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Abstract: Human breast milk not only has nutritional properties but also holds a functional role. It
contains various bioactive factors (lactoferrin, lysozyme, leukocytes, immunoglobulins, cytokines,
hormones, human milk oligosaccharides, microbiome, microRNAs and stem cells) shown to con-
tribute to several short- and long-term health outcomes. Some of these factors appear to be involved
in the infant’s neuro-cognitive development, anti-oncogenic processes, cellular communication and
differentiation. Furthermore, breast milk is increasingly recognized to have dynamic characteristics
and to play a fundamental role in the cross-talking mother-neonate. This narrative review aims to
provide a summary and an update on these bioactive substances, exploring their functions mainly
on immunomodulation, microbiome and virome development. Although the knowledge about
breast milk potentiality has significantly improved, leading to discovering unexpected functions, the
exact mechanisms with which breast milk exercises its bioactivity have not been completely clarified.
This can represent a fertile ground for exploring and understanding the complexity behind these
functional elements to develop new therapeutic strategies.

Keywords: breast-milk-derived stem cells; bio-factors; growth factors; health outcomes; microbiome;
human milk oligosaccharides

1. Introduction

The nutritional value of breast milk has been widely recognized and discussed in
the literature [1]. Its composition in terms of macro and micronutrients has been widely
investigated, highlighting how these components change dynamically according to factors
including lactation stages, time of the day, maternal and infants’ characteristics [2]. Breast-
milk contains all the nutrients the infant needs to provide the best opportunities for growth
and development. For these reasons, in accordance with the World Health Organization
(WHO) [3], the American Academy of Pediatrics (AAP) [4] and the European Society for
Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) [2], human milk is the
physiological and unequalled method for feeding infants at least up to the first six months
of life and later, along with complementary foods for up to two years of age or beyond.

A considerable amount of evidence indicates that breast milk cannot be considered
simple nourishment but represents a significant predictor for the future of both lactating
mother and newborn [5]. Furthermore, through biochemical and immunomodulating
signals, breast milk allows a specific communication between mother and child to promote
human well-being and the infant’s growth and development [5,6]. Breastmilk represents
a link in mother-infant signaling thanks to the provision of several bioactive factors such
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as lactoferrin, lysozyme, leukocytes, immunoglobulins, cytokines, hormones, stem cells,
human milk oligosaccharides (HMOs), microbiota, microRNAs, antioxidants and growth
factors. From an evolutionary point of view, the transmission of human milk’s bioactive
factors from mother to offspring represents a resource for future health outcomes involved
in developing the infant’s cognitive and immune system and gut microbiological coloniza-
tion and maturation. Accordingly, several epidemiological studies have supported the
protective effect of human milk against infections both in the short and long term, such as
pediatric otitis media, gastroenteritis and respiratory tract infections, as well as its crucial
contribution in reducing the risk of developing cardiovascular diseases, obesity and type 2
diabetes [7–10].

The function of breast milk, however, is also to promote the adaptation of the new-
born to the surrounding environment, not only by protecting it from infectious or non-
communicable diseases, but also by helping the development of many body functions,
including the digestive function, thanks to the presence of gastrointestinal hormones and
peptides [11]. In addition, breast milk promotes the establishment of the circadian rhythm.
It is now known that breast milk varies throughout the day as nutritional components
and as amino acids and hormones (tryptophan and melatonin), which helps the infant to
regulate its still immature circadian rhythm [12]. Although these multiple benefits associ-
ated with breastfeeding have been extensively investigated, the synergistic mechanisms by
which breast milk is responsible for these short- and long-term health outcomes have not
yet been completely understood.

This narrative review aims to provide a summary and an update on these bioactive
substances, exploring their functions and several impacts in terms of immunomodulation,
microbiome and virome development. From April to June 2021, we searched the PubMed
database for randomized controlled trials, cohort studies, systematic reviews and meta-
analyses relating to breast milk using specific keywords such as breast milk-derived
stem cells, bio-factors, growth factors, health outcomes, microbiome, and human milk
oligosaccharides. Preference was given to the sources published within the past five years,
and preclinical studies were excluded.

2. Immune Health

Recent literature has well established that breast milk can be considered a complex
innate immune system that modifies its characteristics concerning the timing of delivery,
lactation stage, and mother and infant’s health status [9]. Moreover, the mammary gland’s
nutritional and immune functions seem to have a concomitant development [13]. Breast
milk should be thought of as a co-adapting system, in a closely connected mother-breast
milk-infant triad. Every variation in one of these three components could affect maternal
health or infant development [5]. Breastfeeding allows the transmission of immunomodu-
lating factors which contribute to immediate and direct protection from infections and the
development of the newborn’s immune system and intestinal microbiota (Figure 1).
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It is widely known that breast milk contains numerous immune functional proteins
through which the mother confers passive immunity to the newborn. All types of im-
munoglobulins (Igs) are present in breast milk. However, IgAs are the predominant one,
followed by IgGs. Their concentration decreases in the first 12 weeks after birth, in accor-
dance with an increase in the newborn’s own production [14,15]. In addition to providing
a passive immunity, breast milk IgAs bind to gut bacteria, hindering their overgrowth,
inhibiting pathogens’ attachment to the gastrointestinal mucosal surface and neutralizing
microbial toxins, thus conferring an antimicrobial defense to the neonatal gastrointestinal
tract [16].

The literature has highlighted a possible role played by breast milk IgAs in modifying
the infants’ microbiota. According to a recent study published in 2019, the lack of IgAs-
bacteria binding could be responsible for the increased proliferation of anaerobic bacteria,
causing inflammatory diseases such as necrotizing enterocolitis (NEC) [17]. In line with
these results, Gopalakrishna et al. showed that low IgAs concentration in the breast
milk of preterm infants was associated with insufficient microbiome diversity, which may
represent an additional risk factor for the development of NEC [18]. The importance of
IgAs concentration in preventing NEC was confirmed in a mouse model of NEC in which,
even if breastfed, pups raised by IgA-deficient mothers had a higher risk of developing
NEC [18,19].

Interestingly, some studies have hypothesized an even closer bidirectional communi-
cation from the newborn to the mother. In fact, due to a retrograde flow of milk, pathogens
present in the infant’s mouth could reach the mammary gland, triggering the maternal
production of antibodies in order to protect the infant and to support its immature immune
system [20].

According to recent studies, maternal health status influences the concentration of
immunoglobulins in breast milk. In particular, IgA levels have been reported to be lower
in the mature milk of mothers with gestational diabetes, post-partum stress, anxiety and
depression [14]. Furthermore, high levels of IgA, cytokines, oligosaccharides and other
immune factors in human milk are associated with a lower risk of food allergy during
childhood [15,16]. In their study, Joseph et al. showed that lower allergy prevalence was
associated with higher transforming growth factor beta (TGF-β) levels in breast milk [21].

During the SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) pandemic,
much concern has been generated about the possibility of the virus being transmitted
during breastfeeding [22]. However, recent studies have shown that viral genome detection
in breast milk is uncommon. In particular, Pace et al. in their cohort study evaluated several
human milk samples from 18 women following COVID-19 diagnosis without ever detecting
SARS-CoV-2 RNA [23]. A recent meta-analysis has concluded that SARS-CoV-2 genome
presence in breast milk is uncommon, whilst anti-SARS-CoV-2 antibodies are a common
finding [24]. In their study, Pace et al. demonstrated the passage through breast milk
of anti-SARS-CoV-2 IgAs and IgGs with neutralizing effects against SARS-CoV-2 [23,25].
These results confirm the immunological advantage of breastfed infants and support the
recommendations to continue breastfeeding during mild-to-moderate maternal COVID-19
illness [23,24]. In addition, recent studies confirmed that anti-SARS-CoV-2 antibodies
can be found in lactating vaccinated women, confirming an immune transfer to neonates
occurring via breast milk [26].

Most recent studies highlighted the presence of Toll-like receptors (TLR), soluble CD14
and human Beta-defensin-1 in breast milk, which, along with inflammatory mediators such
as lysozyme, lactoferrin, alpha-lactalbumin and osteopontin, would be able to induce an
active immune response against pathogens in the newborn [27]. Moreover, literature has
well established that the premature infant’s gut has an elevated expression and activity
of Toll-like receptor-4 (TLR4) belonging to a family of bacterial recognition receptors,
causing an abnormal inflammatory response that leads to the development of NEC [28].
Human milk acts as a powerful TLR4 inhibitor thanks to IgA, microbiota, nondigestible
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oligosaccharides and some growth factors such as the epidermal one (EGF), which directly
inhibits TLR4 signaling [28,29].

Cytokines are small bioactive molecules that can modulate the body’s immune re-
sponse by participating in the complex signaling between immune cells. All types of cells
produce cytokines. These molecules are characterized by synergism in action, antagonism
and aggregation activity. They can oppose the action of one cytokine or induct another
cytokine and have a precise regulation through autoregulation-stimulation or inhibition
of their own production [11]. The predominance of pro-inflammatory cytokines causes
a systemic inflammatory response, promoting the body’s defenses when its homeostasis
is disrupted. Cytokines in human milk are essential for the development of the immune
system in newborns. Breast milk is the primary source of cytokines, particularly anti-
inflammatory cytokines. This is a paramount property of human milk, considering that
newborns are commonly deficient. Pro- and anti-inflammatory cytokines in mothers’ milk
are presented in Figure 2 [30].
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Figure 2. Cytokines in breast milk. (Modified from Kielbasa et al., 2021.)

Recent studies underline the importance of human milk lactoferrin as immunomod-
ulating factor. Lactoferrin is an iron-binding glycoprotein with high concentrations in
colostrum, declining then throughout lactation [31]. Binding iron, lactoferrin plays a crucial
role in preventing pathogens’ growth and proliferation, presents a direct cytotoxic effect
against bacteria, viruses, and fungi, and promotes the growth of probiotic bacteria [32]. As
lactoferrin can enhance the host’s immune defenses, it has been postulated that it can con-
tribute to prevent sepsis. However, more studies are needed to confirm this function [33].
In addition, although the literature has clarified the anti-inflammatory action of lactoferrin
by blocking many pro-inflammatory cytokines, its protective role against the development
of NEC has been questioned [33]. Griffith et al. in their recent large randomized control
trial of 2203 preterm infants showed that lactoferrin supplementation did not decrease the
incidence of NEC or infections [34].

In addition, immune system cells such as leukocytes represent another important
bioactive component of human milk. Contrary to what was thought in the past, leukocytes
are part of the immune inheritance of the mother-breast milk-infant triad. As recent studies
show, the leukocyte content of breast milk is not fixed but presents higher concentrations
in colostrum and during the infant’s or mother’s infections, highlighting even more the
role of the mother’s milk as a means of communication between the dyad in adapting to
the environment [35].
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3. Microbiome

Recent literature has defined breast milk as the first probiotic food in the entire life of
a human [36]. More than 200 bacterial species in human milk contribute to the colonization
of the newborn’s gastrointestinal tract and modulation of the infant’s microbiota develop-
ment [37]. The most common bacterial species identified in breast milk were Streptococcus
and Staphylococcuss, followed by Bifidobacterium, Lactobacillus, Propionibacteria, Enterococcus
and Enterobacteriaceae (Table 1) [38,39].

Table 1. Most typically represented intestinal bacterial species based on the type of feeding. Expressed
breast milk: EBM.

Type of Milk
Feeding Breastmilk EBM Formula Milk

Intestinal bacterial
species

Bifidobacterium,
Lactobacillus

Staphylococcaceae,
Clostridiaceae,
Pasteurellaceae

Clostridia

Pannaraj et al. in a recent longitudinal study demonstrated that the bacterial compo-
nent present in exclusively breastfed infants’ feces presented an overlap of about 28% with
the bacterial component of mother’s milk and an overlap of about 10% with the bacterial
component of maternal areolar skin [39]. Thus, overall, breast milk could provide about
25% of the intestinal microbiota of an exclusively breastfed infant at one month of life. In
fact, a breastfed infant is exposed to approximately over 700 species of bacteria per day [39].

A recent study by Bäckhed et al. highlighted that formula-fed infants develop a gut
microbiota more enriched in Clostridia species than breast-fed babies, which present more
Bifidobacterium and Lactobacillus species in their gut microbiota (Table 1) [40]. This evi-
dence suggested a relevant contribution played by breast milk in the correct development
of the immune system which, eventually, is connected with better future health outcomes.
Emerging evidence has demonstrated that, through breast milk, the mammary gland sup-
plies not only for the bacterial part of the microbiome but also for the viral one, called the
virome [16]. The human milk virome includes eukaryotic viruses, bacteriophages and other
viral particles which are considered safe and favorable to the neonate’s health, whereas they
seem to inhibit the transmission of pathogenic viral strains [41]. With particular regards to
bacteriophages, the virome could promote the development of beneficial bacteria for the
newborn and eliminate detrimental ones, thus modeling the microbiome [42].

Furthermore, researchers focused their attention on how the colonization of breast
milk occurs. This phenomenon is partly explained by the migration of bacteria into breast
milk from the bacterial flora of the maternal areolar skin and infant’s mouth. In addition,
some recent studies focused on the existence of an entero-mammary pathway that occurs
during late pregnancy and lactation and by which maternal gut bacteria could reach the
mammary gland through the bloodstream, involving gut monocytes as a vehicle [38].
Some studies, however, have also shown a possible translocation of bacteria from the
mother’s oral cavity to the mammary gland and then to the breast milk. Maternal oral
bacteria and milk microbiota are partially overlapping, supporting the theory of an oro-
mammary translocation [43]. Carrothers et al., in a recent study, showed that infant gut
microbiota could be additionally influenced by maternal diet during the perinatal period.
This hypothesis might explain the presence of specific breast milk bacteria found neither
on the mother’s skin nor in the infants’ mouth [44]. According to recent studies, maternal
mental health status and postnatal psychosocial distress could impact the breast milk
microbiota. Browne et al. showed a negative correlation between breast milk microbiota
diversity and maternal psychosocial distress at 3 months postpartum [45]. According
to these findings, maternal psychosocial distress and maternal health status may affect
infants’ development and future health. Considering mother, breast milk and infant as the
components of a connected triad within a “life-cycle” perspective, we should take care of
women’s health to improve their offspring’s health [46,47].
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This wide biodiversity in the breast milk microbiota depends on various factors.
Recent studies highlighted a higher variability in the human milk microbiota composition
of mothers who gave birth spontaneously compared to those who underwent a cesarean
section. Differences in human milk microbiota were also found in mothers who received
elective cesarean section versus mothers who received non-elective cesarean section [48,49].
Moreover, one of the main factors affecting breast milk microbiota is the administration of
antibiotics to mothers in the peripartum [50]. On the other hand, no significant differences
were found in breast milk microbiota based on maternal age or infant gender [51,52].

Because of the significant risk of infection and adverse short- or long-term outcomes,
breast milk microbiota plays an even more beneficial role in preterm infants, especially
infants with very low birth weight [53]. A recent longitudinal study conducted by Biagi
et al. analyzed how the human milk microbiota composition changed among a cohort
of moderately preterm infants. According to Biagi et al., infants latching directly to the
mother’s breast could modify breast milk microbiota composition with a high prevalence
of bifidobacterium, which represents a typical oral microbe [54]. Therefore, it could be
hypothesized that direct breastfeeding and skin-to-skin practice represent an independent
protective effect of breast milk, helping the health-promoting features of the infant gut
microbiome [55]. For this reason, direct breastfeeding should be started as soon as possible
among mothers of preterm newborns [55].

On the other hand, sometimes maternal human milk may not be available, so donor
human milk represents an optimal nutritional solution for preterm infants [55]. Current
guidelines recommend the pasteurization of human milk banks to inactivate viral and
bacterial agents [56]. However, even if macronutrients are preserved by heat treatment,
some bioactive beneficial factors could be partly compromised. Infants fed with donor
milk present a significantly higher abundance of Staphylococcaceae, Clostridiaceae and
Pasteurellaceae and lower Bifidobacteriaceae than breastfed infants [33]. This effect repre-
sents one of the weakest points of donor milk [57]. For this reason, recent literature has
focused on improving milk processing techniques to minimize the risk of infection and
preserve the human milk bioactivity as much as possible [58].

Different factors resulting in a less diverse and more “dysbiotic” gut microbiota would
seem partly responsible for a suboptimal stimulation of the immune system development
during infancy. Infants who develop asthma later in life and remain healthy present
different microbiota patterns [29]. Supporting these findings, Dogaru et al. found a lower
risk of asthma in breastfed infants than in formula-fed ones [59]. In addition, two recent
longitudinal studies reported a reduced risk of wheezing and asthma among breast-milk-
fed infants, and this correlation seems dose-dependent and more relevant in directly
breastfed children than those fed with expressed breast milk [60,61]. However, more
studies are needed to evaluate if this latter finding could be due to the alteration of human
milk bioactive compounds such as oligosaccharides or microbiota during the pumping and
storage process [60,62]. How the milk microbiota is modulated is a matter of debate, and
many studies are still needed to lead to a comprehensive understanding.

4. Human Milk Oligosaccharides

Human milk oligosaccharides (HMOs) are the third most abundant component of
human milk. HMOs do not provide direct nutritional value to the infant but play a key role
in modulating the development of the infant’s gut microbiota and immune system [63].
HMOs seem to reduce pathogens’ adhesion to the host mucosal surface, offering themselves
as an alternative target to viruses or bacteria [64]. Moreover, HMOs promote the barrier
function of the gastrointestinal tract and modulate the expression of intestinal epithelial
genes involved in the regulation of the immune system [51].

Following the known capacity of HMOs to reduce viral adhesion to the host mucosal
surface, the hypothesis of a possible protective role of HMOs in preventing, limiting or
modulating SARS-CoV-2 infection has been formulated even if not explored yet, as sialic
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acids present on the cell surface may be recognized by this virus as additional receptors for
the binding site [65].

Their main feature is represented by their extreme qualitative and quantitative vari-
ability. In fact, HMO concentration in breast milk varies from 1–10 g/L in mature milk to
15–23 g/L in colostrum [63]. From a qualitative point of view, HMOs composition appears
to be highly influenced by maternal genotype. Oligosaccharides are complex glycans
composed of lactose, elongated at the reducing end with fucosylated groups or sialyl-N-
acetyl-lactosamine units. In mature milk, 35–50% of HMOs are fucosylated, 12–14% are
sialylated and 42–55% are non-fucosylated neutral ones [66]. Recent literature highlighted
that different HMO structure corresponds to different HMO functions. Moreover, the
profile of HMOs varies between women depending on genetic features but remains sub-
stantially constant throughout lactation for the same mother [67]. These different HMO
profile clusters are also called HMO lactotypes [63]. Moreover, the presence of a homozy-
gous genotype for an inactivating mutation on the fucosyltransferases 2 (FUT 2) gene can
lead to enzyme inactivation, resulting in mothers with a non-secretory status, distinguished
from secretor mothers, who present an active copy of the FUT2 gene. Similarly, the pres-
ence of an inactivating FUT 3 gene mutations are specific to “Lewis negative” mothers, as
opposed to Lewis positive ones, when FUT3 is active [68].

Much remains to be discovered regarding HMOs. These molecules seem to be present
in maternal systemic circulation from the very beginning of gestation, before the onset
of lactation, probably originating from an early synthetic activity of the mammary gland.
According to the recent literature, HMOs could contribute to the adaptation processes of the
immune system and the maternal metabolism during pregnancy, playing a protective role
against both infections and immune disorders related to pregnancy. Their concentration in
the maternal serum is significantly lower than that calculated in breast milk [69]. However,
a recent study found that HMOs with similar composition were detected in amniotic fluid,
breast milk and maternal serum and urine samples, indicating infant exposure to specific
HMOs since fetal life, with potential implications for fetal well-being and long-term health
outcomes [70]. A study by Austin et al. compared the HMO content of 500 breast milk
samples from mothers of preterm and term infants and observed higher concentrations
of sialylated HMOs in the preterm milk. These differences were partly explained by a
reduced activity of fucosyltransferase-2 enzyme in mothers of infants born prematurely
during the first month of breastfeeding, resulting in a reduced concentration of fucosylated
HMOs [71].

A recent study, using an animal model, showed an improved hippocampal synaptic ac-
tivity after administration of 2-fucosyllactose and demonstrated how HMOs were involved
in modulating the brain-gut axis, allowing the communication between the central nervous
system and the intestine [72,73]. Saben et al. examined the relationship between maternal
glucose homeostasis and the composition of HMOs from 136 healthy women and found a
strong correlation between maternal insulin sensitivity and difucosyllactose concentrations
in breast milk of secretor mothers. In fact, secretor mothers present lower insulin sensitivity
and a more significant amount of sialylated HMOs than non-secretory ones. These findings
support a protective and growth-promoting role for sialylated HMOs [74,75]. In light of the
recent evidence indicating that rotaviruses appear to have learned to use HMOs to their ad-
vantage, the potential role of HMO in increasing the efficacy of rotavirus vaccines has been
explored. In particular, Ramani et al. detected a greater efficacy of the rotavirus vaccine
when associated with specific HMOs, thus introducing the possibility of implementing
new vaccination strategies [76].

5. Stem Cells

A recent discovery among bioactive factors of breast milk is the presence of a hetero-
geneous population of stem cells, which seems to be characterized by immune privilege
and non-tumorigenic properties [38]. Breast milk stem cells are pluripotent lines, thus
being able to become specific breast epithelial cells and differentiate in other cellular types,
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including neural-like ones [39]. Hosseini et al. demonstrated that the exposure of breast
milk stem cells to neurogenic stimuli in vitro led to the differentiation into all the three
neural lines: neurons, oligodendrocytes and astrocytes [39]. Moreover, because both the
mammary gland and the nervous system share the exact embryonic origin, it might be
postulated that breast milk stem cells contribute to the development of the enteric nervous
system. This supposition could partly explain why non-breast-fed preterm infants showed
a significantly higher risk of developing necrotizing enterocolitis [40,41]. Experimental
studies, using animal models, have shown that stem cells present in breast milk could
reach the systemic bloodstream of the offspring through gastrointestinal infant absorption,
thus reaching some target organs such as central nervous system, thymus, pancreas, spleen
and kidney, where they integrate and differentiate into functional cells [42]. Moreover, as
recent studies highlighted, both colostrum and transitional human milk are an abundant
reservoir of hematopoietic stem/progenitor-like cells [77].

In a recent pilot study, the cellular components of colostrum and mature milk of
preterm babies were compared using flowcytometry. The authors found that preterm
mature milk has higher expressions of hematopoietic stem cells, mesenchymal stem-like
cells, immune cells, some cell adhesion molecules and side-population cells than colostrum.
Even if more studies are needed to support this pilot finding, a higher cell content in mature
milk of preterm babies seems important in future health and growth outcomes [78]. Breast
milk stem cells could therefore contribute to the modulation of numerous health outcomes
associated with breastfeeding and offer potential innovative therapeutic approaches.

6. MicroRNAs

Breast milk is one of the richest sources of microRNAs, which are small non-coding
RNAs regulating gene expression at the post-transcriptional level.

MicroRNAs are covered and carried through the bloodstream by extracellular vesicles.
These vesicles are released by various cells, including lactocytes, and contribute to intercel-
lular communication promoting cellular crosstalk. In particular, exosomes are a subtype of
extracellular vesicles composed of an endosomal route and are typically 30–150 nanometers
in diameter. On the other hand, if the vesicles are 150 and 1000 nanometers in diameter,
they are called micro-vesicles [79]. It has been hypothesized that the microRNAs present in
breast milk, thanks to the extracellular vesicles, could be resistant to the gastrointestinal
tract degradation because of their resistance to RNase digestion and tolerance of low pH
and, through the bloodstream, could reach all the target organs or could perform their
function locally [80,81]. Among the most innovative findings is evidence of endogenous
synthesis of human milk miRNAs within the human lactating mammary epithelium [82]. It
should be remembered that the microRNAs present in breast milk could modulate the func-
tion of genes involved in numerous physiological processes, including energy metabolism,
immunological functions and cognitive development, even if with not yet fully understood
mechanisms [82]. Moreover, according to recent studies, microRNAs appear to be involved
in regulating genes associated with lipid metabolism at the post-transcriptional level [83].
A recent study by Carr et al. using an animal model evaluated that miRNAs found in breast
milk were decreased in the serum of formula-fed infants, suggesting different circulating
miRNA profiles based on neonatal diet [84].

Since miRNAs in breast milk were first described in 2007 [85], literature had focused
on their possible physiological and therapeutic functions in cell proliferation, inflammation,
immunomodulation and carcinogenesis. In the oncological field, miRNAs could play a
role as onco-suppressors and oncogenes and, in specific types of cancer, they could be
considered biomarkers and may represent useful diagnostic and therapeutic targets [86–88].
In addition, breast milk exosomes regulate inflammation and cell proliferation and, as
explained in various recent studies, promote gut epithelial proliferation and intestinal
stem cells activity, reducing NEC incidence in infants [89–91]. Furthermore, the recent
proteomic analysis highlighted that breast milk exosomes revealed an immunomodulatory
effect. Samuel et al. showed that colostrum’s exosomes were enriched in proteins involved
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in innate immune response, complement activation and inflammatory response and that
exosomes in mature milk were enriched in proteins implicated in apoptosis [92]. Exo-
somes derived by stem cells have also been the subject of great interest from the scientific
community.

7. Growth Factors and Hormones

Growth factors play an essential role among breast milk bioactive substances and
have been extensively evaluated in the literature. Their primary function is to support the
newborn’s growth through the proliferation and differentiation of their immature cells.
Vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), glucagon-like
peptide-1 (GLP-1), epithelial growth factor (EGF) and insulin growth factors (IGFs) are
amongst the most significant growth factors detected in breast milk [11]. In particular, the
colostrum provides the highest concentrations to meet the increased postnatal needs, such
as gut epithelium maturation, immune response and neurocognitive development [11].
Moreover, Patki et al. highlighted that some of these bioactive components, such as HGF
and VEGF, are more represented in breast milk than in maternal serum, assuming a direct
production by the mammary gland [93].

Recent studies investigated the role of various hormones in breast milk in regulating
appetite, energy balance and fat mass deposition [10]. Amongst them, leptin, ghrelin,
insulin growth factor 1 (IGF-1), adiponectin and insulin have the most significant influence
on the infant’s growth and body composition and, as a result, on the risk of obesity in
adulthood.

Discordant results were found regarding the correlation between leptin’s breast milk
concentration and the risk of obesity later in life. Following Fields et al., leptin in breast
milk has been inversely associated with fat mass deposition in newborns [94]. In addition,
greater leptin and insulin concentrations have been associated with lower BMI-for-age
z-scores [94,95]. These effects could be temporary since they are not confirmed after the
first years of life [96]. On the other hand, Uysal et al. and Khodabakhshi et al. in their
recent studies did not find any correlations between breast milk leptin concentrations and
BMI of exclusively breastfed infants [97,98].

On the contrary, ghrelin and adiponectin, acting on the hypothalamus, stimulate
hunger. Most studies have shown a higher concentration of ghrelin in breast milk than in
serum in both newborns and mothers during the first months of life. However, inconsistent
results have been obtained regarding the correlation between breast milk ghrelin and
weight gain in infants [99]. Moreover, the most extensive cohort study found no association
between adiponectin and infants’ body composition [96]. IGF-1 plays a primary role in cell
proliferation and apoptosis inhibition. According to recent literature, infants with more
significant weight gain consume breast milk with a higher level of IGF-1 [100]. However,
the results in literature on the association between breast milk IGF-1 concentrations and
infants’ weight gain are still discordant [10]. The inconsistency found with regards to some
data might be due to the presence of several factors which can interfere with the infant’s
body composition during the first years of life [93]. Therefore, further studies are needed
to obtain more consistent results.

Recent studies have introduced an emerging field of interest known as chrono-
nutrition, which is based on the relationship between circadian rhythm, metabolic health
and temporal eating patterns [101]. The newborn’s circadian rhythm seems to be estab-
lished by external factors such as light/dark exposure and the timing of feeding. At the
same time, human milk components, especially the bioactive ones, exhibit a circadian
variation of their concentrations [102]. Thus, the fluctuation within the composition of
breast milk represents a mechanism by which information on time of day is transferred
from the mother to the infant, facilitating the development of stable circadian rhythms
and consequently the regulation of several fundamental activities and functions such as
sleep, metabolism and hormones release [12]. According to these findings, human milk
represents a powerful type of chrono-nutrition [12] (Figure 3).
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8. Antioxidant Properties

Reactive oxygen species (ROS) participate in cellular signaling processes. However,
ROS can damage cells due to their high oxidizing capacity. A powerful tool to neutralize
these oxidative effects is the antioxidant system. However, if the precarious balance be-
tween ROS and antioxidants is lost, the result is oxidative stress. Birth denotes considerable
oxidative stress, considering the transition from low-oxygen intrauterine to the high-oxygen
extrauterine atmosphere [103]. Antioxidants can be classified as exogenous or endogenous.
Endogenous antioxidants comprise specific enzymes (i.e., superoxide dismutase SOD,
catalase or glutathione peroxidase GPx), small non-enzymatic molecules (i.e., glutathione
GSH) or hormones such as melatonin [104]. Antioxidants are essential for newborn pro-
tection against disease [103]. Human milk has an antioxidant capacity. Accordingly, all
of the compounds mentioned above have been found in it. The antioxidant properties of
human milk are correlated both to exogenous food-derived antioxidants (i.e., polyphenols,
carotenoids and vitamins and endogenous molecules, including enzymatic antioxidants
such as catalase and GPx). However, it has to be taken into consideration that excessive
antioxidants may be deleterious, and some may turn into pro-oxidant molecules under
certain circumstances. Accordingly, the concentration of these antioxidants in formula milk
does not always match breast milk, resulting in a much higher dose (Table 2) [105]. There is
evidence that breast-milk-fed infants have less oxidative stress, evidenced by lower oxida-
tive damage biomarkers than formula-fed infants [106]. Regarding non-enzymatic systems,
GSH, a three amino acid peptide that engages in regenerating other antioxidants, such as
vitamin C and E, to their active forms, has also been found in human milk [107]. Melatonin,
as mentioned above, helps the newborn with circadian regulation. However, melatonin has
also been confirmed to display protective antioxidant effects, acting both as a scavenger
and as a stimulation factor for the expression of SOD, catalase and GPx [108]. Moreover, it
has neuroprotection properties by modulating the neuroinflammatory pathways [109]. The
antioxidant potential of breast milk is more powerful in colostrum compared to mature
milk [110]. Its radical scavenging function decreases along the lactation period.

Table 2. Exogenous antioxidants in breast milk compared to formula milk. (Modified from Hanson
et al., 2016.)

Antioxidant
Compounds

Preterm
Breastmilk

Term
Breastmilk

Preterm
Formula Term Formula

α-carotene 7.7 3.6 0.51 1.40
β-carotene 49.1 13.7 71.1 63.9
Lycopene 66.1 11.9 1.5 5.8

Retinol 401.6 185.8 3086.2 911.8
α-tocopherol 5880.8 1381.9 20,109.1 13,360.2
γ-tocopherol 1207.1 622.8 6787.1 6561.6

Data are expressed as µg/L.
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9. Conclusions

The scientific goals on understanding the beneficial effects of human milk on an in-
fant’s growth and development are undoubtedly surprising. However, these significant
achievements are not at all exhaustive. Beyond the nutritional value, the uniqueness of
human milk is undoubtedly represented by its bioactive factors and their dynamic composi-
tion, which contribute to the infant’s growth, development and health [111]. However, the
extreme complexity of the synergistic mechanisms responsible for breast milk’s numerous
functional effects has not been fully clarified, thus leaving several points open. A better
understanding of breast milk bioactivity may lead to new strategies in improving infants’
short- and long-term outcomes, including neurocognitive, gut and immune functions; the
risk of early infections; and protection against overweight and obesity, hypertension, type
2 diabetes and atopic disease during adolescence and adulthood [112]. Understanding
how human milk bioactive factors work may lead to the development of new clinical
approaches and therapies, thus representing a relevant area of future research.
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