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Abstract: A current aim of nutrigenetics is to personalize nutritional practices according to
genetic variations that influence the way of digestion and metabolism of nutrients
introduced with the diet. Nutritional epigenetics concerns knowledge about the effects of
nutrients on gene expression. Nutrition in early life or in critical periods of development,
may have a role in modulating gene expression, and, therefore, have later effects on health.
Human breast milk is well-known for its ability in preventing several acute and chronic
diseases. Indeed, breastfed children may have lower risk of neonatal necrotizing
enterocolitis, infectious diseases, and also of non-communicable diseases, such as obesity
and related-disorders. Beneficial effects of human breast milk on health may be associated
in part with its peculiar components, possible also via epigenetic processes. This paper
discusses about presumed epigenetic effects of human breast milk and components. While
evidence suggests that a direct relationship may exist of some components of human breast
milk with epigenetic changes, the mechanisms involved are still unclear. Studies have to be
conducted to clarify the actual role of human breast milk on genetic expression, in
particular when linked to the risk of non-communicable diseases, to potentially benefit the
infant’s health and his later life.
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1. Introduction
1.1. Beneficial Effects of Human Breast Milk
Breastfeeding and human milk are the normative standards for infant feeding and nutrition.
Short-and long-term benefits of breastfeeding on health are documented [1,2]. Breastfeeding has been
associated with a reduction in the incidence of gastrointestinal tract infections, respiratory tract
infections, and otitis media [1,2]. The relationship of human milk feeding with a significant reduction
in the incidence of necrotizing enterocolitis (NEC) has been suggested in preterm infants [3].
Protective effects are shown also in autoimmune disorders (celiac disease, type-1 diabetes) and
inflammatory bowel disease [1,2]. Additionally there is extensive evidence that individuals who had
been breast-fed or received human milk show lower risk of some non-communicable diseases in later
life [1,2]. Indeed breastfeeding has been associated with lower risk of obesity, lower levels of arterial
blood pressure, lower total-and LDL-blood cholesterol levels in adulthood, and lower risk of
developing type-2 diabetes [1,2]. Furthermore consistent differences in neurodevelopmental outcome
between breastfed and formula fed infants have been reported [1,2]. Evidence about the association
between neurodevelopment and exclusive breastfeeding was provided by the cluster-randomized
Promotion of Breastfeeding Intervention Trial (PROBIT) study [4]. Adjusted outcomes of intelligence
scores were significantly greater in exclusively breastfed for three months or longer.
Human milk consists not only of nutrients, but also of biologically active compounds, which may
play an important role in the health benefits associated with breast-feeding [1]. For example nutrition is
one of many factors that affect brain development not only morphologically, but also for
neurochemistry and neurophysiology. The NUTRIMENTHE (The Effect of Diet on the Mental
Performance of Children) is a large collaborative European Project assessing the short- and long-term
effects of specific nutrients and food components in early-post-natal diet on neurodevelopment through
well-designed large-scale epidemiological studies [5]. The fatty acids provided in breast milk are
thought to play a crucial role in this respect. Indeed, a recent review indicated that neurodevelopment
and cognitive abilities may be enhanced by early provision of n-3 long-chain polyunsaturated fatty
acids (LCPUFAs) through breast milk or docosahexaenoic acid (DHA)-fortified foods may improve
neurodevelopment and cognitive abilities [6].
However nutrients should not be considered only as an energy source or as factors involved in the
development of the organism. More recently molecular biology studies have shown that nutrients,
either directly or by hormonal activity, are able to significantly influence the expression of genes [7].
Through the nutrigenomics it may be possible to identify mechanisms that underline individual
variations in dietary requirements, as well as in the capacity to respond to food-based interventions [7].
In this way nutrigenomics may be able to provide personalized nutrition recommendations in order to
improve the prevention and therapy of pathologies in which each would be predisposed [8]. The
research, aimed to analyzing the influence of nutrients on health through nutrigenomics, find their
basis on two observations:
1.
2.

The diet changes the gene expression (nutritional epigenetics).
The metabolic processes of nutrients may vary and affect the state of health depending on the
individual genotype (nutrigenetics).
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Nutrigenetics, a fundamental branch of nutrigenomics, has the purpose to identify the genetic
variations influencing the way of digestion and metabolism of molecules introduced in the diet [9].
The analysis of the Single Nucleotide Polymorphisms (SNPs) has identified genetic variations linked
to the risk of each individual. SNPs, single base-pair differences in DNA sequence, represent a primary
form of human genetic variation. The presence of differences in genetic material due to a single
nucleotide may explain not only the onset of certain pathological conditions, but also the different
responses to nutrients/foods in the diet [10]. An example of application of the concepts of nutrigenetics
concerns the relationship between the apolipoprotein E gene polymorphism and the diet. The subjects
with the apoE gene promoter (−219G/T) polymorphism show higher levels of LDL cholesterol and
apoB plasma concentrations after consuming a saturated fatty acids rich diet [11]. Therefore, the
219G/T polymorphism may partly explain the individual differences in response to the diet introducing
the possibility of prevention of hypercholesterolemia and its complications consuming a saturated fatty
acids poor diet in individuals with this particular genotype [11].
Current nutrition recommendations are based on estimated average nutrient requirements for a
target population and aim to meet the needs of most individuals within a population but also to prevent
non-communicable diseases [12]. In the case of specific genetic polymorphisms, personalized nutrition
recommendations may be needed [13]. Nutrigenetics is a promising tool that may be important
to refine current nutrition recommendations and to provide personalized recommendations in
population subgroups.
1.2. Nutritional Epigenetics
If evidence suggests that genome may be able to influence the nutrition [9], nutrients may be able to
regulate gene expression [14]. Genes and nutrition seem, therefore, to be in mutual relationship. The
term epigenetics literally means on top of genetics and refers to processes that induce heritable changes
in gene expression without altering the gene sequence [10]. Epigenetic processes are integral in
determining when and where specific genes are expressed. Alterations in the epigenetic regulation of
genes may lead to profound changes in phenotype. The major epigenetic processes are DNA
methylation, histone modification, chromatin remodeling and microRNAs, although it is still debated if
miRNA may be considered as an epigenetic phenomenon. To date, most studies on the effect of
early-life nutrition on the epigenetic regulation of genes have focused on DNA methylation [15–18].
Methylation of the 5′ position of a cytosine within the genome occurs by the enzymatic family of DNA
methyltransferases forming 5-methylcytosine (5-mC), that is present in an estimated 4%–6% of the
cytosine bases within a human genome. Most of DNA methylation occurs within CpG dinucleotides,
although methylation outside of the CpG context has been reported in human DNA in recent
years [18]. The human genome contains about 30 million CpG dinucleotides that exist in a methylated
or unmethylated state. Dense repeats of CpG nucleotides are called CpG islands and occur throughout
the genome. Methylation of CpG islands located in the promoter region of a gene is usually inversely
associated with transcription of that gene due to binding of methyl-CpG binding proteins, which recruit
proteins to the promoter of the gene, thereby blocking transcription. Therefore, epigenetics, that is the
inter-individual variation in DNA methylation patterns and chromatin remodeling, provide a potential
explanation for how environmental factors (e.g., bioactive food components, nutrients, specific diets)
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can modify the risk for development of many common diseases [16,17]. Age, genetics, and
environment may together interact to affect epigenetic regulation. The epigenetics determinants may
interfere at any time during the life of the individual [18]. Several studies have shown that the
environment and nutrition, at an early stage or at critical periods of development, may influence the
expression of genes with short- and long-term effects on the organism [15–17].
Data obtained from animal models suggest that maternal malnutrition during pregnancy results in a
retardation of growth but also in a modification of the expression of biochemical mechanisms related
to the endocrinological and metabolic control [15]. Indeed, it has been showed that offspring of
mothers in a protein-restricted diet, from conception throughout pregnancy, present an altered
metabolic phenotype showing a number of features of human cardio-metabolic disease, including
hypertension, increased fat deposition, impaired glucose homeostasis, dyslipidaemia and vascular
dysfunction [16]. In rats, maternal protein-restriction seems to epigenetically program metabolism in
the offspring. In pups whose mothers were fed a diet low in protein was observed a reduced
methylation and increased expression of peroxisome proliferator-activated receptor a (PPARα) in the
liver [18]. Similar results were seen for the glucocorticoid receptor gene [18]. More recently, a low
protein maternal diets in pigs was shown to effect global DNA methylation in the newborn offspring
through changes in DNA methyltransferase (Dnmt1, Dnmt2 and Dnmt3) expression in both the liver
and skeletal muscle [18]. These findings may demonstrate the influence of the maternal diet on the
pup’s fat and carbohydrate metabolism.
Human studies found that adult disease risk may be associated with adverse environmental
conditions early in development. In particular, the risk of obesity and its associated conditions may be
related to the timing of nutrient constraint during pregnancy [19]. Several studies, focused on
individuals exposed to famine in utero which occurred in the Netherlands during the winter of 1944,
presented evidences that individuals whose mothers were exposed to famine periconceptually and in
the first trimester of pregnancy showed low birth weight compared with unexposed individuals and, as
adults, exhibited increased risk of obesity and cardiovascular disease [20]. In addition, nutrition in
early postnatal life may affect susceptibility to future obesity [21]. Early catch up growth in infants
born preterm, who also have a reduced fat mass at birth, and who were formula fed show increased
risk of cardio-metabolic disease in later life, including obesity [21]. The exact mechanisms underlying
how early nutrition may cause programming of risk of non-communicable diseases are unknown, but
are thought to be associated with altered development of organ structure or persistent alteration at
cellular level [22]. Among proposed mechanisms, acute or persistently altered gene expression through
a variety of epigenetic pathways may be included [22]. During in utero or early postnatal development,
short-term changes through environmental influences could permanently change organ development at
a time of extreme vulnerability or “plasticity” [22]. A recent study is the first example of an
association between periconceptional exposure to environmental factors and DNA methylation in
humans [20]. Individuals who were prenatally exposed to famine during the Dutch Hunger Winter had,
six decades later, showed less DNA methylation of the imprinted Insulin Growth Factor (IGF) 2 gene
compared with unexposed, same-sex siblings. The association was specific for periconceptional
exposure, reinforcing that very early mammalian development is a crucial period for establishing and
maintaining epigenetic marks [20]. Changes in epigenetic marks as differences in methylation of the
IGF2 DMR (differentially methylated region) could affect the phenotypic expression and be associated

Nutrients 2014, 6

1715

with an increased risk of adult disease considering that IGF2 is a key factor in human growth and
development [20].
These findings demonstrate that the prenatal and early postnatal periods have a critical role in the
individual outcome, as Barker affirms: “Much of human development is completed during the first
1000 days after conception” [21]. At least epigenetics might partially explain the mechanism that
delucidates the fetal “programming” [16,17].
1.3. Topic of Review
While beneficial effects of human breast milk on health have been recognized, it is, nowadays,
debatable whether these effects may be mediated and/or linked with epigenetic processes. The aim of
this paper is to discuss on this topic with respect to current evidence investigating the role of human
breast milk and components in controlling epigenetic changes.
2. Epigenetic Effects of Human Breast Milk
Breast milk, with nutritional but also functional components, is a real biological system. According
to present knowledge, it is associated not only with improved parameters of growth, but also with a
better neuronal-behavioral development [1,23]. It is also associated with the prevention of some
communicable and non-communicable diseases [1,2]. The source of these health beneficial effects may
be the peculiar composition of breast milk, partly explained by epigenetic processes. Indeed, the
relationship between nutrition in early life and genome may allow to understand the underlying
mechanisms of disease that have high impact on individual health.
2.1. Neonatal Necrotizing Enterocolitis
Neonatal Necrotizing Enterocolitis (NEC) is a severe intestinal inflammatory disorder in newborns.
Although the pathogenesis is not completely understood, NEC may be associated with an inappropriate
innate immune and excessive inflammatory response of the immature intestine. It has been reported in
several studies that the incidence of NEC was higher in formula-fed than in breastfed babies [24].
Recently, breastfeeding has been associated to 77% reduction risk in preterm infants compared to
formula [1]. One explanation for the reduced incidence of NEC in infants fed with human milk is the
enhanced production of secretory IgA (sIgA) in human milk feeding [25] that provides protection
against pathogenic organisms. Indeed deficient IgA production in preterm neonates may facilitate
bacterial translocation across the intestinal mucosa. Moreover, breast milk provides a multitude of
proteins with anti-inflammatory properties, according to both in vitro and in vivo studies, such as
anti-inflammatory cytokines (e.g., TGF β, transforming growth factor beta) [26]. However, an
inappropriate and early alteration in composition of gut microbiota or an unfavorable balance between
commensal and pathogenic bacteria (dysbiosis) has been strongly involved in the pathogenesis of
NEC [25,27]. Full-term, vaginally born infants are completely colonized with a diverse array of
bacterial families by the first year of life. The type of oral feeding (e.g., breast vs. formula feeding)
may strongly influence short-term composition of infant’s gut microbiota [28]. At six months, weaning
to a solid diet leads to complete colonization and the infants have a unique signature of microbiota
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with them throughout their lifetime. Appropriate colonization is influenced by the prebiotic effect of
breast milk oligosaccharides. Breast milk has a large percentage of undigestible oligosaccharides
(e.g., 8% of total calories), which function as prebiotics, providing substrate for the production of
short-chain fatty acids, leading to the proliferation of health-promoting bacteria, such as Bifidobacteria
and Lactobacillus. An association between the levels of secretory IgA in intestinal secretions and the
number of Bifidobacteria in the gut at one month of age has been showed [29]. Therefore, human
breast milk may have a role in preventing NEC with programming sIgA excretion through the
influence on gut microbiota composition. Additionally, commensal bacteria may regulate the
expression of genes important for barrier function, digestion, and angiogenesis. In vitro studies it has
been demonstrated that many species of commensal bacteria may reduce the inflammatory response by
inhibiting the nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) [25]. This is very
important considering that the balance of pro- and anti-inflammatory signaling is critical in
maintaining normal intestinal functions. Moreover, it has been found in vitro that human breast milk
suppresses the interleukine (IL) 1-β-induced activation of the IL-8 gene promoter in human intestinal
cells by inhibiting the activation of NF-κB [30]. Some investigations on the immunomodulatory role of
human breast milk through regulation of gene expression lead to lactoferrin properties, an abundant
breast milk protein [31]. Lactoferrin is able to bind proinflammatory bacterial DNA sequence (CpG
motifs) in extracellular compartments and this binding seems to inhibit the CpG- motif DNA-induced
activation of NF-κB-regulated genes, such as IL-8 and IL-12 in B cells [31]. Bacterial DNA CpG
motifs may be present in the lamina propria and Peyer’s patches due to lysis of entheropathogens, and
human milk lactoferrin may modulate immune responses concerning to lymphoid follicles of the infant
intestine [31].
In conclusion results from literature suggest a possible direct and/or gut microbiota programming
mediated epigenetics role of human breast milk in preventing preterm infants’ NEC by suppressing
the NF-κB signaling pathway involved in the regulation of proinflammatory cytokines genes,
as Interleukin-8.
2.2. Infectious Diseases and Disorders of the Immune System
The preventive effect on infections is one of the most important health benefits in relation to
breastfeeding [1,2]. Breastfeeding is strictly associated with a lower risk of gastrointestinal infections
and of acute otitis media [1,2]. Important breast milk components may influence infection
susceptibility, such as anti-inflammatory cytokines and pathogen neutralizing secrectory IgA
antibodies [26]. Recently, proinflammatory cytokine gene polymorphisms, such as TNF-α and
Interleukin-6 gene polymorphisms (TNF-α−308 and IL-6−174), have been associated with increased risk
for otitis media (OM) susceptibility [32]. Breastfeeding may protect against OM even when children
are carriers of TNF-α−308 and IL-6−174 polymorphisms stressing the evidence that environmental factors,
such as breastfeeding, may help to reduce occurrence of diseases also in genetically susceptible
subjects [32].
Breastfeeding is associated with a reduction in the risk of childhood inflammatory bowel disease
and of celiac disease of 31% and 52%, respectively, in infants who were exclusively breastfed at the
time of gluten exposure [1]. This protective role may result from the interaction of immunomodulating

Nutrients 2014, 6

1717

effect of human milk and the underlying genetic susceptibility of the infant. In addition, the different
patterns of gut microbiota composition in breastfed versus formula fed infants may be linked to the
preventive effect of human milk, taking into account that gut microbiota may have a role in
programming the immune phenotype [33,34]. As for NEC, the epigenetic role of human breast milk in
preventing infectious diseases and disorders of immune phenotype, direct and/or gut microbiota
mediated, may be linked to the expression regulation of proinflammatory cytokines genes.
2.3. Obesity and Related-Disorders
Breastfeeding, compared with formula feeding, has been associated with lower risk of being obese,
lower risk of developing type-2 diabetes, lower total cholesterol and lower levels of arterial blood
pressure [1,2]. The plausible mechanisms by which breast-feeding may show a protective role could be
the nutrients composition of breast milk and a peculiar feeding behavior associated to breastfeeding.
Indeed, lower protein and energy content in breast milk than formula, jointly with higher content of
LCPUFA, cholesterol and non-digestible carbohydrate (substrate for beneficial strains,
Bifidobacterium and Lactobacillus spp., growing in gut microbiota) may act synergistically,
additionally with better hunger and satiety self-regulate of breast-fed infants (possibly modulated by
some hormones and hormone-like compound, e.g., ghrelin and leptin), to determine healthier
outcomes [35].
The risk of developing obesity depends on the interaction between genotype and individual
lifestyles, and also environment and nutrition during fetal life and in the early ages of life are very
important [19–21]. The epigenetic regulation of specific genes may also become crucial in determining
the individual risk for obesity. The peroxisome proliferator-activated receptor-γ (PPARγ2)
transcription factor is primarily expressed in adipocytes [36]. It is a member of the nuclear hormone
receptor family, influencing whole body energy homeostasis via three main metabolic pathways:
adipocyte differentiation, insulin sensitivity, and lipoprotein metabolism [36]. Out of several variants
identified in the PPARγ2 gene, the most common is the Pro12Ala substitution at codon 12 [37–39].
This polymorphism has been shown to be associated with reduced ability to transactivate responsive
promoters and, in adults, with higher BMI, waist circumference, and obesity risk [37–39]. In a recent
study the PPARγ Ala12 allele was associated with higher adiposity indexes (BMI, waist
circumference, and the sum of skinfolds) in adolescent who had not been breast-fed [40]. However,
this association was not seen in Ala 12 carriers who had been breast-fed (even for a short period). This
result may suggest both that breastfeeding may have beneficial effect on the obesity risk later in life in
genetically predisposed groups [40] both that breast milk may have an epigenetic effect associated to
the adiposity and related-disorders development. Indeed, it has been described that breast milk supplies
factors, such as prostaglandin J2, arachidonic acid derivative, natural PPARγ ligand [40]. The decrease
in PPARγ2 transcriptional activity observed in Ala12 allele carries could be, therefore, compensated
for by breast milk. In experimental studies PPAR-γ expression has been considered important also in
reducing liver fibrogenesis [41]. Indeed, in nonalcoholic fatty liver disease (NAFLD), an
obesity-related disorders, PPAR-γ expression has been suggested as possible target of therapeutic
approachs [42]. Recently, some authors have hypothesized a beneficial effect of breastfeeding duration
on progression of NAFLD, particularly on non-alcoholic steatohepatitis (NASH) and liver
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fibrosis [43]. In addition, for this protective role of breastfeeding may be considered an epigenetic
mechanism. Long-chain polyunsaturated fatty acids of the n-3 series, especially DHA could act as
activators of PPAR (α and γ) implicated in protection against fibrosis [42]. DHA enriched diet has
been found to reduce the risk of liver steatosis in animals by down-regulating the liver lipogenic and
cholesterol biosynthesis [44].
The possibility that early infant feeding has long-term effects on blood cholesterol levels is
supported by many studies [1,2]. Breastfeeding seems to be associated with increased mean total
cholesterol and LDL cholesterol levels in infancy but lower levels in adulthood [45,46]. Dietary
cholesterol intake seems to be the main determinant of total cholesterol level in infancy [46]. The high
cholesterol content of breast milk may well be responsible. High cholesterol intake in infancy may
reduces endogenous cholesterol synthesis, probably by down-regulation of hepatic hydroxymethyl
glutaryl coenzyme A (HMGCoA) reductase [45,46]. Additionally it has been showed that
n-3 LCPUFA may modulate the HMGCoA reductase expression in rats [47]. This epigenetic
mechanism, high cholesterol content in breast milk and down-regulation of HMGCoA reductase,
might be further studied.
Moreover the contribution of the gut microbiota, such as dysbiosis, to the development of obesity
and obesity-related disorders, including diabetes, atherosclerosis, and NAFLD, is becoming
clear [48,49], even if more studies are needed. From this view point the beneficial effects of
breastfeeding on obesity and related alterations could be mediated partly by programming
a healthier composition of gut microbioma, inducted by some breast milk components
(nondigestible oligosaccharides).
2.4. Cancer
Breast milk is functionally positive not only for the child but also for the mother.
Considering the proven existence of an inversely correlation between breastfeeding duration and
breast cancer risk [50], an important case-control study, examined the relationship between
breast-feeding and breast cancer risk among women who carried deleterious mutations in the BRCA1
or BRCA2 gene [51]. The results showed that women with deleterious BRCA1 mutations who
breast-fed for a cumulative total of more than one year, presented a statistically significantly reduced
risk of breast cancer than those who did not breast-feed their children [51]. No association were found
between breast cancer risk and breast-feeding for women with BRCA2 mutations, probably because of
the small size of sample. Breastfeeding may reduce the risk of breast cancer both directly by altering
the hormonal milieu that indirectly by delaying the re-establishment of ovulation in the way to induce
changes in mammary gland differentiation [51]. A recent study showed that in vitro DHA, a natural
ligand of peroxisome proliferator-activated receptors, is able to modulate PPARβ mRNA expression
inhibiting breast cancer cell growth and mammary tumor growth [52].
Further studies are needed to find a possible epigenetic link between human milk component and
prevention of breast cancer.
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3. Breast Milk and Environmental Factors: Smoking as Epigenetic Factor
Maternal smoking during pregnancy has been associated with a reduced content of n-3 LCPUFA in
breast milk, particularly concerning DHA, reducing the intake of these key nutrients to the infants [53].
The exposure to cigarette smoke may negatively affect the synthesis of n-3 LC-PUFA from the
precursor in mammary gland cells. Indeed, in vitro studies, showed that there is a dose-dependent
relationship between smoking and the inhibition of both the conversion of the precursor alpha-linolenic
acid to n-3 LC-PUFA and of the D5 desaturation step [54].
4. Discussion
Although the different epigenetic mechanisms involved remain unclear, the benefits of
breastfeeding against NEC, infectious diseases, obesity and related-disorders, and cancer might be
partly explained by the epigenetic model. Breast milk, modulating gene expression without changing
the nucleotide sequence of DNA, might positively modify the phenotype and the outcome even if there
is a genetic predisposition for the development of diseases. Possible epigenetic effect of human breast
milk components on a child’s health outcomes are summarized in Table 1. However, further studies
are warranted to provide more explanations about the direct relationship between human breast milk
and components and gene expression, particularly regarding prevention of non-communicable disease
in infants carrying genetic polymorphisms associated to risk of these diseases. Considering the
important role of human milk in the development of later diseases, breastfeeding support and
promotion should be a priority for each community. Indeed the individualized strategy according to
nutrigenomics perspective should not distract from a global strategy.
Table 1. Epigenetic effect of human breast milk components on the child’s health outcomes.
Human Milk
Component
Lactoferrin

Prevention of

Gene (Expression)

NEC
Disorders of immune system
Obesity and related-disorders

NF-kB (reduced) (a)

Progression of NAFLD
High blood total cholesterol in adulthood

PPARγ (increased) (b)
liver lipogenic and cholesterol
byosynthesis enzymes (reduced) (a)
PPAR α and γ (increased) (b)
HMGCoA reductase (reduced) (a)

Cholesterol
content

High blood total cholesterol in adulthood

HMGCoA reductase (reduced) (b)

Undigestible
oligosaccharides

Gut dysbiosis and related alterations (NEC,
infectious diseases, disorders of immune system,
obesity and linked disorders)

action on expression
of different genes
(e.g., NF-κB) (b)

Prostaglandin J

NAFLD
LCPUFA n-3

(a)

proved in vitro and/or animals (b) hypothesized in humans.

5. Conclusions
The current aim of nutrigenetics is to personalize nutritional practice according to genetic variations
that influence the way of digestion and metabolism of nutrients introduced with the diet. Nutritional
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epigenetics concerns knowledge about the effects of nutrients on gene expression. Human breast milk
is well-known for his properties to prevent several communicable and non-communicable diseases in
infancy and in adult life. Breastfed children may have lower risk of NEC, infectious diseases, later
obesity, and related disorders, and breastfeeding mothers may have lower risk of breast cancer, even if
a genetic predisposition for the development of these diseases is present. The source of these health
beneficial effects may be the peculiar composition of breast milk. The benefits associated to
breastfeeding might be partly explained by epigenetic processes. However, the different epigenetic
mechanisms involved are still unclear. Further studies are warranted to provide more explanations
about the relationship between human breast milk and gene expression, particularly regarding
prevention of non-communicable diseases to potentially benefit the infant’s health and his later life.
Conflicts of Interest
All Authors declare they have no conflicts of interest.
References
1.
2.

3.

4.

5.

6.
7.
8.

9.

American Academy of Pediatrics. Breastfeeding and the use of human milk. Pediatrics 2012, 29,
e827–e841.
World Health Organization. Long-Term Effects of Breastfeeding: A Systematic Review; WHO:
Geneva, Switzerland, 2013. Available online: http://www.who.int/maternal_child_adolescent/
documents/breastfeeding_long_term_effects/en/ (accessed on 19 April 2014).
Sullivan, S.; Schanler, R.J.; Kim, J.H.; Patel, A.L.; Trawöger, R.; Kiechl-Kohlendorfer, U.;
Chan, G.M.; Blanco, C.L.; Abrams, S.; Cotton, C.M.; et al. An exclusively human milk-based diet
is associated with a lower rate of necrotizing enterocolitis than a diet of human milk and bovine
milk-based products. J. Pediatr. 2010, 156, 562–567.e1.
Kramer, M.S.; Aboud, F.; Mironova, E.; Vanilovich, I.; Platt, R.W.; Matush, L.; Igumnov, S.;
Fombonne, E.; Bogdanovich, N.; Ducruet, T.; et al. Breastfeeding and child cognitive
development: New evidence from a large randomized trial. Arch. Gen. Psychiatry 2008, 65,
578–584.
Anjos, T.; Altmäe, S.; Emmett, P.; Tiemeier, H.; Closa-Monasterolo, R.; Luque, V.; Wiseman, S.;
Pérez-Garcí
a, M.; Lattka, E.; Demmelmair, H.; et al. Nutrition and neurodevelopment in children:
Focus on NUTRIMENTHE project. Eur. J. Nutr. 2013, 52, 1825–1842.
Campoy, C.; Escolano-Margarit, M.V.; Anjos, T.; Szajewska, H.; Uauy, R. Omega 3 fatty acids
on child growth, visual acuity and neurodevelopment. Br. J. Nutr. 2012, 107, S85–S106.
Mead, M.N. Nutrigenomics: The genome food-interface. Environ. Health Perspect. 2007, 115,
A582–A589.
Zeisel, S.H. Nutrigenomics and metabolomics will change clinical nutrition and public health
practice: Insights from studies on dietary requirements for choline. Am. J. Clin. Nutr. 2007, 86,
542–548.
Mutch, D.M.; Wahli, W.; Williamson, G. Nutrigenomics and nutrigenetics: The emerging faces of
nutrition. FASEB J. 2005, 19, 1602–1616.

Nutrients 2014, 6

1721

10. Stover, P.J.; Caudill, M.A. Genetic and epigenetic contributions to human nutrition and health:
Managing genome-diet interactions. J. Am. Diet. Assoc. 2008, 108, 1480–1487.
11. Moreno, J.A.; Pérez-Jiménez, F.; Marín, C.; Gómez, P.; Pérez-Martínez, P.; Moreno, R.;
Bellido, C.; Fuentes, F.; López-Miranda, J. Apolipoprotein E gene promoter −219G→T
polymorphism increases LDL-cholesterol concentrations and susceptibility to oxidation in
response to a diet rich in saturated fat. Am. J. Clin. Nutr. 2004, 80, 1404–1409.
12. EFSA Panel on Dietetic Products, Nutrition and Allergies (NDA). Scientific Opinion on
establishing Food-Based Dietary Guidelines. EFSA J. 2010, 8, 1460–1502.
13. Hurlimann, T.; Menuz, V.; Graham, J.; Robitaille, J.; Vohl, M.C.; Godard, B. Risk of
nutrigenomics and nutrigenetics? What the scientists say. Genes Nutr. 2014, 9, 370.
14. Ho, E.; Zempleni, J. Overview to symposium “Nutrients and epigenetic regulation of gene
expression”. J. Nutr. 2009, 139, 2387–2388.
15. Waterland, R.A.; Michels K.B. Epigenetic epidemiology of the developmental origins hypothesis.
Annu. Rev. Nutr. 2007, 27, 363–388.
16. Cutfield, W.S.; Hofman, P.L.; Mitchell, M.; Morison, I.M. Could epigenetics play a role in the
developmental origins of health and disease? Pediatr. Res. 2007, 61, 68R–75R.
17. Liotto, N.; Miozzo, M.; Giannì, M.L.; Taroni, F.; Morlacchi, L.; Piemontese, P.; Roggero, P.;
Mosca, F. Early nutrition: The role of genetics and epigenetics. Pediatr. Med. Chir. 2009, 31,
65–71.
18. Tammen, S.A.; Friso, S.; Choi, S.W. Epigenetics: The link between nature and nurture.
Mol. Aspects Med. 2013, 34, 753–764.
19. Lillycrop, K.A.; Burdge, G.C. Epigenetic changes in early life and future risk of obesity. Int. J.
Obes. 2011, 35, 72–83.
20. Heijmans, B.T.; Tobi, E.W.; Stein, A.D.; Putter, H.; Blauw, G.J.; Susser, E.S.; Slagboom, P.E.;
Lumey, L.H. Persistent epigenetic differences associated with prenatal exposure to famine in
humans. Proc. Natl. Acad. Sci. USA 2008, 105, 17046–17049.
21. Barker, D.J. Developmental origins of chronic disease. Public Health 2012, 126, 185–189.
22. Koletzko, B.; Brands, B.; Poston, L.; Godfrey, K.; Demmelmair, H. Early Nutrition Project. Early
nutrition programming of long-term health. Proc. Nutr. Soc. 2012, 71, 371–378.
23. Mortensen, E.L.; Michaelsen, K.F.; Sanders, S.A.; Reinisch, J.M. The association between
duration of breastfeeding and adult intelligence. JAMA 2002, 287, 2365–2371.
24. Quigley, MA.; Henderson, G.; Anthony, M.Y.; McGuire, W. Formula milk versus donor breast
milk for feeding preterm or low birth weight infants. Cochrane Database Syst. Rev. 2007,
doi:10.1002/14651858.CD002971.pub2.
25. Chen, A.C.; Chung, M.Y.; Chang, J.H.; Lin, H.C. Pathogenesis implication for necrotizing
enterocolitis prevention in preterm very-low-birth-weight infants. J. Pediatr. Gastroenterol. Nutr.
2014, 58, 7–11.
26. Chatterton, D.E.; Nguyen, D.N.; Bering, S.B.; Sangild, P.T. Anti-inflammatory mechanisms of
bioactive milk proteins in the intestine of newborns. Int. J. Biochem. Cell. Biol. 2013, 45,
1730–1747.

Nutrients 2014, 6

1722

27. Morrow, A.L.; Lagomarcino, A.J.; Schibler, K.R.; Taft, D.H.; Yu, Z.; Wang, B.; Altaye, M.;
Wagner, M.; Gevers, D.; Ward, D.V.; et al. Early microbial and metabolomic signatures predict
later onset of necrotizing enterocolitis in preterm infants. Microbiome 2013, 1, 13.
28. Fanaro, S.; Chierici, R.; Guerrini, P.; Vigi, V. Intestinal microflora in early infancy: Composition
and development. Acta. Paediatr. Suppl. 2003, 91, 48–55.
29. Sjögren, Y.M.; Tomicic, S.; Lundberg, A.; Böttcher, M.F.; Björkstén, B.; Sverremark-Ekström,
E.; Jenmalm, M.C. Influence of early gut microbiota on the maturation of childhood mucosal and
systemic immune responses. Clin. Exp. Allergy 2009, 39, 1842–1851.
30. Minekawa, R.; Takeda, T.; Sakata, M.; Hayashi, M.; Isobe, A.; Yamamoto, T.; Tasaka, K.;
Murata, Y. Human breast milk suppresses the transcriptional regulation of IL-1beta-induced
NF-κB signaling in human intestinal cells. Am. J. Physiol. Cell. Physiol. 2004, 287, C1404–C1411.
31. Mulligan, P.; White, R.J.N.; Monteleone, G.; Wang, P.; Wilson, W.J.; Ohtsuka, Y.;
Sanderson, R.I. Breast Milk Lactoferrin Regulates Gene Expression by Binding Bacterial DNA
CpG Motifs but Not Genomic DNA Promoters in Model Intestinal Cells. Pediatr. Res. 2006, 59,
656–661.
32. Patel, J.A.; Nair, S.; Revai, K.; Grady, J.; Saeed, K.; Matalon, R.; Block, S.; Chonmaitree, T.
Association of Proinflammatory Cytokines Gene Polymorphisms with Susceptibility to Otitis
Media. Pediatrics 2006, 118, 2273–2279.
33. Weng, M.; Walker, W.A. The role of gut microbiota in programming the immue phenotype.
J. Dev. Orig. Health Dis. 2013, 4, doi:10.1017/S2040174412000712.
34. Moloney, R.D.; Desbonnet, L.; Clarke, G.; Dinan, T.G.; Cryan, J.F. The microbiome: Stress,
health and disease. Mamm. Genome 2014, 25, 49–74.
35. Agostoni, C.; Baselli, L.; Mazzoni, M.B. Early nutrition patterns and diseases of adulthood:
A plausible link? Eur. J. Intern. Med. 2013, 24, 5–10.
36. Sharma, A.M.; Staels, B. Peroxisome proliferator-activated receptor gamma and adipose
tissue—Understanding obesity-related changes in regulation of lipid and glucose metabolism.
J. Clin. Endocrinol. Metab. 2007, 92, 386–395.
37. Beamer, B.A.; Yen Beamer, B.A.; Yen, C.J.; Andersen, R.E.; Muller, D.; Elahi, D.; Cheskin, L.J.;
Andres, R.; Roth, J.; Shuldiner, A.R. Association of the Pro12Ala variant in the peroxisome
proliferator-activated receptor-γ 2 gene with obesity in two Caucasian populations. Diabetes
1998, 47, 1806–1808.
38. Cole, S.A.; Mitchell, B.D.; Hsueh, W.C.; Pineda, P.; Beamer, B.A.; Shuldiner, A.R.;
Comuzzie, A.G.; Blangero, J.; Hixson, J.E. The Pro12Ala variant of peroxisome
proliferator-activated receptor- γ 2 (PPAR- γ 2) is associated with measures of obesity in Mexican
Americans. Int. J. Obes. Relat. Meta. Disord. 2000, 24, 522–524.
39. Meirhaeghe, A.; Fajas, L.; Helbecque, N.; Cottel, D.; Auwerx, J.; Deeb, S.S.; Amouyel, P.
Impact of the peroxisome proliferator activated receptor γ 2 Pro12Ala polymorphism on
adiposity, lipids and non-insulin-dependent diabetes mellitus. Int. J. Obes. Relat. Metab. Disord.
2000, 24, 195–199.

Nutrients 2014, 6

1723

40. Verier, C.; Meirhaeghe, A.; Bokor, S.; Breidenassel, C.; Manios, Y.; Molnár, D.; Artero, E.G.;
Nova, E.; de Henauw, S.; Moreno, L.A.; et al. Breast-feeding modulates the influence of the
peroxisome proliferator-activated receptor-gamma (PPARG2) Pro12Ala polymorphism on
adiposity in adolescents: The Healthy Lifestyle in Europe by Nutrition in Adolescence
(HELENA) cross-sectional study. Diabetes Care 2010, 33, 190–196.
41. Yang, L.; Chan, C.C.; Kwon, O.S.; Liu, S.; McGhee, J.; Stimpson, S.A.; Chen, L.Z.;
Harrington, W.W.; Symonds, W.T.; Rockey, D.C. Regulation of peroxisome
proliferator-activated receptor-gamma in liver fibrosis. Am. J. Physiol. Gastrointest. Liver
Physiol. 2006, 291, G902–G911.
42. Svegliati-Baroni, G.; Candelaresi, C.; Saccomanno, S.; Ferretti, G.; Bachetti, T.; Marzioni, M.;
de Minicis, S.; Nobili, L.; Salzano, R.; Omenetti, A.; et al. A model of insulin resistance and
nonalcoholic steatohepatitis in rats: Role of peroxisome proliferatoractivated receptor-α and
n-3 polyunsaturated fatty acid treatment on liver injury. Am. J. Pathol. 2006, 169, 846–860.
43. Nobili, V.; Bedogni, G.; Alisi, A.; Pietrobattista, A.; Alterio, A.; Tiribelli, C.; Agostoni, C.
A protective effect of breastfeeding on the profression of non-alcoholic fatty liver disease.
Arch. Dis. Child. 2009, 94, 801–805.
44. Rossmeisl M.; Medrikova, D.; van Schothorst, E.M.; Pavlisova, J.; Kuda, O.; Hensler, M.;
Bardova, K.; Flachs, P.; Stankova, B.; Vecka, M.; et al. Omega-3 phospholipids from fish
suppress hepatic steatosis by integrated inhibition of biosynthetic pathways in dietary obese mice.
Biochim. Biophys. Acta. 2013, 1841, 267–278.
45. Owen, C.G.; Whincup, P.H.; Odoki, K.; Gilg, J.A.; Cook, D.G. Infant feeding and blood
cholesterol: A study in adolescents and a systematic review. Pediatrics 2002, 110, 597–608.
46. Owen, C.G.; Whincup, P.H.; Kaye, S.J.; Martin, R.M.; Davey Smith, G.; Cook, D.G.;
Bergstrom, E.; Black, S.; Wadsworth, M.E.; Fall, C.H.; et al. Does initial breastfeeding lead to
lower blood cholesterol in adult life? A quantitative review of the evidence. Am. J. Clin. Nutr.
2008, 88, 305–314.
47. Boschetti, E.; di Nunzio, M.; Danesi, F.; Tugnoli, V.; Bordoni, A. Influence of genotype on the
modulation of gene and protein expression by n-3 LCPUFA in rats. Genes Nutr. 2013, 8,
589–600.
48. Vos, M.B. Nutrition, nonalcoholic fatty liver disease and the microbiome: Recent progress in the
field. Curr. Opin. Lipidol. 2014, 25, 61–66.
49. Fukada, S.; Ohno, H. Gut microbiome and metabolic diseases. Semin. Immunopathol. 2014, 36,
103–114.
50. Collaborative Group on Hormonal Factors in Breast Cancer. Breast cancer and breastfeeding:
Collaborative reanalysis of individual data from 47 epidemiological studies in 30 countries,
including 50,302 women with breast cancer and 96,973 women without the disease. Lancet 2002,
360, 187–195.
51. Jernström, H.; Lubinski, J.; Lynch, H.T.; Ghadirian, P.; Neuhausen, S.; Isaacs, C.; Weber, B.L.;
Horsman, D.; Rosen, B.; Foulkes, W.D.; et al. Breastfeeding and the risk of breast cancer in
BRCA1 and BRCA2 mutation carriers. J. Natl. Cancer Inst. 2004, 96, 1094–1098.

Nutrients 2014, 6

1724

52. Wannous, R.; Bon, E.; Mahéo, K.; Goupille, C.; Chamouton, J.; Bougnoux, P.; Roger, S.;
Besson, P.; Chevalier, S. PPAR mRNA expression, reduced by n-3 PUFA diet in mammary
tumor, controls breast cancer cell growth. Biochim. Biophys. Acta 2013, 1831, 1618–1625.
53. Marangoni, F.; Colombo, C.; de Angelis, L.; Gambaro, V.; Agostoni, C.; Giovannini, M.;
Galli, C. Cigarette smoke negatively and dose-dependently affects the biosynthetic pathway of the
n-3 polyunsaturated fatty acid series in human mammary epithelial cells. Lipids 2004, 39,
633–637.
54. Agostoni, C.; Marangoni, F.; Grandi, F.; Lammardo, A.M.; Giovannini, M.; Riva, E.; Galli, C.
Earlier smoking habits are associated with higher serum lipids and lower milk fat and
polyunsaturated fatty acid content in the first 6 months of lactation. Eur. J. Clin. Nutr. 2003, 57,
1466–1472.
© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

