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The advantages of human milk feeding, especially in preterm babies, are well recognized. Infants’ feeding with
breast milk lowers the likelihood of developing a diverse range of non-communicable diseases later in life and it is
also associated with improved neurodevelopmental outcomes. Although the precise mechanisms through which
human milk feeding is linked with infants’ neurodevelopment are still unknown, potential epigenetic effects of breast
milk through its bioactive components, including non-coding RNAs, stem cells and microbiome, could at least partly
explain this association. Micro- and long-non-coding RNAs, enclosed in milk exosomes, as well as breast milk stem
cells, survive digestion, reach the circulation and can cross the blood—brain barrier. Certain non-coding RNAs
potentially regulate genes implicated in brain development and function, whereas nestin-positive stem cells can

possibly differentiate into neural cells or/and act as epigenetic regulators in the brain.
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| 1. Introduction

Almost fifty years ago, the international scientific community believed that a person’s health and the expression of
non-communicable diseases was solely a matter of that individual's gene pool, which was not influenced by
external factors. However, primitive genetic patterns could not explain the explosive increase in cancer and other
non-communicable metabolic disorders W. Barker’s hypothesis provided a revolutionary answer to this issue.
Based on the observation that coronary heart disease, obesity and type 2 diabetes had a higher incidence in the
poorest areas of England, Professor Barker was able to link low birth weight and poor prenatal conditions to adult
disease [&. The fetal origins of adult disease (FOAD) hypothesis of Professor Barker holds that the embryo’s
genome exhibits developmental plasticity [&l. Stressors, such as malnutrition, may remodel the embryos genome in
order to prepare it for adverse extrauterine conditions, thus allowing a single genotype to produce multiple
phenotypes depending on intrauterine conditions . Over the following years, the FOAD was extended to “the
Developmental Origins of Health and Disease” (DOHaD) hypothesis, which suggests that environmental exposures
during early life, in both prenatal and postnatal period, can permanently influence health and the vulnerability to
disease in later life by “programming” the phenotype without altering the genotype BIBIZE This programming
process involves heritable changes in gene expression, which are mediated through epigenetic modifications such
as DNA methylation, histone modification, and the activation or silencing of genes associated with non-coding

RNAs BIE19 These epigenetic mechanisms are suspected to play a crucial role in developmental programming
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(11 Maternal stressors such as obesity or malnutrition, smoking and diabetes, among others, are known triggers

for epigenetic modifications in the offspring 22,

The majority of human development occurs in the first 1000 days starting from conception. This time period of
perinatal programming is considered critical in determining further development and health 3141 postnatally,
human breast milk is known to reduce the probability of expression of a wide variety of non-communicable
diseases (12181 Breast milk may modify the epigenetic mechanisms of the infants and influence their health
intergenerationally L8] |t is hypothesized that breast milk promotes epigenetic modifications via its bioactive
components, including growth factors, microbiota, stem cells, micro-RNAs (miRNAs) and long-non-coding-RNAs
(L6IL7]1191[20]  Several studies have also shown that breast milk feeding, especially with mother's own milk, is
associated with improved neurodevelopmental outcomes in both full-term and preterm infants (21221231 \yhereas
longer duration of exclusive breastfeeding has been linked to higher intelligence quotients 24 and improved
cognitive development 231261 A positive impact of breast milk feeding on structural brain development in preterm

babies has been demonstrated using brain magnetic resonance imaging (MRI) 22,

The underlying mechanisms that explain the connections between the consumption of breast milk—particularly the
mother’s own milk—and the subsequent neurodevelopmental outcomes, especially in the vulnerable population of
very-low-birth-weight (VLBW, <1500 g) infants, have not yet been clarified. The potential epigenetic effects of
human milk could mediate the associations between breast milk feeding and brain
development/neurodevelopment. Interestingly, Xu et al. have recently demonstrated that the percentage of the
mother’s own milk intake during the hospital stay of VLBW infants was linked to changes in DNA methylation
(DNAm) patterns of genes related to neurodevelopment at 5.5 years of age. Certain DNAmM variations were

associated with differences in brain structure and intelligence quotient (1Q) 28],

| 2. MiRNAs

A number of recent publications have demonstrated that human milk contains components recently described as
extracellular vesicles (EVs) [22. Extracellular vesicles is a term for all phospholipid bilayer-enclosed particles that
are released by cells into their environment and include exosomes and microvesicles 22, Exosomes carry
bioactive substances like proteins, DNA, messenger RNA (mRNA) and miRNAs 2239 Breast milk exosomes,
being resistant to digestion B, are able to transport their cargo and miRNAs to peripheral tissues via the systemic
circulation and facilitate the epigenetic programming of various tissues and organs 9. For this reason, they are
considered important signaling molecules (signalosomes) between mother and child 29[22l Since exosomes are
also able to cross the blood-brain barrier, it is possible that the positive impact of breast milk on neurodevelopment

is associated with miRNAs’ activity 331,

MiRNAs are small, single-stranded, non-coding RNA molecules containing 18 to 25 nucleotides. MiRNAs are also
found in plants, animals and viruses, among others 24, and they are capable of controlling up to 60% of gene
expression B3B8l py inhibiting MRNA translation into protein. These particles are, thus, involved in post-

transcriptional gene regulation BZB8I39 Breast milk has been categorized as one of the biological fluids that
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possesses a high concentration of miRNAs encapsulated in exosomes or as free molecules, with more than 1400
distinct miRNAs identified 849 Not only is human milk highly enriched in miRNAs, but it has also the highest
concentration of miRNAs compared to other body fluids, including plasma 2949 \while previous research was
focused on analyzing miRNAs in the skim fraction of breast milk, recent studies investigating the lipid and cell
fractions of milk have revealed a larger quantity and diversity of miRNAs compared to the skim fraction B8, A
systematic review of 30 studies on non-coding RNAs of human breast milk showed that 10 miRNAs, including miR-
148a-3p, miR-30a-5p, miR-30d-5p, miR-22-3p, MiR-146b-5p, miR-200a-3p, MmiR-200c-3p, let-7a-5p, let-7b-5p and
let-7f-5p, were the most abundant miRNAs in all breast milk fractions examined 12!,

Overall, these findings show that miRNAs, which are well-established epigenetic modulators, are abundant in
human breast milk and they are influenced by several factors relevant to lactation per se, maternal health and
disease and preterm birth. They can reach the brain by crossing the blood—brain barrier, whereas several of them
possess neuroprotective effects and can regulate the expression of genes implicated in infants’ brain development

and function (Figure 1).
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Figure 1. Potential mechanisms through which breast milk miRNAs and IncRNAs may be implicated in brain
signaling cascade of breastfed infants. Mammary gland cells produce and release exosomes into the breast milk.
Exosomes are taken up by the infant’s intestinal cells and are capable to cross the blood-brain barrier. Once inside
brain cells, exosomes release their cargo (including miRNAs and IncRNAs). MiRNas target mRNAs and this

binding results in modulation of gene expression. LncRNAs can interact with near protein coding genes and this
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interaction may involve cis-regulation of nearby genes or trans-regulation of genes in distant regions. lIllustration

created with BioRender.com.

| 3. Long Non-Coding RNASs

In addition to miRNAs, breast milk also contains other types of regulatory non-coding RNAs, such as long non-
coding RNAs (IncRNAs). Long non-coding RNAs are RNA molecules that are typically composed of at least 200
nucleotides 2. They are often formed through the splicing of two or more exons derived from genomic regions

located near protein-coding genes 91,

LncRNAs have a crucial role in processes such as neurogenesis, synaptogenesis, and the development of the
brain (Figure 1). The utilization of high-throughput technologies has revealed their specific expression in distinct
cell types, subcellular compartments, and various brain regions 243 Numerous IncRNAs exhibit expression
patterns that vary with age 44 and actively contribute to the determination of neural cell fate 2. Given their
involvement in these essential processes, any abnormal expression of these transcripts has the potential to lead to
neurodevelopmental or neuropsychiatric disorders, including, but not limited to, autism spectrum disorder and
schizophrenia [451[46],

Compared to miRNAs, IncRNAs of breast milk have been much less studied to date and only from an
immunological and metabolic point of view. NORAD, referred to as “the guardian of the human genome” and
shown to have a neuroprotective epigenetic role, was found to be abundant in human breast milk; however, it was
downregulated in preterm compared to term human milk. Further studies are needed to investigate human milk

non-coding RNAs related to brain development and neurodevelopment in full-term and preterm babies.

| 4. Stem Cells

Stem cells possess a remarkable capacity for both self-renewal, sustaining their undifferentiated state, and
differentiation into various cell types and tissues in specific conditions “Z48l149 |n contrast, adult cells traditionally
maintain their lineage commitment, yet recent studies have revealed promising approaches to induce cellular
plasticity, allowing them to potentially transform into diverse cell types. This breakthrough holds significant

implications for cell-based therapies in the field of regenerative medicine 49,

The discovery of stem cells within human milk dates back to 2007 B9, highlighting their presence in this unique
fluid. Breastfeeding has long been recognized for its protective effects against diseases that may arise later in life,
although their precise mechanism remains elusive. The presence of stem cells in both preterm and term human
breast milk Bl offers one potential explanation for these beneficial effects. Interestingly, in animal studies, breast
milk stem cells survive digestion and enter into the circulation and the brain, where they can be differentiated into

neuronal and glial cells 52,
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Stem cells from human milk contain both genetic material and bioactive molecules, such as microRNAs, which can
act as epigenetic regulators 22!, The beneficial effects of breast milk stem cells may also be mediated through the
paracrine action of exosomes released by these cells 2455, Moreover, by using the marker nestin, Cregan et al.
identified nestin-positive putative stem cells in human breast milk 2. Nestin (acronym for neuroepithelial stem cell
protein) is a marker for multipotent stem cells that can differentiate into neural cells 28, Indeed, Hosseini et al. 27
showed that human breast milk derived stem cells can differentiate into neural lineages (oligodendrocytes,
astrocytes, and neurons). This differentiation capacity of milk stem cells offers valuable insights into the beneficial
effects of human milk on neurodevelopment. That discovery also indicates the potential use of these cells as a
suitable and easy source for cell replacement therapies targeting brain diseases. Thus, breast milk stem cells,
either through their differentiation into neural cells or/and by acting as epigenetic regulators in the brain (Figure 2),
seem to have opened up new horizons in the explanation of the positive short- and long-term impact of human
milk. However, further research is required to elucidate their exact mechanism(s) of action after breastfeeding and
define the extent of their capabilities.
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Figure 2. Potential mechanisms through which breast milk stem cells may exert effects on brain signaling cascade
of breastfed infants. During breastfeeding, the infant ingests breast milk containing stem cells, which may cross the
blood—brain barrier. Once inside the brain, stem cells may release bioactive molecules, such miRNAs, exerting

epigenetic effects, and also differentiate into neural lineages. lllustration created with BioRender.com.

| 5. Microbiome
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The microbiome, which encompasses the genomes of all microorganisms, symbiotic and pathogenic, in a specific
environment, has been extensively studied 2859 Previous assumptions regarding the existence of bacteria in
human milk attributed their presence to contamination or mastitis 6261 However, during the early 2000s, research
emerged revealing the existence of commensal bacteria in human milk and provided evidence that the DNA of
these bacteria differed from that found on the surface of the breast skin, indicating that they were distinct entities
[62(63](64] By ysing next-generation sequencing techniques, it was found that half of the microorganism population
was the same in all milk samples composing the core bacterial microbiota (bacteriome) 2. The predominant phyla
reported in human milk are Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes. When examining the
genus level, the most abundant taxa include Bifidobacterium, Lactobacillus, Streptococcus, Staphylococcus,

Ralstonia, Bacteroides, Enterobacter, and Enterococcus, among others (681671,

The composition of breast milk microbiota may be influenced by various factors. Among them, the impact of the
stage of lactation on the composition of microbiota in breast milk has been investigated in several studies (68169170l
2721 Findings have been inconsistent, with some studies reporting higher total bacterial loads in colostrum
compared to mature milk E8l89 while others have observed an increase in bacterial loads throughout the lactation
period A7 On the contrary, certain studies did not detect significant alterations in bacterial numbers in breast
milk samples collected within the first month after delivery, suggesting stability in microbial composition during this

early period (12, These varying results highlight the complexity and diversity of microbiota present in breast milk.

The complexity and diversity of breast milk microbiota have implications for understanding the influence of other
factors on its composition. Probiotic administration during pregnancy did not influence the composition of the
microbiota of breast milk, according to three separate studies involving participant sizes of 84, 125, and 20 women
(E7I73I74I75] - Similarly, the impact of smoking on the diversity and composition of the breast milk microbiota was
examined in a study involving 393 participants, revealing no significant effects 8. When considering milk
expression methods, it was observed that using a breast pump rather than manual expression was associated with

lower bacterial richness in breast milk; this could be attributed to the non-aseptic protocol used for milk collection
fs6],

There is evidence that the gut microbiome during early life contributes to the establishment of epigenetic
modifications and it is also associated with brain development and neurodevelopment 877781 The colonization of
the infant’s intestine after birth, influenced by maternal flora, delivery method, early skin-to-skin contact, and
neonatal diet, results in specific epigenetic patterns that can influence the protective function of the gut mucosa
against future insults 2. Furthermore, the gut microorganisms secrete molecules which can reach the brain via
the circulatory system after absorption and affect the brain’s development (Figure 3), especially during sensitive
periods (gut-brain axis) Y. Interestingly, in a recent study in a humanized mouse model, the aberrant gut
microbiome of preterm infants had negative effects on brain organization and maturation, and brain metabolism, as
well as on behavior and memory 2. The connection between the gut microbiome and brain function has led to
investigations into its potential role in neurobehavioral disorders, such as autism spectrum disorder (ASD), anxiety
and attention-deficit-hyperactivity disorder [l |t has been reported that children with ASD have a dysbiotic

microbiome with an abundance of Bacteroidetes in feces B2, The presence of these bacteria in fecal samples
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could potentially explain the occurrence of gastrointestinal symptoms in certain individuals with ASD [B3l[84] Ag
neurodevelopmental impairments are often linked to the degree of prematurity, optimizing the microbial
environment in early life becomes crucial for promoting healthy neurodevelopment in this vulnerable population £2!,
Considering that the maternal breast milk microbiome colonizes the infant's gut and presents similar species to the
gut microbiome of the infants, it can possibly be extrapolated that mother’'s breast milk microbiome also has
epigenetic influences and it is associated with infants’ brain function and neurodevelopment. The precise
mechanisms through which the breast milk microbiome carries out such effects on infants’ brains remain to be

elucidated.
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Figure 3. Potential mechanisms through which breast milk microbiota may exert effects on brain signaling
cascades of breastfed infants. Breast milk microbiome colonizes the infant's gut and possibly shares similar

epigenetic influences on the infant’s brain. lllustration created with BioRender.com.
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