three pathogens in term blood and against S. epidermidis in preterm blood.

4.3 Lactoferricin

Although Lactoferrin is not readily digested and is found intact in stool sample
of infants, it is digested partially to give a peptide called “Lactoferricin”. This
peptide is able to inhibit adherence of Escherichia coli to intestinal cells [96].
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4.4 Novel endogenous antimicrobial peptides

• β-casein 197: Fu et al. [101] used tandem mass spectrometry (MS/MS) to
identify the peptides in both term and preterm human milk, and identified a
peptide derived from β-casein: a sequence (197–213) from human β-casein. It is
a 17 amino acid (197–213) peptide fraction of β-casein that is a newly found
endogenous peptide hydrolyzed human from β-casein. It exhibits potent
bactericidal property against E. coli, S. aureus, Yersinia spp. but no activity was
seen against Bacillus subtilis and Klebsiella pneumoniae by disk diffusion assay.
Electron microscopy images of treated cells revealed leaky cytoplasm and bleb
like structures indicating the β-casein 197 peptide killed cells by means of
membrane permeabilization instead of DNA binding.

• PDC213: Sun et al. [102] reported another novel endogenous peptide from
human milk called PDC213. PDC213 was derived from β-casein (213–266
amino acid residue). This endogenous peptide identified by the group
exhibited potent antimicrobial activity against S. aureus and Yersinia
enterocolitica using in vitro assays. Furthermore, the group also found that
PDC213 can effectively permeabilize the bacterial membrane to cause direct
damage to the bacteria.

5. Neonatal infections: a brief overview

The first 28 days of life, i.e., the neonatal period is the most crucial and the most
vulnerable time for survival of newborn. It is reported that in 2018, 2.5 million
children died in the first month of their life which means 7000 neonates die each
day with one-third dying on the day of birth [103]. An estimated 16 million neona-
tal deaths occur annually due to infection representing 40% of all neonatal deaths
which is a very high percentage. Among the infections, diarrhea, pneumonia, neo-
natal sepsis and malaria are the leading causes [104]. Despite recent advances in
neonatal intensive care and current treatment interventions, the global burden of
neonatal deaths due to infections is high and represents a challenge especially in
developing and poorer countries. The leading neonatal infections that account for
the greatest morbidity and mortality among neonatal population have been
highlighted below and in Table 1.

5.1 Neonatal sepsis

Neonatal sepsis remains serious complication especially in preterm and VLBW
infants. Globally the greatest burden of neonatal sepsis falls in low resource devel-
oping countries [105]. It is divided as early onset sepsis (EOS) that occurs in first
week of life and late onset sepsis (LOS) occurring after 1 week acquired after birth.
Group B streptococcus (GBS) remains the dominant cause of EOS with 20–33%
mortality in premature infants [106, 107]. E. coli is the second most common cause
isolated from such cases especially in VLBW infants [108, 109]. LOS is largely
caused by organisms acquired in postnatal period in infants exposed to invasive
procedures, tubings, devices etc. Coagulase negative Staphylococci (CoNS) has
emerged as one of the most commonly isolated pathogen in VLBW infants
(22–65%) of LOS infection [110, 111]. S. aureus is associated with 4–8% of such
cases of LOS. The increased incidence of MRSA isolates from neonatal sepsis is a
matter of concern as 25% of infants infected with MRSA die [112].

90

Infant Feeding - Breast versus Formula

Among Gram negative organisms, E. coli (20–31% of LOS cases), Klebsiella
pneumoniae, Pseudomonas spp. are also isolated with worse outcomes and high
mortality seen.

5.2 Necrotizing Enterocolitis (NEC)

NEC is a common gastrointestinal emergency among preterm and very low birth
weight (VLBW) infants but rare in full term infants. Its exact pathology and mech-
anism still has to be clearly understood. Despite advanced care of preterm infants in
Neonatal Intensive Care Units (NICU), NEC remains the leading cause of morbidity
and mortality in this population. It is estimated that 1–5% of all NICU admissions
and 5–10% of all VLBW (≤1500 g) are affected or at risk of developing NEC with
about 30% of them unable to survive their first week itself [113].

In 80% cases of NEC with intestinal perforation, members of Enterobactericeae
especially E. coli, Klebsiella pneumoniae were present in peritoneal fluid in 75% of
cases, Coagulase negative Staphylococci (CoNS) in 14% of cases and anaerobes in
6%. Even cases of MRSA associated with few cases of NEC have emerged [114].

5.3 Neonatal pneumonia

It is estimated that pneumonia contributes to more than 1.2 million neonatal
deaths and an unknown number of still births each year worldwide. Early onset
pneumonia is acquired during labor/delivery and late onset pneumonia is acquired
during postnatal period from colonization of endotracheal tubing, ventilator tubing,

Neonatal infections Etiological agents (Bacterial) involved

Early onset sepsis (EOS) Dominant: Group B Stretococcus (GBS), E. coli
Less common: Str. pyogenes, Str. pneumoniae,
Haemophilus influenzae

Late onset sepsis (LOS) Commonly isolated: Coagulase negative Staphylococci
(CoNS), S. aureus
Others: Acinetobacter baumannii, Str. pneumoniae

Early onset pneumonia (EOP) Str. pneumoniae (25% of cases), Group B Streptococcus
(GBS), E. coli, Klebsiella spp., S. aureus

Late onset pneumonia (LOP) S. aureus (dominant cause), Str. pyogenes, Str.
pneumoniae, E. coli (less common)

VAP Methicillin sensitive S. aureus (MSSA) and Methicillin
resistant S. aureus (MRSA), CoNS, Streptococcus
pneumoniae

Necrotizing Enterocolitis (NEC) Members of Enterobactericea (E. coli, Uropathgenic
E. coli (UPEC), Klebsiella pneumoniae)
Pseudomonas aeruginosa, Coagulase negative
Staphlycocci (CoNS), MRSA, Clostridium difficle

Infantile diarrhea ETEC, EPEC, Shigella flexneri, Salmonella spp.

Neonatal skin infections S. aureus, S. epidermidis, CoNS, Strep. pyogenes, Strep.
pneumoniae

Other infections (Otitis media, sinusitis,
conjunctivitis, urinary tract infections)

S. aureus, S. epidermidis, Str. pyogenes Str. pneumoniae,
Group B Streptococci (GBS)
Pseudmonas aeruginosa, E. coli, Klebsiella spp.

Table 1.
Commonly encountered neonatal infections in preterm and term neonates along with their etiology.

91

Prophylactic and Therapeutic Role of Human Breast Milk Proteins and Bioactive Peptides…
DOI: http://dx.doi.org/10.5772/intechopen.91865
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Electron microscopy images of treated cells revealed leaky cytoplasm and bleb
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membrane permeabilization instead of DNA binding.

• PDC213: Sun et al. [102] reported another novel endogenous peptide from
human milk called PDC213. PDC213 was derived from β-casein (213–266
amino acid residue). This endogenous peptide identified by the group
exhibited potent antimicrobial activity against S. aureus and Yersinia
enterocolitica using in vitro assays. Furthermore, the group also found that
PDC213 can effectively permeabilize the bacterial membrane to cause direct
damage to the bacteria.

5. Neonatal infections: a brief overview

The first 28 days of life, i.e., the neonatal period is the most crucial and the most
vulnerable time for survival of newborn. It is reported that in 2018, 2.5 million
children died in the first month of their life which means 7000 neonates die each
day with one-third dying on the day of birth [103]. An estimated 16 million neona-
tal deaths occur annually due to infection representing 40% of all neonatal deaths
which is a very high percentage. Among the infections, diarrhea, pneumonia, neo-
natal sepsis and malaria are the leading causes [104]. Despite recent advances in
neonatal intensive care and current treatment interventions, the global burden of
neonatal deaths due to infections is high and represents a challenge especially in
developing and poorer countries. The leading neonatal infections that account for
the greatest morbidity and mortality among neonatal population have been
highlighted below and in Table 1.

5.1 Neonatal sepsis

Neonatal sepsis remains serious complication especially in preterm and VLBW
infants. Globally the greatest burden of neonatal sepsis falls in low resource devel-
oping countries [105]. It is divided as early onset sepsis (EOS) that occurs in first
week of life and late onset sepsis (LOS) occurring after 1 week acquired after birth.
Group B streptococcus (GBS) remains the dominant cause of EOS with 20–33%
mortality in premature infants [106, 107]. E. coli is the second most common cause
isolated from such cases especially in VLBW infants [108, 109]. LOS is largely
caused by organisms acquired in postnatal period in infants exposed to invasive
procedures, tubings, devices etc. Coagulase negative Staphylococci (CoNS) has
emerged as one of the most commonly isolated pathogen in VLBW infants
(22–65%) of LOS infection [110, 111]. S. aureus is associated with 4–8% of such
cases of LOS. The increased incidence of MRSA isolates from neonatal sepsis is a
matter of concern as 25% of infants infected with MRSA die [112].
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Among Gram negative organisms, E. coli (20–31% of LOS cases), Klebsiella
pneumoniae, Pseudomonas spp. are also isolated with worse outcomes and high
mortality seen.

5.2 Necrotizing Enterocolitis (NEC)

NEC is a common gastrointestinal emergency among preterm and very low birth
weight (VLBW) infants but rare in full term infants. Its exact pathology and mech-
anism still has to be clearly understood. Despite advanced care of preterm infants in
Neonatal Intensive Care Units (NICU), NEC remains the leading cause of morbidity
and mortality in this population. It is estimated that 1–5% of all NICU admissions
and 5–10% of all VLBW (≤1500 g) are affected or at risk of developing NEC with
about 30% of them unable to survive their first week itself [113].

In 80% cases of NEC with intestinal perforation, members of Enterobactericeae
especially E. coli, Klebsiella pneumoniae were present in peritoneal fluid in 75% of
cases, Coagulase negative Staphylococci (CoNS) in 14% of cases and anaerobes in
6%. Even cases of MRSA associated with few cases of NEC have emerged [114].

5.3 Neonatal pneumonia

It is estimated that pneumonia contributes to more than 1.2 million neonatal
deaths and an unknown number of still births each year worldwide. Early onset
pneumonia is acquired during labor/delivery and late onset pneumonia is acquired
during postnatal period from colonization of endotracheal tubing, ventilator tubing,
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intravenous lines, from clinical staff and hospital staff after 48 hours or more of
invasive mechanical ventilation [115]. The causative agents involved have been
delineated in Table 1. Streptococcus pneumoniae and Group B streptococcus (GBS)
are commonly encountered in early onset cases. Ventilator associated pneumonia
(VAP) is on common rise as it has emerged as the second most reason for antibiotic
intervention in NICU [116, 117] with S. aureus being the dominate cause due to its
biofilm forming ability. Rising rates of resistance to common antibiotic means more
fatality rates from neonatal pneumonia especially in poorer nations emphasizing on
need to exploit alternative intervention strategies.

5.4 Infantile diarrhea

Diarrhea has been described as the leading cause of deaths due to infection in the
neonatal period. It accounts for more than 10.5% of all deaths and despite efforts
focused to reduce the related mortality, it still represents the main preventable
cause of deaths in newborns and young children [118, 119]. The underlying cause
may be due to bacterial, viral and parasitic origin. Enterotoxigenic E. coli (ETEC),
Enteropathogenic E. coli (EPEC), Shigella flexneri, Salmonella spp. are all involved in
different cases of bacterial diarrhea outbreaks more concentrated in slum areas.

In addition to this, other neonatal infections commonly encountered include
conjunctivitis, skin infections (Bullous impetigo, skin abscess, scalded skin
syndrome), Otitis media, urinary tract infections, etc.

6. Protective role of breast milk against neonatal infections

Early and exclusive breastfeeding is one of the most important intervention
strategies to reduce the risk of developing serious bacterial infections and related
infant mortality [119, 120]. The risk of non-viral diarrhea is higher for non-breast-
fed infants in the first 4–6 months of their life. A recent meta-analysis suggested
that infants who were breast-fed for >4 months showed a three times reduced
frequency of developing severe respiratory tract infection as compared with infants
who were not breast-fed [121]. In other studies, breast milk in protection against
otitis media and urinary tract infections was reported [122, 123]. There is also an
increased risk of mortality in children due to suboptimal or insufficient
breastfeeding, which is responsible for 11.6% of total deaths of children under
5 years old [124]. Mother milk is also the best option for preterm and very low birth
infants as studies indicate the over expression and increased level of range of
functional peptides in preterm milk that may act as ready source of protection for
the vulnerable infant. Preterm infants due to their low intake of breast milk vol-
umes and associated proteins and peptides may be actually at higher risk of devel-
oping serious life threatening infections like NEC, late onset sepsis, pneumonia, etc.
[75]. Table 2 summarizes the finding of few of the important studies elucidating the
protective role of breast milk against common neonatal infections.

The antimicrobial proteins and range of antimicrobial peptides present in breast
milk act synergistically adopting multiple mechanisms to inhibit disease progression
by the invading pathogen. Human milk proteins and their derived peptides have
been discussed in Sections 3 and 4. Antimicrobial peptides released from any source
including breast milk circulate in infants’ blood stream and provide an ongoing
source of low-level of non-specific immune defense against potential invasive
pathogens. LL-37 along with bactericidal permeability increasing protein (BPI) has
been shown to be present in higher levels in infant’s blood suffering from acute
blood stream infections. Also, LL-37 exhibits significant inhibitory activity against

92

Infant Feeding - Breast versus Formula

T
ar
ge

t
in
fe
ct
io
n

R
ef
er
en

ce
O
bj
ec
ti
ve

an
d
st
ud

y
de

si
gn

R
es
ul
t

Fi
na

lo
ut
co

m
e

N
eo
na

ta
ls
ep

si
s

[1
25
]

O
bj
ec
ti
ve

:T
o
in
ve

st
ig
at
e
th
e
pr
ot
ec
ti
ve

ef
fi
ca
cy

of
br
ea
st
fe
ed

in
g
ag
ai
ns
t
ne

on
at
al

se
ps
is
hi
gh

ri
sk

po
pu

la
ti
on

in
La

ho
re
,P

ak
is
ta
n.

St
ud

y
D
es
ig
n:

A
ca
se
–
co
nt
ro
ls
tu
dy

w
he

re
42

ca
se
s
of

ne
on

at
al

se
ps
is
fr
om

ho
sp
it
al

an
d
27
0
ag
e
m
at
ch

ed
co
nt
ro
ls

ac
te
d
as

pa
rt
ic
ip
an

ts
E
xc
lu
si
ve

br
ea
st

fe
ed

in
g
w
as

as
m
os
t

ba
bi
es

w
er
e
pa

rt
ia
lly

br
ea
st

fe
d
an

d
a
fe
w

gi
ve

n
fo
rm

ul
a

fe
ed

or
an

im
al

m
ilk

.

In
th
e
pa

rt
ia
lly

br
ea
st

fe
d
gr
ou

p
th
er
e
w
er
e

19
ca
se
s
an

d
25
3
co
nt
ro
ls
w
hi
le
in

th
e
gr
ou

p
gi
ve

n
no

br
ea
st

m
ilk

th
er
e
w
er
e
23

ca
se
s

an
d
17

co
nt
ro
ls
.T

he
re
fo
re
,t
he

in
ci
de

nc
e
of

br
ea
st

fe
ed

in
g
w
as

le
ss

am
on

g
th
e
ca
se
s

th
an

th
e
co
nt
ro
ls
,w

it
h
an

od
ds

ra
ti
o
of

18
.

E
ve

n
pa

rt
ia
lb

re
as
t
fe
ed

in
g
pr
ot
ec
ts

ag
ai
ns
t

ne
on

at
al

se
ps
is
in

pr
em

at
ur
e
in
fa
nt
s.

N
eo
na

ta
lp

ne
um

on
ia

[1
26

]
O
bj
ec
ti
ve

:T
o
as
se
ss

w
he

th
er

br
ea
st
fe
ed

in
g
pr
ot
ec
ts
yo

un
g

ch
ild

re
n
ag
ai
ns
t
pn

eu
m
on

ia
an

d
w
he

th
er

th
is
pr
ot
ec
ti
on

va
ri
es

w
it
h
ag
e.

St
ud

y
D
es
ig
n:

A
ne

st
ed

ca
se

co
nt
ro
ls
tu
dy

in
B
ra
zi
lw

he
re

15
2
in
fa
nt
s
ag
ed

28
–
36

4
da

ys
w
ho

ha
d
be

en
ad

m
it
te
d
to

ho
sp
it
al

fo
r
pn

eu
m
on

ia
pa

rt
ic
ip
at
ed

in
th
e
st
ud

y.

R
es
ul
ts
in
di
ca
te
d
th
at

th
e
ba

bi
es

w
ho

w
er
e

no
t
be

in
g
br
ea
st

fe
d
w
er
e
17

ti
m
es

m
or
e

lik
el
y
to

be
ad

m
it
te
d
w
it
h
pn

eu
m
on

ia
as

co
m
pa

re
d
to

br
ea
st
fe
d
in
fa
nt
s
an

d
th
is
ri
sk

w
as

hi
gh

er
in

th
e
in
it
ia
l3

m
on

th
s
of

in
fa
nc

y.

B
re
as
t
fe
ed

in
g
pr
ot
ec
ts

yo
un

g
ch

ild
re
n

ag
ai
ns
t
pn

eu
m
on

ia
,e

sp
ec
ia
lly

in
th
e
fi
rs
t

m
on

th
s
of

lif
e.

A
cu

te
re
sp
ir
at
or
y

ill
ne

ss
(A

R
I)
,

pn
eu

m
on

ia
an

d
di
ar
rh
ea

[1
27
]

O
bj
ec
ti
ve

:T
o
as
se
ss

th
e
po

te
nt
ia
lr
ol
e
of

ex
cl
us
iv
e

br
ea
st
fe
ed

in
g
in

re
du

ci
ng

th
e
in
ci
de

nc
e
of

de
at
hs

du
e
to

ac
ut
e
re
sp
ir
at
or
y
in
fe
ct
io
ns

(A
R
I)

an
d
di
ar
rh
ea

St
ud

y
D
es
ig
n:

A
pr
os
pe

ct
iv
e
ob

se
rv
at
io
na

ls
tu
dy

w
as

co
nd

uc
te
d
on

a
bi
rt
h
co
ho

rt
of

16
77

in
fa
nt
s
w
ho

w
er
e
bo

rn
in

sl
um

ar
ea
s
of

D
ha

ka
,B

an
gl
ad

es
h
an

d
fo
llo

w
ed

fr
om

bi
rt
h
to

12
m
on

th
s
of

ag
e.
O
n
ba

si
s
of

ve
rb
al

au
to
ps
y
an

d
a

st
ru
ct
ur
ed

qu
es
ti
on

na
ir
e,

th
e
m
or
ta
lit
y
at
tr
ib
ut
ab

le
to

A
R
I

an
d
di
ar
rh
ea

w
as

m
ea
su
re
d.

T
he

ov
er
al
lr
is
k
of

in
fa
nt

de
at
hs

fr
om

al
l

ca
us
es

w
as

2.
23

fo
ld

hi
gh

er
in

in
fa
nt
s
w
it
h

no
or

po
or

br
ea
st
fe
ed

in
g
as

co
m
pa

re
d
w
it
h

in
fa
nt
s
w
it
h
ex
cl
us
iv
e
br
ea
st
fe
ed

in
g
w
hi
le

th
e
ri
sk

of
de

at
hs

du
e
to

A
R
I
an

d
di
ar
rh
ea

w
as

st
ill

hi
gh

er
,i
.e
.,
2.
40

-
an

d
3.
94

-f
ol
d

hi
gh

er
in

no
or

pa
rt
ia
lly

br
ea
st

fe
d
ba

bi
es
.

E
xc
lu
si
ve

br
ea
st
fe
ed

in
g
in

th
e
fi
rs
t
fe
w

m
on

th
s
of

lif
e
si
gn

if
ic
an

tl
y
de

cr
ea
se
s
on

se
t

of
A
R
I
an

d
D
ia
rr
he

a.

Lo
w
er

re
sp
ir
at
or
y

tr
ac
t
ill
ne

ss
[1
28
]

O
bj
ec
ti
ve

:T
o
ex
am

in
e
br
ea
st
fe
ed

in
g
an

d
th
e
ri
sk

of
ho

sp
it
al
iz
at
io
n
fo
r
lo
w
er

re
sp
ir
at
or
y
tr
ac
td

is
ea
se

in
he

al
th
y

fu
ll-
te
rm

in
fa
nt
s
w
it
h
ac
ce
ss

to
m
od

er
n
m
ed

ic
al

ca
re
.

St
ud

y:
It
w
as

a
m
et
a-
an

al
ys
is
of

33
st
ud

ie
s.

R
es
ul
t
fr
om

th
is
m
et
a-
an

al
ys
is
in
di
ca
te
d

th
at

am
on

g
th
e
in
fa
nt
s
w
it
h
se
ve

re
re
sp
ir
at
or
y
tr
ac
t
ill
ne

ss
es

re
su
lt
in
g
in

ho
sp
it
al
iz
at
io
ns
,m

or
e
th
an

tr
ip
lin

g
of

th
em

w
er
e
th
os
e
w
ho

w
er
e
no

t
br
ea
st
fe
d
fo
r
th
e

in
it
ia
l4

m
on

th
s
of

th
ei
r
in
fa
nc

y.

B
re
as
t
fe
ed

in
g
de

cr
ea
se
s
ri
sk

of
lo
w
er

re
sp
ir
at
or
y
ill
ne

ss
es
.

N
E
C

[1
29
]

O
bj
ec
ti
ve

:T
o
de

te
rm

in
e
th
e
as
so
ci
at
io
n
be

tw
ee
n
hu

m
an

m
ilk

(H
M
)
in
ta
ke

an
d
ri
sk

of
ne

cr
ot
iz
in
g
en

te
ro
co
lit
is

(N
E
C
)
or

de
at
h
am

on
g
in
fa
nt
s
(4
01

–
10

00
g
bi
rt
h
w
ei
gh

t)
.

R
es
ul
ts
in
di
ca
te
d
13
.6
%

in
fa
nt
s
di
ed

an
d

de
ve

lo
pe

d
N
E
C
af
te
r
14

da
ys

of
th
ei
r
bi
rt
h.

H
ow

ev
er
,a

ft
er

th
e
in
it
ia
l1
4
da

ys
,t
he

D
os
e
de

pe
nd

en
t
ef
fe
ct

w
as

ev
id
en

t
be

tw
ee
n
in
ta
ke

of
hu

m
an

m
ilk

an
d

re
du

ct
io
n
in

ri
sk

of
de

ve
lo
pi
ng

N
E
C
an

d

93

Prophylactic and Therapeutic Role of Human Breast Milk Proteins and Bioactive Peptides…
DOI: http://dx.doi.org/10.5772/intechopen.91865



intravenous lines, from clinical staff and hospital staff after 48 hours or more of
invasive mechanical ventilation [115]. The causative agents involved have been
delineated in Table 1. Streptococcus pneumoniae and Group B streptococcus (GBS)
are commonly encountered in early onset cases. Ventilator associated pneumonia
(VAP) is on common rise as it has emerged as the second most reason for antibiotic
intervention in NICU [116, 117] with S. aureus being the dominate cause due to its
biofilm forming ability. Rising rates of resistance to common antibiotic means more
fatality rates from neonatal pneumonia especially in poorer nations emphasizing on
need to exploit alternative intervention strategies.

5.4 Infantile diarrhea

Diarrhea has been described as the leading cause of deaths due to infection in the
neonatal period. It accounts for more than 10.5% of all deaths and despite efforts
focused to reduce the related mortality, it still represents the main preventable
cause of deaths in newborns and young children [118, 119]. The underlying cause
may be due to bacterial, viral and parasitic origin. Enterotoxigenic E. coli (ETEC),
Enteropathogenic E. coli (EPEC), Shigella flexneri, Salmonella spp. are all involved in
different cases of bacterial diarrhea outbreaks more concentrated in slum areas.

In addition to this, other neonatal infections commonly encountered include
conjunctivitis, skin infections (Bullous impetigo, skin abscess, scalded skin
syndrome), Otitis media, urinary tract infections, etc.

6. Protective role of breast milk against neonatal infections

Early and exclusive breastfeeding is one of the most important intervention
strategies to reduce the risk of developing serious bacterial infections and related
infant mortality [119, 120]. The risk of non-viral diarrhea is higher for non-breast-
fed infants in the first 4–6 months of their life. A recent meta-analysis suggested
that infants who were breast-fed for >4 months showed a three times reduced
frequency of developing severe respiratory tract infection as compared with infants
who were not breast-fed [121]. In other studies, breast milk in protection against
otitis media and urinary tract infections was reported [122, 123]. There is also an
increased risk of mortality in children due to suboptimal or insufficient
breastfeeding, which is responsible for 11.6% of total deaths of children under
5 years old [124]. Mother milk is also the best option for preterm and very low birth
infants as studies indicate the over expression and increased level of range of
functional peptides in preterm milk that may act as ready source of protection for
the vulnerable infant. Preterm infants due to their low intake of breast milk vol-
umes and associated proteins and peptides may be actually at higher risk of devel-
oping serious life threatening infections like NEC, late onset sepsis, pneumonia, etc.
[75]. Table 2 summarizes the finding of few of the important studies elucidating the
protective role of breast milk against common neonatal infections.

The antimicrobial proteins and range of antimicrobial peptides present in breast
milk act synergistically adopting multiple mechanisms to inhibit disease progression
by the invading pathogen. Human milk proteins and their derived peptides have
been discussed in Sections 3 and 4. Antimicrobial peptides released from any source
including breast milk circulate in infants’ blood stream and provide an ongoing
source of low-level of non-specific immune defense against potential invasive
pathogens. LL-37 along with bactericidal permeability increasing protein (BPI) has
been shown to be present in higher levels in infant’s blood suffering from acute
blood stream infections. Also, LL-37 exhibits significant inhibitory activity against
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growth of S. aureus and S. epidermidis, two of the common pathogens involve in
neonatal skin infections as well as cases of late-onset sepsis [134]. HBD-2 is the
predominate defensin actively participating in reducing the incidence of respiratory
infections and since preterm infants have lower levels of lung AMPs, they are
unable to clear pathogens effectively [135]. Similarly, higher concentrations of
HBD-2 appears to have a protective role once NEC pathology is established and in
severe NEC. Low HBD-2 expression is a predisposing factor for developing NEC in
preterm and low birth weight infants [136]. Low levels of defensins (HBD-1 and
HBD-2) in preterm infants are associated with increased incidence of intestinal
pathology and onset of NEC. Animal models have showed that depletion of Paneth
cells rich in defensins followed by enteric infection in test animal resulted in a
clinical picture akin to human NEC [137]. HBD-2 is directly involved in killing
range of nosocomial pathogens (E. coli, S. aureus, Klebsiella, Salmonella) as showed
by in vitro assays [138, 139].

Lactoferrin (LF) is a major contributor showing direct bactericidal action on
range of neonatal pathogens. Murakami et al. [91] showed that 32 μM concentration
of Lactoferrin was able to exhibit potent killing of 77% Group A Streptococcus
(GAS), 40% S. aureus and 17% E. coli. Therefore, LF supplementation in VLBW
infants is an ideal prophylactic treatment option for reducing the incidence of
deaths and complication due to serious infections such as blood stream infections,
infantile diarrhea, NEC in this population. These findings form the rationale for
further exploiting the potential clinical utility of antimicrobial proteins and peptides
in the prevention and treatment of infections in infants.

7. Preterm infants: a special case

Prematurity has been reported to be second most common cause of death in
children under 5 years of age. Preterm infants are those born before 37 weeks of
completed gestation, extremely preterm are those born at less than 28 weeks of
completed gestation whereas very preterm refers to infants born between 28 and
32 weeks of gestation [140]. The incidence of premature birth and related deaths
have been steadily increasing each year with an estimated 15 million babies born
preterm [15]. Such infants are at increased risk of development of serious life
threatening infections such as necrotizing enterocolitis (NEC), late onset sepsis
(LOS), bloodstream infections, pneumonia and other complications.

Therefore, the challenge is to further improve the future of preterm infants with
early protection to be given immediately after birth starting in the neonatal care
units.

Maternal milk, a complex fluid with several bioactive proteins and peptides is
beyond doubt the best option for the preterm infant [141]. Literature reveals that
bioactive factors are found in much higher levels in preterm milk as compared to
full-term milk and such factors are totally lacking in formula milk and significantly
decreased in donated milk. This focuses on the use of human milk fortifiers
containing the useful functional peptides as an ideal choice acting as a prophylactic
supplement to protect the preterm infant where breastfeeding is unavailable or
insufficient.

Preterm milk has higher protein and peptide levels as reported by past workers
[75, 142]. Ferranti et al. [143] found more than 100 peptides originating by break-
down of casein protein from mother who gave birth at 25 week gestation which is a
case of extreme preterm delivery. Similarly, Armaforte et al. [144] also found via
2D-SDS page technique that low molecular weight casein fragments are over
expressed in preterm milk as compared to term milk whereas intact αS1-casein and
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ß-casein were present in low concentrations in preterm milk than term milk. Simi-
larly, Dallas and co-workers [145] reported that protein breakdown was higher with
higher level of plasmin activity seen in preterm milk. This indicates higher protein
degradation and higher release of endogenous and antimicrobial peptides in pre-
term milk. These findings clearly indicate that antimicrobial peptides present in
higher amounts act as a ready source to fight off infection at different levels for the
wellbeing and early life protection of the preterm infants while the infants own
protein digestion ability is not fully developed while compensating for the under-
developed innate system of these vulnerable preterm infants.

Ronayne et al. [146] studied the level of lactoferrin in term and preterm milk
and observed that the levels of lactoferrin remained constant in preterm group from
eight post-partum day onwards while the levels showed a significant decline in term
milk. This indicates that high levels are very much required in maintaining protec-
tive barrier against pathogens in preterm infants. Albenzio et al. [147] also found
while studying lactoferrin levels from 28 mothers belonging to term and preterm
cases that highest values of lactoferrin were detected in preterm infant maternal
milk from infants with low weight (less than 1400 g). These findings again point
towards use of tailored supplementation strategies of Lactoferrin in neonatal units
and even after home discharge. The newly isolated endogenous peptides mentioned
earlier in Section 4.4, i.e., PDC213 and ß-casein-197 have also been reported to be
present in significantly higher concentrations in preterm milk as compared to term
milk samples suggesting the role of breast milk naturally tailored to aid in giving
maximum protection to such infants.

Human milk peptides also play an important role in preventing the onset of
serious infections in VLBW infants. Meinzen-Derr et al. [129] studied the associa-
tion between total human milk intake and the risk of developing necrotizing
enterocolitis (NEC), a common cause of early death in extremely low birth infants.
After, analysis of 1272 infants in a multicenter randomized, double-blind trial,
results demonstrated protective effect of human milk intake with a dose dependent
relationship seen between milk intake volumes and risk of developing NEC or death
in such low birth weight infants. Similar cohort study also reported significantly
lower rates of sepsis and death in low birth infants receiving less than 50 ml per kg
per day of fortified human milk [148]. Sisk et al. [149] also reported six-fold
decrease in the odds of NEC among 202 very low birth infants that received at least
50% human milk intake. Trend et al. [150] recently investigated the levels and
antimicrobial activity of antimicrobial proteins and peptides in breast milk con-
sumed by preterm infants, and whether deficiencies of these factors were associated
with late-onset neonatal sepsis (LOS). They collected breast milk from mothers of
preterm infants (32 weeks gestation) was collected on days 7 (n = 88) and 21
(n = 77) postpartum and concentrations of lactoferrin, LL-37, HBD-1 and HBD-2
were measured. Results indicated that levels of most AMPs and antibacterial activ-
ity in preterm breast milk were higher at day 7 than at day 21. The consumption of
AMPs was significantly lower in preterm infants who subsequently developed LOS
compared to matched controls. This highlights the need for research to improve
upon the total feed intake, i.e., feeding tolerance, feeding volumes or increasing the
total quantity of milk AMPs consumed through supplementation, that may be
useful in reducing the risk of LOS in preterm infants.

7.1 Human milk fortification for preterm protection

Human milk is beyond doubt the best option to be given to the preterm. Human
breast milk has many important proteins and peptides totally absent or present in
low levels in bovine milk. For example, lysozyme is 1000 times highly concentrated
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in human milk than cow’s milk. Osteopontin which is essential in establishing
immunity is 10 times more concentrated in human milk. Similarly, Lactoferrin is 20
times more concentrated in human milk and is an excellent antimicrobial agent
along with bifidogenic properties [151]. As per WHO and American Academy of
Pediatrics, pasteurized Human Donor Milk (HDM) is recommended as a second
choice where mother’s own milk is unavailable to the preterm infant [152]. How-
ever, pasteurization may reduce some of the important immune cells, bioactive
proteins and functional peptides therefore research is now being focused on to
fortify human milk to fulfill the need of the preterm infant. A randomized clinical
trial reported that oral lactoferrin supplementation to preterm infants showed a
decreased incidence of late-onset sepsis, a common cause of early deaths in such
infants [153]. Enrichment of donated milk with essential disease fighting proteins
and peptides to be given as soon as possible and until discharge from hospital is
required for the preterm infant as recommended by European Society of Pediatric
Gastroenterology, Hepatology and Nutrition [154]. Clinical study on bovine
lactoferricin added to infant formula showed significant reduction in upper
respiratory diseases in such infants aged 6–12 months of age [155].

Manzoni et al. [156] also reported a reduction in sepsis cases in premature
infants which were given oral supplements of bovine lactoferricin. This opens a new
window of use of supplementation of human lactoferrin based fortifiers acting as a
therapy for the target infants.

Low birth weight infants may take very low volumes of mother’s milk and due to
these low volume intake, the levels of useful bioactive peptides may also be defi-
cient in such infants. In such cases, human milk should be supplemented with
external factors so that even low volumes carry enough of the protective peptides to
meet the demand of the preterm and VLBW infants.

European milk Bank Association working group recognizes standard fortifica-
tion as the most utilized regimen in NICU. It also encourages the concept of “Indi-
vidualized Fortification” to optimize nutrient uptake further introducing the
concept of “Adjustable Fortification” and “Target Fortification” to specifically
modify the human milk to be administered to such infants [157]. However, we need
to know more about the complexity of the various components of breast milk as
there is a lot of variability in the levels and activity of different proteins and
peptides from one mother to other and from one infant to other.

8. Breast milk in era of antibiotic resistance

Antimicrobial resistance is one of the leading global threat to public health
worldwide. The VLBW and preterm infants admitted to NICU are at an increased
risk of developing range of nosocomial infections and if such an infection is caused
by a resistant strain, the situation becomes still worse to treat. Neonates are partic-
ularly at risk of exposure to resistant strains within the hospital environment that
includes methicillin resistant Staphylococcus aureus (MRSA), Vancomycin resistant
S. aureus (VRSA), methicillin resistant Staphylococcus epidermidis, penicillin
resistant strains of Streptococcus pneumoniae, extended spectrum beta-lactamase
producing E. coli, Klebsiella pneumoniae, etc. [158–160].

Mortality is higher for children with drug-resistant infections, such as MRSA (a
common skin and soft tissue infection) and infections caused by extended spectrum
beta-lactamase-producing bacteria [161]. It is estimated that sepsis infections due to
resistant strains accounts for approximately 214,000 neonatal deaths each year
[162]. There is an urgent need for development of novel antibacterial drugs with
unique mechanism of action that are not susceptible to existing resistance mecha-
nisms being adopted by the bugs.
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Human milk proteins and peptides offer a potent solution to fight life threaten-
ing infections especially in the infant population. It has been postulated by many
workers that bacterial resistance to antimicrobial proteins and peptides is much less
likely to evolve than the conventional antibiotics owing to their broad non-specific
antibacterial mechanism of action that include membrane disruption and inhibition
of cellular proteases [163, 164]. Also, most of these proteins and peptides work in a

Study Milk peptide involved Major findings

[166] Ranalexin Ranalexin (belonging to cathelicidin class) along with lysostaphin
combination found to rapidly kill MRSA strain without affecting
skin normal flora.

[167] Indolicidin and Ranalexin A group designed four hybrid peptides (Indolicidin and
Ranalexin) that exhibited strong antibacterial activity against
MRSA in vitro.

[168] Indolicidin Indolicidin—another family of peptides belonging to cathelicidin
alone as well in combination with antibiotic was able to clear
MRSA biofilm.

[169] LL-13 and LL-17
(truncated forms of
LL-37)

LL-37 and its truncated forms (LL-13 and LL-17) alone or in
combination with vancomycin showed that both the truncated
forms showed significant synergy and increased the susceptibility
of VRSA to vancomycin. These two peptides also showed a strong
ability to inhibit in vitro MRSA biofilm formation.

[170] LL-37 An in vitro and in vivo study of Nafcillin (b-lactam drug)
identified that it enhances killing of MRSA by increasing the
binding of LL-37 to the MRSA membrane.

[171] LL-37 and IDR-1 LL-37 and IDR-1 (innate defense regulator peptide) useful in
ameliorating MRSA induced pneumonia using in vivo model of
pneumonia in C57Bl/6 mice. The peptide combination was able to
restore pulmonary function and decrease release of inflammatory
cytokines in vivo through their immunomodulatory effect.

[172] Recombinant hCAP18/
LL-37

Reported prokaryotic expression of full length hCAP18/LL-37 and
its cathelin like prosequence. The workers showed that human
cathelin like domain acts as a cysteine proteinase inhibitor and
showed potent in vitro activity against resistant strains of E. coli
and MRSA.

[173] Human lactoferrin Study reported that the bacteriostatic activity of human
lactoferrin is solely due to its iron-chelating binding properties and
is not influenced by antibiotic resistance of the pathogen involved.
Therefore, therapeutic approach based on the use lactoferrin
combined is a potent therapy against infections caused by resistant
strains.

[174] Lactoferrin derived
HLR1r -synthetic

Reported a novel antimicrobial peptide structurally derived from
human milk protein lactoferrin, HLR1r.
They demonstrated potent activity against MRSA using in vivo
model of pig infected with MRSA. The peptide also exhibited anti-
inflammatory properties with significant reduction in
inflammatory cytokines (TNF-α, IL-6 etc.)

[175] Recombinant Lactoferrin
(rLF)

Studied the efficacy of novel recombinant mouse lactoferrin to
protect MRSA infection in a mouse model of peritonitis. The
protein exhibited unique immunomodulatory mechanism in
ameliorating the infection by decreasing the levels of
inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-10) post
lactoferrin treatment.

Table 3.
Summary of role of milk derived bioactive peptides activity against drug-resistant bacterial pathogens.
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synergistic manner and thus work more efficiently in combination therapy. This
also further decreases the frequency of developing of resistant mutants within the
target population. Recent study at University of Helsinki examined 16 mother-
infant pairs for antibiotic resistance patterns in the infant gut. The result showed
that infants that are breastfed for at least 6 months have less antibiotic resistant
bacteria in their gut as compared with babies fed for a shorter time [165]. The major
studies focused on the evaluation of human milk derived proteins and/or peptides
and their activity against resistant bacterial strains either in their purified form or in
recombinant form are summarized in Table 3.

There is an urgent need for developing novel antibacterial drug with unique
mechanisms of action that are not susceptible to existing resistant mechanisms.
One such breakthrough discovery has been the purification of protein-lipid com-
plex from human milk. Marks et al. [176] reported for the first time, the role of
HAMLET, a novel protein-lipid complex purified from casein fraction of human
milk. HAMLET stands for Human α-lactalbumin made lethal to tumor cells. This
complex was able to kill both the resistant and sensitive strains of Streptococcus
pneumoniae, leading cause of neonatal pneumonia and deaths [177]. Also, HAMLET
complex when used along with common antibiotics (Penicillin, erythromycin,
gentamycin) actually potentiated their effect as pneumococci was made more sus-
ceptible as demonstrated in vitro biofilm model and in vivo mice nasopharygeal
colonization model. The complex also showed activity against resistant strains of
Haemophilus influenzae and Moraxella spp. The protein complex binds to bacteria
and stops the flow of ions in and out of the cells, it also blocks important enzymes
required by the bacteria to obtain energy. This unique mechanism makes the bac-
terial cell weak and easily susceptible to damage by common antibiotics as HAM-
LET synergy reduced the dose of antibiotics by a factor of eight to kill MRSA, VRSA
and S. pneumoniae. It was able to re-sensitize MRSA to methicillin and vancomycin
intermediate S. aureus (VISA) to vancomycin by depolarization of bacterial mem-
brane thus dissipating the Proton motive force leading to more access and easy
binding of drug to target bacterial cell [178, 179].

9. Utility of human milk derived antimicrobial peptides and future
implications

The potential role of various antimicrobial proteins and peptides present in
breast milk against the large array of neonatal infections warrants serious future
work towards decreasing neonatal morbidity and deaths by further exploiting their
clinical utility.

Cellceutix Corporation has completed phase II trials of Brilacidin (synthetic
analog of human defensin) in treating acute bacterial skin infections and preclinical
testing against otitis media and ocular infections [78]. Lytix Biopharma has com-
pleted phase II trials of synthetic peptide, i.e., LTX-109 in impetigo (a problematic
condition primarily affecting young children). Talactoferrin, a recombinant human
LF, has been tested in a phase I study in preterm neonates [180]. Other AMPs, such
as LF 1-11 (hLF1-11), have undergone safety and tolerability testing for delivery in
healthy volunteers [181]. The use of recombinant congeners of AMPs represents an
ideal treatment to improve circulating levels and thus improve outcomes from
bacterial infection in infants especially in preterm infants. These peptides either
induced endogenously or as exogenously administered congeners, may help prevent
and treat infections in highly susceptible infants in early life. This is possible
through production of recombinant human milk proteins in large quantities to be
used for the manufacture of fortified infant formula for special cases. Ward et al.
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[182] reported the production of commercial quantities of bioactive recombinant
human lactoferrin in Aspergillus awamori. The technology combined with strain
improvement program yielded high concentration of intact recombinant
lactoferrin. Also, the use of transgenic animals as bioreactors for the synthesis of the
recombinant proteins secreted into milk is worth exploring [183, 184]. With the
advent of targeted genome editing technologies like CRISPR/Cas9 system, it has
been possible to generate economically important animals that produce recombi-
nant proteins in milk. Therefore, future strategies need to focus on isolation of
unidentified novel milk peptides and their recombinant congeners for mass pro-
duction that can be administered as supplementary feeds for prevention and treat-
ment of the most devastating neonatal infections such as pneumonia, neonatal
sepsis, diarrheal diseases, NEC, etc.

10. Conclusion

Human breast milk is the most powerful functional food known. It is a reservoir
of bioactive proteins and peptides that contribute to the enormous health benefits
of breast milk. Antimicrobial proteins and peptides present in breast milk confer
protection against microbial insult. They play an active role against invasion by
neonatal pathogens through direct and indirect mechanisms thus decreasing the
associated neonatal morbidity and mortality. Further, these peptides are expressed
at higher levels in preterm milk than term milk acting as ready source of protection
for the preterm and VLBW infants. In the era of antibiotic resistance, the need to
exploit these unique milk derived peptides become still more important as they
represent an important alternative strategy to fight against drug resistant infections
that is on the rise in the neonatal population as well. Research focusing on incorpo-
ration of novel antimicrobial proteins and peptides in formula feed or to be given
along with donor milk may allow for providing early life protection to the preterm
infants decreasing the incidence of premature deaths due to serious life threatening
neonatal infections. The role of recombinant DNA technology for mass production
of these novel antimicrobial peptides followed by their safety and efficacy trials
warrants future work.
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Chapter 7

Breastfeeding and Gut Microbiota
Bita Najafian and Mohammad Hossein Khosravi

Abstract

Human breast milk (HBM) not only is a source of nutrition for infants but also 
contains a variety of biologically active components and bacterial species. These 
molecules and bacteria guide both intestinal microbiota and infantile immune 
system. Recently published studies have found several vital roles for gut microbiota 
including effects on the individual’s personality, decreased predisposition to the 
diseases, and a variety of other health-related consequences such as possible thera-
peutic effects or preventing role. In this chapter the components of human breast 
milk and its effect on shaping the human gut microbiota have been reviewed.

Keywords: breastfeeding, gut microbiota, breast milk, microbiome

1. Introduction

Today, there is no doubt that human breast milk is the most beneficial source 
of nutrition for infants which is the result of several years of research and evalu-
ation. Beside known nutrients such as proteins and carbohydrates, human breast 
milk contains a wide range of biologically active components and microbiota [1]. 
Previous researches have shown that mother’s intestinal microbiome is transferred 
to her infant through breast milk. This relationship between mother and infant 
plays the key role in forming a healthy intestinal microbiome which is responsible 
for protecting against diarrheal and respiratory illnesses as well as asthma, obesity, 
diabetes, atopy, and other inflammatory diseases such as inflammatory bowel dis-
eases (IBD) [2, 3]. The presence of bacteria in human breast milk not only improves 
the infantile health but also promotes mother’s health by a variety of mechanisms 
such as preventing mastitis [4]. Human milk oligosaccharides (HMOs) have the 
main role in developing the intestinal microbiota [1]. Their synthesis is determined 
by maternal genotype.

Transferring immunity from mother to infant is started from the intrauterine 
life and is continued by breastfeeding. Breast milk includes antibodies and immuni-
ties targeting the mother’s gut and airway microbes with which her infant is likely to 
encounter during the very first months of birth [5]. Recently conducted researches 
have revealed that breast milk directly modulates the development of immune 
system in breastfed infants as well as provides passive protection [6].

Colostrum is the most enriched part of the breast milk of immune factors which 
provides an appropriate immune response when the infant is at risk of exposure 
to new microbes [7]. Hormones, cytokines, growth factors, chemokines, and 
immunoglobulins are among the bioactive factors that are transferred to infant 
via breastfeeding [7, 8]. In this chapter a comprehensive review has been done on 
the role of breastfeeding and breast milk ingredients in forming infant’s intestinal 
microbiota.
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2. Microbial components of breast milk

Before year 2000, human breast milk (HBM) was considered to be sterile. 
Martin et al. mentioned the presence of commensal and probiotic bacteria in HBM 
[9]. Lactobacillus fermentum and Lactobacillus gasseri were more commonly found 
in breast milk samples using culture-dependent techniques [10]. Today, lactic acid 
bacterial strains with proven probiotic activities are referred to as probiotics [11]. 
Every milliliter of breast milk contains about 1000 colony-forming units of various 
bacterial species [12, 13]. An estimation reveals that infants receive about 800,000 
bacteria from breast milk each day [14]. At birth and during delivery, infants 
receive a notable dose of microbes through different mechanisms such as vaginal 
flora which is followed by the first breastfeeding [15]. So, breast milk is the second 
important source of microbiota seeding in the infant’s intestines [16, 17]. This has 
been proven by several previous epidemiologic studies in which the researchers 
have reported fundamental differences in gut microbiota between breastfed and 
formula-fed infants [18, 19]. Previous conducted researches have revealed that 
infantile stool and breast milk have some microbial strains, such as Enterococcus, 
Staphylococcus, Bifidobacterium, and Lactobacillus, in common [20, 21]. It also 
has been reported that more daily breastfeeding is attributed to more similarity 
between mother’s milk and infant stool microbiome [17].

Newly developed methods, such as next generation sequencing, have aug-
mented our knowledge regarding microbial composition of human breast milk. 
Staphylococcus and Streptococcus have been reported to be the most common micro-
biota families in the human’s breast milk. Other families including Bifidobacterium, 
Lactobacillus, and Enterobacteriaceae family members are placed in the following 
ranks [22, 23]. Colostrum contains a more various number of bacterial species than 
do transitional and mature milk.

So far, we have no idea where the mother’s milk microbiota exactly comes from; 
however a number of theories have come up. The first one considers that retrograde 
flow of breast milk from the infant’s mouth to the areola and commensal skin area 
contaminates the milk with maternal skin flora; however, the presence of anaero-
bic species does not justify the commensal contamination [24–26]. On the other 
hand, Streptococcus which is abundant in salivary flora is also common in human 
breast milk microbiome, supporting the retrograde flow theory [27]. The theory 
of retrograde flow was first mentioned by Ramsay and colleagues where they used 
ultrasound technology to study the huge transmission of breast milk from the 
infant’s mouth to the mammary gland ducts [25]. Another theory holds this belief 
that breast milk microbiota are originated from mother’s intestinal flora, where 
they migrate via blood and lymphatic circulation to the mammary glands [27, 28]. 
Studying pregnant and lactating mice revealed that both aerobic and anaerobic 
organisms are translocated from gut to the mesenteric lymph nodes and mammary 
glands, subsequently [28]. In addition, another research team found that there are 
similar bacterial signatures in breast milk, lymph nodes, and dendritic cells (DC) 
of lactating mice [29]. Hormonal changes in late pregnancy and increased perme-
ability of the intestinal endothelium are considered to have a supporting role for 
translocation of intestinal bacteria to mammary glands [27]. Hence, the origin of 
breast milk microbiota should be more investigated.

A variety of maternal factors have effects on the diversity of mother’s milk 
microbiota. Previously published studies have reported that mothers with vaginal 
delivery have more various microbial species in their breast milk than that of those 
who deliver by cesarean section [30, 31]. Also, it has been reported that there is no 
remarkable difference for milk bacterial concentration between different genders 
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or race groups as well as geographical regions [32, 33]. Various types of breast milk 
have different bacterial concentrations as the colostrum has lower concentrations 
than do transitional and mature milk. Results from comparative clinical studies 
have revealed that breast milk bacterial composition is affected by maternal health 
condition such as obesity, human immunodeficiency virus (HIV), and celiac disease 
[34, 35]. Also, it is expectable that maternal chemotherapy and antibiotic use 
decrease the microbial diversity in mother’s milk [36, 37].

3. Mammary gland microbiome

Recently, many efforts have been made to determine the mammary gland 
bacteriome in different ways [38, 39]. Biopsies from different sites of the breast 
have approved the viability of bacteria by culture. Human breast tissue bacteriome 
was shown to be similar to those of the human breast milk where the Proteobacteria 
is the main phylum [40]. Also, nipple aspirate fluid (NAF) has been recently used to 
determine the breast ductal bacteriome. NAF, which is secreted regularly by breast 
duct endothelial cells, can be easily collected using a syringe connected to the suc-
tion cup applied with a negative pressure [41, 42].

4. Infant gut and what breast milk microbiota has to do

4.1 HBM microbiome as anti-infective

It is believed that breast milk microbiota reduces the incidence of bacterial 
infections through a variety of mechanisms in breastfed infants. Commensal 
bacteria modulate growth and replication of pathogen bacteria through their 
antimicrobial power or as a result of competitive exclusion; as the Escherichia coli, 
Shigella, or Salmonella strains are inhibited by lactobacilli isolated from human 
breast milk [43, 44]. In a randomized clinical trial, researchers prescribed breast 
milk lactobacilli to infants between 6 and 12 months of age which reduced the total 
incidence of infections [45]. There are a variety of studies which have assessed the 
antimicrobial activity of the intestine; however; more studies should be conducted 
for assessing antimicrobial specificities of human breast milk.

4.2 Immunomodulatory role

Animal studies have shown an important role for gut microbiota in increasing 
and modulating immune functions [46–48]. Lymphoid tissue development was 
shown to be altered in organs such as the spleen, lymph nodes, and thymus when 
there is a reduced number of microbiota in the animal intestines. The intestines 
without any germs have shown reduced numbers of IgA-producing cells, lamina 
propria CD4+ cells, and hypoplastic Peyer’s patches [49]. Production of Th1 
cytokines including Il-2, Il-12, and TNF-alpha by macrophages has been shown 
to be augmented by breast milk lactobacillus strains. Recently conducted stud-
ies have shown an improved immunologic and better Th1 response in breastfed 
infants that that of those fed by formula [50]. Lactobacillus fermentum and 
Lactobacillus salivarius have been reported as potent activators of natural killer 
cells and both innate and acquired immunity as a result of in vitro studies [51]. In 
addition, human milk metagenome has been shown to contain immunomodula-
tory DNA motifs which may help modulate exaggerated inflammatory responses 
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to bacterial infection [52]. Most of these regulatory effects were not found in 
non-milk-derived probiotic bacteria [51].

4.3 Anti-allergic role

A protective association has been discovered between human breast milk lactic 
acid bacteria and allergies. The main etiology of allergy has been described as the 
disturbance in regulation of immune system [53]. Previously published animal 
studies have revealed that probiotic bacteria originated from human breast milk, 
such as Lactobacillus gasseri and Lactobacillus coryniformis, have a modulatory role 
for immune response in cow milk protein sensitivity [54]. However, a conducted 
randomized clinical trial has shown that prescribing probiotics in the first 6 months 
of life does not reduce the risk of atopic eczema [55]. Other similar studies have 
reported that prescribing specific Lactobacillus and Bifidobacterium species to moth-
ers has led to a reduced incidence of infant eczema in the first 2 years of life [56, 57]. 
This anti-allergy property of probiotics has been attributed to the downregulation 
in the production of Th2 cytokines by the hygiene hypothesis [54]. Another clinical 
study has reported that infants who have more Klebsiella species, as the dominant 
bacteria in their gut, have a higher chance for involving with Atopia, whereas the 
presence of Viridans streptococci in the gut microbiome has the contrary role [58].

4.4 Antitumor properties

However not many studies have been conducted for assessing antitumor proper-
ties of the gut microbiome; there are some points in the literature [59]. Enterococcus 
faecalis and Staphylococcus hominis, which are isolated from human breast milk, have 
shown some antitumor properties against a breast cancer cell line [60]. Another 
similar study has reported that a subspecies of Lactococcus lactis has shown thera-
peutic effect against colon cancer [61].

5. Conclusion

In this chapter we went through the definition and application of human breast 
milk microbiome and its role on building infant gut microbiome as well as infant’s 
health and disease. Also mentioned is that this gut microbiome may play important 
roles as anti-infective, immunomodulatory, and anticancer properties. As the 
importance of breast milk microbiome is getting more notices, further studies 
should be conducted to assess it more and provide some ways for enriching mother’s 
milk microbiome with beneficial bacteria.
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Chapter 8

The Evaluation of Childhood 
Foods and Infant Formula 
Exposure to Furan, 
Chloropropanols and Acrylamide 
Contamination by Food 
Processing
Burhan Başaran

Abstract

This review attempted to evaluate the exposure of thermal processing contami-
nants such as furan, chloropropanols and acrylamide from infant formulas. Furan, 
chloropropanols and acrylamide exist at varying levels in several types of foods that 
are consumed in daily diet including infant formulas. The consumption of these 
foods leads to the exposure to the thermal processing contaminants. In this sense, it 
is apparent that humans face hidden danger through dietary exposure throughout 
their lives. Infants are considered as the age group that expose to the highest levels 
of these substances as a result of the fact that they have low body weight and con-
sume infant formulas in their diets as alternative nutrition. The review emphasizes 
that the infant formulas are not innocent, on the contrary, they can be considered as 
safety critical for infants considering that infant formulas include furan, chloropro-
panols and acrylamide. Therefore, this review suggests that in this sense all share-
holders’ (university, non-governmental organizations, public and private sector) 
acting in concert with each other is crucially important for the health of individuals 
and overall society.

Keywords: infant formulas, furan, chloropropanols, 3-MCPD, 2-MCPD, glycidol, 
acrylamide, exposure

1. Introduction

World Health Organization (WHO) and UNICEF advices that infants need to 
be exclusively breasted for the first 6 months and breastfeeding should last mini-
mum 2 years. Nevertheless, around the world, the rate of breastfeeding in the first 
6 months is still 38% and this percentage has not changed for about 20 years. It is 
known that breast milk significantly contributes to infants’ physical and mental 
development and acts as a protector for infants against several diseases. Therefore, 
with the contributions of WHO and UNICEF, breast milk is being promoted in 
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order to increase the rate of breastfeeding to 50% for the first 6 months until 2025 
and studies are being carried out with regard to the importance of breast feeding in 
early periods of infancy [1, 2].

Use of breast feeding as primary nutrition in early periods, namely in the first 
6 months, of infancy is highly common around the world (Norway: 95%, Australia: 
92%, Canada: 89%, United States: 77%) and the percentage increases gradually 
year by year. On the contrary, after 6 months is decreasing dramatically [3]. By 
all means, there are several factors affecting this case. Some of these factors are 
mothers’ becoming a mother young, not having breastfeeding experience, concern 
of insufficient breast milk, desire to feed their babies with new tastes, active work 
life, long working hours and perceptions of mothers created by other individuals, 
mother’s and baby’s health condition, babies’ becoming acquainted with pacifier 
and feeding bottle [4–6]. Besides these factors, depending on the development of 
the baby, mothers generally give their babies other nourishments as supplement to 
breast milk or use them as only source of nutrition for their babies. The top of these 
nourishments is infant formulas.

There are several firms operating globally in the sector of infant formulas which 
has become a massive market today. These firms invest in research-development 
activities, advertising activities and develop marketing strategies in order to gain 
advantage in the competition [7]. It is easy to find several follow-on milk, follow-on 
formulas and mixed formulas for the needs of 0–6 months-old and >6 months-
old babies, which are formulated either in powder or liquid form and enriched 
with various ingredients [8]. Infant formulas are often preferred in that they are 
accessible and easy to prepare; besides, they can be used by others when mother is 
not available for feeding. On the other hand, it is known that mothers are deeply 
anxious about the infant formulas although they try to make their best to choose the 
most appropriate formula for their babies based on their research on written and 
visual media, advices from others and past experiences [9, 10].

On one hand, it is beyond argument that breast milk is the best choice for babies’ 
nourishment, development and health; on the other hand, it is not always the one 
and only choice because of various reasons. Therefore, it needs to be ensured that 
the adverse effects of infant formulas, which are used as supplement to breast milk 
or used exclusively, on babies’ health in the short-, medium- and long-term are 
eliminated and these formulas not to cause any health problems for babies. In this 
respect, certain legal regulations are designed for the production and marketing 
of infant formulas nationally and globally. However, in the literature, although 
infant formulas carry the risk with respect to furan, acrylamide, chloropropanols 
and polycyclic aromatic hydrocarbons, which are called thermal processing con-
taminants and have potential to cause various health problems for humans, this 
information has not been referred in the legal regulations. Considering that the 
contaminants in question are included in various foods that are frequently preferred 
in daily diets, individuals expose to these contaminants starting from very early 
periods of infancy and this exposure continues throughout their lives. To this end, 
the current review aims to evaluate the infant formulas with respect to certain 
thermal processing contaminants.

2. Thermal process contaminants

Besides bringing certain sensorial properties to foods, thermal process is a 
processing technique that eliminates or decreases the potential hazards originating 
from foods against consumers’ health through making foods microbiologically more 
reliable. However, under certain conditions thermal processing applications cause 
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certain toxic substances called “thermal processing contaminants” (heterocyclic 
aromatic amines, 5-hydroxymethylfurfural, polycyclic aromatic hydrocarbons, 
nitrosamines, furan, acrylamide, and chloropropanols) to emerge [11, 12]. In the 
last 10 years, a great amount of research has focused on thermal processing contam-
inants and this topic is still current and important for consumers, health authorities 
and industries [13].

2.1 Furan

Furan is colorless, highly volatile and flammable compound with a boiling point 
close to room temperature (≈31°C). It is soluble in most of the organic solvents such 
as alcohol and acetone. Furan with a molecular formula of C4H4O and CAS number 
of 110-00-9 is a heterocyclic and aromatic compound [14].

Formation of furan in foods is the result of various mechanisms. It has been 
documented that besides the presence of reducing sugar or amino acids, thermal 
degradation or Maillard reaction, ascorbic acid, thermal oxidation, oxidized poly-
unsaturated lipids, serine and cysteine without other sources [15, 16].

In the risk assessment undertaken by U.S. National Institutes of Health (NIH) 
and Joint FAO/WHO Expert Committee on Food Additives (JECFA) depending on 
the studies on laboratory animals, furan was reported to be a strong carcinogenic 
compound that affected several organs [17, 18]. It has been identified as “possibly 
carcinogen to humans” (Group 2B) by International Agency for Research on Cancer 
(IARC) [19].

In a study conducted by The US Food and Drug Administration (FDA) in year 
2004 with 334 foodstuffs, presence of furan was reported for canned and jarred 
baby foods, infant formulas, coffees, meats, fish, soups, sauces, vegetables and 
fruits and several other foodstuffs that underwent thermal processing. Particularly, 
the study reported that all baby foods included furan [20]. After FD reports, The 
European Commission Recommendation 2007/196/EC offered a suggestion to 
the member countries in order for tracking the toxicity, formation, analysis and the 
exposure of furan [21]. Based on the reports from several countries, JECFA reported 
the foodstuffs that included the highest furan levels; roasted coffee (powder) 
(814–4590 μg/kg), instant coffee (powder) (90–783 μg/kg), brewed roasted cof-
fee (34–113 μg/kg), baby food (19–96 μg/kg), soya sauce (16–52 μg/kg), canned 
fish (6–76 μg/kg) and baked beans (27–581 μg/kg) [22]. According to the reports of 
European Food Safety Authority (EFSA) and FDA, Crews and Castle classified the 
foodstuffs in three categories that included furan more than 100 μg/kg; coffee,  
baby foods, sauces and soups. Moreover, furan was found in 262 of 273 baby 
foods, 70 of 71 infant foods, 28 of 42 infant formulas. The levels of furan in baby 
foods, infant foods and infant formulas change between the ranges of 1–112 μg/kg 
(mean: 28 μg/kg), 1.3–87.3 μg/kg (mean: 27 μg/kg) and 2.5–27 μg/kg (mean: 12 μg/kg),  
respectively [23]. Several studies reported different levels of furan in baby foods and 
infant formulas; EFSA 31–32, 0.2–3.2 μg/kg, Liu and Tsai 4.23–124.1, 2.4–28.7 μg/kg 
[24, 25]. Lambert et al. determined the furan levels of many foods including baby 
foods and infant formulas (Table 1) [26].

In this respect, Table 2 displays the results of dietary exposure of furan in 
individuals from diverse group of ages reported by EFSA.

The mean of infants’ dietary exposure of furan was reported as 0.99–1.34 μg/
kg bw per day by FAO/WHO whereas Health Canada reported this level as 1.76 μg/
kg bw per day [17, 28]. Some studies reported the mean of dietary exposure of furan 
for 4 months, 5–6 months, 7–12 months and 13–36 months old infants as 0.14, 0.60, 
0.84 and 0.37 μg/kg bw per day [29] and 0.09, 0.56, 0.80 and 0.33 μg/kg bw per 
day, respectively [30].
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2.2 Chloropropanols

In recent years, the presence of chloropropanols (certain fatty acid esters of 
3-monochloro-1,2-propanediol (3-MCPD) and the related substance glycidol, 
2-monochloro-1,3-propanediol (2-MCPD), 1,3-dichloro-2-propanol (1,3-DCP) 
and 2,3-dichloro-1-propanol (2,3-DCP)) in foodstuffs has aroused the attention 
of researchers [31]. Dichloropropanols are comprised of monoesters whereas 
monochloropropanediols are comprised of both monoesters and diesters [32]. It has 
been estimated that depending on thermal processing, lipids, glycerol, triolein and 
lecithin that are heated with hydrochloric acid are precursors in the formation of 
chloropropanols in foodstuffs [33, 34]. Chloropropanols and its esters are created 
from lipids and chlorides in the oil refining process particularly when the deodor-
ization process is realized under high temperatures. Moreover, glycidol can occur 
through dehalogenation from 3-MCPD [35].

It has not been ascertained that whether chloropropanol is a carcinogenic 
compound. On the other hand, it is disturbing that some free chloropropanol forms 
in foodstuffs are potentially toxic. The JECFA reported that 1,3-DCP is a genotoxic 
carcinogen, however, there is not enough evidence for the toxicologic evaluation of 
2-MCPD [36, 37]. In this respect, Lee and Khor found that 3-MCPD and 1,3-DCP 
have potential genotoxic and carcinogenic characteristics [38]. Similarly, Onami 

Age group Mean dietary exposure  
(μg/kg bw per day)

High dietary exposure  
(μg/kg bw per day)

Infants 0.14–0.99 0.27–1.82

Toddlers 0.22–0.65 0.05–0.31

Other children 0.19–0.52 0.29–0.86

Adolescents 0.11–0.54 0.20–1.22

Adults 0.03–0.59 0.08–1.29

Elderly 0.12–0.61 0.24–1.27

Very elderly 0.13–0.75 0.27–0.96
*The data were taken directly from EFSA Journal.

Table 2. 
Dietary exposure of furan [27].

Food group Mean (μg/kg)

Baby foods 3.3–41

Infant formulae 3.5–5.7

Vegetables 5.9–6.3

Fish 5.3–5.3

Cereal products 44–44

Meat products 7.3–7.5

Milk products 1.4–2.3

Soups 16–16
*The data were taken directly from Lambert et al.

Table 1. 
The mean level of furan in different food groups [26].
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et al. suggested that 3-MCPD carries unignorable risks for human health with 
regard to its potential hazard [39]. In some other studies 1,3-DCP and 3-MCPD are 
defined as possible human carcinogens (group 2B) and similarly glycidol is referred 
as a probable human carcinogen (group 2A) [40–42]. One of the most comprehen-
sive studies on the toxicologic evaluation of chloropropanols revealed that whereas 
the carcinogenic effect of 1,3-DCP was highly evident, for the reason that the level 
of its presence in foodstuffs was considerably low, 1,3-DCP did not carry a risk 
for human health. This comprehensive study emphasized the insufficiency of the 
research on the level of the presence of 2-MCPD and 2,3-DCP in foodstuffs and the 
toxicologic evaluation of these substances. However, current evidence suggests that 
these compounds can be considered within low risk group for human health for the 
reason that the level of the presence of these compounds in foodstuffs is low [43]. 
EFSA determined the tolerable daily intake (TDI) for 3-MCPD as 0.8 μg/kg bw 
per day, whereas JECFA suggested the provisional maximum tolerable daily intake 
(PMTDI) of 4 μg/kg bw/day [44, 45].

Recent studies revealed that chloropropanols was found in several foodstuffs 
at different levels particularly in soy sauces, meat and meat products, fish and sea 
foods, cereals, snacks, bread, biscuits, crisps, chips, baby foods and infant formulas 
as well [46, 47]. Table 3 shows the levels of chloropropanols in foodstuffs reported 
in the comprehensive study by EFSA.

Considering the other studies on infant formulas and chloropropanols, 
Zelinková et al. identified 3-MCPD as 1.04–2.03 mg/kg, Weißhaar identified 
glycidol as 2.6–5.3 mg/kg, and Wöhrlin et al. identified 3-MCPD as 0.42 mg/kg and 
2-MCPD, 0.19 mg/kg, glycidol 0.36 mg/kg [49–51]. Table 4 displays the results sug-
gested by EFSA regarding the dietary exposure of chloropropanols for the individu-
als from different age groups.

EFSA revealed that the food group that contributes 50% and higher levels 
of 3-MCPD, 2-MCPD and glycidol exposure for infants is infant formulas and 
follow-on formulas, which are followed by vegetable fats and oils, besides cook-
ies. The levels of 3-MCPD, 2-MCPD and glycidol considering the exposure from 
only infant formulas were calculated as 2.4, 0.7–1.3, and 1.8–2.1 μg/kg bw per day, 
respectively [48]. JECFA estimated the average exposure to glycidol equivalents for 
babies between 0.1 and 3.6 μg/kg bw/day. However, the exposure level of 3-MCPD 
equivalents can increase to 10 μg/kg bw/day on average for the babies that are fed 
by infant formulas in the early periods of their lives [45]. Spungen et al. estimated 
the exposure of 3-MCPD equivalents for 0–1, 2–3 and 5–6 months old babies as 10, 

Food groups 3-MCPD μg/kg 2-MCPD μg/kg Glycidol μg/kg

Vegetable fats and oils 1093 (1090–1095) 414 (400–427) 1268 (1259–1277)

Margarine and similar products 408 (406–409) 159 (152–166) 361 (358–364)

Infant formulas (powder) 108 (108–109) 44 (31–58) 87 (80–94)

Cereal-based products and similar 83 (77–90) 42 (38–47) 51 (50–51)

Fried, baked or roast meat or fish 
products

30 (26–34) 10 (7–14) 38 (38–39)

Smoked meat or fish products 21 (15–28) 6.2 (0.5–11) 17 (15–19)

Snacks and potato products 130 (123–137) 79 (75–84) 58 (58–59)
*The data were taken directly from EFSA Journal.

Table 3. 
The mean level of 3-MCPD, 2-MCPD, glycidol and esters in different food groups [48].
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Elderly 0.12–0.61 0.24–1.27

Very elderly 0.13–0.75 0.27–0.96
*The data were taken directly from EFSA Journal.

Table 2. 
Dietary exposure of furan [27].

Food group Mean (μg/kg)
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Infant formulae 3.5–5.7

Vegetables 5.9–6.3

Fish 5.3–5.3

Cereal products 44–44

Meat products 7.3–7.5

Milk products 1.4–2.3

Soups 16–16
*The data were taken directly from Lambert et al.

Table 1. 
The mean level of furan in different food groups [26].
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et al. suggested that 3-MCPD carries unignorable risks for human health with 
regard to its potential hazard [39]. In some other studies 1,3-DCP and 3-MCPD are 
defined as possible human carcinogens (group 2B) and similarly glycidol is referred 
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toxicologic evaluation of these substances. However, current evidence suggests that 
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reason that the level of the presence of these compounds in foodstuffs is low [43]. 
EFSA determined the tolerable daily intake (TDI) for 3-MCPD as 0.8 μg/kg bw 
per day, whereas JECFA suggested the provisional maximum tolerable daily intake 
(PMTDI) of 4 μg/kg bw/day [44, 45].

Recent studies revealed that chloropropanols was found in several foodstuffs 
at different levels particularly in soy sauces, meat and meat products, fish and sea 
foods, cereals, snacks, bread, biscuits, crisps, chips, baby foods and infant formulas 
as well [46, 47]. Table 3 shows the levels of chloropropanols in foodstuffs reported 
in the comprehensive study by EFSA.

Considering the other studies on infant formulas and chloropropanols, 
Zelinková et al. identified 3-MCPD as 1.04–2.03 mg/kg, Weißhaar identified 
glycidol as 2.6–5.3 mg/kg, and Wöhrlin et al. identified 3-MCPD as 0.42 mg/kg and 
2-MCPD, 0.19 mg/kg, glycidol 0.36 mg/kg [49–51]. Table 4 displays the results sug-
gested by EFSA regarding the dietary exposure of chloropropanols for the individu-
als from different age groups.

EFSA revealed that the food group that contributes 50% and higher levels 
of 3-MCPD, 2-MCPD and glycidol exposure for infants is infant formulas and 
follow-on formulas, which are followed by vegetable fats and oils, besides cook-
ies. The levels of 3-MCPD, 2-MCPD and glycidol considering the exposure from 
only infant formulas were calculated as 2.4, 0.7–1.3, and 1.8–2.1 μg/kg bw per day, 
respectively [48]. JECFA estimated the average exposure to glycidol equivalents for 
babies between 0.1 and 3.6 μg/kg bw/day. However, the exposure level of 3-MCPD 
equivalents can increase to 10 μg/kg bw/day on average for the babies that are fed 
by infant formulas in the early periods of their lives [45]. Spungen et al. estimated 
the exposure of 3-MCPD equivalents for 0–1, 2–3 and 5–6 months old babies as 10, 

Food groups 3-MCPD μg/kg 2-MCPD μg/kg Glycidol μg/kg

Vegetable fats and oils 1093 (1090–1095) 414 (400–427) 1268 (1259–1277)

Margarine and similar products 408 (406–409) 159 (152–166) 361 (358–364)

Infant formulas (powder) 108 (108–109) 44 (31–58) 87 (80–94)

Cereal-based products and similar 83 (77–90) 42 (38–47) 51 (50–51)

Fried, baked or roast meat or fish 
products

30 (26–34) 10 (7–14) 38 (38–39)

Smoked meat or fish products 21 (15–28) 6.2 (0.5–11) 17 (15–19)

Snacks and potato products 130 (123–137) 79 (75–84) 58 (58–59)
*The data were taken directly from EFSA Journal.

Table 3. 
The mean level of 3-MCPD, 2-MCPD, glycidol and esters in different food groups [48].
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8, 7 μg/kg bw per day respectively, whereas the exposure of glycidol and esters were 
estimated 2 μg/kg bw per day and same for all age groups [52]. Arisseto et al. identi-
fied the exposure of 3-MCPD for.

0–5, 6–11 months old babies as 2.49, 1.05 μg/kg bw/day, respectively and the 
glycidol exposure as 3.65, 1.64 μg/kg bw/day [53].

2.3 Acrylamide

Acrylamide (AA), which was identified for the first time as a chemical compound 
in 1893 in Germany, is a chemical agent used extensively in such sectors as dams, tun-
nels, water treatment, paper and textile [54]. The presence of AA in foods for the first 
time was identified in 2002 by a group of researchers in Sweden [55]. Acrylamide 
formation in foods is explained through several mechanisms. The most important of 
all these mechanisms is especially Maillard reaction, which is performed in thermal 
processing with the presence of asparagines amino acid and reducing sugar [56]. It 
has been revealed that, apart from this mechanism, acrolein, B-alanine, aspartic acid, 
pyruvic acid and carnosine cause AA formation through various reactions [57].

In the experimental studies carried out with animals, a positive dose-response 
relationship between AA and the cancer in multi-organs and tissues was found 
[58, 59]. In epidemiological studies conducted with humans, it was suggested that 
AA could seriously affect fetal development [60] and neurological changes [61]. 
On the other hand, there is not a clear consensus on the relationship between AA 
and cancer yet. Whereas, some studies reveal that AA increases the risk of contract-
ing ovarian cancer [62], lung cancer [63] and the cancers related to digestive and 
respiratory systems [64], some other studies determine that AA has no positive 
relationship with several types of cancer [65–67]. However, IARC classifies AA as a 
probable human carcinogen (group 2A) [68].

EFSA reported the results of the study that show AA levels in several foodstuffs 
in 2015 (Table 5).

In the other studies on infant formulas, different acrylamide levels were 
reported; Fohgelberg et al. found 3.5–223 μg/kg and Elias et al. found <LOD (limit 
of detection)-353 μg/kg [70, 71]. Likewise, Table 6 displays the results of dietary 
AA exposure of the individuals from different age groups reported by EFSA.

Mojska et al. calculated the daily dietary intake of acrylamide for 6, 7, 8, 9 and 
10–12 months old babies as 17.46, 20.87, 21.65, 29.06 and 38.05 μg/person/day, 
respectively [72]. Considering the other studies on AA exposure, Health  
Canada estimated the AA exposure for <1 years and 1–3 years old babies as  

Age group 3-MCPD
μg/kg bw per day

2-MCPD
μg/kg bw per day

Glycidol
μg/kg bw per day

Infants 0.5–1.0 0.2–0.4 0.4–0.8

Toddlers 0.6–1.4 0.3–0.6 0.4–0.9

Other children 0.5–1.5 0.3–0.7 0.3–0.9

Adolescents 0.2–0.7 0.1–0.3 0.2–0.5

Adults 0.2–0.4 0.1–0.2 0.2–0.3

Elderly 0.2–0.4 0.1–0.2 0.1–0.3

Very elderly 0.2–0.5 0.1–0.2 0.1–0.3
*The data were taken directly from EFSA Journal.

Table 4. 
The mean of the dietary exposure to 3-MCPD, 2-MCPD and Glycidol [48].
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0.211, 0.609 μg/kg bw per day, respectively, and Sirot et al. found the AA expo-
sure levels for 1–4, 5–6, 7–12 and 13–36 months-old babies as 0.14, 0.03, 0.40 and 
0.07 μg/kg bw per day, respectively [30, 73].

3.  Acrylamide, furan and chloropropanol exposure caused  
by breast milk

It is estimated that babies are exposed to contaminants coming from breast milk 
from the first seconds of their lives. This exposure varies depending on the impact 
of many factors such as the age of the mother, dietary habits, living space, and envi-
ronmental contaminants etc. on the compounds in breast milk. Therefore, breast 
milk is globally monitored as a biomarker for exposure and sheds light on exposure 
evaluation studies [74, 75].

The number of studies on the acrylamide level of breast milk is very limited. 
Sörgel et al. detected acrylamide in milk of mothers consuming foods that contain 
high levels of acrylamide such as potato chips, French fries etc. They stated that 10 
to 50% of acrylamide occurring in pregnant women due to nutrition is transferred 

Food groups Mean (μg/kg)

Potato fried products (except potato crisps and snacks) 308 (303–313)

Potato crisps and snacks 389 (388–389)

Soft bread 42 (36–49)

Breakfast cereals 161 (157–164)

Biscuits, crackers, crisp bread and similar 265 (261–269)

Coffee (dry) 522 (521–523)

Coffee substitutes (dry) 1499

Baby foods, other than cereal-based 24 (17–31)

Processed cereal-based baby foods 73 (70–76)

Other products based on potatoes, cereals and cocoa 97 (92–101)
*The data were taken directly from EFSA Journal.

Table 5. 
AA the mean levels of several foods (μg/kg) [69].

Age group Mean dietary exposure  
(μg/kg bw per day)

High dietary exposure  
(μg/kg bw per day)

Infants 0.5–1.6 1.4–2.5

Toddlers 0.9–1.9 1.4–3.4

Other children 0.9–1.6 1.4–3.2

Adolescents 0.4–0.9 0.9–2.0

Adults 0.4–0.6 0.8–1.3

Elderly 0.4–0.5 0.7–1.0

Very elderly 0.4–0.5 0.6–1.0
*The data were taken directly from EFSA Journal.

Table 6. 
The mean of the dietary AA exposure [69].
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relationship with several types of cancer [65–67]. However, IARC classifies AA as a 
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of detection)-353 μg/kg [70, 71]. Likewise, Table 6 displays the results of dietary 
AA exposure of the individuals from different age groups reported by EFSA.

Mojska et al. calculated the daily dietary intake of acrylamide for 6, 7, 8, 9 and 
10–12 months old babies as 17.46, 20.87, 21.65, 29.06 and 38.05 μg/person/day, 
respectively [72]. Considering the other studies on AA exposure, Health  
Canada estimated the AA exposure for <1 years and 1–3 years old babies as  
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ronmental contaminants etc. on the compounds in breast milk. Therefore, breast 
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evaluation studies [74, 75].
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to the fetus through blood and it can reach μg/L in breast milk. They state that 
acrylamide exposure caused by breast milk continues until the end of breastfeed-
ing, and therefore nursing mothers should avoid foods containing acrylamide until 
uncertainties about acrylamide are eliminated [76]. Fohgelberg et al. stated that 
traces of acrylamide were detected in all breast milk samples, the acrylamide level 
was determined as 0.51 μg/kg only in one sample while the acrylamide levels in 
the other 18 samples were under the limit of quantification (0.5 μg/kg). The mean 
acrylamide level in breast milk was assumed to be 0.25 μg/kg in the study and the 
mean acrylamide exposure was estimated as 0.04 μg/kg bw per day (the mean body 
weight is calculated as 5.5 kg) for infants that are fed only with breast milk during 
the early breastfeeding period. The results revealed the importance of breastfeeding 
as a way of preventing the baby from being exposed to acrylamide as the level of 
acrylamide in breast milk is very low [70].

The source and possible consequences of 3-MCPD in breast milk have not been 
entirely explored yet. However, it has been stated that dietary habits of mothers are 
an important factor for presence of 3-MCPD in breast milk [34, 77]. Zelinkova et al. 
determined the 3-MCPD level between 11 and 76 μg/kg and the mean amount as 
35.5 μg/kg in 12 breast milk samples. They determined the 3-MCPD exposure caused 
by breast milk in babies (breastfed for up to 4 months) as 26,625 μg/day (average 
daily intake of mother’s milk by the baby is about 750 mL) and 8.19 μg/kg bw per day 
[77]. Jędrkiewicz et al. stated that 2-MCPD and 3-MCPD reached 2.2 mg/kg in breast 
milk and therefore it was highly difficult for babies to avoid chloropropanols [78].

Polychlorinated dibenzofurans (PCDFs), which are another contaminant in breast 
milk, have been examined in studies together with polychlorinated biphenyls (PCBs) 
and polychlorinated dibenzo-p-dioxins (PCDDs). A lot of studies can be found in 
the literature on this subject compared to acrylamide and chloropropanols. As breast 
milk is the first and most important way of conveying PCBs and PCDD/Fs to babies, 
WHO has been conducting global studies on dioxin detection in breast milk since 1987 
[79]. Costopoulou et al. reported that the countries with the highest level of PCBs and 
PCDD/Fs in breast milk are Egypt, the Netherlands, Belgium, Luxemburg, and Italy 
{respectively, 22.3, 18.27, 16.92, 14.97, 12.66 pg/g [fat WHO-TEQ (toxicity equivalent)]} 
while the countries with the lowest levels are Fiji, Brazil, the Philippines, Australia, and 
Bulgaria (respectively 3.34, 3.92, 3.94, 5.57 and 6.14 pg/g fat WHO-TEQ) [80]. WHO 
has estimated the range of tolerable daily dose as 1–4 pg TEQ/kg bs per day for babies 
exposed to dioxin contaminants such as PCDD/Fs and PCBs [81]. Focant et al. calcu-
lated the average concentration for total TEQ (PCDD/Fs and PCBs) as 17.81 pg/g and 
the daily intake of PCDD/Fs and PCBs as 62.3 TEQ/kg bw per day [82]. In a study they 
conducted in China (Guangdong Province), Huang et al. predicted the mean EDI level 
of PCDD/PCBs resulting from breast milk as 54.3 pg TEQ/kg bw per day [83].

4. Conclusion

The current review evaluated infant formulas that have an important place in 
the diets of babies, with respect to the thermal processing contaminants; furan, 
chloropropanols and acrylamide, which have become one of the foci of researchers. 
When the results of the studies regarding the exposure of these contaminants are 
evaluated, it is suggested that babies are in the risk group, who are highly exposed to 
these contaminants because of their low body weight compared to other individu-
als, besides; there are no alternative foods to infant formulas in their daily diet. 
In the light of the evidence revealed by the previous studies, the current review 
proposes that regarding the furan, chloropropanols and acrylamide, infant formulas 
can be a concern for baby health. Nevertheless, the review further suggests that it is 
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important to decrease the level of thermal processing contaminants or specify cer-
tain upper limits and determine these regulations by law for the individual health 
and the health of the overall society. Furthermore, the current review emphasized 
that infant formulas are not alternatives to breast milk and educating mothers in 
this respect is critically important for the health of next generations. One last thing 
to emphasize is the need to raise the awareness of breastfeeding mothers in avoiding 
the consumption of foods that have a rich content in terms of the abovementioned 
contaminants.
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