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Infant formulas are an alternative to replace or supplement human milk when breastfeeding is not possible. The knowledge of
human milk’s bioactive compounds and their beneficial effects has attracted the interest of researchers in the field of infant
nutrition, as well as researchers of technology and food sciences that seek to improve the nutritional characteristics of infant
formulas. Several scientific studies evaluate the optimization of infant formula composition. The bioactive compound inclusion
has been used to upgrade the quality and nutrition of infant formulas. In this context, the purpose of this systematic literature
review is to assess the scientific evidence of bioactive compounds present in infant formulas (a-lactalbumin, lactoferrin, taurine,
milk fat globule membrane, folates, polyamines, long-chain polyunsaturated fatty acids, prebiotics, and probiotics) and their
effects on infant nutrition and health. Through previously determined criteria, studies published in the last fifteen years from
five different databases were included to identify the advances in the optimization of infant formula composition. Over the last
few years, there has been optimization of the infant formula composition, not only to increase the similarities in their content of
macro and micronutrients but also to include novel bioactive ingredients with potential health benefits for infants. Although the
infant food industry has advanced in the last years, there is no consensus on whether novel bioactive ingredients added to infant
formulas have the same functional effects as the compounds found in human milk. Thus, further studies about the impact of
bioactive compounds in infant nutrition are fundamental to infant health.

1. Introduction

Adequate nutrition during infancy and early childhood is
essential to ensure children’s optimal health, growth, and
development [1, 2]. Malnutrition has been responsible,
directly or indirectly, for 60% of annual deaths worldwide,
often due to inappropriate feeding practices during the first
year of life [3-5]. Human milk is universally recognized as
the “gold standard” for feeding infants, providing readily bio-
available components and nutrients in a well-balanced sup-

ply, ensuring optimal growth and development for the child
[6]. Breastfeeding offers innumerable benefits to both the
mother and infant, and its short- and long-term conse-
quences have already been scientifically proven. Among
these benefits, we can mention the supply nutritional
requirements and protection against diabetes [7, 8], the sim-
ple elimination of meconium [9], immunological compo-
nents that prevent allergies [10, 11], decreased risk of
jaundice [12], protection of the intestinal flora to avoid diar-
rhea, and protection against infections [13, 14]. Regarding
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the benefits for the mother, breastfeeding after childbirth
makes the uterus return to normal size faster and decrease
bleeding, preventing maternal anemia; accelerates weight
loss; reduces the risk of breast, ovarian, and endometrial can-
cer; prevents osteoporosis; and protects against cardiovascu-
lar diseases, such as heart attack [15, 16].

The global public health recommends that infants be
exclusively breastfed for the first six months of life to achieve
optimal growth, development, and health. After this phase,
they should receive complementary foods as they continue
to be breastfed, at least until the age of two [6, 17-19]. How-
ever, in some situations, breastfeeding is not possible or
advisable due to issues related to the mother’s health [20-
22] or due to the baby’s health [23]. For these cases, interna-
tional scientific medical societies recommend that when all
strategies for maintaining breastfeeding are exhausted, the
infant milk formulas should be used [20, 24]. Infant formu-
las used as a complement or a substitute for breast milk are
the best alternative for child development compared to other
unprocessed food sources because they can be manipulated
to provide adequate nutrition. Infant formulas are products
from cow’s milk and other animals or vegetables or a mix-
ture of these [25]. Cow’s milk is the primary ingredient most
often used in the manufacturing of these products. However,
infant formula manufacturers seek to make cow’s milk
nutritional characteristics closer to human milk by chemi-
cally adjusting the macro and micronutrient composition
[26-28]. In addition, human milk provides not only nutrient
components but also potential bioactive compounds that
perform many physiological functions other than nutrition,
affecting the immune system, hormones and related com-
pounds, antibacterial agents, enzymes, enzyme inhibitors,
and encrypted peptides [29, 30]. Therefore, bioactive com-
pounds are elements that “affect biological processes or sub-
strates and hence have an impact on body function or
condition and ultimately health” [31]. In human milk, these
components come from various sources; some are produced
and secreted in the mammary epithelium, while others are
acquired due to maternal nutrition [29, 32-34]. There are
many of these components in human milk; some are not
yet identified; others, although already identified, do not
yet have their physiological effects wholly understood.
Therefore, their inclusion in infant formulas is not yet a
technological reality.

In this way, the infant formula composition has been
improved, not only to increase the nutritional similarities
with human milk but also to include ingredients with addi-
tional benefits to infant health. These ingredients are bioac-
tive compounds, which include proteins (a-lactalbumin and
lactoferrin), milk fat globule membrane, taurine, folates (folic
acid and 5-MTHF), polyamines, polyunsaturated fatty acids
(docosahexanoic acid and arachidonic acid), prebiotics, and
probiotics [35, 36]. The addition of these new ingredients
has created novel scientific challenges not addressed by exist-
ing regulations. The current guidelines and legislations that
evaluate the nutritional efficiency of ingredients added to
infant formulas are not enough to guarantee the diversity of
these novel compounds proposed by infant formula manu-
facturers [18]. To add any ingredients, it is necessary to fol-
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low the food safety standards that offer, as a basic premise,
the “certain certainty of no harm” [37]. Thus, the addition
of these bioactive compounds must be supported by a com-
prehensive assessment of their safety and efficacy since the
“functional effect” is not always at all equivalent to a healthy
effect [26, 38]. This systematic literature review is aimed at
addressing the physiological health benefits of bioactive com-
pounds currently incorporated in commercialized infant for-
mulas and those already identified in human milk that have
shown satisfactory results, demonstrating their potential for
infant formula implementation. Besides, clinical studies
highlighting the physiological effects of these bioactive
compounds from human milk were addressed to demon-
strate some beneficial effects.

2. Methodology

This systematic literature review recovered and assessed data
available in four literature databases on the bioactive com-
pounds identified in human milk and their effects on infant
development and health and the potential to be implemented
in infant formulas. To improve these systematic reviews, a
four-phase flow diagram and the Preferred Reporting Items
for Systematic Review (PRISMA) statement guidelines were
used [39].

2.1. Systematic Search Methods. A literature search regardless
of language was conducted on electronic databases using
Medical Subject Headings (MeSH) terms: SciELO, Science-
Direct, PubMed/Medline, and Google Scholar. The screening
process was performed in July 2020, with an interval filter set
between 2005 and 2020, to identify the scientific advances
related to the composition of infant formulas compared to
human milk composition, focusing on bioactive compounds
for the past fifteen years. For some specific topics related to
clinical studies highlighting the beneficial effects of specific
bioactive compounds, extending the publication date to
include the original scientific data was necessary. Besides,
we performed additional searching on the reference list of
relevant articles/reviews identified through the initial screen-
ing. References considered essential to compose the revision
were added, such as those that address the guidelines and leg-
islation regarding infant formulas and global reports that
portray the current scenario of infant nutrition.

The recovered papers of search sources were performed
through a search string that summarizes the questions
researched. The string was based on predetermined groups
of keywords related to bioactive compounds and their
potential benefits to infant nutrition and health, as shown
in the search components (SC):

(i) Search Components 1 (SCI). Bioactive compounds:
“bioactive proteins” OR “caseins” OR “a-lactalbu-
min” OR “lactoferrin” OR “lysozyme” OR “secretory
IgA” OR “taurine” OR “folates” OR “polyamines”
OR “milk fat globule membrane” OR “docosahexae-
noic acid” OR “arachidonic acid” OR “prebiotics”
OR “probiotics”
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(ii) Search Components 2 (SC2). Food matrix: “infant
formula” OR “baby food” OR “human milk” OR
“breast milk” OR “cow milk” OR “bovine milk”

(iii) Search Components 3 (SC3). Others: “infant health”
OR “infant nutrition”

After retrieving the search component results, the Bool-
ean operator “AND” was used to combine SC1, SC2, and
SC3.

2.2. Research Question. The questions were formulated
according to the population, intervention, comparison, and
outcome (PICO) method. The following questions were
formulated:

(P) Which bioactive compounds identified in human
milk have been explored by the scientific community to be
added to infant formulas so that they approximate the char-
acteristics of human milk?

(I) What are the main physiological effects observed in
bioactive compounds in infants?

(C) What are the similarities and differences between
human milk and cow’s milk used in the preparation of infant
formulas concerning bioactive compounds (bioactive pro-
teins, taurine, folates, polyamines, milk fat globule mem-
brane, LC-PUFAs, prebiotic, and probiotic)?

(O) Clinical studies using formulas enriched with bioac-
tive compounds (bioactive proteins, taurine, folates, poly-
amines, milk fat globule membrane, LC-PUFAs, prebiotic,
and probiotic) demonstrate effects similar to those identified
in exclusively breastfed infants?

2.3. Inclusion and Exclusion Criteria. Upon completing the
literature search, the articles were sent to the MS Excel
spreadsheet, which helped exclude replicas based on the title
and for the organization of abstracts. Thus, a preliminary
selection of scientific articles was carried out through
abstracts, and some irrelevant articles were excluded. The eli-
gible articles after the first screening were evaluated in more
detail based on the description of their specific objectives,
excluding those that are not relevant or that contained dupli-
cate information or by the type of publication. The remaining
papers’ full texts were downloaded, read in full, and checked
to examine the final inclusion criteria. Briefly, the eligibility
assessment of references was carried out based on predefined
inclusion and exclusion criteria:

(a) Were included original articles published in peer-
reviewed journals that address bioactive compounds,
infant formulas, child nutrition, and child health

(b) Were considered only studies dealing with bioactive
compounds (bioactive proteins, milk fat globule
membrane, taurine, folates, polyamines, polyunsatu-
rated fatty acids, prebiotics, and probiotics) incorpo-
rated in infant formulas, as well as those compounds
already identified in human milk that showed satis-
factory results to be added to infant formulas

(c

~—

Studies related to bioactive compounds identified in
cow’s milk, the primary raw material used in the

preparation of infant formulas, and the human milk’s
bioactive characteristics were also considered in
addressing the theme because they are relevant infor-
mation in discussions

(d) Clinical studies highlighting the beneficial effects of
these bioactive compounds in human milk on infant
health and infant nutrition were included to justify
their addition to infant formulas

(e) Editorials, letters, monographs, Master’s disserta-
tions, and Ph.D. theses were excluded

(f) Further, the articles with an unrelated topic, out of
scope, duplicate content, missing data, or outside
the eligibility criteria were excluded

2.4. Risk of Bias Assessment. Possible sources of bias include
study inclusion/exclusion criteria and the impact of missing
data, missing primary results, the chosen database, date, lan-
guage, number of articles, and article type selected for this
study.

2.5. Data Extraction. Two researchers (C.C.A and B.F.M.P.)
extracted data from the included studies using a data extrac-
tion checklist that included the study’s description (whether
it was a theoretical study or a clinical study). Theoretical
studies helped present and discuss the bioactive compounds
present in human milk and cow’s milk and the similarity
between human milk and cow’s milk used in elaborating
infant formulas. Among these were selected review articles
and book chapters. Clinical studies in animal or human
models aided in the critical analysis of the inclusion of these
bioactive compounds in infant formulas and their effects on
infant development and health. Two tables were elaborated
in which they report the bioactive functions related to the bio-
active compounds described in this review and their respective
authors responsible for the publication (Table S1) and a
table describing the main relevant clinical findings related to
the enrichment of infant formulas with bioactive compounds
and their effects on infant health, comparing them to
exclusively breastfed children and those who received
standard formulas (without the addition of any bioactive
compound) (Table S2). The clinical studies included in this
systematic review were not accompanied by a meta-analysis
since the heterogeneity of the groups was large, and it is not
possible to compare them with each other.

2.6. Main Findings. The results of our systematic review were
registered in a PRISMA flow diagram illustrated in Figure 1.
This systematic search identified 52 papers at PubMed, 8 at
Scielo, 1,017 at Science Direct, and 5,580 at Google Scholar.
Besides, we manually added a further 67 articles updating
the search on the databases totaling 6,726 papers. Of these,
1,050 were duplicates/triplicates and were excluded. A total
of 5,676 remained after the exclusion of repeated articles.
After reading the titles, abstracts, and full-text, only 151
papers were adequate for the current study purposes since
they matched the eligibility criteria.

The articles found for bioactive protein, caseins, a-lactoal-
bumin, lactoferrin, lysozyme, secretory IgA, taurine, folates,
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Identification
Records identified through database searching Additional records identified through other sources
(n=6,659) (n=67)
Records after duplicates removed
(n=5,676)
Screening
. i Records excluded
Screening from titles and abstracts (n=4881)
Eligibility
Full-text articles assessed for eligibility
(n=795)
644 Articles excluded due to:
. . . - Duplicates
Reading full texts of potentially relevant articles o
- Publication type
- No relevant outcome
Included
151 Relevant articles included
Bioactive proteins Caseins a-Lactalbumin Lactoferrin Lysozyme
(n=16) (n=15) (n=11) (n=12) (n=5)
Secretory IgA Milk fat globule Taurine Folates Polyamines
(n=5) membrane (n=9) (n=10) (n=12)
(n=15)
Docosahexanm.c ac1.d and Prebiotics and Probiotics
Arachadonic acid (n=22)
(n=19) a

FIGure 1: PRISMA flowchart of the processes followed in composing the systematic review.

polyamines, milk fat globule membrane, docosahexanoic acid,
and arachadonic acid, as well as prebiotic and probiotic were
analyzed separately. Thus, of the 151 research papers retrieved
for qualitative synthesis, several investigated the bioactive pro-
teins (n = 16), caseins (n = 15), a-lactoalbumin (n = 11), lacto-
ferrin (n = 12), lysozyme (n = 5), secretory IgA (n = 5), taurine
(n=9), folates (n = 10), polyamines (n = 12), milk fat globule

membrane (n =15), docosahexanoic acid, and arachadonic
acid (n=19), as well as prebiotic and probiotic (n = 22).

3. Bioactive Compounds

Human milk contains a variety of nonnutritive compounds
with specific bioactive characteristics that support different
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physiological functions in addition to simple nutrition. The
knowledge of human milk’s bioactive compounds and their
beneficial effects has attracted the interest of researchers in
the field of infant nutrition, as well as researchers of technol-
ogy and food sciences that seek to improve the nutritional
characteristics of human milk substitutes. Some of the bioac-
tive compounds in human milk are already well identified
and studied. However, although they have already been iden-
tified, thousands of others need to be clinically tested to prove
their physiological effects on infant health and development.

The main commercial infant formulas are made with
cow’s milk. This raw material is easy to obtain and presents
a low cost. Besides, cow’s milk proved to be a valuable source
of natural bioactive compounds, and clinical studies on
infants that use formulations with cow’s milk bioactive com-
pounds have shown promising results. In addition to clinical
studies, it is also important to evaluate these compounds’ bio-
activity and bioavailability in infant formula after undergoing
thermal processing, such as the effects of packaging and
storage.

A full description of all the bioactive compounds already
identified or those that are supposedly present in human milk
is beyond the scope of this review. In the following sections,
we will address only the bioactive compounds currently
incorporated in commercial infant formulas and others
already identified that have shown satisfactory results, thus
demonstrating the greater potential for implementation in
infant formulas. Bioactive compounds, such as bioactive
proteins, milk fat globule membrane, taurine, folates, poly-
amines, long-chain polyunsaturated fatty acids, prebiotic,
and probiotics, can be incorporated into infant formulas to
provide additional benefits to infant health. Some of these
compounds added to infant formulas are controlled by regu-
latory agencies of the countries in which they are marketed
(folic acid, taurine, LC-PUFAs, prebiotic, and probiotics,
for example) for the safety and efficacy approval of each
additive, while others (bioactive proteins, milk fat globule
membrane, some folates, and polyamines) are still in the
experimental stage of assessing their physiological effec-
tiveness when added to infant formulas.

4. Bioactive Proteins

Bioactive proteins in human milk provide valuable biological
functions in infants, and for this reason, they are the compo-
nents with the greatest support from clinical trials to date [40,
41]. In addition to the biological functions derived from
intact proteins and their amino acids, other functions emerge
from the bioactive peptides formed during the digestion of
caseins and whey proteins (f3-casomorphins, a-lactorfin, -
lactorfin, albutensin A, S-lactotensin, lactoferricin, lactofer-
rampin, and others), as well as through the glycans that are
released by glycoproteins, adding even more complexity to
the functional properties of proteins [30, 34, 42, 43]. The evi-
dence to date suggests that these peptides have opioid activi-
ties, antimicrobial, immunomodulatory, and other functions
[43-45]. The release of these bioactive peptides begins inside
the mammary gland by a complex array of proteases pro-
duced in the mother’s milk [44, 46]. Moreover, these milk

proteases continue to digest milk proteins within the infant’s
stomach. This reaction explains why breast milk proteins’
digestion and absorption are effective in young infants with
low protease activity [44, 47].

Cow’s milk is a valuable source of natural bioactive com-
pounds. For this reason, it has been widely studied as an
alternative for inclusion into infant formulas [27]. They are
not identical to their human counterparts; however, in many
cases, the structures of bovine milk proteins share a high
degree of homology with the human milk proteins, and
because in vitro studies have shown equivalence between
the bioactivities of human and bovine proteins, it is reason-
able to study the effects of supplementation with these bovine
proteins on infants [48, 49].

4.1. Caseins. Casein is present in human milk at low concen-
trations. Casein is not only a source of amino acids and trace
elements (calcium, iron, and zinc) but also of bioactive pep-
tides that break down and have an array of functions, includ-
ing antimicrobial, gastrointestinal, immuno-modulating, and
opioid activity [50-52]. Several peptides are formed during
the proteolytic degradation of casein. The peptides derived
from casein have numerous bioactive properties and are in
an active state within the casein polypeptide chain. Human
milk consists mainly of - and K-caseins, with a lower con-
centration of a-casein [53].

Human k-casein (19kDa) is a heavily glycosylated pro-
tein. It has been shown to prevent Helicobacter pylori from
attaching to human gastric mucosa, which explains the lower
incidence of H. pylori infections in breastfed babies [54]. The
cleavage of k-casein results in the formation of a large
carbohydrate-containing moiety, glycomacropeptide (GMP),
which has been shown to have different biological effects, such
as prebiotic effects and immunomodulatory activity, beyond
the inhibition of pathogen adhesion to intestinal cells [55].
The evidence for these effects is more substantial in breastfed
children [42]. In a study carried out by Bruck et al. [56], the
authors showed that the bovine GMP present in the formula
that was administered to rhesus monkeys infected with
enteropathogenic E. coli had less severe diarrhea and of shorter
duration when compared to those who received control for-
mula, and also brought the intestinal microbiota closer to
those of the monkeys breastfed with breast milk.

Beta-casein (27kDa) is the major component of the
human milk casein fraction. This protein can form various
bioactive peptides (phosphopeptides or opioid-like com-
pounds) before ingestion by infants or during digestion
[50]. Casein phosphopeptides (CPPs) deriving from the
digestion of milk proteins have been shown to chelate cal-
cium and facilitate its intestinal absorption, as well as other
minerals like iron and zinc [34, 48, 52]. Researchers have
shown an increase in calcium absorption by bovine casein
CPPs in animal experiments; however, absorption has not
yet been observed in experiments with infant humans [48].
According to Lonnerdal [48], it is possible that the structures
of human and bovine f-casein, which are similar but not
identical, result in different affinities, which can affect
absorption. In an in vitro study, Miquel et al. [57] investi-
gated the formation and gastrointestinal survival of naturally



occurring mineral carrier peptides released by simulated gas-
trointestinal digestion of infant formulas. The results suggest
that the gastrointestinal digestion of infant formula promotes
the formation of bioactive peptides with mineral carrier
properties. However, this was not an in vivo study, so we can-
not conclude that the same would occur in human infants or
in models of animals. Several 3-casein and «-casein peptide
fragments have been shown to have opioid activities respon-
sible for sleep and wake cycles, and they are necessary for the
development and gastrointestinal function of infants [43].
Human milk contains biologically active opioid peptides
derived from beta-casein, named S-casomorphins (BCMs).
BCM peptides are released from human milk within the
mammary gland before ingestion by the infant. It has been
suggested that BCMs have an affinity to opioid receptors,
conferring a wide array of physiological bioactivities, such
as sleep induction, mucosal development, immunomodula-
tory, antioxidant, satiating, and gastrointestinal functions
[50, 58]. Similar BCM peptides have been identified in f3-
casein from bovine milk [59]. According to Cattaneo et al.
[60], some studies have reported the biological effects of
bovine milk-derived BCM peptides in adults and infants.
However, few effects were confirmed in model systems or
animal trials. Limited information is available on the occur-
rence of BCMs in commercial infant formulas [61]. Jarmo-
fowska and coworkers [62] assayed for opioid activity in
samples of the formula for newborns available on the Polish
market. The opioid activity of the peptides was determined
by examining their influence on the motor activity of the
isolated rabbit intestine. The results demonstrated that
infant formulas containing predigested caseins as a protein
source might be sources of BCMs. However, it is necessary
to investigate the influence of an agonistic and antagonis-
tic mixture of opioid peptides on the intestine’s motor
activity and evaluate the in vivo effects of these peptides
on human physiology.

Alpha-casein is usually absent or present in low concen-
trations in human milk, unlike cow’s milk, in which a-casein
is the predominant casein [49]. The degradation of a-caseins
can also generate CPPs. Studies have revealed critical biolog-
ical activities of bovine a-casein. However, these biological
activities are not observable in human milk «a-casein, since
it is present in such a low concentration [52].

4.2. Whey Proteins. Approximately 70% of human milk pro-
tein content consists of whey proteins. The main whey pro-
teins, including a-lactalbumin (a-La), lactoferrin (Lf),
lysozyme (Lz), secretory IgA (sIgA), and other minor pro-
tein, have been shown to have numerous bioactivities, as
the growth and development of intestinal microflora, provide
essential amino acids, and facilitated the digestion and the
acquisition of nutrients from breast milk. It also plays an
important role in immune function by providing a defense
against pathogenic bacteria and viruses.

4.2.1. a-Lactalbumin. Alpha-lactalbumin (14.2kDa) is the
most abundant protein, with 2-3mg/mL concentration.
The nutritional value of a-La lies in its high concentrations
of essential amino acids, specifically tryptophan, cysteine,
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and lysine [40, 63, 64]. The presence of cysteine in this pro-
tein structure is related to strengthening the immune system,
while the high levels of tryptophan help improve babies’
sleep, mood, and cognitive development [43]. In addition,
a-La has low allergenicity, and it is continuously used to
enrich infant formulas [63, 65, 66]. During lactation, the
mammary gland produces a-La and galactosyltransferase.
These two proteins form the enzyme complex lactose syn-
thase, which catalyzes lactose synthesis from glucose and
galactose [63]. Besides, a-La has a specific binding site for
calcium and another for essential trace elements, such as iron
and zinc, which may facilitate its absorption [40, 67, 68].
Moreover, a-La becomes thermostable when bound to cal-
cium and maybe glycosylated with mannose (Man), galactose
(Gal), fucose (Fuc), glucose (Glc), and lactose (Lac). Com-
pared to bovine a-La, approximately 10% is lactosylated,
while the human milk protein does not change. Alpha-lactal-
bumin, when lactosylated, can prevent infection by inhibiting
the binding of pathogens to the luminal surface of the intes-
tinal epithelial cell due to the absence of lactosamine, which is
necessary for its adhesion [56, 69, 70].

Alpha-lactalbumin accounts for 28% of the total protein
in human milk and only 3% of the total protein in cow’s milk
[71]. Human and bovine a-La share a relatively similar per-
centage (73.9%) of homology in their amino acid sequences,
and both consist of 123 amino acids. Advances in dairy milk
separation technology have resulted in the development of a
process that yields whey protein fractions with a substantially
higher concentration of a-La than standard cow’s whey and a
reduction of -La [63]. Enriched formulas with a-La can
have lower protein levels than conventional formulas due to
their higher protein quality since this whey fraction has an
amino acid profile more similar to human milk [63, 67].

Fleddermann et al. [72] and Trabulsi et al. [71] evalu-
ated the effect of a formula enriched with a-La on child
growth of healthy term infants. Both studies revealed no
difference in weight gain, weight for age, or weight for
length compared to breastfed infants or infants fed with a
standard formula. Another clinical study designed by Sand-
strom et al. [68] compared the growth of breastfed infants
and infants fed with a-La enriched formulas. The data
demonstrated similar growth patterns among children.
These clinical studies suggest that «-La, a source rich in
essential amino acids, may play an ideal nutritional role.
However, we cannot confirm that he can act as a program-
mer for the child’s optimal growth.

Regarding the role played by a-La in the absorption of
calcium and trace elements, although a clinical study carried
out on young rhesus monkeys revealed that there was a good
absorption of zinc and iron when administering infant for-
mula supplemented with bovine a-lactalbumin, there are still
no concrete studies that relate the effect of human a-La with
the absorption of minerals in breastfed babies [73].

In addition to nutritional function, a-La is an important
source of bioactive peptides, which may be related to gastro-
intestinal function. Evidence suggests that these benefits are
likely to derive from bioactive peptides, from the content of
tryptophan and cysteine, and potentially from the activity
of posttranslational modifications, such as disulfide bridge
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or glycosylation [67]. Studies carried out on monkeys
assessed the antimicrobial potential of «a-La, revealing that
its peptides have antimicrobial activity against Escherichia
coli, Klebsiella pneumoniae, Staphylococcus aureus, Staphy-
lococcus epidermidis, Streptococci, and Candida albicans.
Since the primary structure of human a-La is similar to that
of a monkey, it can be speculated that proteolysis of human
a-La could produce the same antimicrobial peptides [40].

4.2.2. Lactoferrin. Lactoferrin is an iron-binding glycopro-
tein of approximately 80kDa containing 691 amino acids.
Lactoferrin comprises 15%-20% total proteins; its concen-
tration is higher in human colostrum (~7mg/mL) and
decreases during lactation [27]. It is synthesized by the
mammary glands’ epithelial cells, and it is also present in
some exocrine fluids, such as saliva and tears. However,
the highest levels are detected in milk secretions [74, 75].
Lactoferrin is a multifunctional protein and is considered
an important host defense molecule involved in various bio-
logical functions [45, 76, 77].

Lactoferrin can perform all these functions because it
contains a structure that partially resists proteolytic enzyme
action, with a large part of lactoferrin found intact in
breastfed children’s intestines. Intact lactoferrin ensures bet-
ter absorption of iron and other nutrients. Once the lactofer-
rin binds to specific receptors, it covers the surfaces of
intestinal epithelial cells, stimulating and increasing the
mucosal surface [10, 47, 78]. Lactoferrin can also exert bioac-
tivities that are not mediated by binding to its receptor, such
as bacteriostatic and bactericidal effects. Intact lactoferrin can
exert bacteriostatic effects against Escherichia coli. This prop-
erty results from the fact that lactoferrin has a high affinity
for iron, allowing it to retain iron and prevent its availability
to pathogens that require it, in addition to extracting it from
bacteria, which ultimately prevents its use. Lactoferrin also
has bactericidal activity against pathogens, such as Vibrio
cholera and Streptococcus mutans [27, 79].

Lactoferrin was first identified in cow’s milk and then iso-
lated from human and bovine milk in several investigations
[45, 80]. Human lactoferrin shares about 70% sequence
homology with bovine lactoferrin, which has a molecular
weight of 80kDa and consists of 689 amino acids and anti-
genic determinants highly similar to its human counterpart;
however, it was reported that infant formula enriched with
lactoferrin does not improve iron absorption because bovine
lactoferrin is not recognized by human lactoferrin receptors
and is not present [81]. In addition, human milk contains a
higher concentration of iron-bound whey protein than
bovine milk, which can facilitate the absorption of iron from
human milk. Despite this difference, both in vitro and animal
models have demonstrated comparable bioactivity, including
enhanced growth, near-identical functions against multiple
pathogenic organisms, antibacterial and antiviral activity,
antioxidant activity, and immunomodulation [74, 82, 83].
The similarities between human lactoferrin and bovine lacto-
ferrin structures and functions indicate this fraction’s poten-
tial utility in infant formula supplementation. The increasing
commercial interest in exploiting lactoferrin’s therapeutic
value has stimulated the need for reliable concentration

assays for its determination at endogenous levels in milk
and colostrum, at supplemental levels in infant formulas,
and at pharmaceutical levels in milk protein isolates [84].
Johnston et al. [74] evaluated the growth and tolerance of
healthy infants who received formulas enriched with bovine
lactoferrin in concentrations similar to that identified in
mature human milk. The study revealed no difference in
the growth rate with breastfed infants and that the formula-
tions were well tolerated.

Bovine lactoferrin is commercially available, and it is rel-
atively resistant to proteolysis. Infant formulas containing
cow lactoferrin are currently under active study in a clinical
trial (NCT#02103205) whose aim is to evaluate the effects
of cow lactoferrin on the immune system, as well as the
microbiota composition, metabolomics, growth, body com-
position, and cognitive development. In a study developed
by Lonnerdal et al. [83], commercial cow lactoferrin added
to infant formula was compared to human lactoferrin in an
intestinal enterocyte model. The commercial cow lactoferrin
was found to promote cell proliferation and differentiation
similar to the lactoferrin present in human milk. However,
the results showed no significant effect on the status of iron,
infection, and the microflora of feces. It has recently been
reported that many commercial sources of bovine lactoferrin
contain significant amounts of lipopolysaccharides, which
also have an affinity for lactoferrin receptors, blocking their
bioactivities. When care was taken to use commercial bovine
lactoferrin without contamination by lipopolysaccharides,
in vitro studies yielded positive results on bovine lactoferrin’s
bioactivity (like the results for human lactoferrin) [85]. This
shows that the bioactivities of contaminants can be prevented
and that the purity of the bioactive compounds added to
infant formula are relevant to the expected physiological
effects. Manzoni et al. [86] compared infant formula with
the addition of bovine lactoferrin (alone or in combination
with probiotic Lactobacillus rhamnosus GG) with reduced
late-onset sepsis in low birth weight newborns. The
researchers demonstrated a significant reduction in the inci-
dence of sepsis in premature infants who received formula
supplemented with bovine lactoferrin and a lower prevalence
of Giardia spp. and better growth compared to children who
did not receive supplemented formulas. However, in untreated
infants, the incidence rates of late-onset sepsis were similar
between those fed exclusively with human milk and those
fed exclusively with a standard formula. Given the high
homology between human lactoferrin and bovine lactoferrin,
it was argued that supplemented bovine lactoferrin overlaps
human milk in its protection against sepsis. In a clinical study
developed by King et al. [82], the authors assessed the impact
of long-term feeding using formulas enriched with lactoferrin
on the growth, hematology, immune parameters, and reduc-
tion in the incidence of respiratory diseases. The results
showed a trend towards better weight gain up to 6 months
of age and better hematological parameters. In addition, there
were significantly fewer lower respiratory tract illnesses com-
pared to infant fed regular formula.

The European Food Safety Authority recommends that
0-6-month-old infants take 1.2g bovine lactoferrin daily
without adverse effects. Changes in pH values and higher



temperatures can modify lactoferrin’s specific properties,
such as the ability to bind to iron, which may explain the
lower iron affinity of bovine lactoferrin compared to human
lactoferrin, as reported by Aly et al. [81]. This is an issue that
needs to be considered when assessing the presence of this
compound in the finished product. In addition, due to the
high cost of this ingredient and the difficulty in preserving
the bioactive function of lactoferrin during infant formula
production, the application of lactoferrin in commercial
infant formulas is still limited [87].

4.2.3. Lysozyme, Secretory IgA, and Other Minor Proteins. As
well as lactoferrin, lysozyme also provides a strong defense to
newborn due to their antimicrobial activity against a broad
spectrum of bacteria, viruses, yeasts, fungi, and parasites,
contributing to the development of an intestinal microbiota
beneficial to infant health [88]. Lysozyme is an enzyme of
about 14 kDa consisting of a polypeptide chain of 130 amino
acids [89]. Lysozymes are widely distributed in bodily fluids,
such as tears, saliva, blood, and other secretions and play an
important role in the nonspecific defenses of an individual
[89]. As well as lactoferrin, lysozyme is also found intact in
the stool of breastfed infants in significant quantities and
exert antimicrobial activity in the gut of breastfed infants
[27, 48]. Lactoferrin and lysozyme can act synergistically to
kill gram-negative bacteria that are normally resistant to bac-
tericidal action [48]; however, lysozyme can also kill gram-
positive bacteria by degrading the proteoglycan matrix of
the bacterial cell wall [45]. It lyses mostly gram-positive and
a few gram-negative bacteria, although gram-negative species
appear to be more susceptible. Unlike other protective pro-
teins in human milk, lysozyme concentrations steadily
increase with prolonged lactation [89]. Compared to human
milk, dairy animal milk has relatively lower levels of lyso-
zyme. In human milk, the lysozyme concentration is about
370 and 240 pg/mL in colostrum and mature milk, respec-
tively, while in the milk of dairy animals, the concentration
is practically undetectable (0.25 and 25ug/mL in bovine
and goat milk, respectively) [32, 90].

Human milk contains five basic types of antibodies: IgA,
IgM, IgD, and IgE. The major immunoglobulin fraction in
human milk is IgA; however, in cow’s milk, the IgG is present
in a higher concentration than IgA, and the total immuno-
globulin fraction is much lower than that in human milk
[91, 92]. The IgA in human milk is presented in the form
of two IgA molecules joined with a secretory component,
being called secretory IgA (sIgA). sIgA is present in high con-
centrations during early lactation but remains in substantial
concentrations throughout lactation [91]. This secretory
component works as a defense mechanism for the antibody
molecules, protecting them from gastric acid and digestive
enzymes [89]. Maternal immunity can be transferred to the
infant via antigen-specific sIgA in the mother’s milk, thereby
preventing adherence and penetration of both bacterial and
dietary antigens capable of provoking inflammation in the
intestinal mucosa [93]. Unlike most other antibodies, sIgA
combats the disease without causing inflammation. Although
the intestinal mucosa can produce sIgA to some extent in all
infants, the amount of sIgA in breastfed infants far outweighs
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that of formula-fed infants [48]. Despite the differences in
their structures, the IgG in cow’s milk seems to have the same
function observed in human milk [10, 78]. Some studies have
been carried out to increase the concentration of immuno-
globulins in infant formulas using immunoglobulins isolated
from bovine colostrum. These studies’ results were not satis-
factory; moreover, designing this type of formula additive on
a large scale is technologically questionable [92]. Although
IgA antibodies in human milk cannot be reproduced in
infant formula, other components, such as prebiotics, pro-
biotics, and lactoferrin, can be added [35].

In addition to the proteins mentioned above, human milk
contains many other minor bioactive proteins that exert
diverse biological functions (Table 1). For example, the
folate-binding protein can facilitate folate uptake; lipase and
amylase are enzymes that can aid the digestion and utiliza-
tion of some macro and micronutrients. Amylase can also
aid the digestion of complex carbohydrates; a-antitrypsin
and antichymotrypsin are protease inhibitors in human milk
and work together to restrict the pancreatic proteases chymo-
trypsin and trypsin, in addition, to play a role in digestion
and/or absorption of bioactive proteins present at relatively
higher concentrations in colostrum; the growth factors,
such as epidermal growth factor and insulin-like growth
factors, originated from salivary glands of the infants or
human milk are related to intestinal development; hapto-
corrin (vitamin B12 binding protein) is the main means for
allowing vitamin B12 absorption in early infanthood; osteo-
pontin affects intestinal and immune development, and some
proteins that are inserted in milk fat globule membrane
(mucin-1, butyrophilin, CD36, adipophilin, and lactadherin)
that contribute to the antiviral and antibacterial activities of
MGEFM [29, 64, 89, 94].

5. Taurine

Taurine (2-aminoethane sulfonic acid) is a nonprotein
amino acid found in most mammalian tissues, particularly
in the brain, retina, myocardium, liver, skeletal muscle, kid-
ney, and in human milk at all lactation stages (3.4-
8.0mg/100mL) [18, 95]. Taurine is the product of the metab-
olism of methionine and cysteine and is not incorporated
into any proteins. It is often referred to as a “nonessential”
amino acid or a “conditionally essential.” This means that
they can be considered essential in individual physiological
states of development and certain clinical conditions [96].
In general, mammals can synthesize taurine endogenously,
but some species, such as humans, are more dependent on
taurine food sources [97]. Since humans have a relatively
low ability to synthesize taurine, it is considered essential
for normal perinatal development and is, therefore, nutri-
tionally seen as a “conditionally essential” amino acid [98].
The biosynthesis of taurine varies according to the develop-
mental stage. In this way, human infants, unlike adults, can-
not synthesize taurine from methionine and cysteine
precursors [95, 96, 99, 100]. Infants depend on taurine deliv-
ered from their mothers via either the placenta or human
milk so that the plasma level remains significant [99]. Tau-
rine is the most abundant free amino acid in human milk,
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TaBLE 1: Human milk proteins and their biological functions.

Biological function Bioactive protein
a-CN
B-CN
k-CN
a-La
B-CN

Digestion and absorption a-La

of nutrients a-Antitrypsin

Nutrition

Antichymotrypsin
Amylase
Enzymes Lipase stimulated by bile salt a- a-La
(calcium and zinc)
B-CN (calcium, zinc, and phosphorus)
. . . Folate-binding protein (folate)
Nutrient carrier proteins . . .
Haptocorrin (B12 vitamin)
Lf (iron)
Growth factors
Lf
a-La
k-CN
Lf
Cytokines

Haptocorrin

Intestinal development

Immune defense
Lactoperoxidase

Lysozyme
Osteopontin

Secretory IgA
IgM, IgG, IgD, and IgE

a-La
Lf
Glycans
MFGM proteins(l)
Lf
MFGM proteins(l)

MFGM proteins': some bioactive proteins (mucin-1, butyrophilin, CD36,
adipophilin, and lactadherin) that are inserted in the milk fat globule
membrane (MFGM). CN: casein; La: a-lactalbumin; Lf: lactoferrin; Ig:
immunoglobulin. Source: Ballard and Morrow [29], Donovan [64], and
Haschke et al. [94].

Prebiotic

Cognitive development

representing approximately 50% of the total free amino acids,
together with glutamic acid [101].

In an infant, taurine performs a wide variety of functions
in the central nervous system, from development to neuro-
protection. Also, it has other physiological functions, such
as membrane stabilization, cell-volume regulation, mito-
chondrial protein translocation, antioxidative activity, and
the modulation of intracellular calcium levels [98, 99]. Obser-
vational data suggest that relative taurine deficiency during
the neonatal period is associated with adverse long-term neu-
rodevelopmental outcomes in preterm and full-term infants.
Based on this, Codex Alimentarius [102] recommends
enriching all infant formula with taurine as a precautionary

measure to provide improved nutrition with the same safety
margin for their newly identified physiological functions as
those found in human milk [103, 104].

The taurine contribution extends from conception and
continues throughout life, but its most critical exposure
period is during perinatal life. Perinatal taurine supple-
mentation promotes prenatal and postnatal growth and
development and protects against adult diseases, such as
cardiomyopathy, renal dysfunction, developmental abnor-
malities, and severe damage to retinal neurons [98]. During
pregnancy, taurine accumulates in the maternal tissues,
where it is periodically released to the fetus via the placenta
and to the newborn through breastfeeding [99]. It is accumu-
lated mainly in the fetal and neonatal brain [95]. Even though
it is well known that taurine is essential for fetuses and
infants, the mechanism of action of taurine is not yet fully
understood [95, 98, 99].

Some dairy products, such as cow’s milk, have low
amounts of taurine (0.5mg/100mL); for this reason, syn-
thetic taurine has been added to infant formula [98]. In con-
trast to this, goat’s milk, which has a similar taurine content
to human milk, is a potential alternative to synthetic taurine
[96]. Synthetic taurine is voluntarily added to infant formula
as part of the wider strategy to match infant formula with
human milk, as taurine is rare in cow’s milk. Taurine concen-
trations in milk from mothers of term infants are around
4.7mg/100kcal [105]. The committee supports taurine’s
optional addition up to a maximum of 12 mg/100 mL to all
types of formula without setting a minimum value [18]. In
this way, taurine supplementation in infant formulas can
improve infants’ nourishment that is not breastfeeding
[101]. Regarding its bioavailability in infant formulas, to date,
no studies have evaluated the concentration of taurine after
its production and storage.

In a systematic review performed by Verner et al
[103], the authors evaluated the growth and developmental
effects of providing supplemental taurine to enterally or
parenterally fed preterm or low birth weight infants.
According to the authors’ critical analysis, the available
data from clinical trials revealed no evidence that supple-
mentation with taurine or parenteral nutrition has signifi-
cant clinical effects on premature or underweight infants’
growth and development. The inherent limitation of these
studies is that taurine’s plasma levels after its supplemen-
tation in formulas were not conducted.

In a more updated systematic review and meta-analysis
performed by Cao et al. [104], the authors evaluated different
studies that analyzed the effect of taurine supplementation
on growth in low birth weight infants. The evaluation of
these studies concluded that there was no significant effect
on growth in low birth weight infants. These data corrob-
orate with the systematic review performed by Verner et al.
[103]. Unlike the previous systematic review, the authors
also presented the summary results of taurine on plasma.
The meta-analysis results indicated that taurine supplemen-
tation significantly reduced length gain, plasma glycine, ala-
nine, leucine, tyrosine, histidine, proline, and asparagine-
glutamine. In addition, taurine supplementation has also
been shown to affect the levels of acidic sterols, total fatty
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acids, total saturated fatty acids, and unsaturated fatty acids.
However, according to the authors, although there are several
significant differences in plasma indices, no significant effect
on growth in low birth weight infants was observed with tau-
rine supplementation.

Exogenously acquired taurine may not be essential to
maintain levels in healthy children and may only be essential
in very premature or seriously ill children. Despite the lack of
evidence of these benefits in clinical trials, taurine is still
added to infant formulas and parenteral nutrition solutions
used to feed premature and low birth weight infants due to
the association between taurine deficiency and its various
adverse outcomes. It should be noted that most of the studies
selected in both reviews were not recent. After the last publi-
cation period, we found no new studies that evaluate the ben-
efits of taurine supplementation in infant formulas. Thus,
further clinical studies are needed to evaluate the beneficial
effects of taurine added to infant formulas.

In this way, considering the lack of scientific evidence for
the benefit of the addition of taurine to infant formula, the
panel of scientific opinion considers that there is no necessity
to add taurine to infant formula. In addition, there are also no
reports of adverse effects occurring with the current specifi-
cations of taurine in infant formula [6].

6. Folates

Among the bioactive compounds related to vitamins, we
focus on folates, a water-soluble B vitamin (B9) not synthe-
sized in the human body (thus, its concentration in human
milk depends on the mother’s diet). In a regular diet, this
nutrient comes mainly from foods of plant or microorganism
origin. Folates are derived from tetrahydrofolate (THF), the
most oxidized form consisting of a pteridine ring, a para-
aminobenzoate, and a glutamate tail (Figure 2). Other folates
differ in the length of their glutamate tails, ranging from one
glutamate (monoglutamate) to approximately eight y-linked
L-glutamates (polyglutamate) and those with one-carbon
attached to the molecule (methyl-, formyl-, methylene-,
methenyl-, or formimino-) [106]. Folate is found in foods
predominantly as polyglutamyl forms of tetrahydrofolate
(THF), 5-methyl-THF, and 10-formyl-THF [107, 108].

In human milk, the average content of total folates is
around 12.3 ug/100mL [106], while cow’s milk contains
low amounts (5-10 yg/100 mL) and predominantly consists
of the 5-methyl-THF form [107]. Folate is an essential vita-
min that is involved in different biochemical processes. Its
deficiency is a significant public health challenge since it
can lead to physiological disorders, which can become aggra-
vating in a developing child [109, 110]. Folate deficiency con-
tributes to severe congenital anomalies, neural tube defects
during embryogenesis, neurological diseases, and deficits in
vitamin B12 that have negative consequences on the develop-
ing brain during infancy [111]. Folates are necessary for
erythropoiesis, as they participate in the formation and mat-
uration of red blood cells in the bone marrow. This is one of
the causes associated with megaloblastic anemia and is usu-
ally due to insufficient intake of folates [112].
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Folic acid (pteroyl-monoglutamic acid) is a synthetic and
oxidized form of folate with a chemical structure and biolog-
ical activities similar to those of other forms of folates. Syn-
thetic folic acid is converted by dihydrofolate reductase
enzyme into THF, the biochemically active form responsible
for playing important cell replication and methylation reac-
tions [113]. Folic acid is more stable and bioavailable than
others; for this reason, it is commonly added into food sup-
plements, such as infant formulas and fortified foods, to
ensure adequate intake [114]. Considering the different bio-
availability, dietary folate recommendations are expressed
in units of dietary folate equivalents (DFE). Because the
absorption efficiency of folates varies depending on their
chemical form, DFE, this efficiency is defined as 1 DFE=1
ug food folates = 0.6 ug folic acid from fortified food [113].

Folate intake recommendations for infants are based on
the adequate folate intake estimated by the mean intake from
exclusively breastfeed infants [113]. According to the Euro-
pean Food Safety Authority [6], a folate intake of 65 g DFE/-
day and 80 ug DFE/day has proven to be adequate for the
majority of infants in the first half and the second half of
the first year of life, respectively. Folic acid is the only
approved form for use in infant formulas. According to the
European Commission Directive [18], all infant formulas
must contain a minimum of 10 #g/100 mL and a maximum
of 50 ug/100 mL folic acid [6, 37].

Although 5-methyl-THF is the predominant folate form
in human milk and folinic acid, two other forms of folates
have already been previously assessed to be used for fortifica-
tion in specific food types; these folates are not currently
approved for use in infant formulas [37, 115]. Troesch and
coworkers [115] developed a recent study comparing infant
formulas with the addition of 5-methyl-THF with a standard
formula featuring folic acid fortification. This double-blind,
randomized clinical study was carried out between two
groups of infants. One group of infants received an infant
formula containing 5-methyl-THF, and the others received
infant formula containing folic acid. The effect on the
growth, tolerability, and safety of the infants was evaluated.
Infants who consumed the infant formula with 5-methyl-
THF showed no significant differences in their growth and
tolerance than the infants that consumed the formula with
folic acid; its addition to the formulas also did not raise any
safety concerns. Therefore, the authors concluded that there
is no problem in allowing the addition of 5-methyl-THF as
a source of folate in infant formulas (respecting the same
concentrations allowed for folic acid).

When more exogenous folic acid is received than is
required by the body, urinary excretion is increased, and
the excess is eliminated. Toxicity is not a concern since
folates are water-soluble and easily excreted by the kidneys
when present in excess [116]. However, the consumption of
high amounts of folic acid by subjects deficient in cobalamin
(vitamin B12) increases the risk of neurological damage by
masking the hematological manifestations of cobalamin defi-
ciency, but this is not fully confirmed [117]. The bioacces-
sibility of folates must be considered since folates are
thermolabile vitamins that can easily be lost during process-
ing and storage. In a study developed by Yaman et al. [107],
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FIGURE 2: Folates are tripartite molecules, which consist of a pteridine ring (green), a para-aminobenzoate (blue), and a glutamate tail (red). A
fully reduced tetrahydrofolate (THF) is present in these chemical structures. Figure adapted from Taylor and May [108].

in which the bioaccessibility of folic acid added to infant for-
mulas was evaluated through an in vitro digestibility analysis,
the authors identified that the bioaccessibility of folic acid in
infant formula decreases with a higher gastric pH. Thus, con-
sidering the different studies in vivo and in vitro, daily
requirements should be reviewed to plan a novel formula-
tion; besides being easily lost during processing, folic acid
may also become less bioavailable due to the infant’s gastric
acid pH.

7. Polyamines

Human milk contains polyamines and biogenic amines,
which belong to a group called bioactive molecules derived
from amino acids. Polyamines are substances that play a
significant role in regulating cell growth and proliferation,
while biogenic amines are vasoactive or neuroactive [118].
Biologically active polyamines include putrescine (1,4-
butane diamine), spermidine ((N-(3-aminopropyl)-1,4-
butane diamine)), and spermine (N,N-bis (3-aminopropyl)-
1,4-butane diamine). These molecules are considered as a sep-
arate group due to their biosynthetic pathways [119]. The
polyamine oxidase (PAO) enzyme represents one of the key
enzymes in polyamines’ catabolic pathways. PAO catalyzes
the oxidative deamination of spermidine or spermine, produc-
ing putrescine or spermidine, respectively. Diamine oxidase
(DAO) catalyzes the biodegradation of putrescine, producing
malondialdehyde (MDA). These enzymes involved in poly-
amine biosynthesis are exclusively located in the intracellular
environment, where they participate in DNA transcription
and RNA transduction [120]. Therefore, polyamines play an
important role in cell proliferation, cell growth, protein syn-
thesis, and nucleic acids [120, 121]. In addition to their endog-
enous synthesis, they are also supplied exogenously from
dietary nutrients and can be found in animal foods, plant
foods, and human milk in a free or conjugated form [122].

Human milk contains relatively high levels of poly-
amines, mainly spermine and spermidine, with a lower
amount of putrescine; these are synthesized by lactating
mammary epithelium [123-125], which is the first source
of exogenous polyamines for a newborn [123]. The concen-
trations and profiles of these compounds depend on several
factors, such as genetics, the stage of lactation in which the
polyamines tend to decrease, the age of the mother, time of
the day, the breast chose, the maternal polyamine dietary
intake, and the mother’s geographic location [122, 126, 127].
Besides, the concentration of polyamine in the human milk
of preterm and term infants can also vary. In a comparative
study, spermine, spermidine, and putrescine concentrations
in human milk samples from mothers of preterm infants
were 167.7nmol/dL, 615.5nmol/dL, and 165.6 nmol/dL,
respectively. The counterparts in human milk samples from
mothers of term infants were 173.4 nmol/dL, 457.5 nmol/dL,
and 82.4nmol/dL. Thus, in the human milk samples from
mothers of term infants, putrescine was 50% lower, spermi-
dine was 25% lower, and spermine remained practically
unchanged. This result is consistent with the higher protein
content in human milk from mothers of premature babies
when we consider the role of polyamines in the stimulation
of protein synthesis [123].

Bjelakovic et al. [120] investigated the polyamine metab-
olism in the colostrum (1st and 2nd day) and mature human
milk (30th day of lactation) by measuring PAO and DAO
enzyme activities, as well as by determining levels of MDA,
the final product of polyamine biodegradation. The authors
found a significant increase in PAO activity, which is
responsible for the synthesis of spermidine and spermine,
in the first days of lactation, and a marked decrease in
DAO activity, thereby decreasing the concentration of
putrescine and, consequently, the MDA levels throughout
the first lactation month. This explains why the highest sper-
mine and spermidine concentrations in human milk are
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detected in the first days of lactation. These data demon-
strate the great importance of these bioactive compounds
in the feeding of the newborn.

Although there are no recommendations for daily poly-
amine, even for adults, it is known that in stages of rapid cell
growth, such as those that occur in the neonatal period, poly-
amine requirements are high [123, 124]. Thus, the ingestion
of polyamines via human milk has an essential role in infant
health. Polyamines are involved in the maturation of associ-
ated organs, such as the liver and pancreas, in the differenti-
ation and the immune system’s development. They can
stimulate the proliferation and maturation of the gastrointes-
tinal tract epithelium in newborns [120, 123, 125, 128]. In
addition, polyamines can prevent food allergies in breastfed
infants by decreasing mucosal permeability to antigenic pro-
teins [129].

A recent review prepared by Munoz-Esparza et al. [122],
in which the authors reviewed the content of polyamines in
food, exposed the contents of polyamines in human milk
and cow’s milk-based infant formulas reported in different
studies. The content range of spermidine, spermine, and
putrescine in human milk and infant formulas is shown in
Table 2. According to the authors’ analysis, the major poly-
amines in human milk are spermidine and spermine, and
their contents differ significantly, with coefficients of varia-
tion of 68% and 53%, respectively. It is important to note that
the human milk analyzed in these studies corresponds to dif-
ferent lactation phases, contributing to the high variability
observed. In infant formula, the variability between different
studies’ results was even higher than that for human milk,
with coefficients of variation of 89% for putrescine, 116%
for spermidine, and 160% for spermine. Despite this variabil-
ity, it can be concluded that the content and profiles of the
polyamine in infant formula differ from those in human
milk. In infant formula, the main polyamine is putrescine,
whose content is higher than that of human milk, while its
spermidine and spermine levels are lower. Studies related to
the content of polyamine in human milk and infant formula
are insufficient. More work is needed to clarify whether the
variability observed in human milk and infant formula is
due to different analytical methodologies or other factors that
have not been sufficiently investigated.

Although the concentration of polyamines is higher in
human milk than in cow’s milk-based infant formulas, the
bioactive function of these substances on the intestinal
growth and epithelial permeability in neonates and infants
remains an attractive hypothesis. However, this hypothesis
remains highly controversial since polyamines present in
cow’s milk are not the same profile observed in human milk.
The significant increase in the polyamine concentration in
human milk during the first week of lactation also raises
the question of polyamines’ physiological impact on the neo-
nate. The early polyamine concentrations likely reflect the
enhanced metabolic activity and protein synthesis rate of
the mammary glands [123, 127]. The use of infant formulas
enriched with polyamines could have beneficial infant feed-
ing applications during the first months of life, particularly
in infant formulas for premature infants and infants who
have early immune disorders [122].
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TABLE 2: Average contents (nmol/mL) of polyamines in term
human milk and infant formulas.

Starting infant ~ Follow-up infant

Polyamines = Human milk

formula formula
Spermidine 0.124-4.578 0.186-6.933 0.138-4.241
Spermine 0.104-5.080 0.129-7.339 0.158-6.227
Putrescine 0.030-896 0.018-14.300 0.263-12.796

Source: Munoz-Esparza et al. [122].

The impact already reported on the bioactive effects of
the polyamines present in human milk related to the matura-
tion of the intestinal and systemic immune systems suggest
that the supplementation of infant formulas manufactured
with polyamines may improve the immunological functions
of human infants in a similar way to that observed during
breastfeeding [123, 126, 127]. Some studies have demon-
strated that oral administration of polyamines induces early
postnatal maturation of the intestines and acts on the repair
of the intestinal mucosa and immune and inflammatory
responses. However, most of these studies were developed
with nonhuman animal models. According to Pérez-Cano
et al. [130], spermine and spermidine administration
improved the intestinal and systemic immune systems’ mat-
uration in suckling rats. In a study developed by Goémez-
Gallego et al. [121], the authors evaluated the impact of
infant formula supplementation with a mixture of different
polyamines (putrescine, spermidine, and spermine) on the
neonatal microbiota compositions in rats in the same con-
centrations present in human milk. The results demonstrated
the potential effects of polyamines on the intestinal microbial
composition of newborn rats. Another clinical study devel-
opment by the same authors [131] investigated whether the
proportion of polyamines found in human milk, adminis-
tered in combination with commercial infant formula in
early-weaned pups, affects the maturation of the immune
system in a rat model. The results demonstrate that the sup-
plementation of manufactured infant formula with poly-
amines enhanced the maturation of the systemic and
intestinal immune system. These changes mainly relate to
genes associated with immune system development. This
study agreed with the results obtained by Pérez-Cano et al.
[130]. The main difference between the former study com-
pared to the latter is that the neonates were weaned early,
and their only polyamine source was the enrichment of the
infant formula. Despite rats and humans having some differ-
ences, the available data suggest similar immune develop-
ment patterns [131].

We assume that similar processes may take place in
infant humans. However, it is necessary to consider that if
polyamines’ profiles between different mothers and in the
same mother are variable, the infant’s microbiota composi-
tion and immune system development will also be different
[127]. In this way, although the positive effects of polyamines
on health were evidenced in rats, further clinical studies are
necessary to verify if polyamines added to commercial infant
formulas would have the same beneficial effects observed in
the polyamines present in humans milk. Moreover, the doses
and proportions of each of the polyamines that should be
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added to infant formula deserve a more thorough study. In
addition to clinical studies, it is also necessary to consider
infant formulas’ processing and storage conditions, which
can influence polyamines’ content and profile [122, 131].
The lack of clinical studies explains why these bioactive com-
pounds have not yet been incorporated into infant formulas.

8. Milk Fat Globule Membrane

The milk fat globule membrane (MFGM) is a complex struc-
ture composed mainly of lipids and proteins that surround
the milk fat globule secreted by the alveolar epithelial cells of
humans and other mammals. MFGM and its constituents
are an important source of bioactive compounds. For this rea-
son, in recent years, they have gained attention from
researchers in the field of infant nutrition, who have shown
great interest in their nutritional, physiological, and health
benefits. Human and animal clinical studies have reported
positive effects on immune and gastrointestinal health, brain
development, and cognitive function. According to the stud-
ies, these effects were mainly attributed to the components of
MFGM [132-134]. The lipid fraction of human milk consti-
tutes 3 to 5% of its composition and is represented mainly
by spherical globules, consisting of a “nucleus” of triglycerides
(95-98% of total milk lipids) surrounded by a three-layer
structural membrane composed of a complex mixture of polar
lipids (phospholipids and sphingolipids) and nonpolar lipids
(cholesterol and cerebrosides), specific proteins (mainly glyco-
proteins), and carbohydrates (Gangliosides) [135].
Regarding the lipids inserted in the MFGM, the polar
lipids of the MFGM include phospholipids and sphingoli-
pids. Phospholipids are complex mixtures of more than 30
molecular species of phosphatidylcholine, phosphatidyletha-
nolamine, phosphatidylserine, phosphatidylinositol, and
sphingophospholipids. However, 90% of all polar lipids are
represented by phosphatidylcholine, phosphatidylethanol-
amine, and sphingophospholipids. Phosphatidylcholine acts
as a precursor to the biosynthesis of membrane constituents,
in addition to maintaining its permeability. Phosphatidyleth-
anolamine is mainly linked to unsaturated fatty acids with
high levels of oleic acid and linoleic acid [132, 136]. The
sphingophospholipids are composed mostly of saturated
fatty acids of medium or long-chain and have implications
for many beneficial effects, such as neurodevelopment and
intestinal development of newborns and protection against
infections caused by bacteria [137, 138]. Among the apolar
lipids, cholesterol works as a building block to MEGM, affect-
ing myelin’s development in the central and peripheral ner-
vous systems. It helps as a substrate for the synthesis of bile
acids, lipoproteins, vitamin D, hormones, and oxysterols
that modulate cholesterol, lipids, and glucose homeostasis
[139]. Human and bovine MFGM have similar sets of polar
lipids but with different polar lipid molecules, in which the
human MFGM contains more sphingomyelin than bovine;
however, they have the same phospholipid composition
[140]. Bovine MFGM contains considerable amounts of
short-chain, saturated fatty acids (linoleic), and hardly any
other long-chain polyunsaturated fatty acids (PUFA). How-
ever, human MFGM is rich in PUFAs, such as docosahexae-
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noic acid (DHA) [139, 141]. The carbohydrates present in
MFGM are in the form of gangliosides, a group of glyco-
sphingolipids comprised of sialic acid in their structure.
They are known to be involved in neuronal growth, migra-
tion and maturation, neuritogenesis, synaptogenesis, and
myelination [142].

The proteins contained in the fat globules are located in
different layers within the membranes, with the glycoprotein
carbohydrates directed outward (Hernell et al, [132]).
Although quantitatively represent only 1% to 2% of the total
protein content of human milk, MFGM contains more than
four hundred minor proteins with various significant func-
tions because many are known to have bioactive and poten-
tially beneficial properties, especially about the defense
mechanism of the child. Proteomic analysis of the MFGM
identified 191 proteins, with functions enriched in metabolis-
m/energy production (21%), cell communication (19%), and
general transport (16%), and to a lesser degree immune
response (20%) compared to whey proteins [64]. The main
proteins identified so far as part of the human MFGM are
xanthine oxidase, adipophilin, fatty acid-binding protein,
and the heavily glycosylated proteins such as the mucins
(mainly MUC-1 but also MUC-4, MUC-15, and others), lac-
tadherin, CD36, and butyrophilin [141, 143]. Many of these
proteins, such as mucins, lactaderine, and butyrophylline,
in the glycosylated form. These glycoproteins play important
roles in the intestinal microbiota defense mechanisms, acting
as specific bacterial and viral receptors, protect infants from
binding pathogens to glycan receptors on the mucosal cell
surface, regulating and improving infant intestinal microbi-
ota [104]. A comparative study between human MFGM
and bovine MFGM revealed that bovine MFGM has similar
amounts of proteins. The main bovine MFGM proteins
include mucin 1, xanthine oxidase, CD36, butyrophylline, adi-
pophylline, lactaderine, and fatty acid-binding protein [144,
145]. Moreover, it was identified that cow’s milk whey pro-
teins, especially beta-lactoglobulin, lactoferrin, and immuno-
globulin, are commonly associated with MFGM [49, 140].

Maternal factors such as the lactation period, environ-
mental conditions can influence the MFGM constituents
[145-147]. Total milk fat increases with the stage of lactation
and during breastfeeding. With the increase in total milk fat
during the first month of lactation, there is an increase in
the average size of MFGM diameter (0.2 to 15um) and a
reduction in phospholipids and cholesterol ratio to triacyl-
glycerols. The larger the diameter of the globules, the larger
the surface for efficient binding to lipolytic enzymes, thus
facilitating the digestion and absorption of lipids in the infant
gastrointestinal tract [141, 148]. Given this information, we
could say that the human MFGM has better digestibility
when compared to bovine MFGM. Concerning MFGM pro-
teins, human colostrum has a higher concentration of glyco-
sylated proteins (glycoproteins).

Standard formulas are devoid of MFGM during the pro-
duction process, as the fat from cow’s milk is replaced by veg-
etable oils [149]. Given the structure and composition of
three unique layers, as well as the benefits observed in
breastfed infants with those who receive standard formula
and given the similarities between human and bovine MFGM
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and the bioactive properties of MFGM components, the sup-
plementation of infant formulas with bovine MFGM would
be a great alternative to narrow the gap between human
breast milk and infant formulas made from cow’s milk. Dif-
ferent clinical studies in animal and human models have
shown positive results in child health and development by
supplementing infant formulas with MFGM (mainly from
cattle but also from other species), such as antiviral and anti-
bacterial activities, anti-inflammatory activities, immune
and gastrointestinal health, brain development, and cogni-
tive function.

Timby and collaborators [150], in a randomized clinical
trial developed with infants under two months of age,
revealed that children who received experimental low-
energy and low-protein infant formula supplemented with
bovine MFGM showed an improvement in neurocognitive
development and early growth when compared to those
who received standard formula, and was not significantly dif-
ferent from those in the breastfed group. As part of the pre-
vious study, the same authors assessed whether enriching
infant formulas with bovine MFGM would have a preventive
effect on infections and their symptoms during the first year
of life compared to breastfed babies [151]. The results
revealed that supplementation with MFGM had an expected
effect in decreasing the incidence of inflammatory diseases,
similar to breastfed infants. These results confirm the role
of MFGM proteins in defending against infections in breast-
feeding infants.

There is ample evidence that MGFM components influ-
ence brain development, with huge differences compared to
formula-fed infants [138, 152]. Polar lipid supplementation
can reduce the gap in neuronal functions, such as cognitive
performance, behavioral development, and myelination-
promoting markers between breastfed and formula-fed
infants. These findings support the idea that MFGM supple-
mentation has a beneficial effect on neural functions
throughout life. These neurodevelopment benefits may be
associated with the MFGM ganglioside, considering the high
ganglioside content in nervous tissue [153]. Gurnida et al.
[152] also compared infants fed with an experimental for-
mula enriched with gangliosides to a group fed standard for-
mula. The authors observed an improvement in hand and
eye coordination in those infants receiving the formula con-
taining the gangliosides, and this improvement was corre-
lated with an increase in serum ganglioside levels. In a
recent large study, multiple neurodevelopmental tests were
conducted to investigate infants’ performance receiving
infant formula enriched with MFGM-10 and lactoferrin. It
was observed that infants receiving formula with added
bovine MFGM and bovine lactoferrin had an accelerated
neurodevelopmental profile at day 365 and improved lan-
guage subcategories at day 545 [154].

Different studies have determined whether supplementa-
tion of MFGM in infant formula would lead to desirable
metabolism and intestinal microbiota changes. Le Huérou-
Luron et al. [155], in their study, identified that the incorpo-
ration of cow’s milk fat and fragments of MFGM altered the
developmental profile of the newborn intestine of pigs fed
with formula. The addition of cow lipids also accelerated
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the maturation of the intestinal immune system, which was
closer to that observed in mother-fed piglets [155]. Accord-
ing to the clinical study developed by Lee et al. [143],
although the supplementation of MFGM suppressed micro-
bial diversity and altered the metabolites associated with the
microbiota, the authors did not observe significant changes
in the composition of the fecal microbiota.

Some proteins present in the bovine MFGM have been
shown to have broad activity against pathogens. Thus, a
bovine whey protein concentrate enriched in the MFGM
fraction may help prevent bacterial and viral diarrhea [156].
In their clinical study, Nelly et al. [156] demonstrated that
the addition of a whey protein concentrate enriched with
MFGM, supplied to infants, reduced the probability of an
episode of bloody diarrhea and the prevalence of diarrhea.

The elaboration of a lipid complex with properties analo-
gous to the human milk fat globule is an important way to
reduce the gap between formula-fed and breastfed infants
[132, 134]. The enrichment of infant formulas with bovine
MEFEGM in different clinical studies increased the presence
of phospholipids, sphingolipids, glycolipids, and glycopro-
teins with the benefits resulting from different results (espe-
cially immunological and cognitive results), with no
reported adverse effects. Nevertheless, the precise mechanism
of action of MFGM remains to be elucidated, as well as is nec-
essary to discuss each component of MFGM to understand
its physical, chemical, and nutritional characteristics [140].
Although there is a prototype of infant formula with bovine
MFGM isolates, your inclusion in the manufacturing process
of infant formulas is not yet carried out on a large scale,
which is why it has not yet been adopted by the dairy indus-
try [135]. Furthermore, there is no regulation for its addition
to infant formulas.

9. Docosahexanoic Acid (DHA) and Arachidonic
Acid (ARA)

The composition of essential fatty acids in infant feeding can
also influence infants’ metabolism and metabolic program-
ming. Humans can synthesize saturated and monounsatu-
rated fatty acids, but they cannot synthesize polyunsaturated
fatty acids (PUFAs), such as a-linolenic acid (ALA-18: 3 w-
3) and linolenic acid (LA-18: 3 w-6). These essential nutrients
stand out for their body functions, but they must be present in
the diet [157]. ALA and LA are precursors of long-chain poly-
unsaturated fatty acids (LC-PUFAs). ALA is converted to
eicosapentaenoic acid (EPA, 20:5n-3) and then to docosahex-
aenoic acid (DHA, 22:6n-3), whereas LA is converted to
arachidonic acid (ARA, 20:4n-6) [139, 157, 158]. This con-
version of ALA into EPA and DHA depends on the indi-
vidual metabolism of each mother. It is estimated that the
conversion of ALA to EPA is around 0.2% to 6% and that
approximately 63% of EPA is converted into DHA. There-
fore, the formation of DHA is greater than that of EPA
[159]. The reported mean DHA and ARA levels of human
milk in mothers worldwide are 0.32% and 0.47% of total fatty
acids, respectively [160]. DHA supplementation substantially
increases human milk DHA content; in contrast, the
response to ARA supplementation is more variable [161].
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These two main LC-PUFAs (DHA and ARA) play a crit-
ical role in development and growth during pregnancy and
early childhood. DHA and ARA constitute an integral struc-
tural part of the membranes of the cells of the central nervous
system and retina [162, 163]. DHA is essential for the infant’s
brain normal growth and development, whereas DHA accu-
mulates during the first years of life [164]. Like DHA, ARA is
vital for infant neurological development, and, together,
DHA and ARA account for approximately 25% of the fatty
acids in the brain [165]. DHA is the main component of cell
membranes and is the most abundant fatty acid in the brain
and retina, making up about 40%-50% of PUFAs. ARA is a
membrane component and a precursor to potent signaling
molecules [166-169]. EPA, on the other hand, plays a more
important role in cardiovascular and immunological health.
These fatty acids accumulate in the retina, brain, and other
neuronal tissues during pregnancy and in newborns and
infants during the first two years of life, supplied through
human milk [170]. This evidence demonstrates the impor-
tance of adequate intake of LC-PUFAs during pregnancy
and lactation, which are critical neurological development
windows [157, 171]. In early pregnancy, DHA and ARA are
transferred from mother to fetus in the third trimester
through the placenta [157]. Although human fetuses can syn-
thesize DHA and ARA from their precursors, the amount of
these fatty acids ranges widely between infants. In postnatal
infants, human milk provides LC-PUFAs, such as DHA
and ARA, and the precursors’ LA and ALA, which are easily
absorbed and readily used. However, the human milk of dif-
ferent mothers contains different amounts of these fatty
acids. The ARA level is relatively consistent on a worldwide
basis. Studies have concluded that most human milk ARA
is derived from body stores, not from direct dietary absorp-
tion or as a result of synthesis from dietary LA [139].

In contrast, the level of DHA is more variable and
depends on maternal diet and lifestyle. Thompkinson et al.
[157] reported in their review that the synthesis of LC-
PUFA from LA and ALA is more active at earlier gestational
ages and decreases with advancing development. This leads
us to believe that the concentration of LC-PUFA decreases
during lactation. LC-PUFAs in human milk have received
considerable attention because many of the bioactive effects
in early life are mediated by these essential fatty acids. Since
infants cannot synthesize LC-PUFA, the enrichment of
infant formula with DHA and ARA is an effective way to pro-
mote the benefits of human milk in infants who cannot be
breastfed, thereby guaranteeing adequate levels for normal
development of the infant [158, 167, 172].

A blend of different fat sources can be present in infant
formulas in such a way that the lipid composition closely
resembles that of human milk. Presently, a mixture of vegeta-
ble oils, such as palm oil, coconut oil, sunflower oil, or soy oil,
is added to infant formulas [158, 173, 174]. Different clinical
studies have been carried out to evaluate the physiological
effects of supplementing infant formulas with DHA and
ARA and/or other types of lipids known to be present in
human milk [161]. According to clinical studies developed
by different authors, infants fed with infant formulas without
the addition of LC-PUFAs had significantly lower levels of

15

DHA and ARA in their plasma and red blood cells than those
who were breastfed or fed with infant formula supplemented
with DHA and ARA. In contrast, it was verified that the con-
centrations of DHA in the brains of infant breastfed are
higher than those in the brains of infants fed formula [160].
A meta-analysis of randomized controlled trials was con-
ducted to evaluate the effects of the supplementation of LC-
PUFAs in infant formulas on infant development [175,
176]. Qawasmi et al. [176] examined LC-PUFA supplemen-
tation’s efficacy in infant formulas on early cognitive func-
tions, such as attention and memory. Simultaneously,
Qawasmi et al. [175] assessed whether infant formula supple-
mentation with LC-PUFAs could affect the infant’s visual
acuity. The meta-analysis demonstrated no significant effect
of the supplementation of infant formula with LC-PUFA
on infant cognition; in contrast, the evidence demonstrated
a significant effect of LC-PUFA supplementation on the
infants’ visual acuity. According to Thompkinson and
coworkers [172], the concentration of DHA is higher in
plasma, erythrocyte membranes, and in the brains of infants
that are breastfed or receive infant formulas supplemented
with DHA compared to infants fed formula containing only
the precursors’ LA and ALA with no LC-PUFAs. According
to a report by Rogers et al. [171], although synthetic capaci-
ties are functional in fetal and early neonatal life, most data
indicate that the fetus or infant depends primarily on mater-
nal sources or external supplies LC-PUFAs. Nonetheless,
according to the available evidence, the results are inconclu-
sive and need to be analyzed over the long term.

The inclusion of animal fats in infant formulas was
widely used in the first part of the 20th century. However,
these fats were replaced by vegetable oils, which provide
higher levels of monounsaturated fatty acids and PUFAs
and, consequently, yield better digestibility and be a cheaper
and more easily accessible fat source [155, 177]. The interest
in exploring the use of different fats from cow’s milk for addi-
tion in infant formulas has increased in recent years, and rel-
evant clinical studies have been developed [157]. Cow’s milk
fat contains a composition of fatty acids and lipid compo-
nents different from those in vegetable oils [158]. Cow’s milk
fat can be added to infant formula in two different ways,
either as anhydrous milk fat, containing triglycerides and
other components like cholesterol and fat-soluble vitamins
or as full-fat milk or cream, containing—besides triglycerides
and cholesterol—all the components of the MFGM [158]. It
is noteworthy that the cow’s milk fat contains a low concen-
tration of DHA and DHA compared to human milk and dif-
ferent sources of vegetable fat [155, 158]. In a study
developed by Gianni et al. [178], in which the authors inves-
tigated the impact of a formula with a mixture of cow’s milk
fat and vegetable oils on the growth and gastrointestinal
tolerance of healthy infants, there were no statistically sig-
nificant differences in the weight, length, or head circum-
ference growth rates among groups fed with a formula
containing either a mix of dairy and vegetable oils or a blend
of vegetable oils (with or without ARA and DHA). An infant
formula that contains only vegetable oils contains lower
levels of butyrate and medium-chain fatty acids and higher
levels of monounsaturated fatty acids. For this reason, when
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a mixture of only vegetable fats is used, a source of palm oil
needs to be added to reach a similar level of palmitic acid as
that found in human milk [158].

According to the Codex Alimentarius and the Infant For-
mula Directive, the lipid concentration in standard infant
formula must be no less than 3 g/100 kcal and not more than
6g/100 kecal. Linoleic acid is allowed a range from 300 to
1,200 mg/100 kcal or 7%-20% of total fatty acids, which is
similar to the amount found in average human milk. How-
ever, this concentration varies considerably with the mother’s
diet. The minimum level is well above what is required to
prevent deficiency, and the maximum level considers that
an overly high intake of LA may have adverse effects on
several functions, such as lipoprotein metabolism, immune
functions, eicosanoid balance, and lipid peroxidation. The
addition of LC-PUFAs in infant formulas is optional.
However, if these fatty acids are added to formulas, they
are regulated by the maximum levels because overly high
concentrations are not beneficial and may have harmful
effects. The maximum level was set at 2% of total fatty
acids for ARA and 1% for DHA. These maximum levels
were set using the concentration in human milk as a ref-
erence. Furthermore, if added, there should be a proper
balance between ARA and DHA, and the concentration
of EPA should not exceed that of DHA, as EPA is a direct
metabolic competitor of ARA, and DHA cannot exceed
0.5% of total fatty acids [18, 26, 179].

It is important to note that, regardless of the fat blend
used, DHA and ARA are added as optional ingredients to
infant formula [139, 161]. However, in infant formula mar-
keted in European countries, the addition of DHA (20-
50 mg/100 mL) is now mandatory [155]. According to Codex
[102], the source of fat used to supplement infant formula
must be considered because some countries expressly prohibit
cotton and sesame seed oil and hydrogenated fats oils. Condi-
tions for the use of fish oil in formula products have also been
suggested to be an issue warranting discussion. Thus, given
DHA and ARA’s overall benefits, infant supplementation
may improve neurological outcomes, especially in vulnerable
populations. However, the optimal composition of the supple-
ment and the dosing and treatment strategies still need to be
determined to facilitate routine supplementation.

10. Prebiotic and Probiotic

10.1. Prebiotic. Prebiotics are defined as food ingredients that
must reach the colon practically intact. These compounds
should be fermented by a specific group of bacteria, stimulat-
ing its growth and/or activity and improving host health
([180, 181]). The most common prebiotics are nondigestible
carbohydrates, ranging from disaccharides to polysaccha-
rides. Human milk oligosaccharides (HMOs) are known to
exert prebiotic effects that serve as a metabolic substrate for
the desired bacteria and modulate an intestinal microbiota
composition with health benefits for the breastfed infant
[182-184]. HMOs are a family of structurally unconjugated
glycans and quantitatively represent one of the main compo-
nents of human milk. Many different functions have been
identified for HMOs, such as their effects on microbiota com-
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position by promoting desirable intestinal flora (since they
are the substrates for beneficial bacteria in the gut, where
they stimulate the growth of Bifidobacterium spp. and Lac-
tobacillus spp.). HMOs also prevent pathogen adhesion
since these compounds can act as receptor analogs of epi-
thelial cells, acting as competitive ligands for pathogenic
bacteria and their toxins, thereby preventing their adhesion;
they also prevent infection and support immunity since a
small amount can be absorbed into blood circulation. An
example of this is their immunoreactivity modulation,
thereby preventing allergic responses or food hypersensitiv-
ity [14, 185-187].

HMOs are soluble complexes composed of diverse sac-
charides comprised of five blocks: glucose (Glc), galactose
(Gal), N-acetylglucosamine (GlcNAc), fucose (Fuc), or sialic
acid (Neu5Ac) [182, 183, 188]. All HMOs are synthesized in
the mammary glands, and their biosynthesis begins with the
formation of a lactose core from galactose and glucose cata-
lyzed by S-galactosyltransferase in the presence of a-lactal-
bumin. There is some variation among the HMOs from
different mothers and the same mother, depending on the
lactation stage. HMOs are present in higher concentrations
during early lactation (20.9-23.0mg/mL) than during late
lactation (7.0-12.9 mg/mL) [183, 184]. The diversity among
different mothers in their oligosaccharides’ structures is also
noteworthy since this diversity depends on the expression
of specific transferase enzymes [189].

HMOs, exhibit a complex and dynamic mixture group,
with sizes, structures, and functions different from each
other. More than 200 different molecules have been identi-
fied and characterized in human milk, including many iso-
mers. However, it is believed that human milk has more
than a thousand different oligosaccharides, which represents
a significant analytical challenge [118, 183, 190, 191].
According to Akkerman et al. [192], about 200 different types
of HMOs have been characterized. HMOs’ profiles and
quantities depend on the mother’s genetic characteristics,
resulting in many types of oligosaccharides. The main oligo-
saccharides in human milk include fructo-oligosaccharides
(FOS) and galacto-oligosaccharides (GOS), as well as glyco-
loligosaccharides, isomalto-oligosaccharides, and xyloligo-
saccharides [13]. Oligosaccharides in the first few months
of lactation contain about 10%-30% FOS and 70%-90%
GOS [193]. FOS comprises a heterogeneous group of poly-
mers composed of a linear chain formed by D-fructose mol-
ecules bound by glycosidic bonds and by D-glucose at one
end. On the other hand, GOS are formed by D-galactose
chains with a D-glucose residue at the reducing end [194].
GOS reaches the large intestine, where they can act as prebi-
otics [195]. For this reason, multiple studies focused on the
effects of GOS in infant formula on microbiota composition,
and the direct effects GOS can have on the epithelium or
immune cells in the large intestine [194].

The HMOs are components of human milk and, there-
fore, are not found in the same composition and diversity
in the milk of other animals [192]. Oligosaccharides have
been detected in cow milk and some dairy products, but their
physiological role is unclear [181]. According to Urashima
et al. [196], 1 mg/mL of oligosaccharides was detected in
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the colostrum of cow’s milk collected immediately after par-
turition. However, this concentration was reduced after 48
hours. Thus, oligosaccharides are practically nonexistent in
the cow’s milk used in the preparation of infant formulas.
Consequently, cow’s milk-based formulas are supplemented
with nondigestible carbohydrates that have functional effects
similar to those of some HMOs since synthetic HMOs’
production is challenging and remains too expensive for
broad application [190]. Currently, infant formulas derived
from cow’s milk are supplemented with nondigestible car-
bohydrates, such as galacto-oligosaccharides (GOS) and/or
fructo-oligosaccharides (FOS) and/or polydextrose (PDX),
which have been demonstrated to replace some of the
functions of HMOs [197, 198]. Although these carbohy-
drate supplements have been reported to prevent allergies
and atopic dermatitis, it is unclear how these effects are
achieved [199, 200].

It is important to note that FOS and GOS are not like
HMOs. These oligosaccharides of synthetic or vegetal origin
are structurally different from HMOs, especially in monosac-
charides’ compositions. FOS and GOS polymers of galactose
and fructose, respectively, do not contain fucose or N-
acetylglycosamine like HMOs [192]. FOS can be produced
enzymatically from inulin obtained from natural sources,
such as chicory and sugar beet [201]. In contrast, commercial
GOS are generally obtained by f3-galactosidases of bacterial
and fungal origin [202]. Studies have shown an improvement
in intestinal flora composition, the frequency of depositions,
and softer stool consistency by using formulas supplemented
with long-chain fructan polysaccharides, such as inulin and
FOS, and mixtures of GOS in healthy newborns [203].

The prebiotic effects of other milk bioactive glycans, such
as glycoproteins and glycolipids, are also recognized as
responsible for the development of the microbiota, with
direct application in the prevention of diseases, such as nec-
rotizing enterocolitis, a common and devastating disease of
preterm infants [180]. Glycans linked to lactoferrin, as
already mentioned, provide antibacterial and antiviral activi-
ties in the intestine through direct effects on pathogens,
affecting gastrointestinal and immune functions [27]. Cow’s
milk lacks specific bioactive glycans that are presumably
important for child development [77, 200, 204]. A more in-
depth study on identifying bioactive glycans in bovine milk
would be of great importance for manipulating infant formu-
las since human milk is an unviable source for commerciali-
zation. A likely source of such glycans would be from other
species of animals [180].

Simple and complex oligosaccharides are present in cow’s
milk. Despite the structural similarity, the concentration is
significantly lower than in mature human milk, decreasing
throughout lactation [180]. Barile et al. [180] demonstrated
a way to isolate oligosaccharides from bovine milk from dairy
by-products using membrane filtration was demonstrated
and revealed that seven of the fifteen identified oligosaccha-
rides have the same composition as HMOs. Given the
extremely large and growing production of cheese whey
worldwide, its use can provide a significant extraction source
for HMO imitators. This research line would add a new
dimension to the profitable use of whey in the dairy industry.
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10.2. Probiotic. When ingested at defined doses, probiotics
are living bacteria that affect the host beneficially by improv-
ing his or her intestinal microbiological balance [205]. Bifido-
bacterium spp. and Lactobacillus spp. are the most common
probiotic bacteria found in infants’ guts [29]. Through a
mechanism called competitive exclusion, probiotic microor-
ganisms allow the intestinal microbiota to be modulated, pre-
venting the colonization of the mucosa via potentially
pathogenic microorganisms through competition for adhe-
sion and nutrient sites and/or through the production of anti-
microbial compounds [206, 207]. Probiotic microorganisms
also seem to influence the bioavailability and digestibility of
lipids and proteins due to the release of various enzymes in
the intestinal lumen [208]. The commonly administered pro-
biotic bacteria belong to the genera Bifidobacterium and Lac-
tobacillus but can be provided either as single or as mixtures
of strains [209].

Several clinical studies have compared the intestinal flora
of breastfed infants with infants who received infant formu-
las. These studies have shown that breastfed infants’ intesti-
nal flora had higher proportions of Bifidobacterium and
Lactobacillus than formula-fed infants. They presented a
more complex flora with higher proportions of Bacteroides,
Enterobacteriaceae, and Clostridium [192, 203, 210, 211].
Lactobacilli and bifidobacteria are the most common target
genera for prebiotics; however, bifidobacteria changes are
more likely to be compared to lactobacilli. This may be
because more bifidobacteria usually reside in the human
infant colon than lactobacilli, and they exhibit a preference
for oligosaccharides, a substrate for the growth of these bac-
teria [13, 187, 212]. The beneficial effects of bifidobacteria
include the increased absorption of certain nutritional essen-
tial minerals, such as calcium, phosphorus, iron, and B vita-
mins’ synthesis [13, 213]. They can also inhibit the binding
of pathogens to cell surfaces, thereby preventing some bacte-
rial pathogens” adhesion implicated in chronic infant diar-
rhea, a leading cause of childhood mortality worldwide [207].

Infant formula manufacturers have proposed two
approaches to achieve an intestinal flora more similar to that
of breast-fed infants: the addition of nondigestible carbohy-
drates that may act as prebiotics and/or the addition of cul-
tures of probiotic bacteria such as bifidobacteria and
lactobacilli, to mimic infant gastrointestinal colonization.
The HMOs are complex components; thus, reproducing
them faithfully is very difficult. To mimic HMOs’ benefits,
simpler synthetic prebiotic oligosaccharides were developed
to be used as additives in infant formulas. The most used pre-
biotic oligosaccharides are GOS and/or FOS [211, 213, 214].

Several bacterial strains included in infant formula have
been evaluated for their safety and potential beneficial
health effects. These include Bifidobacterium animalis
subsp. lactis CNCMI-3446, alone or in combination with
either Streptococcus thermophilus or with both S. thermophi-
lus and Lactobacillus helveticus; L. johnsonii Lal; B. longum
BL999 plus L. rhamnosus LPR; L. rhamnosus GG, L. reuteri
ATCC 55730; L. salivarius CECT5713; and L. fermentum
CECTS5716. The evidence demonstrates that the supplemen-
tation of formula with probiotics is not associated with
adverse outcomes [211, 215].
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The committee on Nutrition of the European Society for
Paediatric Gastroenterology, Hepatology, and Nutrition per-
formed a systematic review of the evidence related to the
infant safety of infant formula consumption supplemented
with probiotics and/or prebiotics compared to nonsupple-
mented formulas. The scientific data explored in this review
suggest that the consumption of infant formulas supple-
mented with prebiotics and/or probiotics, clinically evaluated
in healthy term infants, did not raise concerns about micro-
biological safety, child development, or adverse effects. How-
ever, it is noteworthy that the clinical effects and safety
should not be extrapolated to other products. Thus, the com-
mittee declared that the supplementation of infant formula
with prebiotics and/or probiotics is an important field of
infant nutrition research; however, more clinical studies with
better experimental designs are needed [211].

11. Health Benefits to Bioactive Compounds

Human milk provides a range of bioactive compounds that
can provide health benefits beyond the basic nutritional value
[31]. Scientific evidence has shown that these compounds in
human milk can contribute to the short- and long-term ben-
eficial effects on infants’ breastfeed. These bioactive com-
pounds involved a large group of components derived from
proteins, vitamins, amino acids, lipids, or carbohydrates.
Many of these components have synergistic effects, increas-
ing their biological effects [29]. This section will present some
clinical studies evidencing the beneficial effects of these com-
pounds on infant health. Controlled experiments in infant
humans are challenging to perform. In this way, most exper-
imental studies were performed in vitro or animal models.
Among the bioactive compounds present in human milk,
the addition of taurine, folic acid, long-chain polyunsatu-
rated fatty acids, prebiotics, and probiotics to infant formulas
is already an accomplishment, while others are still in an
experimental phase of efficacy and safety. Despite having
demonstrated bioactivity in studies with babies, in vitro or
animal models, there is still insufficient scientific data to sup-
port its incorporation into commercial infant formulas.

11.1. Bioactive Proteins. Bioactive proteins perform many
functions (Figure 3), such as a source of amino acids;
improve the bioavailability of micronutrients, including vita-
mins, minerals, and trace elements; support immune defense;
antimicrobial activity; stimulate intestinal growth and matu-
ration; and enhance learning and memory [64, 94]. Several of
the bioactive proteins’ activities are not attributed to the
intact proteins but exclusively to released bioactive peptides
[42, 43]. Many clinical studies have been developed to evalu-
ate the bioactivities of human milk proteins [45]. Thus, most
studies developed to date have used animal models to assess
the bioactivity of proteins present in human milk.

Evidence has shown that caseins, both intact and their
peptides, serve as sources of amino acids and stimulate min-
eral absorption. These proteins can also improve different
aspects of the immune system, antimicrobial activity, gastro-
intestinal modulation, antitumor, and opioid-like activity
[50-52]. The antimicrobial activity has been reported in dif-
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ferent fragments derived from k-casein hydrolyzate [54]. In a
study developed by Stromgqvist et al. [216], the authors eval-
uated the effectiveness of cell lineage-specific adhesion of
fluoroisothiocyanate-labeled Helicobacter pylori to human
gastric surface mucous cells. The results showed that fucose
containing carbohydrate moieties of human k-casein are
important to inhibit H. pylori adhesion and, therefore, infec-
tion. Also, suggesting that breastfeeding can protect against
H. pylori infection during early life. In addition to the bioac-
tivity of casein phosphopeptides related to the absorption of
calcium, iron, and zinc, studies suggest that these phospho-
peptides also have antitumor activity [52]. Shu et al. [217]
examined the association between breastfeeding and the
development of acute myeloid leukemia and acute lympho-
blastic leukemia in two case-control studies carried out by
the Children’s Cancer Group. Their results demonstrated
that breastfeeding was associated with a 21% reduction in
the risk of acute leukemia in childhood. A proof-of-concept
longitudinal study developed by Gridineva et al. [51] investi-
gated the concentration and daily intake of human milk
casein with the anthropometry and body composition of
exclusively breastfed infants during the first 12 months of life.
This study showed that the daily intake of casein and feeding
frequency is associated with the development of the infant’s
bodily composition and increased fat mass. This result
emphasizes the critical role of human milk and breastfeeding
in the programming of infant appetite control and growth
during the first year of life.

Alpha-lactalbumin is a rich source of essential amino
acids, including tryptophan, cysteine, lysine, and branched-
chain amino acids (leucine, isoleucine, and valine) all of
which are crucial for infant nutrition [45, 67]. In addition,
itis also an important protein in the enzyme system of lactose
synthesis that can facilitate the absorption of essential min-
erals, such as calcium, iron, and zinc [27]. Plasma tryptophan
concentrations, which are maximal during the night, have
been shown to influence newborns’ sleep patterns, which is
essential for the brain’s proper development [218]. The pep-
tides released during the digestion of a-lactalbumin have
been shown to have antibacterial activities (mostly against
gram-positive bacteria and non-gram-negative bacteria)
and immunostimulatory properties [27, 43, 219]. Briick and
coworkers [220, 221] demonstrated through different
in vitro and in vivo studies that a-lactalbumin can inhibit
several potential pathogens’ growth. Pellegrini et al. [219]
showed that polypeptide fragments from «-lactalbumin
exerted bactericidal activity against E. coli, Klebsiella pneu-
moniae, Staphylococcus aureus, Staphylococcus epidermis,
Streptococci, and C. Albicans. Specific peptides arising from
the digestion of a-lactalbumin have also been shown to
encourage bifidobacteria’s growth, a species that dominates
the gut of breastfed infants [222]. Another physiological
characteristic discovered about a-La is its tumoricidal activ-
ity. Alpha-lactalbumin induces apoptosis in certain cancer
cells and bacterial cell death [223] through the complex
termed HAMLET (human alpha-lactalbumin made lethal
to tumor cells). This complex is formed between alpha-
lactalbumin and oleic acid. Evidence from mouse and human
trials has shown that HAMLET may potentially have value in
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FIGURE 3: Biological functions of bioactive proteins present in human milk. Adapted from [64].

the future treatment of several cancers [224]. Another study
used a rat model to investigate the use of HAMLET extracted
from human milk as a specific treatment for brain tumors.
Research focusing on the structure and function of HAMLET
continues, intending to develop clinical applications [225].

The main bioactivities of lactoferrin are related to the
digestion and absorption of some nutrients such as iron, con-
ferring the newborn’s protection against anemia, stimulating
the proliferation and differentiation of intestinal cells, and act
in cognitive development, improving learning and memory
[79, 226]. The antimicrobial properties of lactoferrin are
related to the ability to sequester iron from biological fluids,
inhibiting the growth of bacteria (gram-positive and gram-
negative) that need this nutrient [79]. Another bioactive
property of lactoferrin is its potential to interact with the bac-
terial membrane of pathogens, causing fatal damage against
bacterial growth. The interaction of lactoferrin with the bac-
terial membrane also potentiates the action of other antibac-
terial factors, such as lysozyme [227]. In addition to the
bioactivity of intact lactoferrin, studies have shown that some
peptides (lactoferricin) formed from lactoferrin also have
potent activity against gram-positive and gram-negative
pathogenic bacteria [79]. Hagiwara et al. [228] demonstrated
in your experiment that both bovine and human lactoferrin
could promote cell proliferation from the gastrointestinal
tract. In an in vitro study developed by Buccigrossi et al.
[229] found that lactoferrin at higher concentrations induced
a strong and rapid increase in intestinal epithelial cell prolif-
eration, whereas low lactoferrin concentrations induced
stimulation of intestinal differentiation. These findings sug-
gest that the concentration of lactoferrin is a key modulator
of intestinal epithelium development.

Colonization of the intestine with beneficial bacteria is
essential for infants” health and well-being [230]. The antimi-
crobial activity of lactoferrin exerts a beneficial effect on the
intestinal microbiota because its bacteriostatic action does
not impair these beneficial bacteria’s growth, such as bifido-
bacteria [79]. Liepke et al. [231] demonstrated in their work
that the proteolytic fragments derived from lactoferrin stim-
ulate the growth of bifidobacteria and act as prebiotic growth
factors. The occurrence of bifidobacteria in the large intestine
is beneficial for infants, as it prevents the proliferation of
pathogens that cause diarrhea, such as salmonella or rotavi-

rus [230]. The potential role in the neurodevelopment and
cognition of lactoferrins has not yet been fully elucidated.
Chen et al. [232], to test the hypothesis that lactoferrin can
improve neurodevelopment, cognition, and memory, a group
of young pigs was supplemented with lactoferrin and the
other group not. In terms of cognitive development, piglets
supplemented with lactoferrin exhibited improved learning
and memory compared with piglets unsupplemented.

Lysozyme, like lactoferrin, exerts antimicrobial activity
in the gut of breastfed infants, thus contributing to the
development of beneficial intestinal microbiota. Together
with lactoferrin, lysozyme can act to kill gram-negative
bacteria and also can, regardless of lactoferrin, degrading
the outer cell wall of gram-positive bacteria [40, 222]. To
determine if lysozyme can modulate gut microbiota com-
position, Maga and colleagues [88] conducted a study
feeding trials in young pigs, followed by a more in-depth
fecal microbiota assessment. The authors found that lyso-
zyme modulated gastrointestinal microbiota by increasing
the ratio of beneficial bacteria and decreasing disease-
causing microbe numbers.

Human milk provides newborn immunomodulatory
components (sIgA, IgG, and IgM) that ensure the protec-
tion and proper development of the immune system.
Secretory IgA antibodies represent the first defense line
against several pathogens [93, 222, 233]. Pribylova et al.
[233] suggest that the broad spectrum of natural autoanti-
bodies and the high diversity of sIgA present in human
milk may contribute proper development of the mucosal
immune system of the breastfed infant, exerting anti-
inflammatory and tissue-protective activities. SIgA acts by
preventing pathogens’ access to the intestinal epithelium
through a series of processes that involve agglutination,
entrapment in mucus, and release by peristaltic movements
[94]. Rogier and coworkers [234] developed an experimental
system developed in mice to study the long-term benefits of
early exposure to IgA secretory antibodies in human milk.
Their findings found that human milk-derived SIgA pro-
moted intestinal epithelial barrier function in suckling neo-
nates, preventing systemic infection by potential pathogens.
In the long term, early exposure to SIgA could guarantee
the maintenance of a healthy gut microbiota, which persists
until adulthood [234].
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11.2. Taurine. Taurine is a nutritionally essential amino acid
for children, especially for premature infants [235]. In an
infant, taurine performs a wide variety of functions in the
central nervous system, from development to neuroprotec-
tion [236]. Primary studies demonstrated elevated concen-
trations of taurine were found in newborn and neonatal
brain [237]. Sturman et al. [238] found that when radiola-
belled taurine was injected into the peritoneum of a lactating
rat, it passed into the milk and accumulated in the brain of
the suckling pups, suggesting that this route might be an
important source for the central nervous system of taurine.
The high concentration of taurine in the developing brain
and retina raised the hypothesis that taurine plays an essen-
tial role in brain development [239]. It was found that chil-
dren who had low plasma concentrations of taurine for a
long period had abnormalities of the retina. However, both
low plasma values and retinal changes were corrected by add-
ing taurine to the diet, suggesting that taurine’s adequate
intake was important for maintaining brain taurine content
[240, 241]. The results obtained by Wharton et al. [242] sup-
port the hypothesis that low taurine status in the neonatal
period of preterm infants adversely influences later neurode-
velopment. These results confirm the view that taurine is a
conditionally essential nutrient as a food supply [242].

11.3. Folates. Folate is considered an essential micronutrient
for humans. This vitamin’s physiological need is even critical
in the early years of life since this is a period of rapid growth
and development. Folates play an essential role in DNA and
RNA’s biosynthesis and the metabolism of some amino acids,
making them essential in cell division and growth. The folate
deficiency is initially manifested in the fastest growing tis-
sues, such as bone marrow (erythropoiesis) and mucosa of
the gastrointestinal tract [243]. In this way, folate deficiency
in infants can cause many unwanted health problems, such
as megaloblastic anemia, leukopenia, thrombocytopenia,
delayed or abnormal infant development, alteration of the
central nervous system maturation, and atrophy of the intes-
tinal villi [24, 110, 244-246]. In addition, poor folate status
has also been shown to be a risk factor for respiratory infec-
tions in young children [247]. Breastfeed infant is protected
from folate deficiency because human milk folate content is
maintained at the expense of maternal reserves [248].
Human milk folates have higher bioavailability when com-
pared to folates present in infant formulas because of the
folate-binding protein available in human milk, which may
facilitate absorption from the gastrointestinal tract [89,
249]. Infant homocysteine metabolism may be regulated
through maternal folate concentrations during pregnancy
and lactation [248]. In a longitudinal study, Hay et al. [250]
measured the folate in serum through total homocysteine at
birth and 6, 12, and 24 months of age to determine how
breastfeeding and weaning can affect folate status. The
authors observed that serum folate concentrations increased
from birth to age six months and were declining until age
24 months. Comparing breastfed and nonbreastfed groups,
the exclusively breastfed infants had the highest concentra-
tions of serum folate. Donangelo et al. [251] and Foged
et al. [252] demonstrated in their studies that infants who
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were fed with human milk from mothers supplemented or
not with folic acid during lactation showed similar blood
levels of folate. According to O’Connor et al. [253], when
supplemental folic acid is given to mothers with blood folate
levels within an acceptable range, an increase in maternal
serum folate levels is observed without a concomitant
increase in human milk folate concentrations, suggesting that
folate intake does not affect milk folate concentration unless a
maternal deficiency is severe. Veena et al. [246] reported that
higher maternal folate concentration was associated with bet-
ter cognitive performance in the children. Most of the
mothers in this study manifested blood folate levels within
the normal range.

11.4. Polyamines. Polyamines” requirement is highest when
tissues are growing rapidly, which occurs in the early stages
of life. Human milk is the first and only source of exogenous
polyamines for infants [118, 119, 123, 124]. It is reported that
polyamines present in human milk may be beneficial com-
pounds to gut maturation and development and capable of
preventing food allergies in breastfed infants [128, 129].
Sabater-Molina et al. [128] evaluated the effects of neonatal
milk formulas supplemented with polyamines at the physio-
logic levels found in maternal milk on early-weaned piglets’
gut development. This experiment revealed that polyamines’
oral administration at physiologic doses improve the small
intestine’s development and growth. Fang et al. [254] also
obtained similar results.

Regarding the protective effect of human milk against
allergies, it has been proposed that milk spermine or spermi-
dine can control food allergy development in neonates. Peu-
len and colleagues [255] evaluated the correlation between
the concentration of polyamine (spermine) in milk intake
during the first month after birth and the appearance of
allergy in children who ingested this milk. The results
showed a clear dependence on the allergy appearance with
the polyamine concentration of human milk ingested during
the first months after birth. According to the authors’ expla-
nations, this is due to the increased maturation of the small
intestine and the immune system. This increased leads to a
decrease in permeability, which decreases the transfer of anti-
gens from the intestinal lumen to blood circulation [255]. It
can be concluded that the polyamines of human milk act only
as a preventive agent that regulates or induces the maturation
of the intestine, which consequently decreases the allergic
reactions caused by food. This behavior explains why allergic
problems are less frequent in breastfed infants when com-
pared with not breastfed infants [118, 124, 131].

11.5. MFGM. The MFGM that comprise fat droplets respon-
sible for lipid transport in human milk contains several bio-
logically active components. The MFGM has an essential
effect on the brain, intestine, and other regions of newborn
and infant organimos who receive breast milk. Increasing
evidence suggests that the structure of MFGM and its bioac-
tive components may benefit the child by assisting in the
structural and functional maturation of the intestine by pro-
viding essential nutrients and/or regulating various cellular
events during infant growth and immunological education.
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Also, antimicrobial peptides and fractions of surface carbo-
hydrates around the MFGM can play a key role in the forma-
tion of intestinal microbiota composition, which in turn can
promote protection against immune and inflammatory dis-
eases early in life [132, 143, 154-156]. Although the underly-
ing mechanism is not entirely clear, MFGM houses two
forms of glycoconjugates (glycoproteins and glycolipids),
which are believed to have antimicrobial, anti-inflammatory,
and prebiotic functions in the intestine. These functions may
be responsible for the modulation of the immune and micro-
biota response. The MFGM is also involved in the develop-
ment of the central nervous system and its metabolism,
supporting brain development and its cognitive functions
[149, 152].

11.5.1. LC-PUFAs. The lipids present in human milk, in addi-
tion to meeting the infant’s high energy needs, are essential
for growth, development, and future health [177]. Human
milk contains a wide variety of lipid components. Some of
them are essentials, such as PUFAs, LC-PUFAs, and fat-
soluble vitamins (vitamins A, D, E, and K) [177]. The compo-
sition of human milk PUFAs (LA and ALA) and LC-PUFAs
(DHA, ARA, and EPA) is markedly modified by maternal
dietary habits [139]. Both LA and ALA can influence meta-
bolic processes, such as lowering plasma cholesterol. In addi-
tion, they are precursors of endogenous synthesis of the
respective LC-PUFAs [177, 256]. Many of the biological
effects of the essential fatty acids in early life appear to be
mediated by LC-PUFA, which are critical for neurodevelop-
ment, especially for the maturation and maintenance of the
brain and retina and for neurological functions [162, 163].
Brain lipids are rich in LC-PUFAs and play a key role in neu-
ronal growth, signal transduction and excitability of neural
membranes, and in the expression of genes that regulate cell
differentiation and growth [257]. The DHA has shown that it
influences the development of executive functions and other
higher-order cognitive abilities and has influenced the devel-
opment of attention and information processing in later
childhood [258]. Innis et al. [259] developed a study with
exclusively breastfed children for at least three months.
Plasma fatty acid concentrations at two months of age; visual
acuity at 2, 4, 6, and 12 months; language development at
nine months; and mental and psychomotor development
index at 6 and 12 months were analyzed. The authors
reported a positive correlation of DHA with measures of
visual acuity and progression in language development.
These results were similar to other clinical studies in which
DHA has also been shown to increase visual acuity, motor
skills, and language development in premature children
[260, 261]. It has also been suggested that LC-PUFAs in
human milk can protect against allergy and infection and
mediate beneficial long-term effects of breastfeeding on
development in cardiometabolic factors such as blood pres-
sure and blood lipid profile [163, 256].

11.6. Prebiotic and Probiotic. It is well known that a balanced
and diverse microbiota from early childhood is essential to
prevent diseases in the short and long term and promote
healthy growth and development [262-264]. The feeding
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practice is an important factor of initial colonization, and
clinical studies have already shown that the composition of
the intestinal microbiota of infants fed exclusively with
human milk is different from those fed with infant formula
since prebiotics are not present or not in the same amount
[191, 203, 210, 264]. Human milk is rich in prebiotics such
as HMO that influence the composition of the intestinal
microbiota. HMO promotes commensal bacteria growth,
particularly bifidobacteria (Bifidobacterium infantis), and
growth factors, such as cytokines and immunoglobulins that
exert immunomodulatory effects [13, 265]. Furthermore,
human milk is a source of bioactive bacteria that can contrib-
ute to neonatal gastrointestinal colonization and immune
development and maturation. MiSeq sequencing of human
milk performed by Murphy et al. [264] revealed a large
microbial diversity of the human milk, identifying over 207
bacterial genera in milk samples. However, the predominant
bacterial groups were the genera Lactobacillus, Bifidobacter-
ium, Pseudomonas, Staphylococcus, Streptococcus, and
Enterococcus. The composition of the fecal microbiota of
the breastfeed infants reflects that found in human milk, sup-
porting the notion of vertical transfer via human milk.
Breastfeeding is associated with a lower incidence of digestive
tract diseases, such as necrotizing enterocolitis and diarrhea
and a lower incidence of inflammatory bowel diseases, type
2 diabetes, and obesity later in life [263, 266]. The study car-
ried out by Chichlowski et al. [267] provided evidence to the
relation between HMO-grown bifidobacteria and the poten-
tially induce an anti-inflammatory response in the intestinal
epithelial cells. A randomized, controlled trial using a probi-
otic combination (VSL#3) in children with ulcerative colitis
has demonstrated the safety and efficacy of this preparation
in maintaining disease remission compared with placebo
[268, 269]. In children with irritable bowel syndrome, a
crossover trial reported that treatment with the same prebi-
otic combination improved subjective symptoms and
reduced abdominal pain and discomfort or bloating and gas
compared with placebo [270]. Necrotizing enterocolitis,
caused by altered microbial colonization, is a serious disease
that affects preterm infants and has serious morbidity and a
high mortality rate [271]. Altered microbial colonization,
formula feeding, and neonatal stress are thought to be
involved in its pathogenesis. Different studies have shown
that supplementation with probiotics in preterm infants sig-
nificantly reduces the incidence of necrotizing enterocolitis
and mortality [272-274]. Gut colonization of preterm infants
is delayed, which increases the risk of colonization with path-
ogens compared with full-term newborns [271]. Oral supple-
mentation with lactoferrin alone or in combination with L.
rhamnosus GG significantly reduces sepsis development in
preterm neonates [86].

12. Final Considerations

It is essential to make sure that the purpose of infant formula
feeding is not to mimic human milk, which is qualitatively
incomparable, but to approximate the nutritional character-
istics that human milk offers. There is irrefutable evidence
that, given the impossibility of breastfeeding, infant formulas
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are the best alternative for ensuring adequate nutrition.
Although the infant food industry has advanced concerning
the adequacy of basic nutritional compounds and the inclu-
sion of bioactive compounds, there is no consensus if these
novel bioactive ingredients added to infant formulas have
the same functional effects found in human milk. Moreover,
further studies are needed to assess the bioactivity and bio-
availability of these compounds incorporated into infant for-
mulas after the stage of thermal processing and storage since
they may lose their bioactivity or decrease their bioavailabil-
ity. In addition, additional studies should clinically analyze
the bioactive compounds already incorporated in infant for-
mulas currently produced and the compounds that are still in
the experimental phase to assess their physiological efficacy
when added to infant formula.
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