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Abstract: Milk lipids are composed of milk fat globules (MFGs) surrounded by the milk fat globule
membrane (MFGM). MFGM protects MFGs from coalescence and enzymatic degradation. The
milk lipid fraction is a “natural solvent” for macronutrients such as phospholipids, proteins and
cholesterol, and micronutrients such as minerals and vitamins. The research focused largely on the
polar lipids of MFGM, given their wide bioactive properties. In this review we discussed (i) the
composition of MFGM proteome and its variations among species and phases of lactation and (ii) the
micronutrient content of human and cow’s milk lipid fraction. The major MFGM proteins are shared
among species, but the molecular function and protein expression of MFGM proteins vary among
species and phases of lactation. The main minerals in the milk lipid fraction are iron, zinc, copper
and calcium, whereas the major vitamins are vitamin A, 3-carotene, riboflavin and «-tocopherol. The
update and the combination of this knowledge could lead to the exploitation of the MFGM proteome
and the milk lipid fraction at nutritional, biological or technological levels. An example is the design
of innovative and value-added products, such as MEGM-supplemented infant formulas.

Keywords: milk fat globules; milk proteins; comparative proteomics; milk lipid fraction; milk
minerals; lipophilic vitamins

1. Introduction

Milk is nature’s most complete food because it is an essential source of nutrients and
bioactive compounds such as immunoglobulins, antimicrobial proteins, oligosaccharides,
phospholipids, hormones, minerals and vitamins [1,2]. Milk is an oil-in-water emulsion,
and milk lipids are organized as lipid droplets composed of a hydrophobic core surrounded
by a hydrophilic membrane. These two components are called milk fat globule (MFG)
core and milk fat globule membrane (MFGM), respectively [3-5]. MFGM represents 2-6%
of the total MFGs mass and is composed of 60% proteins and 40% lipids [6]. Milk lipids
are the major source of dietary energy for newborns for most mammalian species [7]. For
example, human milk lipids provide 44% of the energy supply to newborns [8]. Milk lipids
exert many bioactive functions in newborns, by contributing to the establishment of the
immune system, the maturation of the gastrointestinal tract and of the microbiota, actively
participating in lipid metabolism, building cellular membranes and sustaining neurodevel-
opment [2,8]. The milk lipid fraction acts as a “natural carrier” for the milk compounds
that retain these bioactive properties [9]. These compounds are mainly phospholipids,
sphingolipids and proteins of the MFGM, lipophilic vitamins, minerals and cholesterol.
Therefore, it is clear that lipogenesis is a process that deeply influences the bioactive role
of milk.
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In dairy ruminants, the formation and maturation processes of MFGs are related to
the lipid synthesis in the mammary epithelial cells. Long-chain fatty acids (LCFAs) derive
from dietary sources and mobilization of body reserves, whereas short- and medium-
chain fatty acids (SCFAs and MCFAs, respectively) derive from de novo synthesis in the
mammary epithelial cells [10]. LCFA uptake by mammary epithelial cells is mediated by
FA transporters, such as fatty acid binding protein (FABP) and acyl-CoA binding protein
(ACBP), and FA translocator CD36, whereas passive diffusion through cellular membranes
plays a minor role [10,11]. Once in the cells, fatty acids aggregate to form larger triglyceride
droplets in the endoplasmic reticulum (ER), from which they are then secreted in the
cytoplasm. The secretion implies that the triglyceride droplets are enclosed in a monolayer
deriving from the ER membrane. This monolayer is composed of polar lipids and proteins
of the ER membrane and is the first component of the MFGM. In the cytoplasm, the
droplets tend to aggregate with each other, producing larger globules while reaching the
apical pole of the cell. At this stage, the globules are finally secreted as mature MFGs,
surrounded by a bilayer membrane deriving from the plasma membrane of the cell. This
membrane is the second component of the MFGM. The result is that MFGs are enclosed in a
trilayer membrane, named MFGM [4,6,12]. The MFG core is composed of non-polar lipids
(e.g., triglycerides, 98% of total milk lipids), whereas the major components of MFGM
are polar lipids (e.g., phospholipids, glycolipids and sphingolipids, 1-2% of total milk
lipids), proteins and cholesterol from the ER membrane and the plasma membrane of the
mammary epithelial cells [6]. There is an association between the MFG size and the content
of MFGM. The ratio is given by the amount of MFGM (i.e., phospholipids) per unit mass
of fat. Smaller globules have a higher content of MFGM than larger globules; therefore, the
ratio is higher for smaller globules [13].

In the last decades, research has focused on the characterization of MFGM and on
the exploitation of its properties to design and produce value-added products. The main
examples are the infant formulas supplemented with MFGM. This supplementation can
reduce the gap between the nutritional and bioactive properties of human breast milk
and infant formulas [14,15]. Alongside the progress in this area, the research has been
less concerned both with the industrial exploitation of the MFGM proteome and with the
comprehension of the content of minor components of the milk lipid fraction.

The MFGM proteome represents the entire protein content of the milk lipid fraction.
Since the MFGM proteome is a unique pool of bioactive proteins, a deeper comprehension
of the proteome of various species and the comparative analyses between species and
phases of lactation could be exploited to design products particularly enriched in specific
bioactive proteins of the MFGM.

The minor components of the milk lipid fraction are primarily minerals and lipophilic
vitamins. These components are embedded in the MFG core and in the MFGM. The fat
fraction acts as a “natural carrier” for these compounds, increasing their bioaccessibility
and bioavailability. Understanding the micronutrient content of the fat fraction could lead
to their technological exploitation for the design of value-added products, in concert with
the MFGM proteome (that acts as a scaffold for the binding of minerals and vitamins to
MEFGs) and the bioactive polar lipids.

In this review we discussed the similarities and differences regarding the composition
of the MFGM proteome of various species, highlighting the properties of the human and
bovine MFGM proteome. Then, we revised the existing literature about the content and the
distribution of micronutrients in the milk lipid fraction of human and bovine milk. The aim
of the review is to provide an overview of the minor constituents of the milk lipid fraction,
discussing their bioactive properties and suggesting innovative attempts of implementing
the findings present in the literature about these topics.

2. MFGM Proteome and Comparative Proteomics

Milk and dairy products are an essential source of bioactive proteins and peptides [16].
Their bioactivity is exerted following gastrointestinal digestion and peptide release, acting
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directly on the intestinal epithelium or being adsorbed into the bloodstream. Several stud-
ies focused on the relation between the bioactivity of milk proteins and peptides and
the gastrointestinal digestion, which can be simulated by an in vitro approach, to assess
whether digestion could affect the bioactive role of proteins and peptides. The studies
focused on the application of in vitro digestion both to caseins and whey proteins [17,18]
and also to the MFGM proteins [19-21]. All the studies reported above confirm that milk
proteins are digested along the gastrointestinal tract, but the peptides or the metabolites
produced by the digestion can either exert their bioactive role on the intestinal epithelium
or influence the microbiota.

MEFGM proteins represent 25-60% of the total mass of the MFGM and 1-4% of the
total proteins of milk. The major MFGM proteins in bovine milk are adipophilin (ADPH),
butyrophilin (BTN), mucin 1 (MUC1), xanthine dehydrogenase/oxidase (XDH/XO), CD36,
lactadherin, periodic acid Schiff III (PAS III) and fatty acid-binding protein (FABP) [22,23].
These proteins exert wide and varied bioactive properties. For example, ADPH controls
the trafficking of lipids towards the MFGs [6]. BTN is a member of the immunoglobulin
superfamily. It has a structural role because it connects the inner and the outer MFGM
membrane by binding XDH/XO and ADPH in a tripartite superstructure. BTIN1A1 is the
main isoform in human MFGM and regulates the lipid secretion in milk [24]. MUC1 is a
member of the mucins family. It is a glycoprotein with a highly glycosylated extracellular
domain, which can act as decoy receptor, thus exerting an anti-adhesive action against
pathogens. In addition, the action of MUC1 can be enhanced by the synergy with XDH/XO.
XDH/XO is a redox enzyme that exerts its antimicrobial role by producing reactive oxygen
and nitrogen species [6,25]. Lactadherin, also known as PAS 6/7 or MFG-ES, is involved in
the immune response and in the regulation of apoptosis. FABP is a fatty acid transporter
and regulates the transport of LCFA into the mammary epithelial cells, a key step in the
synthesis of triglycerides and phospholipids [6].

The use of proteomics techniques enabled a better comprehension of the role of MFGM
proteome in milk and allowed to identify a higher number of MFGM proteins across
all species. In addition, comparative proteomics analyses were performed to elucidate
the variations and the similarities of MFGM proteome among species and phases of
lactation [26]. The main species considered were firstly human and bovine [27], then
more recent studies included other species such as goat, yak, buffalo, horse, camel and
donkey [28-30]. It is known that the milk composition varies between colostrum, the first
phase of lactation, and later lactation phases [31], and so it is also for the proteome of
the MFGM [32]. Table 1 lists the most recent articles focused on comparative proteomics
analyses of MFGM proteome.

Table 1. List of research articles and reviews about comparative proteomics analyses among species and phases of lactation.

Articles are listed by year and according to the different animal species.

Samples Objective Main Findings Ref.
Human

Human colostrum Update the human colostrum 107 proteins identified; 46% were typical MFGM [33]

MFGM proteome proteins (e.g., lactadherin and BTN) g

Human MFGM proteins: cell communication

Human milk from 1, 2, 3, 6, Examine the variations of human and signal transduction, immune function, [34]

and 12 months of lactation MFGM proteins during lactation metabolism and energy production; Variations :

during the course of lactation
323 phosphorylation sites and 203
Human colostrum and mature Identify the MFGM phosphoproteins; 48 MFGM phosphoproteins [35]
milk phosphoproteome differentially expressed between colostrum and

mature milk
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Samples Objective Main Findings Ref.
Bovine
Holstein cow milk in Proteins identified (120) responsible for
mid-lactation Update the proteome membrane/ protein trafficking (23%) and cell [36]
signaling (23%)
138 proteins identified; 26 proteins upregulated
. Quantify protein changes in and 19 proteins downregulated in 7-days MFGM
Holstem;_g;v zorlr?iilirum and bovine MFGM from colostrum compared with colostrum MFGM; Upregulated [32]
y and 7-days milk. proteins: FABP and MUCI; Early developmental
shift in milk fat transport
Characterize variations in MEGM 104 shared protem? 1dent.1f1fed in each tmu?pomt;
roteome of multiparous and M1 proteome enriched in immune-associated
. . . prot — proteins and regulatory proteins; 70% of proteins
Holstein dairy cow milk primiparous dairy cows at four L o . [37]
: . affected by milking; 44% of proteins affected
timepoints postpartum (M1, M2, b tv: 33% of ins affected by milki
M3, M4) y parity; 33% of proteins affected by milking
’ and parity
. Characterl.z e the effect O.f pasture 365 proteins identified in the MFGM fraction;
Jersey cow mature milk profile on the bovine . . [38]
Diet can alter the bovine MFGM proteome
MFGM proteome
Other species
Sarda dairy Characterize the ovine MFGM 149 total proteins identified; Ma]or. MFGM
. . . proteins are the most abundant in ovine MFGM [28]
sheep in mid-lactation proteome
proteome
Donkey colostrum and Characterize MFGM proteins in at 902 and 913 MFGM proteins in donkey [39]
mature milk two lactation periods colostrum and mature milk, respectively
. - 543 and 858 proteins in colostrum and mature
Investigate the variations between . . .
Colostrum and mature milk; 394 common proteins; Colostrum enriched
. . goat colostrum and mature . . . ) . [40]
Xinong Saanen goat milk in protein processing in the ER; Mature milk
MFGM proteome . . i . .
enriched in oxidative phosphorylation functions
Comparative analyses
Determine the differences in host Proteins identified: human milk 268, bovine milk
Human and cow mature milk 269; 147 common proteins; More antimicrobial [27]
defense proteomes A . . . .
proteins in bovine milk; More Igs in human milk
Caprine. bovine and Elucidate the proteome profile
phurr;an milk and biological activity of Major proteins shared among species [41]
different species
Holstein and Jersey cows, yak, . .. . .
Characterize the MFGM 520 proteins identified among all species, of
buffalo, goat, camel, horse, roteome from different speci hich th t shared 11 i [42]
and human mature milk p pecies which the most shared among all species
Tnvestigate the MEGM proteins in Major MFGM proteins conserved across species;
Human, cow, goat and . . Human MFGM proteome enriched in
. human milk and three typically . . . . [29]
yak milk I : immunological factors and proteins involved in
consumed milk in China . - . .
triglyceride and fatty acid catabolic process
Holstein and Jersey cows, . . Extended number of known glycosylation sites
buffalo, yak, goat, }z:amel Identify the N-glycoproteins of in the milk proteins from dai%yy anir};al species:
’ ’ ’ ’ the MFGM fractions from [43]

horse, and human
mature milk

different species

N-glycosylated proteins mostly related to the
“response to stimulus”
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Table 1. Cont.

Samples Objective Main Findings Ref.
411 proteins identified from humans and
Identify and analyze the bovines; 9 upregulated and 17 downregulated in
. composition and expression humans compared to bovine; Upregulated
Human and bovine colostrum changes of colostrum MFGM proteins in human colostrum mainly involved in [44]
proteins in humans and bovines immune functions; Many of the differentially
expressed proteins involved in immune function
128 and 42 proteins in human and caprine
Identify differences in MFGM MFGM proteome, respectively; Higher content
proteome of human and caprine of bioactive proteins in human than caprine
Human and caprine milk milk to evaluate nutritional MFGM proteome; Caprine milk could be a [45]
benefits of caprine milk for hypoallergenic alternative to newborns affected
infant’s growth by CMPA and without any chance of
breastfeeding
. Compare MFGM 362 common p}‘otems among human’colostrum
Human and bovine colostrum . and mature milk; 155 common proteins among
. N-glycoproteomes among species . ST [46]
and mature milk . bovine colostrum and mature milk; Higher
and lactation stages S . .
variations among species than lactation stages
Major MFGM proteins shared across species;
Holstein cow and Guanzhong Compare whey and MFGM 21% goat MFGM proteins: metabolic processes; [47]

goat mature milk

proteins across species

49% cow MFGM proteins:
disease-associated pathways

Human and cow MFGM proteomes show several similarities. In terms of quantity,
human and cow proteomes share the highest number of MFGM proteins and the highest
linear correlation coefficient (166 proteins, R = 0.71) if compared to the MFGM proteome of
goat (95 proteins, R = 0.60) and yak (76 proteins, R = 0.62). These data are also reported in
Figure 1. In addition, BTN, ADPH, FABP and MUC1 are the major MFGM proteins and are
shared among the two species [22,29]. These major proteins were identified as being the
most abundant also in sheep MFGM proteome [28].

Human

A

Total: 312

Human

Total: 312

Total: 312

166
R=0.71

=) o

Total: 554

Total: 175

Total: 143

Cow

Goat

o d

Yak

e

Figure 1. Number of individual and common milk fat globule membrane (MFGM) proteins in

human, cow, goat and yak, and Pearson correlation coefficient (R) between the MFGM proteomes of

human—-cow, human-goat and human-yak. Adapted from Lu et al., 2016 [29].
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Although there are quantitative similarities, human and cow MFGM proteomes show
qualitative variations. In 2011, Hettinga and collaborators [27] observed slight variations
in the number of proteins responsible for various molecular functions in human and cow
MEFGM proteomes (Table 2). The authors observed that the number of MFGM proteins
related to the immune defense was comparable between cows (44) and humans (51). The
cow’s MFGM proteome was enriched in antibacterial proteins, named cathelicidins and
mucins, related to innate immunity. Instead, the human MFGM proteome was enriched
in four proteins involved in the mucosal immune system: IgA, CD14, lactoferrin and
lysozyme [27]. IgA is the major isotype in the mucosal immune system and regulates the
balance between commensal microorganisms and pathogens [48]. CD14 is part of the Toll-
like receptor (TLR)-4 complex and protects from the invasion of pathogens by activating
the innate immune system. Lactoferrin and lysozyme are two antibacterial proteins with
a role in the innate immune system. The significantly higher amounts of IgA and CD14
in human MFGM than bovine MFGM (500-fold and 4.7-fold increase, respectively) are
explained by the different maturation of the immune system in human newborns and
calves. Human and bovine colostral MFGM contain similar amounts of IgA and CD14.
However, the concentration of IgA and CD14 decreases in bovine MFGM after the first
days of lactation because calves are capable of producing intestinal IgA at 4 days of age,
whereas the IgA concentration remains high in human MFGM because the intestine of
human newborns is devoid of IgA and CD14 [27].

Table 2. Number of proteins in human and cow MFGM proteomes related to various molecular
functions, listed according to the gene ontology (GO) annotation. Adapted from Hettinga et al.
(2011) [27].

Molecular Function Human Proteins Cow Proteins Common Proteins

Cell wall/adhesion 21 17 8
Coagulation 3 7 3
Cytoskeleton 12 8 7
Enzymes 70 50 25

Host defense 44 51 33
Protease inhibitors 12 15 8
Protein synthesis/chaperone 11 9 4
Signaling 15 19 7
Transport 48 64 39
Others 32 29 13

Total proteins 268 269 147

It is well known that colostrum has a high content of immune-related proteins because
it is essential in establishing the primitive acquired immune system in newborns [49]. As
seen above [27], also colostral MFGM proteome contains a higher number of proteins
related to the immune defense than milk of later phases of lactation [35,37,44]. A recent
study [44] identified a total of 411 MFGM proteins in human and bovine colostrum. Of the
26 differentially expressed proteins, 9 were upregulated and 17 downregulated in humans
if compared to bovine colostrum. These 9 proteins, such as neutrophil defensin 1, protein
5100, immunoglobulin K and lactadherin, were mostly involved in the innate and adaptive
immune defense. The authors assessed that the MFGM proteome of human colostrum was
more enriched in immune-related proteins than bovine colostrum [44]. The establishment
of a proper immune system is related to the correct intestinal maturation in newborns.
It was observed that calves fed with colostrum better established their immune system
(higher levels of IgG and serum complement C3 and C4) than calves fed with transitional
milk or bulk tank milk. Consequently, colostrum-fed calves showed better parameters of
intestinal development (higher villus length and width, crypt depth and mucosal thickness)
than the other two groups [50].
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Regarding other species’ MFGM proteome, some authors [45] compared human and
goat MFGM proteomes. They identified 128 and 42 proteins in human and goat MFGM,
respectively. Goat MFGM was richer in «-sl-casein and lactadherin if compared to human
MFGM. a-casein is the major casein in bovine and goat milk, and the s1 subunit forms
micellar complexes with calcium phosphate, thus enhancing calcium absorption. «-sl-
casein is one of the allergens that cause cow’s milk protein allergy (CMPA) in infants. Goat
milk represents both a source of MFGM proteins [51] and also a hypoallergenic alternative
to newborns affected by CMPA and without any chance of breastfeeding, as the amino acid
sequences of bovine and goat a-sl-casein are significantly different [45].

Besides the role of MFGM proteome in immunity, other bioactive functions of MFGM
were investigated. Ji and co-authors [30] evaluated the antiproliferative effect of the
MFGM fractions from five different mammalian species (yak, cow, goat, camel and buffalo)
on the HT-29 human colon cancer cell line. All the MFGM fractions impaired the cell
cycle, upregulated the apoptosis of HT-29 cells and reduced the mitochondrial membrane
potential (an event related to apoptosis). The authors did not clarify which was the MFGM
fraction responsible for the antiproliferative effect (proteins or polar lipids). However, this
study compared the data of five different species and determined the antiproliferative
function of MFGM. This is one of the few examples regarding the implementation of the
comparative proteomics analyses on MFGM across species [30].

All the results reported above lead to three main conclusions: (i) the major MFGM
proteins are shared among species, (ii) immune-related proteins are high in human colostral
MFGM proteome and (iii) the molecular function and protein expression levels vary among
species and different phases of lactation.

3. Milk Minerals and Vitamins

Milk and dairy products are crucial to the intake of minerals and vitamins. In fact,
they provide 20-40% of total dietary intake of vitamins and 10-20% of total dietary intake
of minerals in Western countries [52,53]. Table 3 reports the contribution of milk and dairy
products to the intake of minerals and vitamins.

Table 3. Contribution of bovine milk and dairy products to the intake of minerals and vitamins. Data
are expressed in %. Adapted from Graulet (2014) [54] and Gérska-Warsewicz et al. (2019) [55].

Minerals Ca P Na K Mg Fe Zn Cu I
Contribution (%) 55 25 7.3 12 11 3.5 14 5.8 9.1

Vitamins B1 B2 B5 B12 C A D E K
Contribution (%) 7-10 28-39 19 42 2-4 11 5 2 1

Most of the minerals are in the aqueous phase of milk (Table 4). However, the milk lipid
fraction is a “natural solvent” for minerals and lipophilic vitamins; therefore, the localization
in this fraction leads to an increase in their bioavailability and bioaccessibility [7,9]. Figure 2
shows the major minerals and lipophilic vitamins found in the milk lipid fraction.

An example for minerals is given by Pabén and Lénnerdal [56], who observed an
increased iron bioavailability in rats fed a human milk fat-enriched diet. Human milk fat
is richer in saturated fatty acids than infant formula, which is characterized by a higher
content of unsaturated fatty acids (mostly from vegetable oils). The saturated fats of human
milk modified the fatty acid composition of rats” intestinal mucosa and, therefore, increased
iron absorption, iron retention and hemoglobin regeneration. These parameters were lower
in rats fed with infant formula [56]. A further example for vitamins comes from the study
of Hayes and collaborators [57]. These authors observed a higher absorption of vitamin
E when microdispersed in milk, in comparison with the vitamin E in orange juice or in
capsules. The increased bioavailability of vitamin E could be ascribed to the chemical
features of milk fat. However, these findings need to be further addressed [58].
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Figure 2. Schematic representation of the major minerals and lipophilic vitamins present in the milk lipid fraction.

3.1. Minerals

The major minerals in milk are calcium, magnesium, phosphorus, sodium, zinc and
potassium [52]. The various minerals are distributed in milk according to their chem-
ical characteristics. Several factors can influence the mineral content of milk, such as
lactation stage (colostrum vs. mature milk) and animal diet’s composition [59]. In this
review we have focused on the mineral content of the milk lipid fraction, considering both
macroelements and microelements.

In 1984, Fransson and Lonnerdal [60] reported that some minerals specific to human
milk were associated with the milk lipid fraction. Regarding the distribution of the minerals
in the milk lipid fraction, high amounts of iron (61%), copper (73%), zinc (64%), calcium
(67%) and magnesium (71%) were located in the outer bilayer of the MFGM, whereas a
lower amount was associated with the inner monolayer membrane of the MFGM and then
with the MFG core [60].

Subsequently, further studies evaluated the mineral content of the milk lipid frac-
tion. Forty percent of iron content in human milk is found in the fat fraction, whereas in
cow’s milk iron content is similar, but the distribution in the milk lipid fraction is lower
(14%) (Table 4). Iron is bound to MFGM as cofactor of XDH/XO (xanthine dehydroge-
nase/xanthine oxidase), the major iron-binding protein [6,56]. Distribution of zinc is similar
to iron. Indeed, 18% of total zinc in human milk is located in the MFGM bound to alkaline
phosphatase, the major zinc-binding protein [60-62]. The zinc content is higher in cow’s
milk, but with a lower distribution in the milk lipid fraction (1%) if compared to human
milk lipid fraction (18%) (Table 4).
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Table 4. Distribution of minerals in whole milk and in milk lipid fraction of human and cow’s milk.
Data from Zamberlin et al. (2011) [52], Mulder and Walstra (1974) [63], Fransson and Lonnerdal
(1983) [64], Soliman (2005) [65], Walton and Flynn (2013) [66], Chassaing et al. (2016) [67] and
Pietrzak-Fie¢ko and Kamelska-Sadowska (2020) [68].

3 Whole Milk Milk Lipid Fraction
Minerals Human Cow Human Cow
Calcium (mg/100 g) 22-41 107-133 35-6.6 (16%)  0.2-0.4 (1%)
Iron (ug/100 g) 40-50 30-70 <20 (40%) <1 (14%)
Copper (ug/100 g) 30-50 12-17 <8 (15%) <0.3 (2%)
Zinc (ug/100 g) 145-165 350-400 <30 (18%) <4 (1%)
Magnesium (mg/100 g) 3-35 9-16 0.06-0.07 (2%) -
Phosphorus (mg/100 g) 12-17 90-102 - -

Calcium in milk is mainly associated with casein micelles. However, 16% of the total
milk calcium is found in the human milk lipid fraction. Of this amount, 67% is located in
the MFGM [62]. As well as zinc, calcium content is higher in cow’s milk than in human milk
(120 vs. 30 mg/100 g, respectively). However, calcium content in the milk lipid fraction is
significantly lower in cow (1%) than in human (16%) milk (Table 4). Although the diameter
of MFGs is similar between human and cow’s milk and ranges between 0.1 and 15 um,
calcium content in milk is correlated to MFGs’ size. Smaller MFGs are characterized by a
higher MFGM and calcium content than larger MFGs. In fact, MFGM content is inversely
proportional to the size of MFGs (because of the surface area: volume ratio), and calcium
content is mainly associated with MFGM than MFG core [69].

Finally, literature data reported that the intake of milk and dairy products is respon-
sible for 15-40% intake of magnesium [70]. However, about 98% of magnesium is found
in the skim milk phase [71]. This is the reason why magnesium content in the milk lipid
fraction has received little consideration in the literature, apart from the case of Fransson
and Lonnerdal [60].

It is important to underline that milk usually undergoes several industrial processes
before consumption. For example, heating can affect the nutritional value and the content of
micronutrients of milk. However, raw milk can be contaminated with pathogens. Therefore,
heating milk is thus necessary to avoid this risk and to increase the shelf-life of milk [72].
For what concerns minerals, their content is unaffected by heating because minerals are
both very heat-stable, and in milk they are usually bound with other components, such as
enzymes [73]. The only exception is iron. As seen in Section 3.2, iron is bound to MFGM as
a cofactor of XDH/XO. This binding was validated observing a decreased amount of iron
in the MFGM in response to heating, in particular from 110 ppm in the MFGM unheated
cream (50 °C) to 20 ppm in MFGM heated cream (80 °C). Heating induces the conversion
of the dehydrogenase form of the enzyme (XDH) to the oxidase one (XO), thus causing the
release of iron from XDH/XO [74].

To summarize, the milk lipid fraction contains mainly iron, copper, zinc and calcium,
even though some of these minerals are present in trace amounts. Since this fraction is rich
in bioactive polar lipids and proteins, and it also contains certain amounts of minerals, the
inclusion into value-added products could be beneficial.

3.2. Vitamins

Milk contains both hydrophilic and lipophilic vitamins. Hydrophilic vitamins are
vitamins C and those belonging to the B family, whereas lipophilic vitamins are A, D, E
and K. According to their chemical features, they are distributed either in the aqueous
phase or in the milk lipid fraction [2,55]. The milk lipid fraction is a major source of
lipophilic vitamins. The content of lipophilic vitamins in milk fat is related to the total
milk fat content and composition. Indeed, altering the total milk lipid profile changes the
content of lipophilic vitamins. The distribution among MFG core and MFGM depends on
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the chemical characteristics of each vitamin [9]. Table 5 reports the content of lipophilic
vitamins in human and cow milk lipid fractions.

Table 5. Content of lipophilic vitamins in human and cow milk. Data from Baldi and Pinotti (2008) [9],
Oste et al. (1997) [75], Park (2007) [76], Fantuz et al. (2016) [77] and Biadala and Konieczny (2018) [78].

Vitamins Human Milk Cow’s Milk
Vitamin A + all-trans-f3-carotene (mg/100 g) 0.05-0.06 0.04
Vitamin D (ug/100 g) 0.04-0.07 0.05-0.06
Vitamin E (mg/100 g) 0.24-0.28 0.10-0.13
Vitamin K (ug/100 g) 0.3-0.5 1.1

Vitamin A in milk is mainly present as retinol esters. The esters of retinol derive
from dietary intake and from the esterification of retinol in the mammary gland. Vitamin
A is associated with the milk lipid fraction and especially to the MFGM more than the
MEFG core [79]. Zahar and Smith [80] observed that the vitamin A content is inversely
proportional to the size of the MFGs; therefore, vitamin A concentration is higher in smaller
than in larger MFGs (Table 6). Since the content of MFGM is inversely proportional to
the MFGs size, they demonstrated that most of the vitamin A content is in the MFGM,
as observed also by Jensen and Nielsen [79,80]. Regarding the sources of vitamin A, the
authors observed a higher content of vitamin A in buttermilk than in butter oil obtained
from the same cream (Table 6) [80]. This is a crucial result because buttermilk is widely
recognized as the most important source of MFGM among dairy products and industrial
by-products [81,82].

Table 6. Concentration of retinol in larger and smaller MFGs (obtained from the same cream)
expressed as % retinol/g of fat of buttermilk or butter oil compared with retinol content in whole
milk. Data are expressed as mean + SEM. Values with different superscripts (*°) are significantly
different (p < 0.05). Data from Zahar and Smith (1995) [80].

Source of Vitamin A Cream with Larger MFGs Cream with Smaller MFGs
Buttermilk 98.132 +12.20 103.852 4 2.18
Butter oil 9040 + 1.84 87.83° £ 0.69

In addition, the milk lipid fraction also contains carotenes. The main carotene com-
pound in milk is all-trans-(3-carotene, which is a precursor of vitamin A [5]. The processes
of 3-carotene absorption and conversion to vitamin A produce losses; therefore, 6 mg of
[-carotene is required to obtain 1 mg of retinol equivalent [9]. The symmetrical structure
and the cleavage efficacy of all-trans-f3-carotene makes it the most efficient provitamin
A carotenoid [83]. 3-carotene is a lipophilic compound and it is located in the milk lipid
fraction, more in the MFG than in the MFGM [84]. This was demonstrated by Patton and
collaborators, who separated MFGs from MFGM through butter churning and observed
that the 3-carotene content was higher in the MFG sample. This content was comparable
to that found in the total milk lipid fraction [85]. The same result was also obtained by
Jensen and Nielsen [79].

Vitamin E is a family of lipophilic compounds known for their antioxidant activity.
The vitamin E family is divided into two classes, namely tocotrienols and tocopherols.
a-tocopherol is the most active form of vitamin E in the organism [86]. As for vitamin A,
the o-tocopherol content in milk depends on the total milk fat content. Indeed, an increase
of 1 g in total milk lipids causes an increase of 17 mg of x-tocopherol [9]. This compound
is mostly located in the MFGM, where it exerts an antioxidant function, thus protecting
MFGM phospholipids from lipid peroxidation. y-tocopherol is another compound of the
vitamin E family. Unlike x-tocopherol, y-tocopherol is mainly present in the MFG core
and not in the MFGM. This feature makes it less bioavailable and less bioaccessible than
a-tocopherol [79,87].
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In addition, several authors highlighted the presence of vitamin D in the milk lipid
fraction. Vitamin D is a family of liposoluble vitamins, and the prevalent form in the
milk lipid fraction is vitamin D3 (cholecalciferol). Vitamin Dj is indirectly associated with
MEFGM as a result of the binding between vitamin D3 and (3-lactoglobulin A. Indeed,
-lactoglobulin A directly binds MFGM in response to heat treatments and, therefore, acts
as a “bridge” for the association between MFGM and vitamin Dj [5,88,89].

Finally, the content of riboflavin (vitamin B,) in milk is peculiar because of its hy-
drophilic nature. Riboflavin is a component of flavin mononucleotide (FMN) and flavin
adenine dinucleotide (FAD), two coenzymes that are involved in metabolic pathways
such as energy production and cell metabolism. The content of riboflavin in cow’s milk
is 160-170 pg/100 g, whereas in human milk it is 20 pg/100 g, which is significantly
lower [75,76,90]. Riboflavin is a hydrophilic vitamin, and 67% of the total content is in the
whey fraction. However, 6% is also found in the fat fraction. In particular, the majority of
riboflavin in the fat fraction is associated with MFGM proteins (92%), probably bound to
the MFGM flavoprotein xanthine oxidase (XO) [90].

Regarding the effect of heating on the milk vitamin content, there is a distinction
between hydrophilic and lipophilic vitamins. The levels of the hydrophilic vitamins By, By,
and C decrease by 10-20% after pasteurization. Instead, vitamin B; is unaffected, and this
is valid also for the lipophilic vitamins. Indeed, vitamins A, D, E and [3-carotene appear to
suffer no loss after pasteurization or microwave heating [73,91].

To summarize, the main lipophilic vitamins in milk are present either in the MFGM or
in the MFG core. Vitamin A, vitamin D3, x-tocopherol and riboflavin are mainly located in
the MFGM, whereas {3-carotene and y-tocopherol are mainly located in the MFG core.

4. Prospective Opportunities for the Future

In recent years proteomics techniques have been adopted to expand and deepen the
knowledge about the MFGM proteome. The MFGM proteome of each species’ milk is
enriched in certain proteins. The different isoforms and molecular functions of specific
MEFGM proteins from certain animal species could be exploited to design products that
respond to specific clinical needs. The well-established higher content of immune-related
proteins in MFGM of colostrum across all species could be used to enhance the immune
functions of specific subjects by potentially decreasing the number of infective episodes
in newborns [80]. Moreover, the human MFGM proteome is enriched in proteins capable
of protecting the integrity of the mucosal immune system, thus decreasing the risk of
pathogen adhesion and infection [27]. Among the MFGM bioactive proteins, glycoproteins
such as MUC1, PAS III, PAS 6/7 and CD36 showed higher resistance to endogenous
proteases involved in the digestive process, if compared with non-glycosylated MFGM
proteins [19,20]. This means that MFGM glycoproteins are capable of reaching the intestinal
epithelium and maintaining their integrity. The industrial exploitation of these results
could lead to the design of glycoprotein-rich MFGM mixtures that exert an antiadhesive
effect at the intestinal mucosal level [92] or an antiviral effect, for example against rotavirus
infection [82]. In addition, MFGM proteins can be used to positively modulate the bacterial
population of the gut microbiota [92,93].

The idea of using specific MFGM proteins (or other components) to enrich infant
formulas is another field of application. Nowadays, standard infant formulas are cow milk-
based [94]. Although infant formulas mimic the composition of human breast milk, this
latter contains bioactive compounds such as immunoglobulins, enzymes and hormones
that are not included in standard infant formulas [95]. The supplementation of standard
infant formulas with MFGM proteins represents an attempt to better achieve the bioactivity
of human breast milk by infant formulas. Several studies based on the administration of
a MFGM protein-enriched infant formula to infants showed promising results [14,96,97].
The experimental formulas could sustain the establishment of a proper immune system
in infants and therefore reduce episodes of diarrhea [96] and also sustain the cognitive
performance of infants, resembling the results obtained by breastfed infants [14]. However,
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further research will increase the knowledge on the MFGM proteome and on its potential
inclusion in infant formulas.

Recently, the isolation and separation procedures of MFGM moved forward [98,99],
increasing the possibility to isolate and separate specific bioactive lipid or protein components.
The human milk lipid fraction has a higher content of minerals if compared to cow’s milk.
This suggests that the human milk lipid fraction is more effective as being a “natural solvent”
for micronutrients, especially for minerals. This feature could be crucial to face new necessities,
such as deficient conditions regarding the intake of certain minerals or vitamins.

The innovative element of this application of the milk lipid fraction lies in the fact that
the bioactive role of micronutrients would be associated with the bioactive role of MEGM
phospholipids and the MFGM proteome. The affinity between MFMG and vitamins can be
exploited to design and produce stable delivery systems for molecules. Examples are the
liposomes synthesized using MFGM phospholipids and carrying bioactive compounds
such as a-tocopherol. These liposomes showed high encapsulation efficiency (77%) and
structural endurance, in line with previous results [100].

5. Conclusions

The complex architecture of MFGs ensures a stable dispersion for the bioactive com-
pounds of milk. The MFGM proteome varies among species but retains its antimicrobial
and antiadhesive properties. Further, the MFGM proteome can act as a scaffold for many of
the micronutrients such as minerals and lipophilic vitamins, which can indirectly join the
milk lipid fraction. The presence of minerals and lipophilic vitamins enhances the bioactive
role of the milk lipid fraction.

To conclude, in this review we have provided a characterization of the variations and
similarities of the MFGM proteome of different species’ milk and the potential applications
of the MFGM proteome. In addition, we revised the data about the micronutrient content
of the milk lipid fraction of human and cow’s milk. Further research is needed firstly to
clarify the exact content of micronutrients in MFGs, then to implement this knowledge for
the design of value-added products.
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