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ABSTRACT:

Milk fat globules (MFGs) are secreted from the mammalian gland and are composed of a triacyl-
glycerol core surrounded by a triple membrane structure, the milk fat globule membrane (MFGM).
The MFGM contains complex lipids and proteins reported to have nutritional, immunological,
neurological and digestive functions. Human and ruminant milk are shown to share a similar MFG
structure but with different size, profile and abundance of protein and polar lipids. This review
summarizes the reported data on human, bovine, caprine and ovine MFG composition and con-
centration of bioactive components in different MFG-size fractions. A comprehensive understand-
ing of compositional variations between milk from different species and MFG size fractions may
help promote various milk sources as targeted supplements to improve human development and
health. MFG size and MFGM composition are species-specific and affected by lactation, diet and
breed (or maternal origin). Purification and enrichment methods for some bioactive proteins and
lipids present in the MFGM have yet to be established or are not scaled sufficiently to be used to
supplement human diets. To overcome this problem, MFG size selection through fractionation or
herd selection may provide a convenient way to pre-enrich the MFG fraction with specific protein
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and lipid components to fulfill human dietary and health requirements.

1. Introduction

Mammalian milk is designed to supply specific nutritional
yield, bioactivities and complex structures that optimize
maternal energy cost and infant survival (Lefevre, Sharp,
and Nicholas 2010). Human milk is enriched in whey pro-
teins, lactose and complex carbohydrates (Barlowska et al.
2011) whereas ruminant milk is a rich source of casein pro-
teins and fat, with a higher ratio of protein to lactose than
human milk. Humans consume milk from ruminant species
as whole milk, dairy products, or dairy ingredients.
Ruminant milk from different species has been extensively
studied, selected and modified (Pietrzak-Fiecko and
Kamelska-Sadowska 2020; Haug, Hestmark, and Harstad
2007) to address human nutritional and health requirements
(Gorlov et al. 2019; Park and Haenlein 2021; Suri et
al. 2019).

Husbandry methods and genetic selection have long been
used to improve the yield of milk volume, protein and fat.
Changes in specific components have led to milk with better
processing characteristics (e.g. increased casein content is
favorable for cheese production (Wedholm et al. 2006), a
low p-lactoglobulin concentration reduces the fouling rate

during pasteurization (Elofsson et al. 1996) and improved
health benefits (e.g. improved lipid quality has the potential
to significantly contribute to the production of dairy prod-
ucts with higher added value (Hanus et al. 2018)).

The lipid fraction of human and ruminant milk is
secreted from the mammalian gland in the form of milk fat
globules (MFGs), composed of a triacylglycerol (TAG) core
enclosed by a complex triple membrane structure, referred
to as the milk fat globule membrane (MFGM). The MFGM
contains polar lipids, specialized proteins, glycoproteins and
cholesterol, with nutritional, immunological, neurological
and digestive functions (Lopez 2011). Many biological func-
tions have been attributed to the MFGM and its compo-
nents; in the last decade, several research groups have
provided more information on the organization and com-
position of MFG. Human and ruminant milk were shown to
share the same MFG structure but with a different protein
profile and/or concentration and proportions of polar lipids
(Cebo and Martin 2012; Gallier et al. 2010; Lopez 2011;
Lopez, Cauty, and Guyomarc’h 2015; Lu et al. 2016; Zou et
al. 2013).
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Recent advances in manufacturing technologies have
enabled the concentration of bovine MFGM, known as a
phospholipid-enriched dairy ingredient, making it possible
to use this fraction to supplement adult diets (Watanabe et
al. 2020; Minegishi et al. 2016) and infant formula
(Holzmiiller and Kulozik 2016). The beneficial effects of
adding this into the diet were evidenced in studies showing
that MFGM supplementation to animal models and human
infants improved cognitive scores compared to a control for-
mula, and cognitive scores were similar to those of breast-
fed infants (Timby et al. 2014; Mudd et al. 2016). Dietary
supplementation with bovine MFGM to rodents was shown
to affect gut development and microbial composition
(Bhinder et al. 2017), decrease infection and inflammation
in rodent models, and promoted gut mucosal integrity dur-
ing lipopolysaccharide-induced intestinal inflammation, sug-
gesting that MFGM has a role on neurodevelopment and
has antibacterial and anti-inflammatory activities (Sprong et
al. 2012; Snow et al. 2011; Huang et al. 2019). Studies have
also shown that MFGM dietary supplementation improves
motor functions associated with muscle strength and agility
(Ota et al. 2015) and adaptation (Watanabe et al. 2020) fol-
lowing exercise interventions in older adults. Although diet-
ary MFGM has shown positive effects on health, no
mechanisms have been determined. It has been hypothesized
that MFG structure and/or specific components found in
the MFGM may be related to MFG functionality.

A number of studies have shown that some beneficial
components of the MFGM (i.e. lactadherin, ®-3 polyunsat-
urated fatty acids (PUFAs) and PL) are enriched in specific
size fractions of the MFG pool (Lopez et al. 2011; Lu,
Argov-Argaman, et al. 2016; Mesilati-Stahy, Mida, and
Argov-Argaman 2011). Lactation stage, breed (or maternal
geographical location) and diet are the main factors affecting
the MFG size profile, which may also affect lipid digestion
and bioactivity of MFGM components (Logan et al. 2014;
Mesilati-Stahy and Argov-Argaman 2014; Mesilati-Stahy et
al. 2015; Michalski et al. 2005). A detailed understanding of
compositional variations between milk from different species
and composition of MFG size fractions could encourage the
consumption of different milk sources, not only for nutri-
tional purposes, but as a targeted supplement to improve
development and health. So far, bovine, goat and sheep milk
are some of the most consumed milk in the world; however,
the variation in MFG size and composition have not been
explored as a source of bioactives. Thus, the focus of this
review is: (i) to discuss the common origin, structure and
general composition of the human, bovine, caprine and
ovine MFGs; (ii) to describe the factors affecting globule size
distribution and protein and lipid profile among these spe-
cies; and (iii) to describe the effects of milk processing on
the MFG beneficial effects.

2. Milk fat globule composition

Comprehensive reviews have been published on the struc-
ture and composition of MFG, primarily focusing on bovine
and human milk (Lopez, Cauty, and Guyomarc’h 2015;

Bourlieu and Michalski 2015; Gallier et al. 2015). The MFGs
contain TAGs (~98% w/w of total milk lipids) and are a
vehicle for fat-soluble nutrients (e.g. carotenoids and vita-
mins). Globules are covered by a three-layer membrane
structure, the MFGM, composed of proteins and lipids, and
it is about 10-50 nm thick, accounting for up to 6% of the
globule mass (Keenan and Mather 2006). The proportion of
protein and lipids in the MFGM, generally described as a
1:1 weight ratio (Kanno 1990), is not conclusively known
due to significant variation in extraction methods (Kanno
and Kim 1990; Fong, Norris, and MacGibbon 2007; Le et
al. 2009).

The lipids (PL, glycolipids and sphingomyelin (SM)) and
proteins originate from the endoplasmic reticulum and the
apical membrane of secreting mammary epithelial cells
(MEC). The surface-active inner monolayer, which sur-
rounds the triglyceride core, is composed of polar lipids
derived from the endoplasmic reticulum. The central layer
appears denser in electron micrographs and mainly contains
proteins. The outer layer is a bilayer membrane of polar lip-
ids originating from secretory regions of the apical plasma
membrane of the MEC (Mather and Keenan 1998). Loosely
attached proteins and transmembrane proteins, as well as
cholesterol molecules, are present in the external layer
(Gallier et al. 2011). Glycoproteins are also present on the
surface, with carbohydrate domains oriented into the sur-
rounding aqueous phase (Lopez, Madec, and Jimenez-Flores
2010). Phosphatidylcholine (PC) and SM are mainly located
in the outer layer of the membrane, and phosphatidyletha-
nolamine (PE), phosphatidylinositol (PI) and phosphatidyl-
serine (PS) are concentrated at the inner surface, showing
the asymmetric distribution of MFGM polar lipids (Deeth
1997). The size, profile and distribution of polar lipids and
proteins in the MFGM vary among species, breeds and diet,
and are discussed in more detail in sections below.

3. Milk fat globule formation

Lipid synthesis in milk occurs within regions of the rough
endoplasmic reticulum, releasing cytoplasmic micro lipid
droplets (LDs) coated with a phospholipid (PL) monolayer
(Figure 1). During the movement from the endoplasmic
reticulum to the apical plasma membrane, some of these
micro LDs fuze to form intermediate-sized LDs (Timmen
and Patton 1988) that are coated by plasma membrane com-
ponents and released into milk as MFGs. Coalescence and
ripening of intracellular lipid droplets in adipocytes and
hepatocytes can be modulated by the composition of the PL
envelope. Specifically, increased phosphatidylethanolamine
(PE) concentration reduces the interfacial surface tension of
the lipid droplet, which can result in fewer larger droplets
(reviewed by Thiam, Farese, and Walther 2013).
Interestingly, PE in human milk is reduced compared to
ruminant milk (Table 1). Globules that exceed the size of
the secreted cells suggest post-secretion coalescence
(Timmen and Patton 1988).

The identity of cellular components involved in MEC
lipid secretion pathways is open to debate. Some proposed
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Figure 1. Milk fat globule formation and size composition. Proteins butyrophilin (BTN), xanthine dehydrogenase/oxidase (XDH/XO0), adipophilin (ADPF), and stoma-
tin are involved in the milk fat globule formation. An increased phosphatidylcholine (PC)/phosphatidylethanolamine (PE) ratio prevents lipid droplet fusion and
increases concentration of small milk fat globules (SMFG). MEC, mammalian epithelium cell; ER, endoplasmic reticulum; LD, lipid droplet; LMFG, large milk fat glob-
ules; MFGES8, milk fat globule-EGF factor 8; GlyCAM1, glycosylation-dependent cell adhesion molecule 1; FAs, fatty acids; TAG, triacylglycerol.

Table 1. Comparison of mean milk fat globule size and composition between mature human and ruminant milk.

Human Bovine Caprine Ovine
Fat (g/100g)° 2.8-3.8 3.4-6.0 3.5-5.6 6.5-9.0
Mean globule size (um)® 42-51 25-57 2.2-39 2.8-4.0
Total phospholipid (mg/100 mL) 15.3-53.5 19.5-413 19.5-44.5 30.8-47.6
Relative proportion of phospholipids (% w/w)
Phosphatidylcholine (PC) 213+23 25.1+04 27.0+0.3 245+0.6
Phosphatidylethanolamine (PE) 15014 32005 31.6+0.2 30.5+0.6
Phosphatidylserine (PS) 167+1.8 121+0.4 12.5+0.5 10.6 +0.5
Phosphatidylinositol (PI) 8.1+1.1 83+03 6.7+0.3 63+04
Sphingomyelin (SM) 38.7+3.8 226+0.5 222+0.7 282+14

Sources: Human (Antonakou et al. 2013; Zou et al. 2012). Bovine (Nantapo, Muchenje, and Hugo 2014; Ceballos et al. 2009; Pegolo et al. 2016). Ovine (Haenlein
2007; Martini, Altomonte, and Salari 2012b), Caprine (Haenlein 2007; Martini, Salari, Altomonte, et al. 2010).

bSource: Human (Lopez and Ménard 2011; Michalski et al. 2005). Bovine (Logan et al. 2014; Martini et al. 2003). Caprine (Martini, Salari, Altomonte, et al. 2010;
Pisanu et al. 2013). Ovine (EI-Zeini 2006; Martini, Altomonte, and Salari 2012b; Mehaia 1995).

“Source: Human,(Garcia et al. 2012; Claumarchirant et al. 2016). Bovine (Et-Thakafy, Guyomarc’h, and Lopez 2017; Russo et al. 2013). Caprine (Et-Thakafy,

Guyomarc'h, and Lopez 2017; Russo et al. 2013). Ovine (Et-Thakafy, Guyomarc'h, and Lopez 2017; Zancada et al. 2013).

models can explain, in part, the difference in composition
and size of MFGs observed across species. The tripartite
model, for example, proposes that interactions among three
main MFGM proteins, adipophilin (perilipin-2, ADPF), xan-
thine dehydrogenase/oxidase (XDH/XO) and butyrophilin
(BTN) are responsible for MFG secretion from the MEC. In
this model, BTN, XDH/XO and ADPF form a complex on
the fat globule surface and facilitate adsorption of the bilayer
membrane to the LDs. This complex leads to membrane
deformation of the LD and budding of LDs from the secre-
tory cell (Mather and Keenan 1998). The ratio of BTN to
XDH/XO, constant among breeds (Mondy and Keenan
1993; McManaman et al. 2007), varies according to species

and shows associations between fat content, MFG size and
MFG secretion. In ovine and bovine species, the BTN to
XDH/XO molar ratio is about 1:4 to 1:2, depending upon
the species; in human milk, however, the levels of BTN were
shown to be higher than those of XDH, with a ratio of 6:1
(Mondy and Keenan 1993; Yang et al. 2016). In caprine spe-
cies, a 1:1 molar ratio was calculated between these two pro-
teins (Zamora, Guamis, and Trujillo 2009).

Other studies have challenged this view of MFG secretion
by developing new models of lipid secretion from the MEC.
It was proposed that the release of cytoplasmic LDs into
milk is solely mediated by BTN homotypic interactions
(Robenek et al. 2006). Binding between the ADPF C-
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terminal domain and the apical plasma membrane has been
reported (Chong et al. 2011). Other models were identified
in lipid droplets found in adipose (Horl et al. 2011) and
liver (Stringer et al. 2010) cells. For example, the levels of
PAT (perilipin/ADPF/adipose differentiation-related pro-
teins/TIP47) in murine adipocytes decreased with smaller
intracellular LDs after trans-10,cis-12 conjugated linoleic
acid (CLA) supplementation (Horl et al. 2011). Effects of
diet on MFG size are discussed below.

Stomatin, together with SM, is also a candidate to influ-
ence and regulate MFG synthesis and secretion (Lu et al.
2013). Although the mechanisms of this regulation are not
fully clear, stomatin has been observed to dictate membrane
curvature to regulate MFG formation and secretion (Ménard
et al. 2010). Higher abundance of stomatin is found in cap-
rine MFGs compared to other species, and it is also the spe-
cies with smaller mean MFG size. Higher abundance of
stomatin was found in caprines (O/O) (animals homozygous
for oy;-casein, allele O, og;-CN null animals) and Sarda dairy
caprines, which also had smaller MFGs, compared to
caprines (A/A) (animals homozygous for o;-casein, allele A)
and Saanen dairy caprines (Cebo and Martin 2012; Pisanu
et al. 2013).

A complementary model of MFG secretion, with the
casein balancing membrane loss caused by MFG release, has
been proposed. It is long known that caseins are synthesized
and transported along the secretory pathway and released by
the fusion of casein-containing vesicles with the apical
plasma membrane and soluble N-ethylmaleimide-sensitive
fusion attachment protein receptor (SNARE) (Honvo-
Houéto et al. 2016). The complementary model suggests that
whereas BTN1, PLIN2 and XOR are likely to contribute to
MFG budding, attachment to SNARE proteins could con-
nect the secretory vesicles, not only together, but also with
the budding MFG and the apical plasma membrane through
the formation of SNARE complexes. In this way, SNARE
proteins could promote both the exocytosis of caseins and
the connection of the endoplasmic reticulum with the apical
plasma membrane to provide membrane to enwrap the bud-
ding MFG (Honvo-Houéto et al. 2016). The final step of
MFG release likely occurs upon the homotypic fusion of the
secretory vesicles surrounding the budding MFG rather than
by final scission of the plasma membrane at a budding neck
(Honvo-Houéto et al. 2016). If correct, the combined release
of MFGs and casein micelles from the MEC may contribute
to the presence of casein micelles adsorbed selectively onto
the native MFGM (Luo et al. 2014) (see more in Sec. 6.1).
Independent of the model, the proteins BTN1, PLIN2, XOR
and stomatin seem to have an essential role in MFG secre-
tion, but studies correlating protein abundance and MFG
size across species are still lacking.

3.1. Size regulation

To understand how the MFG size is regulated, the mecha-
nisms controlling MFG formation (see Sec. 3), composition
and secretion must be determined (Argov-Argaman 2019).
The abundance of certain proteins in the MEC (XOR

(Monks et al. 2016), BTN1 (Han et al. 2020)) and the com-
position of the PL membrane (specially PE) (Figure 1)
(Cohen, Shamay, and Argov-Argaman 2015) are involved in
MFG formation and the size distribution. However, the
mechanisms that regulate the concentration of proteins and
PL in the MEC are still unclear.

Regulation of MFG size trough hormonal (i.e. prolactin
and oxytocin) modulation of milk release, has been
described (Ollivier-Bousquet 2002). Recently the involve-
ment of the reproductive hormone progesterone in the regu-
lation of MFG size, but not fat production, in dairy cows
has been reported (Argov-Argaman, Raz, and Roth 2020).
The direct link between ovulatory cycle, progesterone levels
and MFG size was supported by in vitro and in vivo studies
(Argov-Argaman, Raz, and Roth 2020). Lipid droplets
<3 pum were shown to be more abundant in the luteal phase
(characterized by increased progesterone) than in the follicu-
lar phase (characterized by decreasing progesterone concen-
tration). The progesterone effect was found to be dependent
on the presence of very-low-density lipoproteins, a source of
long-chain fatty acids for the MEC, a limiting material for
membrane  synthesis  (Mesilati-Stahy  and  Argov-
Argaman 2018).

Interestingly, another recent study suggested that cows’
lipid metabolism may regulate the production of small or
large MFGs. Cows with a small globule phenotype (average
3.29 um) produced milk with higher concentration of unsat-
urated FA compared to cows producing large globules (aver-
age 4.92 um), despite being fed the same diet. The authors
suggest that this phenomenon is the result of increased
uptake of long-chain FA from the blood circulation by cows
producing small MFG. The relationship between the degree
of unsaturation and MFG size was also reported in this pre-
liminary study for sheep and goats (Walter et al. 2020).

The relationship between cows’ metabolism, FA availabil-
ity and MFG size has also been suggested. Cows with higher
plasma insulin concentrations had increased concentrations
of monounsaturated fatty acids (MUFAs) in the core and a
lower TAG/PL ratio, whereas cows with lower insulin had
higher levels of MUFA in the MEGM compartment, suggest-
ing a potential hormonal regulation of this process
(Mesilati-Stahy, Malka, and Argov-Argaman 2012). Another
possible mechanism of regulation is the animal energy bal-
ance. During the early stages of lactation or feed restriction,
cows’ negative energy balance was shown to produce MFGs
with more oleic acid (C18:1 cis-9), less palmitic acid (C16:0),
less de novo synthesized FA, and decreased MFG size (Gross
et al. 2011; Walter et al. 2020). The reported effects of breed,
lactation stage and diet are described below.

4. Milk fat globule structure

Currently, two different MFGM structures have been pro-
posed, based on location in either the alveolus or in
expressed milk. MFGs are covered by a continuous mem-
brane adsorbed to the lipid core by a 15-20 nm membrane
derived from the cytoplasm after secretion into the alveolus



(Lopez 2011). The structure of the MFGM after release from
the gland, however, is open to debate.

In recent years, the application of microscopy imaging
techniques using confocal laser scanning microscopy and
fluorescent probes suggest retention of the membrane after
budding from the MFG (Lopez 2011). Using this technique,
the authors suggested the presence of lipid rafts on the
MFGM (Lopez, Madec, and Jimenez-Flores 2010) character-
ized by unstained circular areas due to the presence of
liquid-ordered phases rich in sphingolipids and cholesterol.
In a recent publications (Lopez 2011; Zheng, Jiménez-Flores,
and Everett 2014), three-dimensional and two-dimensional
models for the structure of the MFGM were described.
These authors proposed the coexistence of at least two lipid
phases in the MFGM: (i) a less densely packed liquid-disor-
dered phase comprised of unsaturated glycerophospholipids
(PE, PC, PI, PS), proteins, glycoproteins, SM and glycolipids,
and (ii) a biphasic separation of SM and cholesterol into
more densely packed liquid-ordered domains (Lopez 2011).
These authors also suggested that some of the cholesterol in
the MFGM might interact with other glycerophospholipids
(such as PC), located within the liquid-ordered domain, and
protrude from the liquid-disordered domain. So far, the
presence of liquid-ordered domains has been demonstrated
with in situ structural experiments on human and bovine
MFG; however, these domains differ in size and shape
(Gallier et al. 2011; Evers et al. 2008). These phase separa-
tions have been observed using artificially constructed giant
unilamellar vesicles containing different ratios of SM, phos-
pholipids and cholesterol, suggesting a role for cholesterol in
regulating liquid-ordered regions (Zheng, Jiménez-Flores,
and Everett 2014). Association of SM and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine on the vesicle surface in the
absence of cholesterol forms an irregularly shaped gel phase
with a high phase transition temperature from a gel to a
liquid, indicating that cholesterol is not necessarily a
requirement for closely packed lipid domain formation
(Zheng, Jiménez-Flores, and Everett 2014).

In contrast to this view, using a combination of electron
and light microscope techniques, Wooding and Mather
(2017) suggested a different interpretation of the unstained
circular areas observed by others (Lopez, Madec, and
Jimenez-Flores 2010; Gallier et al. 2011; Zheng, Jiménez-
Flores, and Everett 2014). Only the MFG close or still
attached to the secretory cells was shown to have a continu-
ous unit membrane bounding a clear space around the lipid
core. Wooding and Mather (2017) suggested that disruption
and modification of the initial continuous membrane occur
when the MFG reaches the alveolar lumen and is expressed.
Some of the continuous membrane may be lost by vesicula-
tion after cellular release, causing a reduction in the area
through interactions between the MFGM proteins with sub-
surface dense layers beneath the unit membrane surface.
Therefore, the discontinuities (nonfluorescent microdo-
mains) observed using confocal laser scanning microscopy
techniques could indicate a lack of unit membrane-binding
to the cytoplasmic layer. This disruption was observed in all
species examined (i.e. bovine, ovine, human) producing
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patches and networks of variable sizes on the surface of the
MFG (Wooding and Mather 2017). The significance of this
new structural model for the digestive, nutritional and
health effects of the MFG has yet to be determined.

5. Milk fat globule size

Many techniques have been used to measure MFG size and
distribution (reviewed by Truong et al. 2016; Martini, Salari,
and Altomonte 2016); the most common methods are
microscopy and small-angle light scattering. Microscopy
yields a number-average size of individual MFGs, a size dis-
tribution, and lipid microstructure (Evers et al. 2008; Gallier
et al. 2011; Gallier et al. 2010). Light scattering techniques
are based on the intensity of scattering patterns of mono-
chromatic laser light on the MFGs. The scattering is
dependent upon the wavelength of the incidence of light,
refractive index and size. The scattering pattern is then con-
verted into a size distribution using mathematical models,
such as those derived from Mie and Fraunhoufer theories
(Michalski, Briard, and Michel 2001).

The MFG size can be described by diameter, volume, num-
ber and surface area. Mean diameters of MFGs are commonly
expressed as a number-weighted mean (d,, D;p), volume-
weighted mean (dym,, Dg43), or as the surface-weighted mean
(dys Dsy). The surface-weighted mean (Sauter mean diameter)
gives weighting to the globule surface area, being important for
surface area-related phenomena such as release of components
from surfaces, two-dimensional surface reactions, and surface
dissolution. It varies with the volume size distribution, i.e.
smaller globules have a much higher specific surface area to
volume ratio compared to larger globules. The volume-weighed
mean (De Brouckere mean diameter, d,, D) reflects the
contribution of each particle in the distribution related to the
volume. In this review, when MFG size is mentioned, it will
refer to diameter d,,,, (D43) unless otherwise specified.

The literature reports that MFG size range can be divided
into three main volumetric subgroups within whole milk
(Walstra 1969).

e The first group, the small MFGs (<1 um in size) account
for around 80% of the total number of globules and
grow little or not at all in volume before these are
secreted (Heid and Keenan 2005; Mulder and Walstra
1974; Michalski et al. 2005). Evaluation of this group of
globules in human and bovine milk by Raman spectros-
copy has shown that the MFGs smaller than 1 pum exhibit
far less triglyceride core relative volume, but are rich in
membrane unsaturated FAs (Gallier et al. 2011). This
may suggest that membrane particles have additional
functional effects on lactation beyond carrying and emul-
sifying the TAG core (Gallier et al. 2011).

e The second group, the medium-sized globules, account
for the majority of the lipid phase, in terms of volume
(~94%) (Walstra 1969).

o The third group, large-size MFG, are those >8um
(Walstra 1969). Changes within the larger MFG fraction,
which tend to increase at the expense of the medium-size
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Factors possibly involved on MFG size variation
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Figure 2. Summary of the factors possibly involved on human, bovine, ovine and caprine MFG size variation.

group, have the most significant effect on the mean MFG
size, particularly when the measured size is based on vol-
ume (Wiking et al. 2004).

It should be noted that milk contains other nanoscale
colloidal structures, such as exosomes and casein micelles
(100 to 200 nm; McMahon and Oommen 2008). The secre-
tion pathways, the core composition, and the protein con-
tent of MFG and skim milk phospholipid structures differ,
highlighting a different biological potential in milk (Blans et
al. 2017; Adriano et al. 2021; Admyre et al. 2007; Reinhardt
et al. 2012). It also important to note that casein micelles,
but not exosomes, are dissociated by EDTA during milk
sample preparations, so the presence of exosomes may con-
found the measurements of MFG size based on light scatter-
ing analysis. Nevertheless, changes in the dispersion of
MFGs during lactation and the influence by other factors
(e.g. breed and diet, discussed below) are mostly observed in
the larger MFG particles (>100 nm).

Ruminant and human-derived milk have most MFG
volumetric sizes ranging from 0.1 to 15 um, but with a con-
siderable variation in the mean diameter between and within
species. Table 1 shows the variation of MFG mean size
described in the literature for human (4.2 to 5.1 um), bovine
(2.5 to 5.7 um), caprine (2.2 to 3.9 um) and ovine mature
milk (2.8 to 4.0 um). In general, studies comparing the size
distribution of two or more species showed differences in
range distribution among species. In one study, for example,
about 90% of all fat globules in caprine milk had diameters
of less than 5.2 um, whereas 90% of the globules in bovine
milk had diameters of less than 6.4 um (Attaie and Richter
2000). Another study, however, showed that 68.4%, 73.3%

and 55.3% of the globules in bovine, caprine and ovine
milk, respectively, have a diameter less than 4 um (El-Zeini
2006). Increased access of lipases to the surface and subse-
quently to the interior of small milk fat globules (SMFG)
may affect lipid digestion rates in milk from different rumi-
nants (Armand et al. 1999) (see more in Secs. 7.1 and 8).

5.1. Variation in milk fat globule size

The distribution of globule size, within species, can be
widely affected by parameters such as maternal physiology,
breed, herd nested within herd, season and diet (Figure 2)
(Fleming et al. 2017; Wiking et al. 2004; Logan et al. 2014;
Walter et al. 2019), which is discussed in the following sec-
tions of this review.

5.1.1. Breed and herd nested within a herd

Variations in MFG size obtained through breed selection are
well-described among bovine, caprine and ovine breeds, as
shown in Table 2. In caprine and ovine, for example, breeds
selected for dairy traits (Sarda, Massese) exhibited a higher
number of small MFGs and a greater number of globules
per volume of milk (Bianchi et al. 2004; Martini et al. 2006).
It is important to note that most of those studies reported
in Table 2 did not specify the lactation period and/or animal
diet. Thus, MFG size (range distribution and average) is
determined by a combination of factors such as genetics,
diet, lactation stage and may also be regulated to fit the
functional and nutritional requirements of the infant
(Bourlieu and Michalski 2015) (not within the scope of
this review).
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Table 2. Milk fat globule average size and standard deviation reported for the different breeds of bovine, caprine and ovine milk.

Breed Mean diameter D35 (um) SD Reference
Bovine
Ayrshire 437 0.39 (Fleming et al. 2017)
Brown Swiss 4.23 0.49 (Fleming et al. 2017)
Holstein 414 0.50 (Fleming et al. 2017)
4.42 NR? (Mehaia 1995)
3.51 0.16 (Attaie and Richter 2000)
Subpopulation 3.51 0.16 (Couvreur et al. 2007)
Subpopulation 411 0.16 (Couvreur et al. 2007)
Jersey 4.90 0.58 (Fleming et al. 2017)
5.31 NR? (Martini et al. 2003)
Holstein-Friesian 39 0.50 (Fleming et al. 2017)
3.9 0.40 (Logan et al. 2014)
3.8 0.40 (Logan et al. 2014)
Subpopulation 3.29 0.33 (Walter et al. 2020)
Subpopulation 492 0.34 (Walter et al. 2020)
Italian Friesian 493 (Martini et al. 2003)
German Friesian 497 (Martini et al. 2003)
Cabannina 2.92 0.32 (Communod et al. 2013)
Caprine
Sarda 2.73 0.15 (Pisanu et al. 2013)
Saanen 3.63 0.27 (Pisanu et al. 2013)
French-Alpine caprines 2.76 0.14 (Attaie and Richter 2000)
Murciana-Granadina 3.07 NR? (Zamora, Guamis, and Trujillo 2009)
Estonian 2.22 NR? (Tatar et al. 2015)
Garfagnina 2.20 0.20 (Martini, Salari, Altomonte, et al. 2010a; Salari et al. 2016)
2.27 0.28
Baladi 3.89 NR? (Mehaia 1995)
Ovine
Massese 297 0.49 (Martini, Liponi, and Salari 2010)
Nadji 3.99 NR? (Mehaia 1995)

aNR. Not reported.

Differences in MFG size between individual cows within
a herd exposed to identical environmental conditions and
diet was demonstrated (ranging from 2.5 to 5.7 um) (Logan
et al. 2014; Walter et al. 2019). To understand the possible
determinants of this variation, Walter et al. (2019) con-
ducted an extensive analysis of the factors affecting bovine
MEFG size at the individual animal level. Among the studied
factors were physiological characteristics (parity, days in
milk, days pregnant, weight, age, somatic cell count), milk
production traits (number of milkings, milk yield, fat yield,
protein and fat content, fat-protein ratio) and environmental
conditions (diet, weather, season). The authors reported that
in isolation, all the factors listed above have a detectable
effect on MFG size, but they do not sufficiently explain the
wide individual variation observed in MFG. It was con-
cluded that physiological (i.e. stage of lactation and parity)
and milk yield differences outweigh the effects of milk pro-
duction traits and environmental conditions on MFG size
(Walter et al. 2019). This suggests the potential to select nat-
ural variations of MFG size to produce dairy products with
differentiated  texture, improved vyield or improved
functionality.

5.1.2. Lactation stage

Variation in MFG size observed during different lactation
stages may have evolved to optimize maternal energy cost
and to supply the required nutritional and bioactive compo-
nents maximizing infant survival (Lee et al. 2018). In human
milk, for example, the average globule surface area was
reported to increase from 1.1+0 to 5.4+0.7 m*/g during the
transition of colostrum to mature milk, whereas the volume-

weighted mean decreased (Michalski et al. 2005; Argov-
Argaman et al. 2010; Zou et al. 2012). Although size
increased as lactation progressed (Jiang et al. 2020), the
average diameters of mature MFGs were shown to be rela-
tively stable at around 4.5 um (Zou et al. 2012; Michalski et
al. 2005). In dairy farm animals, where the stage of lactation
was shown to be closely associated with the animal energy
balance (Duchacek et al. 2013); larger MFG size was also
observed in colostrum compared to mature milk (Fleming et
al. 2017; Martini, Altomonte, and Salari 2012a). In Massese
ewes, for example, MFG average diameter decreased from
4.07 um at the delivery day to 2.76 um on milking day 15
(Martini, Altomonte, and Salari 2012a) and from 3.19 pm on
milking day 40 to 2.39 um on day 100 (Salari and Martini
2009). These size changes are directly correlated to varia-
tions in protein and lipid profiles, as described in the sec-
tions below.

5.1.3. Diet

So far, studies have accessed the effect of maternal diet on
breast milk lipid quality (Freitas et al. 2021) but, to our
knowledge, no correlation have been made between mater-
nal diet and MFG size. Many studies, however, have investi-
gated the effect of pasture on bovine MFG size and lipid
composition. In general, higher intakes of pasture and/or
the addition of supplements of dietary oils rich in polyunsat-
urated FAs were shown to decrease MFG size and increase
the percentages of polar lipids and unsaturated FAs at the
expense of saturated FAs in bovine milk (Couvreur et al.
2007; Couvreur et al. 2006; Lopez, Briard-Bion, and Ménard
2014; Lopez et al. 2008). Linoleic (LA) (C18:2¢9,12),
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a-linolenic (ALA) (C18:3¢9,12,15) and palmitic (C16:0) acids
were the predominant FAs in bovines fed pasture, account-
ing for approximately 88% of total FAs in all samples
(Nantapo, Muchenje, and Hugo 2014). The same beneficial
effect was observed when ewes were fed a high forage diet
with decreased percentages of some medium-chain FAs and
increased mono and polyunsaturated FA such as trans-11-
C18:1 (4+31.71%), total CLA (+22%), eicosapentaenoic acid
(+18.18%) and docosahexaenoic acid (+66.67%) (Martini,
Liponi, and Salari 2010; Meluchova et al. 2008). In another
study, although diet containing high proportions of fresh
legume types (white clover, red clover or lucerne, which
contain large concentrations of PUFAs) or silage increased
the bovine milk 18:1t11, 18:2¢9,t11, 18:2t10,c12 and 18:3
fatty acids concentration, no dietary effect was observed in
the MFG diameter (Wiking et al. 2010). Dietary supplements
of conjugated linoleic acid (cis-9,trans-11 and trans-10,cis-12
isomers) were shown to have detrimental effects on milk fat
synthesis accompanied by a decrease in average diameter of
MFGs in lactating cows (Xing et al. 2020; Zhang et al
2021). In contrast, higher fat content and a larger diameter
of MFGs were observed in bovines fed a concentrate diet
containing more saturated lipids (50% palmitic acid), com-
pared to milk from bovines fed diets with a lower saturated
lipid content (Wiking et al. 2004).

In a divergent study, Argov-Argaman et al. (2014)
observed that a diet containing high concentrate levels
tended to produce smaller bovine MFGs compared with a
high forage diet consisting of corn silage, oat and clover
hay. These divergences may indicate that not only the diet-
ary forage to concentrate ratio affects MFG size distribution,
but also the type of forage (red clover silage vs. grass silage).
Studies have suggested that insulin and energy balance
(Argov-Argaman et al. 2012) are one of the mechanisms
behind the dietary effects on MFG size. Higher energy diet
(higher concentrate), for example, would lead to lower total
milk fat content and smaller MFGs compared with a high
forage diet (Argov-Argaman et al. 2014; Jaakamo et al.
2019). Another divergent study showed that grazing goats
had milk richer in fat, larger MFGs and 20% higher PL con-
tent compared to confined goats fed commercial concentrate
(Argov-Argaman et al. 2016).

The effects of microalgae dietary supplementation
(enriched in PUFAs) on the bovine milk FA profile and the
number and diameter of MFGs was also investigated
(Stamm 2015). In this study, all dietary treatments ((i)
Spirulina platensis, (ii) Chlorella vulgaris, or (iii) Chlorella
vulgaris + Nannochloropsis gaditana used in the partial sub-
stitution of soy) moderately increased the content of PUFA
at the expense of saturated fatty acids (SFA), compared to
soya, but did not influence the MFG average diameter or PL
content in milk. Dietary supplementation with Chlorella led
to decreased number of globules (specially globules ranging
from 1 to 3 um) compared to other diets.

Studies have reported that dietary compositional changes
in milk fat or compositional changes observed through lacta-
tion are not similar for all MFG size fractions (Mesilati-
Stahy et al. 2015; Mesilati-Stahy and Argov-Argaman 2014;

Argov-Argaman et al. 2014). For instance, compositional
differences (higher capric (C10:0), lauric (C12:0), myristic
(C14:0) and lower oleic acid (C18:1) concentrations)
observed in the MFGs from bovines fed high-concentrate
low-forage (HCLF) compared to high-forage low-concentrate
(LCHF) rations were found in a specific MFG size group
with a diameter of 3.3 pm. Differences in lipid concentration
were only observed in the larger MFG fraction, with higher
triglyceride and PE, and lower SM concentrations in LCHF
(3.7 pm) compared to HCLF (2.9 um) milk. In another study
(Mesilati-Stahy et al. 2015), the same authors reported dif-
ferences in FA concentration between size fractions accord-
ing to the stage of lactation. The concentrations of oleic acid
(c18;1n-9) were not different between the MFG size groups
in early lactation (10days post-partum) but were two-fold
higher in large (3.8 pm) compared to small (1.59 pm) MFG
fractions on day 150 post-partum. Future studies should
focus on the metabolic and dietary changes occurring during
lactation to determine the effects on MFG structure-compos-
ition and ultimately, function.

The close association between seasonal dietary variations
and stage of lactation (in seasonally calving dairy system)
may have led to the assumption that season is one of the
determinants of the MFG variation. Logan et al. (2014),
however, described that the MFG diameter variation
(£1 um) observed in the same bovine milk, between seasons,
was due to seasonal dietary variations. For goats, where a
constant diet was consumed between spring and summer,
no difference in the mean MFG diameter was observed
(Salari et al. 2016).

6. Milk fat globule bioactive proteins

Cavaletto, Giuffrida and Conti (2008) reported that MFGM
proteins comprise about 1-4% w/w of the total milk pro-
teins present in human milk. The relative proportion of
MFGM proteins to other milk proteins, however, is not con-
clusively known due to wide variation in protein extraction
techniques used and the lack of clear separation between
intrinsic MFGM and other milk proteins.

Many studies have reported on the role of MFGM pro-
teins in cellular processes and defence mechanisms in the
maternal-infant pair. Recent proteomic studies have mapped
differences in proteins present in MFGM from humans and
the most common ruminant animals. Between 191 to 411
proteins were identified in human MFGs (Lu, Wang, et al.
2016; Yang et al. 2016, 2017; Liao et al. 2011; Hettinga et al.
2011), 20 to 411 in bovine MFGs (Bianchi et al. 2009; Lu et
al. 2011; Yang et al. 2016, 2017; Sun et al. 2019; Hettinga et
al. 2011), 161 to 593 proteins in caprine MFGs (Lu, Liu, et
al. 2016; Pisanu et al. 2013; Sun et al. 2019) and 29 to 140
proteins in ovine MFGs MFGM (Pisanu et al. 2011, 2012).
The wide variation found in the number of proteins identi-
fied is partly attributed to the application of different isola-
tion techniques (recently reviewed by Holzmiiller and
Kulozik, 2016) and proteomic methods (SDS-PAGE, two-
dimensional electrophoresis, MALDI-TOF-MS, LC-Orbitrap
MS/MS, EASY-nLC-Orbitrap MS/MS). Differences in



lactation period (Liao et al. 2011; Reinhardt and Lippolis
2008) and breed (Pisanu et al. 2013; Yang et al. 2016) are
also common factors affecting the variation in protein
composition.

Comparisons of protein abundance across species are
challenging. Only two studies (Lu, Liu, et al. 2016; Yang et
al. 2016) have compared MFGM protein abundance of more
than two species (i.e. human vs. bovine, or bovine vs. cap-
rine), and none have included an analysis of ovine MFGM.
Moreover, the comparative proteomic studies do not agree
on the most abundant proteins found in human, bovine and
caprine MFGM. Lu et al. (2016) (Tables S1-S4), for
example, found BTN as the most abundant protein in
bovine (24.8%), and human MFG (16.3%) but not in caprine
milk (13.6%), and XDH was found to be the most abundant
protein (25%). Yang et al. (2016) however, found that fatty
acid-binding protein was the most abundant protein in
human MFGs, and glycosylation-dependent cell adhesion
molecule 1 was the most abundant protein in caprine and
Holstein bovine MFGs. Although an agreement has not
been reached on numbers and abundance, it generally
accepted that the BTN, ADPF, XDH and lactadherin
(MFGES8) are enriched and conserved among human,
bovine, caprine and ovine MFGM (Lu, Wang, et al. 2016;
Pisanu et al. 2011; Cebo and Martin 2012). Some of these
conserved proteins are thought to be involved in the trans-
portation and secretion of milk components and are there-
fore crucial for the secretion of milk (see more in Sec. 3).

Other proteins involved in lipid secretion and lipogenesis
were found to be abundant in human and ruminant MEGM
(Tables S1-S4) (Lu, Liu, et al. 2016). ADPF, for example,
functions as a physiological regulator of cytoplasmic LD
accumulation in differentiating milk-secreting cells and as
an adaptor protein in the secretion of LD to form milk lip-
ids during lactation (Chong et al. 2011) (See more in Sec.
3). Less studied compared to ADPF, Ras-related protein
Rab-18 and fatty acid synthase are abundant in both human
and ruminant MFGM (Lu, Liu, et al. 2016). Although Ras-
related protein Rab-18 may be involved in regulating mem-
brane trafficking and transport vesicles, fatty acid synthase is
known to play a role in lipogenesis in the endoplasmic
reticulum (Moriya et al. 2011). It may be hypothesized that
these high abundant proteins have other functions for the
consuming infant, but none have been identified so far.
XDH, for example, is not only involved in MFG secretion
by cooperating with BTN1A1 and ADPF, but has also been
linked to antimicrobial activity in milk (see more in
Table 3).

Many other MFGM proteins common or specific to
humans and ruminants exhibit known bioactive properties
that could be exploited for the benefit of human and animal
health. Potential bioactive proteins, source and purification
methods (if known) are presented in Table 3. Among the
MFGM proteins, caseins and whey proteins have often been
reported in MFGM proteomic studies (Liao et al. 2011; Lu,
Liu, et al. 2016; Sun et al. 2019). Although intact casein
micelles are shown to contribute to the native MFGM for-
mation (Honvo-Houéto et al. 2016; Luo et al. 2014), the
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presence of caseins and whey proteins in proteomic studies
are likely due to contamination of the MFGM fraction by
enrichment methods and milk processing (i.e. pasteuriza-
tion). The unavoidable presence of these proteins in the
MFGM enriched fraction may, therefore, be considered as
part of the bioactive potential of this fraction.

The bioactive peptides, products of casein digestion, for
example, have been linked to numerous functions, such
gastrointestinal and immunological function, infant develop-
ment, and antibiotic and probiotic functionality (Park and
Nam 2015) (Table 3). Although lactoferrin is found in the
aqueous phase of milk as a whey protein, it is also relatively
abundant in the human MFGM fraction and was reported
to be bound to the MFGM membrane (Cho et al. 2000) for
new-born host defence functionality. Although those could
easily be harvested from skim milk, the presence in the
enriched MFGM extract could contribute to the functional-
ity of MFGs (Luo et al. 2014), and are outlined in Table 3.

A different way to interpret proteome data is using gene
ontology and the Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. Studies so far show that proteins
from human and ruminant MFGM are involved in common
biological processes such as cell signaling, membrane trans-
port, immune responses and protein metabolism (Liao et al.
2011; Pisanu et al. 2011; Sun et al. 2019; Reinhardt and
Lippolis 2006; Yang et al. 2016). In comparative terms, there
has been no agreement on the distribution of specific func-
tionalities across species (i.e. immune functions enriched in
human compared to bovine milk) (Liao et al. 2011;
Reinhardt and Lippolis 2006; Pisanu et al. 2011). This is due
to several factors: (i) different classifications (databases) used
by the authors to categorize the same proteins, (ii) the
unclear demarcations between classes, (iii) the diverse and
overlapping protein functions, and (iv) the different func-
tional roles exhibited by the same protein. An important
application of gene ontology data is to understand the com-
mon biological processes that are often played by specific
proteins from different mammalian species but could be iso-
lated to benefit human health. Although, for example, lacto-
ferrin, immunoglobulins (alpha and gamma chain C region),
monocyte differentiation CD14, clusterin, toll-like receptor
2, mucin 4 and dermicidin, are proteins involved in immune
responses in human MFGM, similar functions can be found
in the immune response proteins cathelicidins (1, 2, 4 and
6), lactadherin, glycosylation-dependent cell adhesion mol-
ecule 1 (GlyCAM1), immunoglobulin mu chain C region
and polymeric immunoglobulin receptors enriched in bovine
MFGM (Hettinga et al. 2011; Lu, Liu, et al. 2016). More spe-
cifically, clusterin and lactadherin, proteins more commonly
found in human and bovine milk, respectively, were sug-
gested to have a similar role in cell damage and apoptosis,
which may promote maintenance of intestinal epithelial
homeostasis. Other host defence proteins, toll-like receptor 2
(TLR2) and cathelicidins, proteins uniquely present in
human and bovine milk, respectively, are known to bind
bacterial lipopolysaccharides and have antibacterial activity.

Almost exclusively present in the human MFGM, pro-
teins involved in lipid metabolism, such as the hormone-



9% C. THUM ET AL.

Table 3. Potential source of bioactive MFGM protein and proteins associated with MFGM enriched fraction.

Bioactive

Potential source in MFGM

Activity

Purification method/activity test

Butyrophilin (BTN)

Human, bovine, caprine, ovine .

Butyrophilin is the most abundant MFGM
protein in bovine milk but also highly .
represented in ovine (Pisanu et al. 2011),
human and caprine MFGM.

Upregulated in bovine colostrum

compared to milk (Reinhardt and

Lippolis 2008).

Highly expressed in human MFG in late
lactation (6 months) (Liao et al. 2011)

Xanthine dehydrogenase/ Human, bovine, caprine, ovine .

oxidase (XDH)

Alpha-S1-casein

Beta-casein

K-casein

Highly abundant in caprine (Lu, Wang, et
al. 2016; Zamora, Guamis, and .
Trujillo 2009).

Lower expression of XOR in colostrum was
reported for bovine and human milk
(Reinhardt and Lippolis 2008; Liao et al.
2011). Another study, however found XDH
upregulated in bovine colostrum compared
to milk (Reinhardt and Lippolis 2008).
Highly expressed in human MFG in late
lactation (6 months) (Liao et al. 2011)

A positive link between XO and smaller
globules was reported in caprine and
ovine milk (Martini, Salari, Pesi, et

al. 2010).
Human, bovine, caprine, ovine .
Human, bovine, caprine, ovine .
[ ]
[ ]
[ ]
Human, bovine, ovine .

Modulate MFG production

and secretion.

Might support the infant immune

system. Belongs to the immunoglobulin

superfamily. The butyrophilins (e.g.,

BTNA2A) modulate T cell responses

upon antigen presentation (Rhodes,

Reith, and Trowsdale 2016). It has been

shown in mice that recombinant

BTN1A1 interacts with T cells as does

BTN2A2 and inhibits T cell metabolism

(Smith et al. 2010).

It is considered to cooperate with

BTN1A1 for MFG secretion.

The ability of endogenous breast milk

XOR to generate nitric oxide and to

attenuate the growth of Escherichia coli

and Salmonella enteritides has been
shown in vitro (Harrison 2006; Stevens
et al. 2000). Antimicrobial activity of

XOR may also result from providing

hydrogen peroxide for the antibacterial

activity of lactoperoxidase and more
directly from reactive nitrogen species,
which may be derived from nitrite
secreted by enteric bacteria (Harrison

2006). More studies are needed

however to understand its physiological

role in milk.

Product of digestion, the

bioactive peptides:

e Isracidin, has antimicrobial activity
(Hill, Lahav, and Givol 1974).

e osl-casein-exorphin act as opioid
agonist (decrease gut mobility,
gastric emptying rate; increase
amino acids and electrolytes
uptake) (Gobbetti, Minervini, and
Rizzello 2007; Meisel and
Fitzgerald 2000)

Product of digestion, the

bioactive peptides:

f-casomorphins act as opioid agonist
(decrease gut mobility, gastric emptying
rate; increase amino acids and
electrolytes uptake) (Gobbetti,
Minervini, and Rizzello 2007; Meisel and
Fitzgerald 2000)

Phosphopeptides support mineral
absorption (Ca binding; increase mineral
absorption, i.e,, Ca, P, Zn) (Sato,
Noguchi, and Naito 1986)

Casokinins. Angiotensin converting
enzyme-inhibitory peptide (Increase
blood flow to intestinal epithelium)
(Meisel and Schlimme 1994)

Human kappa-casein inhibited H. pylori
adhesion to gastric mucosa cells
(Stromquist et al. 1995)

Product of digestion, the

bioactive peptides:

Casoxins act as opioid antagonist
(increase gut mobility, gastric emptying
rate; decrease amino acids and
electrolytes uptake) (Gobbetti,
Minervini, and Rizzello 2007; Meisel and
Fitzgerald 2000)
K-caseinoglycopeptides. Antithrombotic
peptide identified in the plasma of
infants (Chabance et al. 1998)
Glycomacropeptide have bifidogenic
effect and antipathogenic in the gut

Purification in small scale using
reversed phase chromatography
(Nielsen et al. 1999)

Purification method using sulfate
fractionation, followed by affinity
chromatography (Benboubetra et
al. 2004)

Gel-filtration and ion-exchange
chromatography for purification
of human and bovine Alpha-S1-
casein (Rasmussen, Due, and
Petersen 1995; Sanogo et

al. 1989)

Large scale purification method
for obtaining f-casein from skim
milk (O’'mahony, Smith, and
Lucey 2014)

lon exchange or reversed-phase
chromatography methods to
purify k-casein from milk
(Coolbear et al. 1996; Rasmussen
and Petersen 1991)

(continued)
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Bioactive

Potential source in MFGM

Activity

Purification method/activity test

Lactadherin (PAS VI, VII)/

Milk fat globule-EGF
factor 8 (MFGES)

Clusterin/
apolipoprotein J

Lactoferrin/
Lactotranferrin

Human, bovine, caprine, ovine

Structurally, lactadherin appears as a single
polypeptide chain in caprine and ovine
milk whereas two are found in bovine and
human MFGM (Cebo and Martin 2012).
Shown to be enriched in the larger bovine
MFG fraction (7.6 £0.9 um) compared to
the smaller (3.3 +1.2 um) (Lu, Argov-
Argaman, et al. 2016).

Human, caprine and ovine

More abundant in human and ovine

Human, caprine and bovine

Lactoferrin/Lactotransferrin has been
identified as major MFG proteins in human
milk. The amount of lactotransferrin in
human milk serum is around 10 folds
higher than that in bovine milk. It seems
that the difference in abundance of
lactotransferrin in MFGM is even higher
than that in milk serum.

Shown to be enriched in the larger bovine
MFG fraction (7.6 £0.9 um) compared to
the smaller (3.3 +1.2 um) (Lu, Argov-
Argaman, et al. 2016)

and anti-inflammatory effect after
absorption (Wada and Lonnerdal 2014)
Ovine caseins derived
K-caseinoglycopeptide reduced
thrombin and collagen-induced platelet
aggregation (Qian et al. 1995)

Plays an important role in the
maintenance of intestinal epithelial
homeostasis and the promotion of
mucosal healing (Hanayama et

al. 2002).

It was shown to link to apoptotic cells
so they can be recognized by
phagocytes for engulfment therefore, it
might contribute to establishing the
intestinal barrier in the neonate (Bu et
al. 2007).

It may play a role in the membrane
vesicle secretion, such as budding or
shedding of plasma membrane (micro-
vesicles) and exocytosis of endocytic
multivesicular bodies (exosomes)
(Oshima et al. 2002).

It may be involved in angiogenesis and
stimulation of the immune system
(Raymond, Ensslin, and Shur 2009)
Lactadherin isolated from human milk,
prevented the replication of rotavirus in
tissue culture (Yolken et al. 1992). The
same anti-rotaviral activity have not
been stablished for bovine lactadherin
(Kvistgaard et al. 2004).

An observational study of human
infants during the first 6 months of life
found that the occurrence of
symptomatic rotavirus infection was
negatively associated with the amount
of human milk lactadherin consumed,
whereas intake of mucin and secretory
IgA with milk was unrelated (Newburg
et al. 1998).

Clusterin has been linked to cell
damage and apoptosis and has been
shown to be overexpressed at damaged
or stressed tissues and to provide a
chaperone-like activity to protect other
proteins against damage (Hochgrebe et
al. 2000)

The antimicrobial activity of Lf is due to
two different mechanisms. Its primary
role is to sequester free iron, thus
removing an essential substrate
required for bacterial growth and
exerting a bacteriostatic effect. The
other mechanism involves a direct
interaction of the Lf with the infectious
agent. Lf binds to the
lipopolysaccharide of bacterial walls,
and may also damage bacteria via
formation of peroxides catalyzed by Lf-
bound iron (lll) ions, affecting
membrane permeability and resulting in
bacterial cell lysis (Bullen, Rogers, and
Leigh 1972; Giansanti et al. 2016).

The antimicrobial effect of orally
administrated LF is widely stablished
(Giansanti et al. 2016).

On the other hand, Lf promotes the
growth of bacteria with low iron
requirements such as Lactobacillus and
Bifidobacteria, which are generally
believed to be beneficial to the host
(Sherman et al. 2004).

Purification from bovine milk fat
globules were stablished
(Hvarregaard et al. 1996)
Purified recombinant protein of
human milk fat globule-EGF
factor 8 protein have been
developed and is commercially
available (Qiang et al. 2011)

Purification method from milk
has not been established.

Purification of membrane-bound
lactoferrin from human milk fat
globule membrane (Cho et

al. 2000)

(continued)
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Table 3. Continued.

Bioactive

Potential source in MFGM

Activity

Purification method/activity test

Carboxyl ester lipase/bile
salt-stimulated lipase

Glycosylation-dependent
cell adhesion
molecule 1
(GlyCAM1)/
lactophorin/PP3

Fatty acids binding
protein (FABP)

Mucin 1
Mucin 4
Mucin 15

Human

Bovine

e One of the most abundant host defence
protein in bovine (Hettinga et al. 2011)

Human

e Shown to be enriched in the larger bovine
MFG fraction (7.6 £0.9 um) compared to
the smaller (3.3 +1.2 um) (Lu, Argov-

Argaman, et al. 2016)
Human, bovine, caprine, ovine

e Shown to be enriched in the smaller
(3.3+1.2 um) compared to larger bovine
MFG fraction (7.6 £0.9 um) compared to
the (Lu, Argov-Argaman, et al. 2016)

e Upregulated in bovine colostrum
compared to milk (Reinhardt and
Lippolis 2008).

Several studies suggest that exogenous
treatment with Lf and its derivatives
can efficiently inhibit the growth of
tumors and reduces susceptibility to
cancer (Giansanti et al. 2016)

There is a potential use of orallya
administrated Lf for the improvement
of bone health and osteoporosis (Guo
et al. 2009; Bharadwaj et al. 2009).
Hydrolyzes triglycerides, diglycerides,
monoglycerides, vitamin A esters,
cholesterol, and lyso-phospholipids in
the gut lumen

Human milk BSSL, which contains o1-2-
linked fucose, can act as a decoy
receptor and prevent norovirus
attachment to gastroduodenal tissue
(Ruvoén-Clouet et al. 2006).

The Lewis X epitope on BSSL binds to
dendritic cell-specific intercellular
adhesion molecule-3-grabbing non-
integrin (DC-SIGN) and prevents the
transfer of human immunodeficiency
virus (HIV)-1 to cluster of differentiation
(CD)4+ T cells (Naarding et al. 2006).
BSSL also inhibits binding of the oral
pathogen Streptococcus mutans to saliva
and salivary agglutinin-coated (gp340
glycoprotein) hydroxyapatite
(Danielsson Niemi, Hernell, and
Johansson 2009).

GlyCAM1 is a mucin-like antibacterial
component expressed at the membrane
of epithelial cells of the mammary
gland (Dowbenko et al. 1993).

Transport of fatty acids and regulation
of lipid metabolism. Increase of lipid
droplets in the cytoplasm. Similar to P2
myelin protein involved in EAN
(Experimental Allergic Neuritis)

In vitro, MUC1 and Mucin 4 inhibits the
invasion of Caco-2 and FHs74 cells a
model of fetal intestinal cells) by
Salmonella typhimurium at
concentrations similar to human milk
concentrations (Liu et al. 2012).

MUCT has been shown to bind to
intercellular adhesion molecule-3-
grabbing non-integrin (DC-SIGN) of
dendritic cells, which prohibits the
transmission of HIV from dendritic cells
to T cells and thus may inhibit the
transmission of HIV from the mother to
the infant via breast-feeding (Saeland et
al. 2009).

In vitro, MUCT inhibited poxvirus
activity by aggregate poxviruses prior
to their entry into host cells (Habte et
al. 2007).

Via interaction with DC-SIGN, expressed
by dendritic cells in the infant
gastrointestinal tract, MUC1 blocks the
interaction of pathogens with dendritic
cells and may well contribute to
shaping infant immunity (Koning et

al. 2015).

Mucins are well known for their anti-
adhesive property due to their high
glycosylation which can protect the
attack of bacteria and enzyme on
epithelial cells (Parker et al. 2010;
Sando et al. 2009).

Purification method for proteins
found in the whey (Blackberg,
Duan, and Sternby 1997; Wang et
al. 2017)

From recombinant protein in
bovine milk (Wang et al. 2017)

Purification method has not been
established.

Purification from human milk by
Sepharose CL-4B gel filtration and
cesium chloride density-gradient
centrifugation (Habte et al. 2007).

(continued)
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Bioactive Potential source in MFGM

Activity Purification method/activity test

Cathelicidins Bovine, caprine .
e Enriched in the larger bovine MFG fraction
(7.6 £0.9 um) compared to the smaller
(3.3+1.2 um) (Lu, Argov-Argaman, et
al. 2016)
Peptidoglycan Bovine .
recognition protein 1

Human and bovine .
e Expressed in high amount in human milk

Toll-like receptor 2

Cluster of differentiation ~ Human and bovine .
(CD) 14 e Highest concentration in human and
bovine colostrum
e Shown to be enriched in the larger bovine
MFG fraction (7.6 £0.9 um) compared to
the smaller (3.3 +1.2 um) (Lu, Argov-
Argaman, et al. 2016)

Human and bovine .
e Abundant in bovine.

Lactoperoxidase

Mucin 4, which was also highly

expressed in human milk, showed
antimicrobial function by inhibiting
microbial growth and microbial invasion

to host cells (Liu, Yu, Chen, Kling, &
Newburg, 2012).

Cathelicidins belong to a family of .
proteins with antibacterial activity by
binding bacterial lipopolysaccharides
(Zhang et al. 2014; Addis et al. 2017).

Purification method from milk
has not been established.

Purification method from milk
has not been established.

Kills bacteria by activating membrane .
depolarization, cessation of intracellular
peptidoglycan, protein, RNA, and DNA
synthesis, and production of hydroxyl
radicals, which are responsible for
bacterial death (Kashyap et al. 2014).
Soluble TLR2 and soluble CD14 .
interacted in concert to encapsulate
bacterial lipoproteins during innate
immune response (Henrick et al. 2016).
Soluble TLR2 inhibit production of
proinflammatory cytokines during
bacterial ligand exposure, and directly
inhibit cell-free HIV-1 infection (Henrick
et al. 2012).

The cluster of differentiation (CD) 14is e
an important player in host innate
immunity in that it mediates host
defense against Gram-negative bacterial
infections and also confers immunity
against viral infections (Granucci and
Zanoni 2013)

The newborn human is deficient in
CD14, which is part of the Toll-like
receptor (TLR)-4 complex (Levy 2007).
The TLR-4 complex can detect
lipopolysaccharides on gram-negative
bacteria and subsequently activate the
innate immune system. CD14 is,
therefore, important for protection
against pathogen invasion (Labéta et
al. 2000).

Ingested milk sCD14 was shown to
transfer from the gastrointestinal tract
and into the blood stream in neonatal
rats and increase in immune response
(IL-6 and TNF-o) (Ward, Goto, and
Altosaar 2014).

Consumption of milk containing CD14
may have protective effect against
asthma and allergies (Bieli et al. 2007).
The primary function of this protein is .
to catalyze oxidation of certain
molecules, using hydrogen peroxide, to
generate reactive products with a wide
antimicrobial activity (Boots and

Floris 2006).

Purification method from milk
has not been established.

Purification method from milk
has not been established.

Purification from whey using two
steps of ammonium sulfate
precipitation and ion-exchange
chromatography (Borzouee et

al. 2016)

sensitive lipase, peroxisomal bifunctional enzyme, peroxi-
somal multifunctional enzyme type 2, peroxisomal acyl-
coenzyme A oxidase 3, carboxyl ester lipase (bile salt-stimu-
lated lipase), and sphingomyelin phosphodiesterase aid
infant lipid digestion (Lu, Wang, et al. 2016). The only
enzyme also expressed in bovine and caprine MFGM, the
lipoprotein lipase, is around 100-fold less concentrated in
these species compared to human milk (Lu, Wang, et al
2016). The importance of these enzymes was demonstrated
by the observed increased fat absorption in infants consum-
ing human milk compared to infant formula. It has been

estimated that two-thirds of nonspecific lipase activity in the
duodenum content after raw human milk consumption is
from milk (Blackberg and Hernell 1983). Therefore, the add-
ition of milk lipases to infant formula could help to elevate
fat utilization in infants, particularly for early or preterm
infants. Adding carboxyl ester lipase to infant formulations
may also decrease the incidence of intestinal disorders, espe-
cially ileal perforation and necrotizing enterocolitis in neo-
nates (Howles et al. 1999). The presence of large and
commercial human milk banks may allow the purification of
proteins exclusively present in human milk, especially for
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the benefit of highly vulnerable
(Andersson et al. 2007).

As shown in Table 3, purification and enrichment meth-
ods for several bioactive proteins present in the MFGM
have not yet been established, or not yet scaled for supple-
mentation of the infant diet. To overcome this, MFG size
selection may be the most convenient way to pre-enrich the
MFG fraction with specific protein and lipid components
before considering further large scale purification using
methods already described (Holzmiiller and Kulozik 2016).

premature infants

6.1. Size effect on protein composition

Recent studies reported differences in protein concentration
among MFG size populations. (Lu, Argov-Argaman, et al.
2016), for example, using proteomic analysis, identified 49
and 23 proteins that were more abundant in the large
(LMFG) (7.6+0.9 um) and SMFG fractions (3.3 + 1.2 um)
extracted from bovine cream and skimmed milk, respect-
ively. Among the major proteins, the LMFG fraction was
shown to contain more MFGES8, ADPF and glycosylation-
dependent cell adhesion molecule 1 (GLYCAM1/PP3) com-
pared to the SMFG. Proteins found to be more abundant in
the SMFG fraction were mainly associated with lipid meta-
bolic processes and cholesterol, ie. acyl-CoA synthetase
(QILZF6, FIMEX9, ACSL), lanosterol synthase (LSS), ace-
tyl-CoA carboxylase 1 (ACACA), sterol-4-o-carboxylate 3-
dehydrogenase (decarboxylating; NSDHL), and glycerol-3-
phosphate acyltransferase 4 (AGPAT6) (Lu, Argov-
Argaman, et al. 2016). Other proteins enriched in the LMFG
or SMFG fraction are described in Table 3. To explain, in
part, the observed proteomic differences between the LMFG
and SMFG fractions, the authors hypothesized that due to a
size-dependent FA and PL composition, a different surface
polarity between the large and small MFG fractions exists.
Such polarity differences could, in turn, change the affinity
of the MFGM for proteins (Lu, Argov-Argaman, et al.
2016). It may also be hypothesized that differences in the
protein profile have a functional role throughout lactation.
In bovine and ovine milk, for example, colostrum has a
larger MFG size, which generally decreases thereafter
(Fleming et al. 2017; Martini, Altomonte, and Salari 2012a).
Although not reporting the size of the MFG, Reinhardt and
Lippolis (2008) found the concentration of 26 MFGM pro-
teins increased and 19 decreased in bovine milk (at 7 days of
lactation) and bovine colostrum, respectively. Mucin (1 and
15) (7-fold) and the tripartite complex of proteins, ADPF
(3.4-fold), BTN (3.2-fold), and XDH (2.6-fold), for example,
were found more concentrated in bovine milk compared to
colostrum (Reinhardt and Lippolis 2008). Other proteins
such as acyl-CoA synthetase, lanosterol synthase, lysophos-
phatidic acid acyltransferase, and fatty acid-binding protein,
associated with lipid transport synthesis and secretion, were
2.6- to 5.1-fold more concentrated in bovine milk compared
to colostrum. In contrast, apolipoproteins A1, C-III, E, and
A-IV were 2.6- to 4.3-fold less concentrated in milk than in
the MFGM from colostrum (Reinhardt and Lippolis
2008).These may indicate, despite the higher fat content in

colostrum, that an early developmental shift in milk fat
transport may occur.

Human colostrum samples (up to 4days after delivery)
were also shown to have a larger average MFG size com-
pared to transitional and mature milk (Argov-Argaman et
al. 2010; Michalski et al. 2005; Zou et al. 2012). Alpha-amyl-
ase, MARCKS-related protein apolipoprotein D, apolipopro-
tein E, ubiquitin, bone marrow stromal antigen 2, chordin-
like protein 2, gamma-glutamyltranspeptidase 1, long-chain
fatty-acid-CoA ligase 4, alpha-1-antitrypsin, IGFBP2 and
matrilin-3 are highly expressed in early lactation, whereas
annexin, complement C3, CD9 antigen, nonspecific lipid
transfer protein, fatty acid-binding protein, folate receptor
alpha, glutathione peroxidase 3, gelsolin, heat shock protein
beta-1, lysozyme C, proactivator polypeptide, BTN and XO
are more highly expressed later in lactation (Liao et
al. 2011).

Martini et al. (2013), studying ovine MFGM composition,
reported a lower amount of total membrane proteins and a
higher activity of XDH/XO in mature milk compared to
10h post-partum. This was probably due to either the acti-
vation and deactivation of the enzyme during lactation
(Benboubetra et al. 2004), or a lower expression of XDH/
XO as reported in bovine and human colostrum (Reinhardt
and Lippolis 2008; Liao et al. 2011).

7. Milk fat globule bioactive lipids

The lipid fraction of the MFG is composed of TAG (98%),
polar lipids and cholesterol. The major polar lipids present
in the membrane are SM, PC, PE, PS, and PL
Glycosphingolipids, which are minor constituents of the
MFGM, comprise the cerebrosides (neutral glycosphingoli-
pids containing uncharged sugars) and the gangliosides
(acidic glycosphingolipids containing sialic acid). Although
the TAG fraction is mainly utilized as a source of energy,
other beneficial effects of the FA profile on infant develop-
ment have been well-described and recently reviewed by Lee
et al. (2018). In short, mixtures of milk PL were shown to
improve cognition, neuroplasticity and myelinization in ani-
mal models and clinical studies (Liu et al. 2014; Pepeu,
Pepeu, and Amaducci 1996; Gurnida et al. 2012; Oshida et
al. 2003). Dietary PL was shown to play key biological roles
in lipid digestion (Fave, Coste, and Armand 2004), absorp-
tion and transport (Kiillenberg et al. 2012) and signaling
pathways (Shimizu 2009). Dietary PL is also positively asso-
ciated with inflammation (Dial and Lichtenberger 1984),
cholesterol absorption (Eckhardt et al. 2002), colon cancer
(Berra et al. 2002) and intestinal maturation (Motouri et
al. 2003).

The literature suggests that the concentration of milk fat
and PL is highly variable among and within species. Table 1
shows the wide variation of milk fat content reported in
ovine (6.5-9.0g/100g), caprine (3.5-5.6g/100g), bovine
(3.4-6.0g/100g) and human milk (2.8-3.8g/100g). This
variation is also observed for the MFG size and, conse-
quently, the concentration of total milk polar lipids (see Sec.
5). These variations are due to the aforementioned



differences in breed and maternal geographical origin, diet,
sampling time, sample preparation and methods of analysis
(Verardo et al. 2017; Logan et al. 2014; Fleming et al. 2017;
Couvreur et al. 2007). It has been suggested, for example,
that 40-72% of PL reported in MFGM lipids depends upon
the MFGM isolation method (Fong, Norris, and MacGibbon
2007; Thompson and Singh 2006). Table 1 reports the vari-
ation of total PL found within species and a snapshot of the
literature data on the distribution of PL classes across spe-
cies (Et-Thakafy, Guyomarc’h, and Lopez 2017), comparing
the PL composition among bovine, caprine and ovine milk,
reported PE as the most abundant PL. Most studies, how-
ever, analyzing the concentration of PL in only one species,
suggest that SM is the most abundant PL in human, bovine,
caprine and ovine MFGM followed by PC (Zou et al. 2012;
Lopez and Ménard 2011; Garcia et al. 2012; Murgia, Mele,
and Monduzzi 2003; Andreotti, Trivellone, and Motta 2006)
and PE (Claumarchirant et al. 2016; Giuffrida et al. 2013;
Benoit et al. 2010; Donato et al. 2011; Garcia et al. 2012).
The ratio between cholesterol and SM in milk was shown
to be higher in bovine, compared to goat and sheep milk,
which was shown to impact structural behavior of liquid-
ordered domains in the MFGM (see Sec. 4) (Et-Thakafy,
Guyomarc’h, and Lopez 2017). These differences may have
consequences for the dynamics of MFGM structure in rela-
tion to temperature during cooling, storage, heating and also
digestion (Et-Thakafy, Guyomarc’h, and Lopez 2017).

7.1. Size and lipid composition

It is well-described in the literature that the MFG size is
negatively associated with the PL/TAG ratio (reviewed by
Smoczynski 2017). The most common theory that explains
this negative association is the inability of the mammary
gland secretory cells to increase the production of mem-
brane material (PL concentration) with higher fat yield
(TG). It has also been suggested that, in early lactation days,
the larger globules observed could also be related to mam-
mary gland immaturity, which is unable to produce more
membrane (McManaman 2009).

Recently, it has been reported that the proportion of diet-
ary FA (or preformed) in small MFGs were higher than
large MFGs, whereas the proportion of de novo FA did not
differ between the groups (Walter et al. 2020). The FA
incorporated into milk fat in the MEC are obtained from de
novo synthesis in the mammary gland (chain length of C4
to C16) or derived from the blood as preformed FA after
hydrolysis of TAG from the diet or adipose tissue (chain
length of C16 or higher; Palmquist 2006). The balance
between the two pathways depends on the physiological
state of the animal (Palmquist 2006). The authors suggest
two possible explanations for this observation; long-chain
SFAs were was utilized to PL needed for increased mem-
brane material required for the formation of smaller MFGs,
or the observed changes could indicate increased adipose tis-
sue lipid utilization in the small MFG group (Walter et al.
2020; Mesilati-Stahy, Malka, and Argov-Argaman 2012).
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Few studies, so far, have investigated the differences in
PL composition among subpopulations of bovine MFG.
Lopez et al. (2011) reported that individual polar lipids (PE,
PIL, PS, PC and SM) were higher in SMFG-fractions (1.6 pm)
than in whole milk (4.2 um) and LMFG-fractions (6.5 pum).
Logan et al. (2014) also reported an increase in total (%) PL
and PC in smaller (3.6 +0.2 um) compared to larger globules
(4.6 £0.3 um). In contrast, Mesilati-Stahy, Mida, and Argov-
Argaman (2011) reported that only PI increased in MFGs
with an average diameter similar to, or lower than 2 um,
whereas PC, PS, PE and SM were enriched in MFGs with an
average diameter of 3 um. Lu, Argov-Argaman, et al. (2016),
studying the composition of two different bovine MFG sub-
populations, found increased concentrations (%) of PE and
cholesterol in SMFG (3.3+1.2um), and PI in LMFG
(7.6£0.9 um). These conflicting results suggested that PL
concentration may be affected not only by MFG size but
also by other physiological conditions such as stage of lacta-
tion (Mesilati-Stahy and Argov-Argaman 2014; Logan et
al. 2014).

Human milk composition varies considerably during lac-
tation, particularly during the transition from colostrum to
milk. Marie-Caroline Michalski, Briard, Michel, et al. (2005)
reported that on the delivery day, most of the globules were
>10 um, and by the fourth lactation day, most of the glob-
ules in human milk were less than 1pum. This correlates
with the increase in total PL concentration and fat observed
from colostrum to mature milk (Bitman et al. 1983;
Boersma et al. 1991; Claumarchirantet al. 2016; Lopez et al.
2011; X.-Q. Zou et al. 2012). Changes in PL and FA were
also observed as follows: PC, PI, PE and PS concentration
were shown to increase during the transition from colos-
trum to mature milk, whereas SM remained stable (Lopez
et al. 2011; X.-Q. Zou et al. 2012). C16:0 was found to be
the most abundant FA in colostrum and milk, followed by
C18:1 w-9, C18:2 w-6 and C18:0. C16:0 decreased from col-
ostrum to milk, whereas the opposite trend was shown for
C18:0, -3 PUFAs and w-6 PUFA (Lopez et al. 2011; X.-Q.
Zou et al. 2012).

Total PL content was shown to increase from colostrum
to mature bovine milk (Zou et al. 2015) but decreases in
later lactation (180days) (Bitman and Wood 1990). This is
associated with higher levels of milk fat post-partum, and
the lowest concentration around the peak of lactation
(Mesilati-Stahy & Argov-Argaman, 2014). Another study,
however, reported that total PL decreased 24h post-partum
and did not change from 48h to 50days of lactation
(Contarini et al. 2014). In terms of specific PL, in general,
no differences were observed in PC concentration, whereas
SM was shown to decrease, and PE, PI and PS increase dur-
ing lactation (Contarini et al. 2014; Zou et al. 2015). In
terms of FAs, a higher concentration of short-chain FAs was
reported in milk compared with late lactation (Duchdcek
et al. 2013). Mature bovine milk was also shown to have
higher saturated FAs compared to colostrum, whereas colos-
trum has higher MUFA and PUFA (Zou et al. 2015). C18:1
-9 was found to be the most abundant FA in colostrum
and milk, followed by C16:0, C18:0 and C18:2 w-6. C18:1
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Table 4. Comparison of milk fat globule fatty acid composition in different bovine milk fat globules sizes.

MFG size (um)*P

Fatty acid <2 ~3 5-8 Reference®
Cc4-C14 — + (Timmen and Patton 1988)
4-Ccn - + (Fauquant et al. 2005)
C10:1 + - (Lu, Argov-Argaman, et al. 2016)
1 + — (Lopez et al. 2011)
C12 + — (Fauquant et al. 2005, Michalski, Briard, and Juaneda 2005)
+ — (Lopez et al. 2011)
- + (Michalski et al. 2006)
c12:1 + — (Lu, Argov-Argaman, et al. 2016)
Cc13 + — (Lopez et al. 2011)
C14 + — (Lopez et al. 2011)
+ - (Fauquant et al. 2005, Michalski, Briard, and Juaneda 2005)
- + (Michalski et al. 2006)
C14:1 &9 + — (Lopez et al. 2011)
+ — (Lu, Argov-Argaman, et al. 2016)
C15 + - (Lopez et al. 2011)
+ — (Walter et al. 2020)
Cl6 — + (Wiking et al. 2004)
+ — (Lopez et al. 2011)
+ - (Fauquant et al. 2005)
C16:1 9 + — (Fauquant et al. 2005)
C17:0 — + (Lopez et al. 2011)
- + (Lu, Argov-Argaman, et al. 2016)
+ — (Michalski et al. 2006)
C17:1 c10 — + (Lopez et al. 2011)
C18:0 — + (Lopez et al. 2011)
- + (Wiking et al. 2004, Fauquant et al. 2005, Lu, Argov-Argaman, et al. 2016)
- + (Timmen and Patton 1988)
c18:1 — + (Wiking et al. 2004)
+ — (Timmen and Patton 1988)
+ — (Briard et al. 2003)
C18:1 trans + - (Lopez et al. 2011)
— + (Lu, Argov-Argaman, et al. 2016)
C18:1 cis-9 — + (Lopez et al. 2011)
+ — (Lu, Argov-Argaman, et al. 2016)
- + (Michalski et al. 2006)
+ — (Walter et al. 2020)
C18:2 + — (Briard et al. 2003)
C18:2 cis-9,trans-11 + (Lopez et al. 2011)
+ - (Michalski, Briard, and Juaneda 2005, Lu, Argov-Argaman, et al. 2016)
C20:0 — + (Lu, Argov-Argaman, et al. 2016)
C20:3 n-3 + — (Fauquant et al. 2005)
C20:5 n-3 - + (Fauquant et al. 2005)
21 + - (Fauquant et al. 2005)

a(+) Increased concentration compared to larger or smaller MFG in the same study. (-) Lower concentration compared to larger or smaller MFG in the

same study.

bSources and MFG size: (Wiking et al. 2004) Small (~3 pum), Large (~6 um); (Lopez et al. 2011) Small (1.6 um), Large (6.5 um); (Briard et al. 2003) Small (average
<3um), Large (average >5pm); (Timmen and Patton 1988) Small (~1pm), Large (~3 pm); (Fauquant et al. 2005) Small (~3 um), Large (>5pum, <8um);
(Michalski et al. 2003) Small (~3 pm), Large (~6 pm); (Michalski, Briard, and Juaneda 2005) Small (~2.8 um), Large (~5.2 um); (Lu, Argov-Argaman, et al. 2016)
Small (~3 um), Large (~7.6 um); (Michalski et al. 2006) Small (2.1 um), Large (4.0 um); (Walter et al. 2020) Small (3.3 um), Large (4.9 um).

w-9 was shown to decrease, whereas C:16 increased from
colostrum to milk (Bitman and Wood 1990; Zou et al.
2015), which is in agreement with the FA profile observed
for LMFG.

Table 4 summarizes the significant differences in unsatur-
ated, medium, and long-chain saturated FA between the
globule size fractions <2 um, around 3 um, and 5-8 um, as
reported in the literature for bovine milk. In general,
medium-chain FAs (C10:1, C11, C12, C12:1, C13), myristic
(C14:0) and pentadecanoic acid (C15:0), when individually
analyzed, were more concentrated in smaller (<3 um) com-
pared to the larger globules (>3 um) (Fauquant et al. 2005;
Michalski, Briard, and Juaneda 2005; Lopez et al. 2011; Lu,
Argov-Argaman, et al. 2016). The amount of long-chain
SFA (C17:0, C18:0, and C20:0) is significantly higher in the
large MFG fraction, whereas that of total UFA (PUFA,
MUFA, and CLA) is higher in the small MFG fraction (Lu,

Argov-Argaman, et al. 2016). Some of these results have
been reported by other authors (Timmen and Patton 1988;
Briard et al. 2003; Lopez et al. 2011; Michalski, Briard, and
Juaneda 2005; Walter et al. 2020) (Table 4).

The human and bovine MFGM is relatively rich in UFAs
compared to the core TAGs; the higher proportion of UFAs
in the small MFG fraction may be related to the relative
increase in membrane material compared to the large glob-
ules (Lu, Argov-Argaman, et al. 2016). In contrast, ovine
MFGM was shown to contain more SFA (C16:0 (+21.5%)
and C18:0 (+67.64%), and PUFAs (+48.66%)) compared to
the core TAGs which contained higher content of MUFAs
(+12.36%) and short chain fatty acids (+640.42%). Changes
in MFGM lipid PL composition were also shown to be regu-
lated by the developmental status of the infant at delivery. A
recent study, for example, showed that higher concentrations
of several species of PC, PE, SM and total PL were found in



preterm milk throughout lactation (Ingvordsen Lindahl et al.
2019). This may indicate different developmental require-
ments between preterm and term infants which could be
met by the selection and purification of ruminant MFGs.

8. Milk fat globule size, processing and digestion

Lipid digestion is an interfacial process where the MFG size,
composition and structure have a key role in the digestion
and absorption of milk fat. Small globules, for example,
have a greater specific surface area available for lipase
adsorption and enzymatic action compared to larger glob-
ules, which contributes to faster digestion (Garcia et al.
2014). Therefore, as MFG size ranges from 0.1 to 15um, a
wide variation in the digestion kinetics of milk fat globules
may be observed (Bourlieu and Michalski 2015).
Compositional differences among the different sizes could
also affect digestion due to interaction of proteins and lipids
with lipases and bile salts.

Homogenization and pasteurization affect digestion rate,
the release of FAs, and MFG size and microstructure (Zhao,
Du, and Mao 2019). Homogenized MFGs are digested more
rapidly and release more FA than native globules, but not as
much as the specific surface area increase would dictate,
suggesting an important role for the MFGM in aiding diges-
tion (Berton et al. 2012; Zhao, Du, and Mao 2019).
Homogenization also leads to binding of milk proteins to
the MFGM, which has more affinity for pepsin and pancre-
atic lipase, and losses of MFGM native proteins (BTN,
PAS6/7 and mucins), which are resistant to proteases (Ye et
al. 2017).

As reported above, the glycosylated proteins such as
mucin 1 and 15, ADPF, BTN, and XDH were more concen-
trated in MFGM from bovine milk or the smaller MFG frac-
tion, compared to colostrum or the larger MFG fraction
(Reinhardt and Lippolis 2008; Lu, Argov-Argaman, et al
2016). Increased glycosylation of the proteins present in the
MFGM may help the MFGs to resist digestion in the first
parts of the gastrointestinal tract and retain this biological
effect into the large intestine. For some of the proteins
(mucin and lactadherin), gastric stability has been shown
(Peterson et al. 1998; Le et al. 2012) that may affect the
immune system and protect against bacteria and viruses in
the neonatal gastrointestinal tract (Ye, Cui, and Singh 2011).
Other glycosylated proteins show different levels of resist-
ance to gastric proteases in in vitro studies (Ye, Cui, and
Singh 2011; Gallier, Ye, and Singh 2012; Le et al. 2012). At
a very low pH (1.6) gastric simulated digestion, BTN was
more resistant to proteases than other MFGM glycoproteins,
such as XO and bovine lactadherin (PAS 6/7), although all
proteins were fully digested after 15min of incubation with
pepsin at 1.6 mg/mL. It is interesting to note that the carbo-
hydrate composition of the protein was shown to affect the
resistance against proteolytic activity in the gastrointestinal
tract. PAS 6 (which contains an additional high-mannose
type N-glycan) was slightly less sensitive than PAS 7 to
0.1 mg/mL pepsin treatment (Ye, Cui, and Singh 2011).
Another study showed that lactadherin, ADPF, PAS III and
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CD36 from human MFG could still be detected after 3h of
pepsin digestion (Le et al. 2012). Although these studies
used different methodologies, species-specific differences in
the resistance to pepsin digestion cannot be ruled out.

Compositions of MFG FAs and triglycerides are not
affected by homogenization and thermal processing, and the
profiles of released FA may relate to the digestion rate of
MFGs (Gallier, Cui, et al. 2013; Gallier, Zhu, et al. 2013).
Lipid profiles of differently sized MFG, however, may also
affect digestion. As reported in Table 4, smaller fat globules
in bovine milk contain less long-chain FAs but more
medium-chain FAs and myristic acid in the core. Therefore,
considering that gastric lipase selectively hydrolyzes short-
and medium-chain FAs (Sams et al. 2016), and also that the
interfacial composition will have an impact on the adsorp-
tion of gastric lipase (Bourlieu et al. 2014), the size of fat
globules will affect digestion rate and release of FAs. PL pro-
file and concentration may also affect lipid absorption and
postprandial lipid metabolism. A milk PL ingredient rich in
SM, for example, was shown to improve postprandial lip-
emia, gastric emptying and intestinal absorption in mice
(Lecomte et al. 2015) compared to a soya rich ingredient
rich in PC and PL

The MFGM structure may also affect digestion. The pres-
ence of SM in association with cholesterol in the membrane
under digestive conditions and subsequent putative absorp-
tion through intestinal epithelial cell layers has not been
demonstrated mechanistically; however, this association may
have implications for the absorption of cholesterol into the
cardiovascular system from dietary sources (Garmy et al.
2005). Clinical studies have indicated that consumption of
hard cheese has a positive effect on reducing plasma high-
and low-density lipoprotein cholesterol levels, compared to
butter where the MFGM is in a more disrupted state, indi-
cating the importance of the lipid matrix in delivering health
outcomes (Hjerpsted, Leedo, and Tholstrup 2011; De Goede
et al. 2015).

Another parameter that may affect the digestion of MFGs
of different sizes is the (-potential, the electric potential at
the surface of shear of fat globules, which may reflect the
glycoprotein and glycolipid composition of the MFGM as
well as the mineral composition of the milk. According to
Zou et al. (2012) and others (Michalski et al. 2005; Lopez et
al. 2011; Ménard et al. 2010; Cebo et al. 2012), mature
human MFG has a smaller (-potential (—7.25+0.61 mV)
compared to  bovine (—=13.5+0.9mV), caprine
(—12.0£ 1.1 mV) and ovine MFG, although it must be noted
that the {-potential depends upon the local ionic environ-
ment. These authors also described differences across human
lactation stages, where the {-potentials for colostrum, transi-
tional, and mature MFG were —5.60+0.12, —6.72+0.16,
and —7.25+0.61 mV, respectively. From a colloidal point of
view, MFGs with large positive or negative {-potentials are
electrostatically more stable against flocculation, whereas
globules with small {-potentials tend to coagulate or floccu-
late. The smaller {-potential of human MFG may assist in
digestion and metabolism of human milk fat in infants
(Michalski et al. 2005). Increased flocculation, however,
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could reduce the surface area and obstruct the interfacial
access of digestive enzymes and bile salts (Wilde and Chu
2011). The significance, if any, of (-potential on MFG
digestibility is not entirely clear.

MFG size selection could be used to enrich dairy prod-
ucts and ingredients with specific components with or with-
out the native MFG structure. Buttermilk, which can be
obtained by churning cream into butter (i.e. sweet butter-
milk) or churning cultured cream into lactic butter (i.e.
traditional cultured buttermilk) contain residues of MFGM
(Conway, Gauthier, and Pouliot 2014; Conway et al. 2014).
Although losses in protein and lipid components are
observed during churning, buttermilk is still a good source
of phospholipids with observed health benefits (Fuller et al.
2013). Dairy ingredients containing MFGM, known as
phospholipid-enriched dairy ingredients, are commercially
available for food fortification. The phospholipid-enriched
ingredients are produced from beta-serum, buttermilk or
whey using a combination of different technologies (e.g.
microfiltration, supercritical CO, extraction, solvent extrac-
tion, etc.) (Huang et al. 2020). Those products are enriched
in MFGM phospholipids, milk proteins and lactose with no
membrane structure remaining (Vanderghem et al. 2010).
Although, not structured in a trilayer membrane, PL dairy
ingredients are digested and absorbed, showing beneficial
health effects for the infant when added to infant formula
(Timby et al. 2014; Mudd et al. 2016; Bhinder et al. 2017;
Sprong et al. 2012; Snow et al. 2011; Huang et al. 2019) and
supplemented to older adults (Watanabe et al. 2020).

Microfiltration is a direct way to produce a purified milk
fat globule product with specified MFG size (Jukkola et al.
2016). Recently, Hansen, et al. 2020 produced a MFGM iso-
late containing 7% w/w polar lipids and 30% w/w proteins,
where contamination by non-MFGM proteins was only 25%
of total protein content. Moreover, mild pasteurization
(72°C, 155) introduced either before or after microfiltration
had no impact on filtration efficiency or MFGM yield and
composition (Hansen et al. 2020). Microfiltration may be
the best method to obtain a less processed MFG fraction,
enriched in specific size-related components.

9. Conclusion

Size and composition of MFG are species-specific but can be
influenced by breed (or maternal origin), diet and lactation
period. Although in isolation, all factors above were shown
to have detectable effect on MFG size, they do not suffi-
ciently explain the wide individual variation observed in
MEFGs. There is evidence, however, that physiological state
(i.e. stage of lactation, metabolic state) outweigh the effects
of milk production traits (i.e. genetic) and environmental
conditions (e.g. diet) on MFG size.

New insights suggest that post-secretion modifications by
membrane vesiculation or MFG fusion offer other levels of
regulation of MFG size and structure. This post-secretion
modification could be driven by genetics but could also be
influenced by the maternal physiological state. There is a
need for better understanding of the genetic and

environmental factors regulating the structural characteris-
tics of the MFG.

Changes observed in the size range of MFG secreted dur-
ing lactation may have an essential physiological role for the
developing infant, but studies linking composition and
infant development are lacking. Small vesicles (<1 pm),
with reduced TAG core, were shown to be highly concen-
trated in human and ruminant milk and may have a direct
function to deliver bioactive components to the infant.
Moreover, more studies are needed comparing the in vivo
digestibility of the different MFG size fractions to help clar-
ify the release and activity of the MFGM components and
the interaction of the different components of MFGM with
the gastrointestinal tract.

Purification and enrichment methods for several of the
bioactive proteins and lipids present in the MFGM have not
been established, or not scaled sufficiently to be able to be
used to supplement infant diets. To overcome this problem,
two strategies could be applied for increasing the concentra-
tion of specific MFGM protein and lipid components. (1)
MEFG size selection by naturally selecting animals that pro-
duce small or large globules; or (2) isolating MFGs by size
fractionation. Thus, a selective fractionation of specific
ruminant MFG could be used to fulfill human nutritional
and health requirements.
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Nomenclature

ADPF adipophilin

BTN butyrophilin

FA fatty acids

LD lipid droplets

LMFG large milk fat globules
MEC mammary epithelial cell
MFG milk fat globule

MFGM  milk fat globule membrane
PC phosphatidylcholine

PE phosphatidylethanolamine
PI phosphatidylinositol

PL phospholipid

PS phosphatidylserine

PUFAs  polyunsaturated fatty acids
SM sphingomyelin

SMEG small milk fat globules

SNARE-soluble N-ethylmaleimide
sensitive fusion attachment protein receptor

TAG triacylglycerol
XDH xanthine dehydrogenase
XOR xanthine oxidoreductase

XDH/XO xanthine dehydrogenase/oxidase.
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