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Abstract

Multiple interventions have been designed to decrease mortality and disability in children. Among

these, breastfeeding is the most cost effective intervention for protecting children against diarrhea

and all causes of mortality. Human milk is uniquely suited to the human infant, both in its

nutritional composition and in the nonnutritive bioactive factors that promote survival and healthy

development. Suboptimal breastfeeding has been linked with numerous adverse child health

outcomes including increased incidence of diarrhea and pneumonia. This review provides an

update regarding recent studies on the effect of breastfeeding on diarrhea morbidity and mortality

in children in developing countries, describes major human milk components responsible for this

protective effect (oligosaccharides, secretory immunoglobulins, lactoferrin, bacterial microbiota,

etc.), and highlights areas for future research in this topic. Breastfeeding promotion remains an

intervention of enormous public health potential to decrease global mortality and promote better

growth and neurodevelopment in children.
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Introduction

Globally, 7.6 million children less than 5 years of age died in 2010; 64% (4.8 million) were

attributable to infectious causes. The leading causes of death beyond the neonatal period are

pneumonia and diarrhea. Diarrhea accounts for 10.5% of all deaths (0.8 million deaths,

range: 0.6 to 1.2 million) [1•]; a significant burden of diarrhea mortality is concentrated

among the poorest populations in countries of sub-Saharan Africa and South Asia [2].

Despite the reduction in mortality in recent years, diarrhea continues to be one of the main

preventable causes of death in children. In addition to causing high mortality, recurrent or

persistent diarrhea has serious long term effects on growth, nutrition and cognition [3].

Multiple preventive and therapeutic interventions have been designed to decrease mortality

and disability in children. Among these, early and exclusive breastfeeding is one of the most

important interventions to reduce neonatal and infant mortality [4]. Breastfeeding is widely

promoted [5•] and is the most cost effective intervention for protecting children against

diarrhea and all causes of mortality [6]. Human breast milk helps protect infants by serving

as a source of nutrition uncontaminated by environmental pathogens in addition to the direct

protection due to its multiple anti-microbial, anti-inflammatory and immunoregulatory

components [7].

This review gives an update regarding recent studies on the effect of breastfeeding on

diarrhea morbidity and mortality in children in developing countries, describes the human

milk components responsible for this protective effect, and highlights areas for future

research in this topic.

Effect of breastfeeding on diarrhea morbidity and mortality

The benefits of breastfeeding on infant and child morbidity and mortality are well

documented, with observational studies dating back to the 1960s. Breastfeeding

demonstrates a dose–response relationship of protection against diarrheal disease morbidity

and mortality in infancy. Exclusive breastfeeding, defined as feeding only human milk with

no other liquids or foods, is known to offer maximum protection against diarrhea to infants

younger than 6 months of age, whereas partial breastfeeding offers intermediate protection

compared with no breastfeeding [7]. Recently, Lamberti et al. analyzed the effect of

suboptimal breastfeeding on diarrhea morbidity and mortality, based on review of 18 studies

from developing countries published from 1980 to 2009 [8••]. They found that not breast

feeding was associated with a 165% (relative risk (RR) 2.65, 95% confidence interval (CI)

1.72–4.07) increase in diarrhea incidence in infants aged 0–5 months, a 32% (RR: 1.32, 95%

CI 1.06–1.63) increase in those aged 6–11 month, and a 32% (RR: 1.32, 95% CI 1.06–1.63)

increase in those aged 12–23 months. No breastfeeding was also associated with a 952%

(RR: 10.52, 95% CI 2.79–49.6) increase in diarrhea mortality as compared to exclusive

breastfeeding in infants aged 0–5 months of age, a 47% (RR: 1.47, 95% CI 0.67–3.25)

increase as compared to any breastfeeding practice in those aged 6–11 months, and a 157%

(RR: 2.57, 95% CI 1.10–6.01) increase in those aged 12–23 months.

A prospective observational cohort of 1677 infants followed from birth to 12 months of age

in slum areas of Dhaka in Bangladesh found that very few infants were not breastfed;
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however, the prevalence of exclusively breastfeeding at enrollment was only 6%. The

proportion of partially breastfed infants increased with age [9]. Compared with exclusive

breastfeeding in the first few months of life, partial or no breastfeeding was associated with

a 2.23-fold higher risk of infant deaths resulting from all causes and higher risk of deaths

attributable to acute respiratory infections (2.40 fold) and diarrhea (3.94 fold), respectively.

Study estimates indicate that infant mortality could be reduced by almost one third if the

prevalence of exclusive breastfeeding in the first 4 months of life could be raised to ~80%.

The Global Burden of Diseases, Injuries, and Risk Factors Study 2010 (GBD 2010) ranked

suboptimal (non-exclusive or discontinued) breastfeeding as the second largest risk factor

for children under five, accounting for 47.5 million Disability Adjusted Life Years (DALYs)

lost in 2010. The highest proportion of disease burden associated with suboptimal

breastfeeding was clustered in regions of Sub-Saharan Africa where childhood morbidity

and mortality are highest[10•]. Black et al. also found an increased risk of mortality in

children younger than 2 years old due to suboptimal breastfeeding, which is responsible for

804,000 deaths in 2011, 11.6% of total deaths of children under five years old[11••].

A recent study estimated the prevalence of suboptimal breastfeeding in 137 developing

countries using data collected from 1990 to 2010 [12••]. These estimates were compared

against WHO infant feeding recommendations and combined with effect sizes from existing

literature to estimate associated disease burden using a standard comparative risk assessment

approach. In 2010, the prevalence of exclusive breastfeeding ranged from 3% to 77%. The

proportion of DALYs attributable to breastfeeding was 7.6% worldwide and as high as 20%

in some countries. Absence of breastfeeding is a leading childhood risk factor in developing

countries and ranks higher than lack of a safe water supply and sanitation.

All these studies support the current WHO recommendation for exclusive breastfeeding

during the first 6 months of life as a key child survival intervention and highlight the

importance of breastfeeding to protect against diarrhea-specific morbidity and mortality

throughout the first 2 years of life[13].

Breastfeeding promotion

Despite the evidence that supports the protective effect of human milk on preventing

diarrhea, pneumonia and overall mortality, the rates of breastfeeding are below WHO

recommendations in many developing countries [12••]. Improvements in breastfeeding

practices can be achieved through various educational and promotional strategies.

Pediatricians play a critical role by supporting and motivating a successful mother-infant

breastfeeding dyad [14].

A recent review of 110 randomized controlled trials and quasi-experimental studies found

that rates of exclusive breastfeeding increased significantly because of breastfeeding

promotional interventions: 43% (RR: 1.43, 95% CI: 1.19 – 1.42) at 1 day, 30% (RR: 1.30,

95% CI: 1.19 – 1.42) at 0–1 months, and 90% (RR: 1.90, 95% CI: 1.54 – 2.34) at 1–6

months; rates of no breastfeeding decreased by 32% (RR:0.68, 95% CI: 0.54–0.87) at 1 day,

30% (RR: 0.70%, 95% CI: 0.62–0.80) at 0–1 month, and 18% (RR: 0.82, 95% CI: 0.77–
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0.89) for 1–6 months. Combining individual and group counseling appeared to be more

effective than either technique alone [15•].

Imdad et al. analyzed the effect of breastfeeding promotion reviewing 53 studies and found

that there was a significant 43% (RR: 1.43, 95% CI: 1.28–1.60) increase in exclusive

breastfeeding rate at 4–6 weeks, with 89% increase in developing countries and a 137%

increase at 6 months postpartum, with a 6-fold increased incidence in developing countries

[16]. Overall, in developing countries, facility and combined facility-based and community-

based interventions led to greater breastfeeding rates, with greater effects on promotion and

support interventions, than routine care [5•].

Breastfeeding promotion remains an intervention of enormous public health potential. It is

one of the most cost-effective child health interventions currently available and does not

require extensive health system infrastructure. These characteristics, along with the large

disease burden associated with suboptimal breastfeeding, indicate that breastfeeding

promotion has the potential to improve child health outcomes [12••].

There are few and specific medical conditions that contraindicate absolutely breastfeeding,

including some metabolic disorders and infectious diseases [17] [18]. Among infections, the

two only conditions with enough evidence that support avoidance of breastfeeding are

infection with human immunodeficiency virus (HIV 1 or 2) [19] and human T-cell

lymphotrophic virus (HTLV I or II) [20].

Protective Components of Human Milk

Human milk is uniquely suited to the human infant, both in its nutritional composition and

in the nonnutritive bioactive factors that promote survival and healthy development [21••].

Multiple immunologic factors produced by the mother’s acquired and innate immune

systems are transported to the infant through human milk. In addition to bioactive

carbohydrates, proteins and lipids, human milk has cells, cytokines, chemokines, growth

factors, hormones and bacteria [21••]. Many of these factors have been associated with a

protective role against infections in children, including oligosaccharides, glycoconjugates

(i.e. secretory immunoglobulins, lactoferrin, α lactalbumin, lysozyme, mucins) and bacterial

microbiota (Table 1). Here we will summarize current evidence on the main human milk

protective factors.

Oligosaccharides

The human milk metabolome is composed by hundreds of structurally different

oligosaccharides (HMO) [22], which are unconjugated complex glycans. All HMO contains

a lactose molecule at their reducing end, which can be fucosylated or sialylated; the

oligosaccharides most commonly found in human milk are the fucosylate [23••].

Fucosylated HMO vary on a genetic basis related to the mother’s secretor and Lewis blood

group system [24]. The type of HMO that predominates in breast milk is also affected by the

stage of lactation: the ratio of α1,2-linked fucosyl-oligosaccharides to α1,3- and α1,4-

declines at older age [25].
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HMO are not digestible by humans – over 90% of them can be recovered in infant’s stools

and less than 1% are lost in the urine. Therefore, they stay at the gut lumen where it appears

their major impact, which is protection against enteric pathogens. Human milk glycobiome

can act as prebiotics [26]; HMO play an important role as prebiotics by stimulating the gut

colonization by beneficial microbes [23••]. In addition, some of them have a similar

structure to specific receptors on enterocyte cell surfaces; therefore, they prevent binding of

some specific pathogens to the cells, inhibiting the host’s infection [24]. This effect has been

described for many viruses, bacteria and parasites.

Noroviruses, members of the calicivirus family, are an important cause of diarrhea in

infants. Diarrhea due to norovirus occurs less often in infants of mothers with higher levels

of lacto-N-difucohexaose (a 2-linked fucosyl-oligosaccharide) in their milk [24]. HMO may

protect against this virus by blocking the binding to the histo-blood group antigen receptors

[24].

In vitro studies have shown HMO protection against Campylobacter jejuni by reducing

surface attachment [27], which was also demonstrated in a descriptive study with 93 mother-

infant pairs [28]. Morrow et al found that the rates of C. jejuni diarrhea decreased in infants

as the percentage of 2′fucosyloligosaccharide in human milk increased. Similarly, they

inhibit adhesion of E. coli, Salmonella fyris and Vibrio cholera to epithelial cells [29].

Additional studies have demonstrated protection against E. coli in vitro by inhibiting the

bacterium heat stable enterotoxin [25]. In vitro, HMO protects against Entamoeba

histolytica infection by binding to Gal/GalNAc and blocking the parasite attachment [30].

Secretory Antibodies

Lactating mammary glands are part of the secretory immune system. IgA antibodies in

breast milk reflect prior antigenic stimulation of gut-associated lymphoid tissue (GALT) and

nasopharynx-associated lymphoid tissue (NALT) such as the tonsils (Figure 1). Breast milk

antibodies are thus highly targeted against infectious agents and other exogenous antigens in

the mother’s environment, which are those likely to be encountered by the infant [31].

Secretory immunoglobulin A (sIgA) is the main immunoglobulin isotype in colostrum; it

represents over 90% of the immunoglobulin present. Milk also contains IgM and IgG, the

latter becoming more abundant in later lactation [21••]. Concentrations of sIgA in human

milk are highest in colostrum, decrease during the first month postpartum, and tend to

remain stable over the remaining course of lactation. It is resistant to degradation by acid or

proteolysis and generally is not absorbed from the gastrointestinal tract; thus, it is available

to act at the mucosal surface of the intestine where it plays its major protective role by

neutralizing bacteria, viruses and toxins [32••].

The secretory antibodies found in human milk vary in quantities, depending on the exposure

history of the mother. Specific antibodies most commonly identified in human milk are

those targeted against the pathogens endemic in the mother’s environment; therefore, their

concentrations differ between populations. Protection by human milk antibodies against

specific virulence factors of enteric pathogens have been described for Vibrio cholera,

Campylobacter jejuni, enteropathogenic E. coli (EPEC), Shigella, Salmonella, Giardia
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lamblia, among others. Studies of protection by human milk antibodies against rotavirus

have produced variable results [7].

Recently we have evaluated 76 colostrum samples of puerperal women living in Lima, Peru

for the presence of sIgA against 10 major proteins secreted by the type three secretion

system (T3SS) of Salmonella, Shigella and EPEC [33]. We found antibodies against each

T3SS protein in 41 to 99% of samples. The extraordinarily high frequency of antibodies in

colostrum detected in this study against these multiple enteric pathogens, shows evidence of

immunological memory and prior maternal exposure to these bacteria. This study provides

insight into the range of antibodies consumed by infants in a developing country setting, in

addition to their possible protective role against infection.

A prospective cohort study in Bangladesh found protection against infection with

Cryptosporidium and Entamoaeba histolytica, two important enteric pathogens in

developing countires, by parasite-specific immunoglobulin A in breast milk. This study is an

additional proof that specific passive immunity is transmitted from mother to child in

endemic areas [34].

Lactoferrin

Lactoferrin is the second most abundant protein in human milk; the highest concentration is

in colostrum (~10 mg/mL) [35]. It is an iron binding glycoprotein with multiple

antimicrobial, anti-inflammatory and immunomodulatory properties [36••]. The

antimicrobial activity is related to its ability to sequester iron which is essential for bacterial

growth, conferring a bacteriostatic effect [37]. In addition, lactoferrin is a positively charged

molecule; this cationic character is responsible for lactoferrin’s ability to bind different cell

types, nucleid acids, and a variety of proteins and other molecules [38]. Lactoferrin binds to

the lipopolysaccharide (LPS) of the Gram negative bacterial cell surface, disrupting the

bacteria cell membrane.

Lactoferrin decreases the ability of enteric pathogens to adhere and invade mammalian cells

by binding and degrading specific virulence proteins. This effect has been documented in

vitro for Shigella, Salmonella, enteropathogenic E. coli (EPEC), enteroaggregative E. coli

(EAEC), shiga toxin producing E. coli (STEC), as well as some enteric virus (rotavirus,

calicivirus) and parasites (Giardia, Entamoeba histolytica) [39]. Moreover, exposure of

bovine lactoferrin to pepsin (e.g., in gastric secretions) releases an N terminus peptide

fragment call lactoferricin, that is bactericidal in vitro for Gram negative and Gram positive

bacteria and yeast [37].

Multiple animal models have been used to demonstrate lactoferrin protective effect against

enteric infections. Lactoferrin protects rabbits form Shigella flexneri induced inflammatory

enteritis [40] and protects against Salmonella ser. Typhimurium infection in mice, reducing

the severity, mortality and the degree of inflammation [41]; it decreases cholera toxin

induced fluid accumulation in the mouse ileal loop by decreasing the binding of the toxin

with its receptor [42].
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Lactoferrin is produced by other mammals. Bovine lactoferrin has 70% amino acid

homology to human lactoferrin and varies in the number of glycosylated sites [43].

Recombinant human lactoferrin is being produced in different systems (fungus, rice, cows,

goats, etc); the amino acid sequence is the same; however, the glycosylation pattern is

different. Despite some structural differences, all these lactoferrins types seem to preserve

their functional properties [38].

In a recent review of the literature, we identified 19 published clinical studies of human and

bovine lactoferrin conducted in children [44•]. Bovine lactoferrin is the most common type

used in the majority of trials; the doses are variable and usually are chosen based on the

average concentration received by a breastfed infant according to age. Among these, three

studies describe the effect of lactoferrin on enteric infections, plus one additional study

published afterwards. Egashira et al. in Japan studied 298 children receiving lactoferrin

containing products; although there was no difference in the incidence of rotaviral

gastroenteritis, the duration of episodes and the frequency and duration of vomiting were

markedly decreased in the lactoferrin group [45]. A study in 140 Peruvian children with

acute watery diarrhea and dehydration showed that adding recombinant human lactoferrin

and lysozyme to oral rehydration solution reduced the duration (3.67 vs. 5.21 days) and

recurrence of diarrhea [46]. A small pilot community-based controlled trial comparing twice

daily oral supplementation with bovine lactoferrin versus placebo in 52 Peruvian children,

showed that the lactoferrin group had less Giardia-positive samples per child and better

height-for-age z-score, as well as a trend toward shorter duration of diarrheal episodes [47].

We have recently completed a randomized double blinded study of bovine lactoferrin

supplementation on the prevention of diarrhea in 555 children 12 to 24 months age in peri-

urban communities of Lima, Peru [48•]. Although there was no decrease in diarrhea

incidence (5.4 vs. 5.2 episodes/child/year for lactoferrin and placebo, respectively; p=0.375),

the longitudinal prevalence (6.6% vs. 7.0%, p=0.017), the median duration of episodes (4.8

vs. 5.3 days, p=0.046), the proportion of episodes with moderate or severe dehydration

(1.0% vs. 2.6%, p=0.045) and liquid stools load (95.0 vs. 98.6 liquid stools/child/year,

p<0.001) were decreased with lactoferrin. Bovine lactoferrin was administered twice daily

for 6 months; there were no adverse events related to the intervention in the more than

75,000 lactoferrin doses administered. Only a single dose was evaluated in this study so that

it is unclear whether a higher dose might have had greater benefit. Although this study

makes it unlikely that bovine lactoferrin can have a major role in prevention of diarrhea in

children in the second year of life, it leaves open the possibility that lactoferrin could have a

role in younger infants or as an adjunct to other measures in treatment of diarrheal episodes,

especially for the treatment of prolonged and persistent diarrhea, which are associated with

malnutrition and impaired neurodevelopment.

Hyaluronan

Hyaluronan is a glycosaminoglycan present in milk, which does not possess a protein core.

Recent in vitro studies have demonstrated that treatment of colonic epithelial cell with

human milk hyaluronan results in dose-dependent induction of defensins, which are

antimicrobial human peptides that play an important role in the preservation of the epithelial
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barrier integrity against microbial challenges. In addition, treatment of cultured colonic

epithelial cells with hyaluronan decreases Salmonella typhimurium infection [49].

K-casein

K-casein accounts for the 25% of total casein in human milk and due to its glycosylated

moieties; it is a major contributor to the anti-infective property. In the gut’s lumen, the k-

casein forms new molecules (para-k-casein and caseinomacropeptide), which act as

prebiotics and promotes the microbiota growth [32••]. Also, it inhibits the adhesion of

pathogens to the epithelial cell surface in the gastrointestinal and respiratory tract.

Mucins

Mucins prevent infection of gastrointestinal and respiratory tracts by decreasing the

adhesion of pathogens to the cell surface. There are two types of mucins that has been the

focus of research, MUC1 and MUC4 [32••]. A recent study showed that these mucins could

inhibit Salmonella enterica serovar Typhimurium invasion of human epithelial cells in vitro

[50]. Sialylated human milk mucin inhibited rotavirus replication in tissue culture and

prevented rotavirus gastroenteritis in a mouse model; and blocked the adhesion of

recombinant norovirus-like particles [32••]. More evidence is needed to confirm its

beneficial effect as a prophylactic agent.

Lactadherin

Lactadherin is a mucin-associated sialylated glycoprotein found in the milk fat globule

membrane. The anti-pathogenic properties of lactadherin have been associated mainly with

its protection against rotavirus. In a cohort of 200 infants in Mexico, the incidence and

symptoms of rotavirus infections was studied and compared with the lactadherin

concentration in their mothers’ breastmilk. Among infected infants, those who were fed milk

containing high levels of lactadherin remained asymptomatic, whereas severe diarrhea

resulted in infants fed milk containing low levels of lactadherin [51]. Lactadherin inhibits

the ability of rotavirus to infect epithelial cells [24]. This is postulated to be the major milk

component that prevents rotavirus infection; anti-rotavirus antibodies play a secondary role

in neutralizing the virus activity [52].

Probiotics

Intestinal microflora of breastfed infants is composed of skin and enteric bacteria, mainly of

Lactobacillus bifidus (or Bifidobacterium bifidum). These bacteria have the ability of acidify

the gut and decrease the probability of infection by enteric pathogens [24], produce

antimicrobial compounds [53], and could be involved in enhancing intestinal barrier

protection [54]. Breast milk is a source of bacterial communities transferred from the mother

to the child and from the child to the mother during suckling (two way path) [53] [54]; these

bacteria colonize the neonatal gut [55]. Among these bacterial microbiota, Lactobacillus

[56] and Bifidobacteria [57] species are considered probiotics.
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Variation in human milk components

Breast milk components vary depending on the stage of lactation, gestational age and some

other maternal factors, including genetic polymorphisms. Colostrum, the first breast milk

fluid produced in the first five days postpartum, is rich in proteins, such as lactoferrin,

immunoglobulins and development factors; its main function is to protect the newborn from

infections and promote gut maturation [21••]. One study found the highest immunoglobulin

A concentration in the third day after delivery [58]. Transitional milk produced from the

sixth day to the second week postpartum is an intermediate fluid with some protective and

nutritional properties. In contrast, mature milk (after the fourth week postpartum) has a

higher concentration of lipids and lactose, and lower concentration of proteins [21••].

Beyond week 12, the immunoglobulin levels decreased gradually [58].

Gestational age also affects the human milk composition: protein levels are higher in

mothers who had a premature delivery (i.e., higher lactoferrin concentrations); as well as

higher HMO levels [23••][59]. Several maternal factors may affect the breast milk

microbiota, including maternal weight and mode of delivery [60].

Areas for future research in breast milk and infantile diarrhea

Much has been learned in recent years about the mechanism by which breastfeeding

improves child health and survival. However, there are still multiple development areas to

use these insights to improve pediatric care. Continued research in breast milk will help

identify protective compounds and mechanisms in order to promote breastfeeding and the

use of human milk in general, but also may help develop new strategies to fight infectious

diseases in other non-breastfeeding populations. Here we highlight some priorities in human

milk research and diarrhea.

• Breastfeeding promotion: Investigate the effectiveness of culture-appropriate health

education and public health messages for breastfeeding promotion and to determine

which communication strategies are best to spread knowledge and generate change

in behavior in developing countries. These health education interventions should be

aimed at increasing breastfeeding rates and adequate breastfeeding practices

following the three key components of WHO recent recommendations: timely

initiation (within one hour of birth) of breastfeeding, exclusive breastfeeding up to

the age of six months, and continued breastfeeding through 24 months [61].

• Observational longitudinal studies to determine the natural protection of specific

breast milk components against infantile diarrhea and pathogen-specific protection

(i.e. lactoferrin concentrations, HMO types, secretory antibodies and other

glycoconjugates)

• Study the genetic determinants responsible for the variability in human milk

composition, such as single nucleotide polymorphisms (SNPs) in specific genes

(e.g. lactoferrin). This may help determine which infants may benefit from

additional protections if its own mothers’ milk lacks adequate concentrations (i.e.,

lactoferrin), or types (i.e., HMO types) of these protective factors.
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• Clinical and laboratory research comparing lactoferrin types (human, bovine,

recombinant human) to determine which type is the best candidate for clinical

trials.

• Clinical trials to determine the effect of specific milk components, in the prevention

and treatment of acute and prolonged diarrhea in susceptible young infants and in

special populations.

Conclusions

Breast milk is a rich source of immune and non-immune components that give protection to

children against enteropathogens. Recent studies have found significant increases in diarrhea

morbidity and mortality in children when receiving suboptimal breastfeeding. There is a

large body of evidence based on in vitro and in vivo studies on the protective effect of each

milk component and the mechanisms associated to this protection. However, few clinical

studies have translated this knowledge to improve pediatric care using individual isolated

components as medicines. Although there is clinical evidence of protection of specific milk

components, due to the immunologic complexity of human milk, the mixture of all

components, that is to say the use of whole milk, is the most beneficial for small infants.

Despite the well-known protective effect of breastfeeding and the WHO recommendations,

exclusive breastfeeding rates continue to be low, particularly in developing countries.

Therefore, it is necessary to continue implementing educational strategies to improve

breastfeeding practices and, thereby, decrease the burden of diarrheal disease and its

negative effects on growth and development.
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Fig. 1. Integration of mucosal immunity between mother and the newborn
Migration of effector B cells from the gut-associated lymphoid tissue (GALT) via lymph

and peripheral blood to the lactating mammary gland. The distribution of B cells beyond the

gut (arrows) is crucial for local production in breast milk of sIgA antibodies specific for

enteric and airway microorganisms (Modified from Brandtzaeg P, 2010) [31]. There is also

transmission of organisms/bioactive compounds from the child to the mother which induces

responses from the mother that are specific to the child’s needs (two way path) [54].
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Table 1

Protective human milk components against enteropathogens

Component Antimicrobial mechanisms Affected enteropathogens*

Cells

Macrophages Activates T-cell, phagocytosis Non-specific target

Mast cells Produces and releases substances to damage pathogens

NK lymphocytes Phagocytosis

Immunoglobulins

IgG Activates phagocytosis (IgG1, IgG2, IgG3) Non-specific target

IgA/sIgA Neutralizes bacteria, viruses and toxins via fab-mediated
mechanism
Inhibits pathogens adhesion by forming potential-binding
epitopes

EPEC, STEC, EHEC, Vibrio cholerae,
Campylobacter jejuni, Shigella, Salmonella,
Giardia lamblia, C. difficile, H. pylori,
Cryptosporidium, E. histolytica

Glycans

Lactoferrin Chelates iron
Inhibits pathogens adhesion, binds LPS of Gram negative
bacteria
Induces degradation of invasion plasmid antigens
Disrupts the integrity of the bacteria membrane
Anti-inflammatory
Immunomodulatory

ETEC, STEC, EPEC, EAEC, Shigella flexneri,
Salmonella typhimurium, Salmonella enterica,
Rotavirus

Lactadherin Inhibits pathogens adhesion Rotavirus

Oligosaccharides Acts as prebiotics
Inhibits pathogens adhesion
Anti-inflammatory
Immunomodulatory

EPEC,ETEC, Shigella spp., Salmonella fyris,
Giardia lamblia, Campylobacter jejuni, Vibrio
cholerae, Norovirus, Rotavirus

Hyaluronan Preserves of the epithelial barrier integrity Salmonella enterica

Mucins: MUC1 and
MUC4

Inhibits pathogens adhesion Salmonella enterica, Escherichia coli,
Rotavirus, Norovirus

K-casein Promotes the growth of microbiota
Inhibits pathogens adhesion

Helicobacter pylori

Ganglioside GM1 Binds toxin ETEC, Vibrio cholerae, Shigella

Ganglioside GM3 Binds toxin EPEC

Enzymes

Lysozyme Disrupts the integrity of the bacteria wall Escherichia coli, Salmonella

Lactoperoxidase Produces intermediate metabolites with antimicrobial Non-specific target

Probiotics

Bifidobacterium Acidifies the gut
Excretes substances to inhibit pathogens growth
Inhibits pathogens adhesion

Non-specific target

*
For specific pathogens studied.

EPEC, Enteropathogenic E. coli; EHEC, Enterohemorrhagic E. coli; STEC, Shiga toxin-producing E. coli; ETEC, Enterotoxigenic E. coli; EAEC,
Enteroaggregative E. coli; LPS, lipopolysaccharide; NK, natural killer
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