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Abstract: The milk fat globule membrane (MFGM), the component that surrounds fat globules in
milk, and its constituents have gained significant attention for their gut function, immune-boosting
properties, and cognitive-development roles. The MFGM can directly interact with probiotic bacteria,
such as bifidobacteria and lactic acid bacteria (LAB), through interactions with bacterial surface
proteins. With these interactions in mind, increasing evidence supports a synergistic effect between
MFGM and probiotics to benefit human health at all ages. This important synergy affects the
survival and adhesion of probiotic bacteria through gastrointestinal transit, mucosal immunity, and
neurocognitive behavior in developing infants. In this review, we highlight the current understanding
of the co-supplementation of MFGM and probiotics with a specific emphasis on their interactions
and colocalization in dairy foods, supporting in vivo and clinical evidence, and current and future
potential applications.
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1. Introduction

The milk fat globule membrane (MFGM) is the structure comprised of lipids, membrane-
associated proteins, and carbohydrates in the form of glycoconjugates, which surround
every fat globule secreted in milk during lactation of mammals. The beneficial impacts
of the bovine MFGM have been well-established [1]. In recent years, infant formula com-
panies have begun to include MFGM ingredients in their formulations for its effects on
cognitive development and gut maturation [2,3]. Furthermore, the focus on understanding
how MFGM affects the gut microbiome of developing infants is gaining momentum. The
current evidence demonstrates that MFGM supplementation increases the abundance of
beneficial bacteria, such as bifidobacteria and some species of lactic acid bacteria (LAB),
which is associated with a reduced risk of several diseases, including type I and type II
diabetes, hepatitis B, and obesity (previously reviewed in [1]). However, the mechanism
by which the MFGM imparts its benefits is much more poorly understood. In addition
to the benefits of MFGM consumption, probiotics and their positive outcomes go beyond
intestinal and immunological health by also directly impacting cognitive function. In
this review, we aim to concisely summarize the current research on the MFGM and its
interactions with probiotics both in foods and the gastrointestinal tract and discuss the
potential mechanisms involved with their interactions, as well as the synergistic effects of
co-supplementation.

1.1. The Milk Fat Globule Membrane
1.1.1. Structure and Origin

To comprehend the complex structure and composition of the MFGM, it is necessary
to understand its origin. The MFGM originates in the secretory cells of the mammary
gland alveoli (Figure 1). Once the fat globules are synthesized in the rough endoplasmic
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reticulum (ER), they are coated with a first layer of phospholipids before being released to
the cytoplasm [4]. They migrate to the apical part of the cell, where they are enveloped
with an additional bilayer of phospholipids derived from the cell membrane and then
expelled into the alveolar lumen [5]. During secretion, an additional layer that is electron
density rich forms between the outer bilayer and the monolayer, which houses cytosolic
proteins xanthine dehydrogenase/oxidase (XDH/XO) and the FABP family [6,7], as well
as ADPH which is embedded in the phospholipid monolayer (Figure 1, insert). XDH/XO
is colocalized with a small extracellular region of integral membrane protein BTN from
the moment they are synthesized in the apical part of the secretory cells, as observed
experimentally in mouse models [8]. The role of the MFGM during lactation is one of active
participation in the secretion of fat globules. After lactation, it prevents the coalescence of
fat droplets by maintaining the milk emulsion and serving as a barrier to avoid lipase and
other enzymatic activity that could disrupt the globules [9].

1.1.2. Composition

The gross composition of the MFGM varies greatly as a result of factors such as the
physiology of the mammal, isolation and purification methods, processing of the milk, and
even the analytical techniques used to quantify the molecular components (Table 1). In
general, the concentration of MFGM in cream ranges between 3.0–3.9 g/L and is composed
primarily of specific lipids and membrane-associated proteins that, together, account for
over 90% of the MFGM dry weight.

As shown in Table 1, the MFGM is rich in lipids, the predominant class being milk
phospholipids (MPLs) (Table 2). Phospholipids (PLs) are ubiquitous molecules in mem-
branes and vesicles, and the MFGM possesses a unique mixture not found in plant-based
lecithin. Phosphatidylethanolamine (PE) is usually found as an important constituent of
nervous and brain tissue and, in the MFGM, constitutes up to 46% of the total MPLs [14],
whereas phosphatidylcholine (PC) represents up to 38%, and its function is to maintain the
permeability of the membrane due to its flexible morphology [15,16]. Phosphatidylinositol
(PI) and phosphatidylserine (PS) are present in lower concentrations in milk and are anionic
PLs distributed asymmetrically throughout the MFGM [17]. Sphingomyelin (SM) is the
main sphingolipid in the MFGM due to its high concentration (about 30–40%), and it
is known to have many beneficial effects on human health, such as improved neuronal
development in infants and the protection of neonates from bacterial infections [18–20].
Structurally, SM forms lipid-ordered domains that also contain cholesterol (Figure 1B). This
cholesterol appears to be involved not only in the topography and fluidity of the MFGM
but, also, in biological functions such as localization and insertion of MFGM proteins with
transmembrane domains [21–23]. The MFGM lipids are arranged asymmetrically in such a
specific way that SM and PC are located on the outside of the bilayer while PE, PS, and PI
are found inside the membrane [15]. MFGM glycolipids are almost exclusively located in
the outer layer [24].

The composition of the MFGM components varies greatly between mammalian
species. Even though the structure and biosynthesis are similar, the profile of MPLs
is different, as seen in Figure 2. The composition of human MPL in comparison to bovine
milk differs mainly in the concentration of SM and PS—human milk provides a higher
percentage of SM, whereas bovine milk has a higher percentage of PS. The composition
of MPLs from donkey milk is extremely different from that of milk of all other species,
particularly due to the high values of PE and the low values of SM.

Gangliosides are glycolipids involved in neuronal development and immunological
adaptation in neonates and, hence, are very important in human nutrition. GD3 is the main
ganglioside in bovine and human MFGM, followed by GM3, although the concentrations
are different [25].
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Figure 1. Schematic diagram of (A) the biosynthesis of fat globules during lactation and (B) the
structure of the milk fat globule membrane (MFGM) where the different layers and their general
compositions are depicted. BTN, Butyrophilin; PAS 6/7, Lactadherin; MUC-1, Mucin 1; CD36,
Cluster of differentiation 36; MUC-15, Mucin 15; XDH/XO, Xanthine dehydrogenase/oxidase;
FABP, fatty acid binding protein family; and ADPH, Adipophilin. Adapted with permission from
Ortega-Anaya et al. (2020). Copyright 2020 Elsevier Ltd. [7].
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Table 1. General composition of the milk fat globule membrane (MFGM). Data compiled from [10–13].

Component Concentration Range (%)

Lipids 64–71.8
Protein 22.3–28

Glycoconjugates 10
RNA Traces

Table 2. Composition of the MFGM lipids. Data compiled from [7,9,10,25–27].

Lipid Class Fraction Content In % Subclass

Polar Lipids

Phospholipids 65

Glycerophospholipids

- PE
- PC
- PS
- PI

Sphingolipids

- Sphingomyelin (SM) a

- Glucosylceramide (GlcCer) b

- Galactoceramide (GalCer) b

- Lactosylceramide (LacCer) b

Gangliosides or
glycolipids 5

- Monosialoganglioside 1 (GM1)
- Monosialoganglioside 2 (GM2)
- Monosialoganglioside 3 (GM3)
- Disialoganglioside 1A (GD1A)
- Disialoganglioside 1B (GD1B)
- Disialoganglioside 2 (GD2)
- Disialoganglioside 3 (GD3)
- Trisialoganglioside (GT)
- Trisialoganglioside 3 (GT3)

Neutral Lipids

Di-acylglycerols 10

Mono-acylglycerols Traces

Free fatty acids 10

Sterols

Cholesterol 10

Liposoluble molecules

Vitamins A, D, E and K 5
a Considered a sphingophospholipid. b Categorized as a neutral glycolipid and cerebroside.

The MFGM possesses a rich variety of proteins as well, which are all membrane-
associated and account for about 25% of the mass [34]. The protein profile is vast, and it
varies between species. Human, bovine, and caprine MFGM possess 1104, 632, and 137
different proteins, respectively [35]. However, a group of eight proteins are usually the
most abundant in all species. Figure 1B depicts this group of predominant MFGM proteins,
as well as their locations in the different layers, and their orientation and association with
phospholipids, carbohydrates, and other proteins. Table 3 summarizes their molecular size
and, more importantly, their observed effects on human health.
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Figure 2. Variability of the milk phospholipid (MPL) profiles of different mammalian species. Data
compiled from [28–33].

Table 3. Composition of the predominant MFGM proteins. Data compiled from [36–42].

Protein Content in g/100 g of
Total Protein * Molecular Mass (kDa) Reported Effect on

Human Health

Mucin 1 (MUC-1) NA 250–450
Antiviral and antibacterial by

preventing binding of pathogens
to intestinal cells

Mucin 15 (MUC-15) NA 94–100 Antiviral action

Xanthine
dehydrogenase/oxidase

(XDH/XO)
0.58 150–155

Bactericidal action by production
of hydrogen peroxide and nitric

oxide

Cluster of differentiation 36
(CD36) 0.18 77–78

Receptor for collagen and
thrombospondin. Scavenger
receptor for apoptotic cells

Butyrophilin (BTN) 3.35 66

Member of the immunoglobulin
superfamily, adhesive protein,

acts as a receptor and has a
positive effect in the immune
system. Co-inhibitor of T-cell

activation

Adipophilin (ADPH) 0.007 52
Facilitates transport of

triglycerides and fatty acids
during fat globule synthesis

PAS 6/7 or Lactadherin 0.93 48–54

Adhesive properties with effect in
the regulation of epithelial

coagulation. Role in synaptic
activity in the central nervous
system (CNS) and protection

against viral infection in the gut

FABP family 0.17 14–15 Transport of fatty acids

* In raw cream. NA: not available.
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There is a lot to say about the MFGM proteins given their complex compositions. In
addition to the predominant group shown in Table 3, hundreds of other proteins in minor
concentrations are also found, and according to proteomic studies, we know that the distri-
bution varies greatly upon the stage of lactation, environmental conditions, the method
of extraction, and the processing of the source containing MFGM. These minor proteins
have important functions in biological processes, such as antioxidant and detoxification
properties, and molecular functions such as binding [35]. Finally, it is important to note
that, according to the techniques used to isolate MFGM and process milk, whey proteins (α-
lactalbumin, β-lactoglobulin, immunoglobulins, and lactoferrin) are often found associated
with the MFGM fraction [34].

1.2. Lactic Acid Bacteria (LAB) and Bifidobacteria

With this review, we aim to showcase the interactions between the MFGM and probi-
otic bacteria, but first, we must highlight some of the notable features of these bacteria to
better understand their behaviors in complex systems. The two major groups of probiotic
bacteria are LAB and bifidobacteria. LAB are an important group of microorganisms of
great relevance for the food, clinical, and agricultural industries. Their main application
is in the preservation of foods by the production of lactic acid through fermentation. Ac-
cording to the current taxonomic classification, the LAB group belongs to the phylum
Firmicutes, class Bacilli, and order Lactobacillales, which comprises six families: Aero-
coccaceae, Carnobacteriaceae, Enterococcaceae, Lactobacillaceae, Leuconostocaceae, and
Streptococcaceae [43]. In general, LAB are Gram-positive, non-spore-forming, aerotolerant,
acid tolerant, rod- or coccus-shaped bacteria that produce lactic acid and other organic
compounds as a final product of carbohydrate catabolism, contributing to the taste, texture,
and final aroma of foods that contain them [44]. These bacteria are usually nonmotile and
present a complex, nutritionally fastidious requirement of vitamins, nutrients, and amino
acids for growth. LAB are distributed in nature in nutrient-rich habitats, including niches
such as food (dairy, fermented meat, cereals, fruits, and vegetables) and in human and
animal cavities (mouth, genitals, respiratory, and intestinal tracts).

Although LAB are already a diverse group of bacteria, they are further diversified by
containing circular and linear plasmids that give them the ability to survive in different
environments and contain additional genes that alter their metabolism. These include genes
for the metabolism of amino acids, citrate, carbohydrates, and proteins, as well as genes
involved in the production of bacteriocins, exopolysaccharides (EPSs), and pigments; defense
mechanisms against phages; and resistance to antibiotics and heavy metals [45]. LAB are
classified based on their physiological and biochemical characteristics, such as their growth
at different temperatures (15–45 ◦C), ability to grow in high salt concentrations (6.5 and 18%
NaCl), tolerance to alkali or ethanol, cell wall or fatty acid compositions, and capacity for acid
production during carbohydrate fermentation. Based on their metabolic products, LAB can
be classified as homofermentative (i.e., Lactococcus and Streptococcus) or heterofermentative
(i.e., Leuconostoc, Wiessella, and some Lactobacillus), which produce two lactate molecules per
glucose via the Embden-Meyerhof-Parnas pathway or lactate, ethanol, and carbon dioxide
from glucose via the 6-P-gluconate/phosphoketolase pathway, respectively [46].

Another group of bacteria, called bifidobacteria, are commonly associated with LAB
in fermented foods but are distinct in their physiological, biochemical, and metabolic char-
acteristics. The genus Bifidobacterium belongs to the Bifidobacteriaceae family, order of Bifi-
dobacteriales, and belong to a branch of the phylum Actinobacteria [47]. Currently, this genus
contains 80 recognized taxa, 95 species, and 18 subspecies (https://lpsn.dsmz.de/genus/
bifidobacterium) divided into six phylogenetic groups: B. adolescentis, B. longum, B. pullorum,
B. asteroides, B. pseudolongum, and B. boum [48]. Bifidobacteria are Gram-positive, non-spore-
forming, nonmotile, mostly anaerobic, and generally rod- or bifid-shaped bacteria. Their
optimal growth temperature ranges from 37 to 41 ◦C. These bacteria can produce acetic and
lactic acids from the fermentation of glucose, galactose, and fructose without generating
carbon dioxide. Unique to bifidobacteria, carbohydrate fermentation occurs through the

https://lpsn.dsmz.de/genus/bifidobacterium
https://lpsn.dsmz.de/genus/bifidobacterium
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fructose-6-phosphate phosphoketolase pathway, also called the Bifid shunt. It is through this
pathway that bifidobacteria are well-recognized for their utilization of human milk oligosac-
charides (HMOs) for growth and gut microbiome development in infants [49]. Their main
niche is the intestinal tract and mouth of humans or animals, although they have also been
isolated from birds and insects, sewage, fermented milk, and blood.

Bifidobacteria and some LAB are generally considered nonpathogenic and are com-
monly used as probiotics in fermented products and food supplements. Probiotics are
defined as “living microorganisms that when administered in adequate proportions can
confer benefits on the health of the host” [50]. However, the applications of bifidobacteria
and LAB differ because of their differences in metabolism and physiology. For example,
bifidobacteria have certain growth disadvantages in fermented products, including dairy
products, compared to LAB. They grow and acidify poorly in cow’s milk; have low pro-
teolytic activity; and require longer fermentation periods, anaerobic conditions, and low
redox potential to grow. Some of these challenges can be overcome through addition of
substances such as ascorbic acid or cysteine to reduce the redox potential and promote
growth [51]. In addition, some species can survive the acidic environment of the stomach
and duodenum and the presence of bile salts and pancreatic juices, but these are very
aggressive conditions for bifidobacteria, and their proportions diminish over time. LAB
are commonly used as starter cultures for food fermentation due to the metabolites that
they produce, such as lactic acid and proteins with antibacterial activity. They prevent the
decomposition of food and the growth of pathogenic microorganisms.

Both LAB and bifidobacteria colonize the gastrointestinal tract of the host by adhering
to intestinal cells, exhibiting a resistance to host barriers [52]. The adhesion of bacteria in the
intestine is related to the presence of mucins whose functions are to lubricate and protect the
epithelial cells, increasing the adherence of LAB and bifidobacteria while concurrently ex-
cluding pathogenic bacteria. Pathogen exclusion occurs through various mechanisms. For
example, Lactobacillus can produce substances with antimicrobial activity with an inhibitory
effect against pathogenic enteric bacteria [53]. LAB and bifidobacteria are essential for the
health of the host by their direct involvement in metabolism, digestion, and preservation
of the immune system [54]. Both LAB and bifidobacteria are found as part of the human
milk microbiome. Although the exact composition of bacteria varies between mothers, the
predominant species in breast milk include Ligilactobacillus salivarius, Limosilactobacillus
fermentum, Lactobacillus gasseri, B. breve, B. adolescentis, and B. longum subsp. infantis [55].
LAB, through delivery in infant formulas, have been shown to promote health through
mitigation of several conditions in infants. For example, L. fermentum CECT5716 has been
shown to reduce the risk and duration of diarrhea [56], Limosilactobacillus reuteri DSM17398
has been shown to aid in colic management [57], and Lacticaseibacillus paracasei CBA L74
is protective against colitis and pathogen infection [58]. In addition, bifidobacteria is one
of the predominant groups associated with a healthy human microbiota. They rapidly
colonize the intestine of infants and are transmitted directly from the mother to the infant
to form part of their microbiota. Bifidobacteria found in infants modulate their metabolism
toward degradation of oligosaccharides present in breast milk, while those found in adults
mainly degrade complex carbohydrates from the diet, establishing an interaction between
bifidobacteria and other microorganisms present in the gastrointestinal tract [47]. The
predominant species in infants are B. breve, B. infantis, and B. longum, while B. catenula-
tum, B. longum, and B. adolescents are the species commonly found in the gastrointestinal
tract (GIT) of adults [51]. Their presence has been attributed to the promotion of health
benefits such as improving lactose digestibility, synthesis of vitamin B, facilitating cal-
cium absorption, preventing diarrhea, reducing cholesterol levels, production of vitamins,
immunostimulation, and anticarcinogenic effects [59].

2. Interactions of Bifidobacteria, LAB, and MFGM in Dairy Food Matrixes

Milk and dairy products are the most popular matrices for the dietary delivery of
LAB and bifidobacteria to humans, but little is known about how the MFGM interacts
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with and impacts bacterial cells. Moreover, no mechanism has yet been fully described
to explain this interaction. The knowledge of the latter could very well contribute to the
development of more efficient dairy foods, with an increased impact on human health.
Since the middle of the last century, the inclusion of LAB in fermented foods has generated
a revolution in the processing, production, and consumption of foods. Since that time,
several starter cultures have been developed for fermentation and direct inoculation in
food matrices. A starter culture is defined as a group of microorganisms that are inoculated
directly into the food matrix with the intention of providing desirable changes in the
final product [60]. One application of the interactions between LAB and MFGM is their
utilization for the cryoprotection of stock and starter cultures. Bacterial freezing processes
decrease the cell viability, damage the bacterial membrane, and reduce their functionality.
The supplementation of 0.5% MPLs in acid whey-based media has been reported to protect
LAB from freeze/thaw cycles [61]. Starter cultures also induce changes in a final product,
including improved sensory and nutritional properties and compositional changes for the
preservation of foods, as well as an added economic value [62]. The reactions amounting
to these changes are directly related to the presence and composition of the carbohydrate,
protein, and lipid components [63].

The interaction between MFGM and LAB and bifidobacteria is an adhesion phe-
nomenon driven primarily by the bacterial surface properties. It is a very complex re-
lationship that depends on many factors, including, but not limited to, strain genotype
and phenotype and bacterial biochemistry, such as environmental conditions, cell viabil-
ity, and metabolic activity. It is also impacted by the dairy matrix composition, water
content, and processing strategies used upon the foods. Hence, there is no current set of
rules or guidelines to predict whether the interaction will occur in all food matrices or
under what mechanism; it should be reviewed case-by-case. In general, bacterial adhesion
occurs in two steps: the first contact with the substrate is nonspecific and governed by
reversible interactions such as electrostatic, van deer Waals, and Lewis acid–base. This
step is followed by nonreversible and specific interactions involving adhesion factors,
complementary receptors, surface appendages, teichoic and lipoteichoic acids, and EPSs
from the cell envelope [64,65]. Given these phenomena, we should expect an attachment of
LAB and bifidobacteria to the MFGM to occur in the same manner.

In dairy products, we now know that LAB and bifidobacteria are preferably associated
with the fat/protein interfaces in cheeses at first, and after a period of aging, they have
been found embedded in the MFGM or inside the fat globules when they exert their
lipolytic activity [66–69]. Recently, a 45.9-kDa phosphoesterase with activity toward PL
was isolated and characterized from Pediococcus acidilactici [70], which indicates a variety of
lipolytic enzymes found in LAB and their affinity not only to milk fat but to MPL as well.
Other research suggests that LAB and bifidobacteria may have additional activity beyond
lipolysis of the MFGM components. For example, lactobacilli isolated from cheese has been
shown to grow and utilize the monosaccharides present in MFGM glycoconjugates [71],
which may alter the flavor development in cheeses [72].

In fresh cream, the direct association of LAB to fat droplets was informally reported
in 2008 [73], and ever since, strains such as Lactococcus lactis ssp. lactis subv. Diacetylac-
tis [74] and L. reuteri SD2112 and T1 have been shown to attach directly to the MFGM in
the surface of fat globules (Figure 3). Moreover, Brisson and colleagues were able to estab-
lish that the mechanism of adhesion occurs through specific connections with the bacterial
surface proteins [75].

Simple models have shown that many strains of LAB directly bind to MFGM compo-
nents. Guerin and colleagues used atomic force microscopy to identify that Lacticaseibacillus
rhamnosus GG (ATCC 53103) binds MFGM isolated from raw cream using functionalized
probes, and moreover, they identified that the adhesion occurs through the interaction of
SpaCBA pili in the bacterial cell wall [76].
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Figure 3. Association of lactic acid bacteria (LAB) with the MFGM in cream imaged by microscopy.
(A) Fluorescence microscopy images of L. lactis ssp. lactis subv. Diacetylactis. (A1) Variant 18 (LLD18)
is clearly attached to the MFGM, whereas (A2) variant 16 (LLD16), in comparison, is not. Adapted
with permission from Ly et al. (2006) Copyright 2006 Elsevier Ltd. [74]. (B) Optical tweezer force
images of L. reuteri SD2112 attached to the MFGM. (B1) Bacterial cells fixed to the cover slide, whereas
(B2) shows the experiment when the MFGM is attached to the cover slide. The thick white arrow
shows the direction of the microscope stage travel. Adapted with permission from Brisson et al.
(2010). Copyright 2010 American Chemical Society [75]. (C) Confocal laser scanning images of (C1)
L. reuteri SD2112 and (C2) L. reuteri T-1 in raw cream. Scale bar = 10 µm. Adapted with permission
from Brisson et al. (2010). Copyright 2010 American Chemical Society [75].

It is clear that many strains of LAB, in fact, interact with the MFGM; however, the
identification of the specific components from the MFGM that interact with these bacteria
are not well-known to date. We can hypothesize, based on the literature, that LAB are
prone to bind primarily to glycans of the MFGM proteins, such as PAS6/7 and mucins, due
to their high degree of glycosylation (approximately 10% and 60%, respectively) [40,77–79].
MUC1 is resistant to gastrointestinal digestion, likely due to its sugar moieties, including
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fucose, galactose, mannose, N-acetylgalactosamine, and N-acetylglucosamine, among other
sugars, which sterically protect it from proteolytic degradation [79,80]. PAS6/7 has been
previously reported to retain its ability to bind bacteria due not only to its glycosylation but,
also, its association with lipids and, specifically, PS [40,81]. A study used the sucrose density
gradient to show that six strains of L. reuteri isolated from various dairy products bind
MPLs from the MFGM [82]. L. reuteri showed greater interactions with MPLs compared
to Pediococcus lolii, suggesting that these interactions can vary at the genus and species
levels. In addition, it was found that some of the strains contained an increased relative
expression of surface-binding promoting genes CmbA, Cnb, and MapA with the addition
of 1% (w/v) of MPL. Mucus adhesion-promoting protein (MapA), the collagen-binding
protein (Cnb), and a putative sortase-dependent cell and mucus binding protein A (CmbA)
have been shown to promote the adhesion of bacteria to intestinal epithelial cells [83–86].

In our research group, through transmission electron microscopy (TEM), we iden-
tified that MPLs from the MFGM in simple models bind directly to the surface of some
Lactobacillus (Figure 4(A1,B1)) in a strain-dependent manner during cell growth rather
than internalizing them for further metabolism. This, in turn, affects the parameters of
the bacteria, such as the growth rate; cryotolerance; surface hydrophobicity; ζ-potential;
and adhesion properties such as expression of adhesion factors and mucus-binding pro-
teins [82,86,87] (Ortega-Anaya, J., Ohio State University, Columbus, OH, USA; personal
communication, 2020). In complex matrices such as milk and dairy products, the interac-
tion, as well as the outcome, is expected to be more complex.

Figure 4. TEM images of washed cells grown in a defined medium supplemented with 0.5% of MPL.
(A1) Lactobacillus delbrueckii vs. (A2) control. (B1) Lactiplantibacillus plantarum vs. (B2) its control.
Scale bar = 500 nm. White arrows indicate MPL accumulation at the cell surface(Unpublished images,
Ortega-Anaya (2020) Ohio State University, Columbus, OH, USA; personal communication).
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3. Evidence of Improved Health with Combined Probiotic and
MFGM Supplementation

Although the exact mechanism of interaction between probiotics and the MFGM
has not been fully elucidated, the evidence of the synergistic effects upon the combined
supplementation of these functional ingredients suggests beneficial outcomes in both
in vitro and in vivo studies, including studies in infants (summarized in Table 4).

Table 4. Purported health benefits of combined probiotic and MFGM supplementation.

Ingredient Microorganism(s) Model Experimental Design Key Findings Ref.

Bacterial Survival and Adhesion

Whey-derived
MFGM (MFGM-10

Lacprodan®)

L. rhamnosus GG
(LGG)

Male, 6-week-old
BALB/c mice

Oral gavage of 0.1 mL
MRSC media, MRSC
with 5 g/L MFGM-10,
MRSC with LGG
(5 × 107 CFU/mL) or
MRSC with 5 g/L
MFGM-10 and LGG
(5 × 107 CFU/mL) for
3 days

• 2.5 g/L MFGM-10
improved the survival of
LGG in 0.5% bile in vitro
potentially through
modified EPS production

• Increased LGG viability
after GI transit using
cecum and fecal counts
in mice

[87]

MFGM-derived MPL
concentrate

Lacticaseibacillus casei
OSU-PECh-C;
Lactobacillus
acidophilus
Musallam2;

L. plantarum subsp.
plantarum TW14-1;

L. delbruekii
OSU-PECh-3

Gold (Au) Sensor;
Caco-2/HT29-MTX

Examined the adhesion
phenomena of 4 strains in
the presence or absence
of 0.5% (w/v) MPL to A)
a gold sensor using a
Quartz Crystal
Micrograph with
Dissipation (QCM-D); B)
TEM; and C) intestinal
cell culture

• Binding properties
observed by QCM-D and
TEM suggest
strain-specific differences
in interactions with MPL

• L. casei and L. delbruekii
exhibited greater
adhesion to intestinal
co-culture in the presence
of 0.5% MPL

[88]

MFGM-derived MPL
concentrate

P. acidilactici
OSU-PECh-L; P.

acidilactici
OSU-PECh-3A;

L. plantarum
OSU-PECh-BB, L.

reuteri OSUPECh-48;
L. casei OSU-PECh-C,

L. paracasei
OSU-PECh-BA;

L. paracasei
OSU-PECh-3B

Caco-2

LAB strains grown with
or without 0.5% (w/v)
MPL were characterized
by functional properties
and their adhesive ability
to fully differentiated
Caco-2 cells

• No change in
autoaggregation or cell
surface hydrophobicity in
the presence of MPL

• 3 out of 7 strains showed
increased adhesion to
intestinal cells when
grown in MPL

[86]

MFGM extract from
butter serum

L. rhamnosus GG
(LGG) Caco-2 TC7

LGG was exposed to
5 mg/mL MFGM extract
for 1 h and applied to
intestinal cells
(1 × 109 CFU/mL)

• Atomic force microscopy
(AFM) demonstrated
interactions between LGG
and MFGM may be due to
SpaCBA pili

• MFGM decreased LGG
adhesion to intestinal
epithelial cells

[76]

MPL-rich milk
protein concentrate
(Lacprodan® PL-20)

B. longum subsp.
infantis ATCC 15697 HT-29

Exposed bifidobacteria to
MFGM ingredients for
1 h and measured
adherence of bacteria to
fully confluent cells after
2 h incubation using plate
count method

• PL-20 and BF decreased
adhesion of ATCC 15697

• MFGM-10 did not alter
adhesion of ATCC 15697

[89]

Whey-derived
MFGM (MFGM-10

Lacprodan®)

Buttermilk
fraction (BF)
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Table 4. Cont.

Ingredient Microorganism(s) Model Experimental Design Key Findings Ref.

Nutrient Absorption, Mucosal Immunity, and Gut Barrier Function

MFGM-derived MPL
concentrate

L. delbruekii subsp.
bulgaricus 2038;

S. thermophilus 1131

Male
Sprague-Dawley rats

Orally supplemented rats
with SM, MPLs alone or
either of these in
fermented milk

• Fermented milk
containing SM increased
serum ceramide levels
twofold unlike
standard milk

• MPLs in fermented milk
also increased serum
ceramide levels

• Unclear mechanism, but
effect was attributed to a
property of the
fermented milk

[90]

Whey-derived
MFGM (MFGM-10

Lacprodan®)

L. paracasei subsp.
paracasei F19 (F19)

Infants (21-days–
4-months old)

Double-blind RCT for an
infant formula
supplemented with
MFGM (5 g/L prepared
formula) or F19
(1 × 108 CFU/L)

• No differences in weight
gain or growth between
formula groups

• Compared to standard
formula, both MFGM and
F19 formulas resulted in
fewer incidences of fever
and days of fever more
similar to breast milk
(pre-registered
primary outcome)

• No differences in
respiratory tract infections
between formula groups
or breast-fed infants
(pre-registered
primary outcome)

[91]

Unspecified
MFGM fraction

B. animalis subsp.
lactis BB-12 (BB-12)

HT-29Cl34 (NF-κB
reporter cell line);
28-day-old mice

Used reporter cell line to
measure NF-κB
activation in response to
BB-12 (1 × 106 or
1 × 107 CFU/mL)
and/or MFGM (50
µg/mL or 100 µg/mL)
and LPS challenge
(100 ng/mL); For in vivo
mouse study,
administered BB-12
(1 × 108 CFU/day),
MFGM (0.6 mg/g of body
weight/day), or both
BB-12 and MFGM orally
for 1 or 4 weeks

• BB-12 and MFGM
treatment synergistically
reduced LPS-provoked
NF-κB activation in IECs
greater than BB-12 or
MFGM alone

• 4-week BB-12 and MFGM
supplementation
increased IgA-secreting
mucosal B cell counts in
Peyer’s patches, which
further persisted 84 days
after
supplementation ended

[92]

Neurodevelopment and Cognitive Function

MFGM components B. infantis IM1;
L. rhamnosus LCS-742 12-month-old infants

Double-blind RCT
(COGNIS study) for a
novel infant formula
containing bioactive
ingredients, including
MFGM [10% of total
protein content (w/w)]
and probiotics

• Improved brain
maturation via cortical
visual evoked potentials
of infants fed
experimental formula
compared to standard
formula at 12-months of
age (pre-registered
primary outcome)

• Responses of
experimental formula-fed
infants were closer to
those of breast-fed infants

[93]
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Table 4. Cont.

Ingredient Microorganism(s) Model Experimental Design Key Findings Ref.

MFGM components B. infantis IM1;
L. rhamnosus LCS-742 4-year-old infants

Double-blind RCT
(COGNIS study) for a
novel infant formula
containing bioactive
ingredients, including
MFGM [10% of total
protein content (w/w)]
and probiotics

• Experimental formula
improved language use
and oral spontaneous
expression at 4 years old
by measure of the
PLON-R test
(pre-registered primary
outcome)

[94]

3.1. Bacterial Survival and Adhesion

Survival through gastrointestinal transit is considered an optimal trait for probiotic
efficacy and bioactivity; however, probiotics are challenged with, and must overcome, the
harsh physical and chemical environments of the GIT [95]. Probiotic survival is dependent
on a tolerance to acidic pH and bile salts, bile salt hydrolase activity in the GIT, and the
duration of exposure to these stressors [96]. Among the strategies used to boost probiotic
survival in the GIT is the combination of probiotics with other nutritional components,
such as prebiotics [97], or the use of milk as a delivery vehicle [98]. One study examined the
potential for MFGM-10, an ingredient derived from whey protein concentrate (Lacprodan
MFGM-10, Arla Food Ingredients, Viby, Denmark), to enhance the survival of L. rhamnosus
GG (LGG) [87]. As little as 2.5-g/L MFGM-10 significantly improved the survival of
LGG to 30-min exposure of 0.5% bile conditions. In contrast, non-MFGM enriched whey
protein concentrate (WPC) was unable to protect LGG from bile stress, demonstrating that
increased survival is due to a specific property of the MFGM. Autoclaving had no effect on
the protective activity of MFGM, indicating that this property is not thermolabile under
these conditions. They also measured the survivability of LGG by cecum and fecal counts
in mice, confirming the protective activity of MFGM in vivo. Mechanistically, bile stress
upregulated EPS production of the bacteria. In the presence of MFGM, EPS production was
downregulated more similarly to control the bacteria that lacked exposure to bile. EPSs
have been shown previously to increase biofilm formation, increase intestinal adhesion, and
influence the tolerance of the host immune system, all of which are important characteristics
of probiotic activity [87,99]. Another study examined the contribution of the Lactobacillus
johnsonii FI9785 EPS to facilitate interactions with the host via adhesion, biofilm formation,
and stress resistance. These authors found a correlation of decreased EPS production with
increased adhesion to chicken gut explants and a greater susceptibility to stress by bile
salts and antibiotics. Therefore, it is possible that there is a trade-off between adhesion and
survival in the GIT. EPSs also play a role in immune tolerance toward commensal bacteria
and protection from pathogens [100]. This immune tolerance may be a plausible reason for
why the delivery of probiotics in dairy matrices has been so successful—aside from the
fact that LAB are nutritionally fastidious. Taken together, these findings demonstrate the
direct effect of MFGM on bacterial metabolism and gene expression, which further raises
the questions: what constituents of the MFGM aid in the regulation of EPS production, and
how do these changes in survival impact adhesion in the gut?

Adhesion is a prerequisite for colonization that has sparked both biophysical and
in vitro biological investigations into the influence of MFGM or MPLs on probiotic adher-
ence to intestinal mucus or cells, as measuring colonization in vivo is challenging. Using a
quartz crystal microbalance with dissipation (QCM-D) to measure the binding kinetics of
LAB grown in the presence of MFGM-derived MPLs, our group found that MPLs increased
the affinity for certain LAB species, including Lacticaseibacillus casei OSU-PECh-C and Lacto-
bacillus acidophilus Musallam 2 to a gold sensor that acts as a universal binding surface [101].
Other strains, including L. plantarum subsp. plantarum TW14-1 and L. delbrueckii OSU-PECh-
3, exhibited weaker interactions with the sensor. Interestingly, when these bacteria were
applied to the Caco-2/HT29-MTX coculture, L. delbruekii and L. casei displayed increased
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adhesion in the presence of MPLs, suggesting MPLs increase the affinity for intestinal
cells in a strain-dependent manner in vitro [88]. Using more traditional culture methods,
Rocha-Mendoza et al. [86] found that 0.5% MPLs significantly increased the adhesion of P.
acidilactici OSU-PECh-L, L. plantarum OSU-PECh-BB, and L. reuteri OSU-PECh-48 to in vitro
Caco-2 cells, but MPLs had no significant change on the adhesion of the four other strains
tested. In contrast, the MFGM extract derived from butter serum significantly reduced the
number of adherent bacterial cells of the commercial probiotic LGG to Caco-2 TC7 cells [76].
Furthermore, high-throughput assays used to assess the effects of several dairy fractions on
the adhesion of B. longum subsp. infantis ATCC 15697 to HT-29 cells showed that Lacprodan
PL-20 (an MPL-rich ingredient from Arla Food Ingredients) and the buttermilk fraction
significantly reduced the bacterial adhesion. MFGM did not alter the bacterial adhesion.
These authors did not, however, report whether they used a mucus-producing clone of
HT-29 cells, such as HT29-MTX-E12. As the mucus layer in the GIT serves as the key site
of interaction between the host and microorganisms, it is necessary to conduct further re-
search that includes this important structure to better understand the relationships between
MFGM, probiotic survival, and adhesion.

With these ideas in mind, the next generation of studies must address whether the com-
bination of MFGM and probiotics are capable of influencing colonization in vivo. However,
these studies must additionally overcome the challenges associated with these measure-
ments, as the fecal microbiome is not well-representative of the colonized microbiome in the
GIT [102], and differences in microbiomes between species are not easily translatable [103].
Furthermore, Zmora et al. [102] reported that the colonization of probiotics in the GIT
of adult humans is limited by individual host colonization resistances resulting from the
resident microbiome, as the degree of probiotic enrichment varied between significantly
between individuals.

3.2. Nutrient Absorption, Mucosal Immunity, and Gut Barrier Function

The mucosal immune system orchestrates the body’s ability to absorb nutrients and
tolerate commensal bacteria while simultaneously providing protection from pathogens by
initiating (and later resolving) an immune response. Components such as the gut-associated
lymphoid tissues (GALT), Peyer’s patches, mucosal immune cells, and commensal bacteria
work together to produce antimicrobial peptides, cytokines, and chemokines that maintain
the gut homeostasis [104]. It has been reported that a milk fermentation containing SM and
two LAB (L. delbrueckii subsp. bulgaricus 2038 and Streptococcus thermophilus 1131) increases
the absorption of this phospholipid in murine models [90]. As previously discussed, SM is
regarded for its function in regulating inflammation [105], promoting neurodevelopment and
cognitive function [106,107], and improving the skin barrier function [108], among others.

It is well-documented that dietary composition and, specifically, milk components
can directly influence the ability of the mucosal immune system to act in an appropriate
and efficient manner and influence the proper development in infants [109,110]. A formula
containing milk fat stabilized by MFGM fragments improved the markers for mucosal
immune development, including IFNγ secretion and intestinal microbiota composition
in neonatal piglets [109]. Specifically, the formula led to an increase in Proteobacteria and
Bacteroides and decrease in Firmicutes compared to a formula containing vegetable fat
stabilized by a mixture of proteins. Although the microbial composition changes in piglets
do not translate well to infants, the authors did observe a similar increase in Parabacteroides,
which is a characteristic of breastfed infants [103]. Others have also shown that MFGM
in infant formula can modify the fecal microbiota and metabolism of infants through
changes in serum metabolites [111,112]. These data and others (reviewed in [34]) suggest
that, individually, MFGM plays an important role in mucosal immunity. However, a
co-supplementation with probiotics is purported to have greater synergistic effects on the
mucosal immunity [92,113].

Specifically, one patent (WO2004/112509A2) describes an infant formula containing
MFGM and, at minimum, one probiotic bacterial strain that acts synergistically to drive
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gut barrier maturation more closely to that of breast milk-fed infants [113]. These probiotic
strains include Bifidobacterium adolescentis CNCM I-2168 (Bad4), B. longum CNCM I-2169
(Bl28), B. longum CNCM I-2170 (Bl29), L. paracasei ST11, Streptococcus thermophilus TH4,
B. animalis subsp. lactis BB-12 (BB-12; ATCC27536), and B. longum BB536. The authors
proposed the use of a probiotic cocktail in combination with MFGM or other bioactive
components (i.e., human milk oligosaccharides, gangliosides, and sweet or acid whey),
as each microorganism has differences in survival throughout the GIT. Another patent
(WO2011/069987) embodies an infant formula that contains MFGM and probiotics that can
be used as a therapeutic for disease prevention and to help drive normal gut development
in infants [92]. The invention shows interactions between the MFGM and the commercial
probiotic B. animalis subsp. lactis BB-12 (BB-12), which may help protect the probiotic
during transit to the gut, where they can then modulate the immune system. Using an NF-
κB reporter epithelial cell line, the combination of MFGM and BB-12 showed a synergistic
effect on NF-κB activation in response to the challenge with an endotoxin. The combination
decreased NF-κB activation to a greater extent than MFGM or BB-12 alone. In addition, four
weeks of combined MFGM and BB-12 consumption led to significantly higher IgA-secreting
mucosal B cells in mice compared to BB-12 or MFGM alone. Secretory IgA produced by
these cells has been well-studied for its role in mediating a tolerance to commensal gut
microbes [114]. Together, these data show enhanced immune maturation and education
and reduced inflammation when supplementations with MFGM and BB-12 are combined.
Combined supplementation may offer benefits for developing infants, as well as for the
prevention and treatment of gut-related diseases.

3.3. Neurodevelopment and Cognitive Function

During postnatal life, the brain rapidly undergoes changes in size, reaching 64% of its
adult size within the first three months of life [115], as well as vast changes in neural net-
works stemming from increased exposure to enriched environments and experiences [116].
It is well-documented that nutrition and diet can also influence neurodevelopment in
the postnatal period [106,117,118]. Moreover, MFGM and MFGM-derived MPLs alone
have strong supporting evidence of the positive effects on cognitive function and brain
development [1,119,120]. For example, an infant formula containing MFGM improved the
reflex development and altered the brain lipid composition in rats with a pup-in-a-cup
model more similarly to mother’s milk [121]. MFGM in formula has also been reported to
improve T-Maze scores in growth-restricted rats [122], improve stress-induced disruptions
in rapid eye movement (REM) sleep [123], and improve infant scores using the Bayles
Scale of Infant Development [124]. Combining MFGM with other bioactive ingredients,
such as probiotics, may provide additional benefits throughout development, although the
mechanisms have not yet been fully elucidated.

As part of a larger study called COGNIS, the effects of a functional infant formula
containing MFGM components, symbiotics (a combination of prebiotics and probiotics),
and other bioactive components on visual function as a measure of neurodevelopment
was evaluated in infants [93]. The authors found that infants fed the functional formula
had similar response rates to the breastfed group by the measure of cortical visual-evoked
potentials at 12 months of age. The standard formula-fed infants had a significantly lower
proportion of responses, suggesting that supplementation with these bioactive ingredients
within the first year of life may promote neurodevelopment more similarly to breastfed
infants. Ultimately, these results are promising for the combined supplementation of these
bioactive ingredients; however, it is still necessary to better define which bioactive attributes
are leading to these effects, as the functional formula contained other ingredients, such as
prebiotics (fructooligosaccharides and inulin), as well long-chain polyunsaturated fatty
acids (LC-PUFA). Another part of the COGNIS study investigated the effects of the same
functional infant formula on long-term language development at four years of life [94].
The Oral Language Task of the Navarra-Revised (PLON-R) test was used to measure
language development by categorizing kids into one of three categories: delayed, need to
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improve, or normal. The standard formula group was significantly more likely to fall into
the delayed or need to improve categories than either the breastfed or functional formula
groups. Additionally, the functional formula group showed significantly higher language
use and oral spontaneous expression compared to the standard formula group. These data
suggest that infant diets affect the long-term cognitive activity with respect to language
development and that the diet containing both MFGM and probiotics narrowed the gap
between formula-fed and breastfed infants.

4. Current Applications and Future Perspectives

The majority of research investigating the relationships between MFGM and probiotics
occur in the area of infant formulas. MFGM research has long focused on the health benefits
it provides, so logically, the idea of co-supplementations can be easily transitioned to this
area. In infants, brain development and gut microbiota maturation are synchronized [125].
Although it appears that the co-consumption of MFGM and probiotics may hold additional
developmental advantages, it is of great importance to better understand how this connec-
tion intertwines with the gut–brain axis, which has been shown to influence emotional,
mental, and developmental health [126]. For example, the MFGM may influence not only
the microbiota composition but, also, the metabolite production of the probiotics and
resident gut microbiota—in turn, affecting the gut–brain axis [127]. Along with these ideas,
we believe research in this area is important, as we have been left with several unanswered
questions. At this point, it is still unclear whether the MFGM interaction with the bacterial
surface facilitates the delivery of these probiotics to their target site of action or whether
the MFGM creates an environment in the GIT that favors the probiotic species, alters
their metabolism, and, ultimately, influences the gut microbiome. Relatedly, studies that
further investigate the effects of MFGM or MPLs on bacterial surface biomolecules, such as
EPSs and/or pili, in a variety of strains should be considered to uncover the mechanisms
and, perhaps, the improvement of probiotic permanence in the GIT. As MFGM research
continues to expand to other areas, including metabolic diseases [128], geriatrics and aging
populations [129], and skin health [108], it would be no surprise to branch into these other
areas as well.

In this review, we addressed the unique and complex composition of the MFGM,
including the presence of phospholipids and sphingolipids. LAB isolated from dairy
products have been shown to produce lipases, esterases, and phospholipases [130]. The
lipolytic system from LAB is considered weak in comparison to their proteolytic processes.
Yet, there have been several reports of the production of lipases by LAB [70,131,132].
Moreover, in matured products, such as aged cheeses, LAB release intracellular lipases
after cell disruption. In addition to the lack of detailed, mechanistic evidence of lipolytic
activity at the MFGM, there is an urgent need for expanding our understanding of the
probiotic activity on other components such as MFGM glycoconjugates and proteins.
Through this improved understanding, we can expand the flavor profiles of fermented
foods, find novel bioactive metabolites to benefit human health, and use these concepts to
create novel functional foods.

5. Conclusions

The advancement of human health through a co-supplementation of MFGM and
probiotics holds significant promise and calls for the further exploration of potential
synergies and interplaying mechanisms. The current evidence supports a functional role
of the MFGM to probiotic bacteria like that of prebiotics. However, the exact mechanism
of interaction between probiotics and the MFGM has yet to be fully elucidated. It is
becoming increasingly evident that the MFGM may alter the metabolism of probiotics
to enhance their efficacy in the gut by promoting probiotic survival, boosting mucosal
immune development, and acting upon the gut–brain axis for improved cognitive function.
These studies warrant further investigation into the other related aspects of gut health,
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such as the influence of the combined supplementation of MFGM and probiotics on the
gut microbiota and more.
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40. Kamińska, A.; Enguita, F.J.; Stępień, E.Ł. Lactadherin: An Unappreciated Haemostasis Regulator and Potential Therapeutic
Agent. Vascul. Pharmacol. 2018, 101, 21–28. [CrossRef] [PubMed]

41. Parrón, J.A.; Ripollés, D.; Sánchez, A.C.; Pérez, M.D.; Calvo, M.; López, S.; Arias, C.F.; Sánchez, L. Antirotaviral Activity of
Bovine Milk Components: Extending the List of Inhibitory Proteins and Seeking a Better Understanding of Their Neutralization
Mechanism. J. Funct. Foods 2018, 44, 103–111. [CrossRef]

42. Bär, C.; Mathis, D.; Neuhaus, P.; Dürr, D.; Bisig, W.; Egger, L.; Portmann, R. Protein Profile of Dairy Products: Simultaneous
Quantification of Twenty Bovine Milk Proteins. Int. Dairy J. 2019, 97, 167–175. [CrossRef]

43. Boone, D.R.; Castenholz, R.W.; Garrity, G.M. (Eds.) Bergey’s Manual of Systematic Bacteriology, 2nd ed.; Springer: New York, NY,
USA, 2001; Volume 3, ISBN 978-0-387-98771-2.

44. Bintsis, T. Lactic Acid Bacteria as Starter Cultures: An Update in Their Metabolism and Genetics. AIMS Microbiol. 2018, 4, 665–684.
[CrossRef]

45. Cui, Y.; Hu, T.; Qu, X.; Zhang, L.; Ding, Z.; Dong, A. Plasmids from Food Lactic Acid Bacteria: Diversity, Similarity, and New
Developments. Int. J. Mol. Sci. 2015, 16, 13172–13202. [CrossRef]

46. Gaspar, P.; Carvalho, A.L.; Vinga, S.; Santos, H.; Neves, A.R. From Physiology to Systems Metabolic Engineering for the
Production of Biochemicals by Lactic Acid Bacteria. Biotechnol. Adv. 2013, 31, 764–788. [CrossRef]

47. Bondue, P.; Delcenserie, V. Genome of Bifidobacteria and Carbohydrate Metabolism. Korean J. Food Sci. Anim. Resour. 2015, 35, 1–9.
[CrossRef]

http://doi.org/10.1016/j.foodchem.2009.09.065
http://doi.org/10.1021/la501640y
http://doi.org/10.1016/j.bbamem.2017.02.010
http://doi.org/10.3945/ajcn.112.039065
http://doi.org/10.1007/s10719-008-9128-6
http://www.ncbi.nlm.nih.gov/pubmed/18498052
http://doi.org/10.1016/j.idairyj.2016.03.001
http://doi.org/10.1002/ejlt.201800201
http://doi.org/10.1016/j.jfca.2006.03.014
http://doi.org/10.1017/S002202990800349X
http://www.ncbi.nlm.nih.gov/pubmed/18620616
http://doi.org/10.1016/j.chroma.2010.02.073
http://www.ncbi.nlm.nih.gov/pubmed/20356599
http://doi.org/10.1016/j.chroma.2011.07.036
http://doi.org/10.3390/ijms14022808
http://doi.org/10.1155/2016/9827369
http://doi.org/10.3389/fped.2018.00313
http://doi.org/10.1016/j.foodchem.2018.12.015
http://doi.org/10.1016/j.tifs.2003.12.005
http://doi.org/10.1016/j.tifs.2006.02.004
http://doi.org/10.1016/j.idairyj.2006.06.010
http://doi.org/10.1016/j.vph.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29169950
http://doi.org/10.1016/j.jff.2018.03.002
http://doi.org/10.1016/j.idairyj.2019.01.001
http://doi.org/10.3934/microbiol.2018.4.665
http://doi.org/10.3390/ijms160613172
http://doi.org/10.1016/j.biotechadv.2013.03.011
http://doi.org/10.5851/kosfa.2015.35.1.1


Microorganisms 2021, 9, 341 19 of 22

48. Felis, G.E.; Dellaglio, F. Taxonomy of Lactobacilli and Bifidobacteria. Curr. Issues Intest. Microbiol. 2007, 8, 44–61. [PubMed]
49. Katayama, T. Host-Derived Glycans Serve as Selected Nutrients for the Gut Microbe: Human Milk Oligosaccharides and

Bifidobacteria. Biosci. Biotechnol. Biochem. 2016, 80, 621–632. [CrossRef] [PubMed]
50. Hill, C.; Guarner, F.; Reid, G.; Gibson, G.R.; Merenstein, D.J.; Pot, B.; Morelli, L.; Canani, R.B.; Flint, H.J.; Salminen, S.; et al. The

International Scientific Association for Probiotics and Prebiotics Consensus Statement on the Scope and Appropriate Use of the
Term Probiotic. Nat. Rev. Gasterol. Hepatol. 2014, 11, 506–514. [CrossRef] [PubMed]

51. Prasanna, P.H.P.; Grandison, A.S.; Charalampopoulos, D. Bifidobacteria in Milk Products: An Overview of Physiological and
Biochemical Properties, Exopolysaccharide Production, Selection Criteria of Milk Products and Health Benefits. Food Res. Int.
2014, 55, 247–262. [CrossRef]

52. Lebeer, S.; Vanderleyden, J.; De Keersmaecker, S.C.J. Genes and Molecules of Lactobacilli Supporting Probiotic Action. Microbiol.
Mol. Biol. Rev. 2008, 72, 728–764. [CrossRef]

53. Dupont, A.; Heinbockel, L.; Brandenburg, K.; Hornef, M.W. Antimicrobial Peptides and the Enteric Mucus Layer Act in Concert
to Protect the Intestinal Mucosa. Gut Microbes 2014, 5, 761–765. [CrossRef]

54. Tavares, L.M.; de Jesus, L.C.L.; da Silva, T.F.; Barroso, F.A.L.; Batista, V.L.; Coelho-Rocha, N.D.; Azevedo, V.; Drumond, M.M.;
Mancha-Agresti, P. Novel Strategies for Efficient Production and Delivery of Live Biotherapeutics and Biotechnological Uses of
Lactococcus Lactis: The Lactic Acid Bacterium Model. Front. Bioeng. Biotechnol. 2020, 8, 517166. [CrossRef] [PubMed]

55. Ruiz, L.; García-Carral, C.; Rodriguez, J.M. Unfolding the Human Milk Microbiome Landscape in the Omics Era. Front. Microbiol.
2019, 10, 1378. [CrossRef]

56. Maldonado, J.; Gil-Campos, M.; Maldonado-Lobón, J.A.; Benavides, M.R.; Flores-Rojas, K.; Jaldo, R.; Jiménez del Barco, I.;
Bolívar, V.; Valero, A.D.; Prados, E.; et al. Evaluation of the Safety, Tolerance and Efficacy of 1-Year Consumption of Infant
Formula Supplemented with Lactobacillus fermentum CECT5716 Lc40 or Bifidobacterium breve CECT7263: A Randomized
Controlled Trial. BMC Pediatr. 2019, 19, 361. [CrossRef] [PubMed]

57. Sung, V.; D’Amico, F.; Cabana, M.D.; Chau, K.; Koren, G.; Savino, F.; Szajewska, H.; Deshpande, G.; Dupont, C.; Indrio, F.; et al.
Lactobacillus reuteri to Treat Infant Colic: A Meta-Analysis. Pediatrics 2018, 141, e20171811. [CrossRef] [PubMed]

58. Zagato, E.; Mileti, E.; Massimiliano, L.; Fasano, F.; Budelli, A.; Penna, G.; Rescigno, M. Lactobacillus Paracasei CBA L74 Metabolic
Products and Fermented Milk for Infant Formula Have Anti-Inflammatory Activity on Dendritic Cells In Vitro and Protective
Effects against Colitis and an Enteric Pathogen In Vivo. PLoS ONE 2014, 9, e87615. [CrossRef] [PubMed]

59. O’Callaghan, A.; van Sinderen, D. Bifidobacteria and Their Role as Members of the Human Gut Microbiota. Front. Microbiol. 2016,
7. [CrossRef]

60. Durso, L.; Hutkins, R. Starter Cultures. In Encyclopedia of Food Sciences and Nutrition; Caballero, B., Ed.; Academic Press: Oxford,
UK, 2003; pp. 5583–5593. ISBN 978-0-12-227055-0.

61. Zhang, L.; García-Cano, I.; Jiménez-Flores, R. Effect of Milk Phospholipids on the Growth and Cryotolerance of Lactic Acid
Bacteria Cultured and Stored in Acid Whey-Based Media. JDS Commun. 2020, S2666910220300351. [CrossRef]

62. McSweeney, P.L.H.; Sousa, M.J. Biochemical Pathways for the Production of Flavour Compounds in Cheeses during Ripening:
A Review. Lait 2000, 80, 293–324. [CrossRef]

63. Smit, G.; Smit, B.A.; Engels, W.J.M. Flavour Formation by Lactic Acid Bacteria and Biochemical Flavour Profiling of Cheese
Products. FEMS Microbiol. Rev. 2005, 29, 591–610. [CrossRef]

64. Busscher, H.J. Specific and Non-Specific Interactions in Bacterial Adhesion to Solid Substrata. FEMS Microbio. Rev. 1987, 46, 9.
[CrossRef]

65. An, Y.H.; Friedman, R.J. Concise Review of Mechanisms of Bacterial Adhesion to Biomaterial Surfaces. J. Biomed. Mater. Res. 1998,
43, 338–348. [CrossRef]

66. Laloy, E.; Vuillemard, J.-C.; El Soda, M.; Simard, R.E. Influence of the Fat Content of Cheddar Cheese on Retention and Localization
of Starters. Int. Dairy J. 1996, 6, 729–740. [CrossRef]

67. Auty, M.A.E.; Gardiner, G.E.; McBrearty, S.J.; O’Sullivan, E.O.; Mulvihill, D.M.; Collins, J.K.; Fitzgerald, G.F.; Stanton, C.; Ross, R.P.
Direct in Situ Viability Assessment of Bacteria in Probiotic Dairy Products Using Viability Staining in Conjunction with Confocal
Scanning Laser Microscopy. Appl. Environ. Microbiol. 2001, 67, 420–425. [CrossRef]

68. Lopez, C.; Maillard, M.-B.; Briard-Bion, V.; Camier, B.; Hannon, J.A. Lipolysis during Ripening of Emmental Cheese Considering
Organization of Fat and Preferential Localization of Bacteria. J. Agric. Food Chem. 2006, 54, 5855–5867. [CrossRef]

69. Lopez, C.; Camier, B.; Gassi, J.-Y. Development of the Milk Fat Microstructure during the Manufacture and Ripening of Emmental
Cheese Observed by Confocal Laser Scanning Microscopy. Int. Dairy J. 2007, 17, 235–247. [CrossRef]

70. García-Cano, I.; Rocha-Mendoza, D.; Kosmerl, E.; Jiménez-Flores, R. Purification and Characterization of a Phospholipid-
Hydrolyzing Phosphoesterase Produced by Pediococcus Acidilactici Isolated from Gouda Cheese. J. Dairy Sci. 2020,
S0022030220301818. [CrossRef] [PubMed]

71. Moe, K.M.; Faye, T.; Abrahamsen, R.K.; Østlie, H.M.; Skeie, S. Growth and Survival of Cheese Ripening Bacteria on Milk Fat
Globule Membrane Isolated from Bovine Milk and Its Monosaccharides. Int. Dairy J. 2012, 25, 29–35. [CrossRef]

72. Martinovic, A.; Moe, K.M.; Romeih, E.; Aideh, B.; Vogensen, F.K.; Østlie, H.; Skeie, S. Growth of Adjunct Lactobacillus Casei in
Cheddar Cheese Differing in Milk Fat Globule Membrane Components. Int. Dairy J. 2013, 31, 70–82. [CrossRef]

73. Jiménez-Flores, R.; Brisson, G. The Milk Fat Globule Membrane as an Ingredient: Why, How, When? Dairy Sci. Technol. 2008, 88,
5–18. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/17542335
http://doi.org/10.1080/09168451.2015.1132153
http://www.ncbi.nlm.nih.gov/pubmed/26838671
http://doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
http://doi.org/10.1016/j.foodres.2013.11.013
http://doi.org/10.1128/MMBR.00017-08
http://doi.org/10.4161/19490976.2014.972238
http://doi.org/10.3389/fbioe.2020.517166
http://www.ncbi.nlm.nih.gov/pubmed/33251190
http://doi.org/10.3389/fmicb.2019.01378
http://doi.org/10.1186/s12887-019-1753-7
http://www.ncbi.nlm.nih.gov/pubmed/31630683
http://doi.org/10.1542/peds.2017-1811
http://www.ncbi.nlm.nih.gov/pubmed/29279326
http://doi.org/10.1371/journal.pone.0087615
http://www.ncbi.nlm.nih.gov/pubmed/24520333
http://doi.org/10.3389/fmicb.2016.00925
http://doi.org/10.3168/jdsc.2020-0007
http://doi.org/10.1051/lait:2000127
http://doi.org/10.1016/j.fmrre.2005.04.002
http://doi.org/10.1111/j.1574-6968.1987.tb02457.x
http://doi.org/10.1002/(SICI)1097-4636(199823)43:3&lt;338::AID-JBM16&gt;3.0.CO;2-B
http://doi.org/10.1016/0958-6946(95)00068-2
http://doi.org/10.1128/AEM.67.1.420-425.2001
http://doi.org/10.1021/jf060214l
http://doi.org/10.1016/j.idairyj.2005.12.015
http://doi.org/10.3168/jds.2019-17965
http://www.ncbi.nlm.nih.gov/pubmed/32147264
http://doi.org/10.1016/j.idairyj.2011.12.014
http://doi.org/10.1016/j.idairyj.2013.02.009
http://doi.org/10.1051/dst:2007005


Microorganisms 2021, 9, 341 20 of 22

74. Ly, M.H.; Vo, N.H.; Le, T.M.; Belin, J.-M.; Waché, Y. Diversity of the Surface Properties of Lactococci and Consequences on
Adhesion to Food Components. Colloids Surf. B 2006, 52, 149–153. [CrossRef]

75. Brisson, G.; Payken, H.F.; Sharpe, J.P.; Jiménez-Flores, R. Characterization of Lactobacillus Reuteri Interaction with Milk Fat
Globule Membrane Components in Dairy Products. J. Agric. Food Chem. 2010, 58, 5612–5619. [CrossRef] [PubMed]

76. Guerin, J.; Soligot, C.; Burgain, J.; Huguet, M.; Francius, G.; El-Kirat-Chatel, S.; Gomand, F.; Lebeer, S.; Le Roux, Y.; Borges, F.; et al.
Adhesive Interactions between Milk Fat Globule Membrane and Lactobacillus Rhamnosus GG Inhibit Bacterial Attachment to
Caco-2 TC7 Intestinal Cell. Colloids Surf. B 2018, 167, 44–53. [CrossRef]

77. Patton, S.; Gendler, S.J.; Spicer, A.P. The Epithelial Mucin, MUC1, of Milk, Mammary Gland and Other Tissues. Biochim. Biophys.
Acta 1995, 1241, 407–423. [CrossRef]

78. Recio, I.; Moreno, F.J.; López-Fandiño, R. Glycosylated dairy components: Their roles in nature and ways to make use of their
biofunctionality in dairy products. In Dairy-Derived Ingredients; Elsevier: Amsterdam, The Netherlands, 2009; pp. 170–211.
ISBN 978-1-84569-465-4.

79. Gupta, V.K.; Tuohy, M.G.; O’Donovan, A.; Lohani, M. (Eds.) Biotechnology of Bioactive Compounds: Sources and Applications;
Wiley-Blackwell: Chichester, UK; Hoboken, NJ, USA, 2015; ISBN 978-1-118-73344-8.

80. Verma, A.; Ghosh, T.; Bhushan, B.; Packirisamy, G.; Navani, N.K.; Sarangi, P.P.; Ambatipudi, K. Characterization of Difference in
Structure and Function of Fresh and Mastitic Bovine Milk Fat Globules. PLoS ONE 2019, 14, e0221830. [CrossRef]

81. Shahriar, F.; Ngeleka, M.; Gordon, J.R.; Simko, E. Identification by Mass Spectroscopy of F4ac-Fimbrial-Binding Proteins in
Porcine Milk and Characterization of Lactadherin as an Inhibitor of F4ac-Positive Escherichia Coli Attachment to Intestinal Villi
in Vitro. Dev. Comp. Immunol. 2006, 30, 723–734. [CrossRef] [PubMed]

82. Zhang, L.; García-Cano, I.; Jiménez-Flores, R. Characterization of Adhesion between Limosilactobacillus Reuteri and Milk
Phospholipids by Density Gradient and Gene Expression. JDS Commun. 2020, S2666910220300326. [CrossRef]

83. Miyoshi, Y.; Okada, S.; Uchimura, T.; Satoh, E. A Mucus Adhesion Promoting Protein, MapA, Mediates the Adhesion of
Lactobacillus Reuteri to Caco-2 Human Intestinal Epithelial Cells. Biosci. Biotechnol. Biochem. 2006, 70, 1622–1628. [CrossRef]

84. Hsueh, H.-Y.; Yueh, P.-Y.; Yu, B.; Zhao, X.; Liu, J.-R. Expression of Lactobacillus Reuteri Pg4 Collagen-Binding Protein Gene
in Lactobacillus Casei ATCC 393 Increases Its Adhesion Ability to Caco-2 Cells. J. Agric. Food Chem. 2010, 58, 12182–12191.
[CrossRef] [PubMed]

85. Jensen, H.; Roos, S.; Jonsson, H.; Rud, I.; Grimmer, S.; van Pijkeren, J.-P.; Britton, R.A.; Axelsson, L. Role of Lactobacillus Reuteri
Cell and Mucus-Binding Protein A (CmbA) in Adhesion to Intestinal Epithelial Cells and Mucus in Vitro. Microbiology 2014, 160,
671–681. [CrossRef]

86. Rocha-Mendoza, D.; Kosmerl, E.; Miyagusuku-Cruzado, G.; Giusti, M.M.; Jiménez-Flores, R.; García-Cano, I. Growth of Lactic
Acid Bacteria in Milk Phospholipids Enhances Their Adhesion to Caco-2 Cells. J. Dairy Sci. 2020, S0022030220305385. [CrossRef]
[PubMed]

87. Zhang, L.; Chichlowski, M.; Gross, G.; Holle, M.; lbarra-Sánchez, L.A.; Wang, S.; Miller, M.J. Milk Fat Globule Membrane Protects
Lactobacillus Rhamnosus GG from Bile Stress by Regulating Exopolysaccharide Production and Biofilm Formation. J. Agric. Food
Chem. 2020. [CrossRef] [PubMed]

88. Ortega-Anaya, J.; Marciniak, A.; Jimenez-Flores, R. Milk Fat Globule Membrane Phospholipids Modify Adhesion of Lactobacillus
to Mucus-Producing Caco-2/Goblet Cells by Altering the Cell Envelope. Manuscript in Preparation.

89. Quinn, E.M.; Slattery, H.; Thompson, A.P.; Kilcoyne, M.; Joshi, L.; Hickey, R.M. Mining Milk for Factors Which Increase the
Adherence of Bifidobacterium Longum Subsp. Infantis to Intestinal Cells. Foods 2018, 7, 196. [CrossRef] [PubMed]

90. Morifuji, M.; Kitade, M.; Oba, C.; Fukasawa, T.; Kawahata, K.; Yamaji, T.; Manabe, Y.; Sugawara, T. Milk Fermented by Lactic
Acid Bacteria Enhances the Absorption of Dietary Sphingomyelin in Rats. Lipids 2017, 52, 423–431. [CrossRef] [PubMed]

91. Li, X.; Peng, Y.; Li, Z.; Christensen, B.; Heckmann, A.B.; Stenlund, H.; Lönnerdal, B.; Hernell, O. Feeding Infants Formula With
Probiotics or Milk Fat Globule Membrane: A Double-Blind, Randomized Controlled Trial. Front. Pediatr. 2019, 7, 347. [CrossRef]
[PubMed]

92. Benyacoub, J.; Blum-Sperisen, S.; Bosco, M.N.; Bovetto, L.; Jean, R.; Bureau-Franz, I.; Donnet-Hughes, A.; Schiffrin, E.; Favre, L.
Infant Formula with Probiotics and Milk Fat Globule Membrane Components. U.S. Patent WO2011069987A1, 16 June 2011.

93. Nieto-Ruiz, A.; García-Santos, J.A.; Bermúdez, M.G.; Herrmann, F.; Diéguez, E.; Sepúlveda-Valbuena, N.; García, S.; Miranda,
M.T.; De-Castellar, R.; Rodríguez-Palmero, M.; et al. Cortical Visual Evoked Potentials and Growth in Infants Fed with Bioactive
Compounds-Enriched Infant Formula: Results from COGNIS Randomized Clinical Trial. Nutrients 2019, 11, 2456. [CrossRef]

94. Nieto-Ruiz, A.; Diéguez, E.; Sepúlveda-Valbuena, N.; Catena, E.; Jiménez, J.; Rodríguez-Palmero, M.; Catena, A.; Miranda,
M.T.; García-Santos, J.A.G.; Bermúdez, M.; et al. Influence of a Functional Nutrients-Enriched Infant Formula on Language
Development in Healthy Children at Four Years Old. Nutrients 2020, 12, 535. [CrossRef]

95. Martinez, R.C.R.; Aynaou, A.-E.; Albrecht, S.; Schols, H.A.; De Martinis, E.C.P.; Zoetendal, E.G.; Venema, K.; Saad, S.M.I.;
Smidt, H. In Vitro Evaluation of Gastrointestinal Survival of Lactobacillus Amylovorus DSM 16698 Alone and Combined with
Galactooligosaccharides, Milk and/or Bifidobacterium Animalis Subsp. Lactis Bb. Int. J. Food Microbiol. 2011, 149, 152–158.
[CrossRef]

96. Bezkorovainy, A. Probiotics: Determinants of Survival and Growth in the Gut. Am. J. Clin. Nutr. 2001, 73, 399s–405s. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.colsurfb.2006.04.015
http://doi.org/10.1021/jf904381s
http://www.ncbi.nlm.nih.gov/pubmed/20377223
http://doi.org/10.1016/j.colsurfb.2018.03.044
http://doi.org/10.1016/0304-4157(95)00014-3
http://doi.org/10.1371/journal.pone.0221830
http://doi.org/10.1016/j.dci.2005.10.003
http://www.ncbi.nlm.nih.gov/pubmed/16321438
http://doi.org/10.3168/jdsc.2020-18939
http://doi.org/10.1271/bbb.50688
http://doi.org/10.1021/jf1035756
http://www.ncbi.nlm.nih.gov/pubmed/21070005
http://doi.org/10.1099/mic.0.073551-0
http://doi.org/10.3168/jds.2020-18271
http://www.ncbi.nlm.nih.gov/pubmed/32684482
http://doi.org/10.1021/acs.jafc.0c02267
http://www.ncbi.nlm.nih.gov/pubmed/32396007
http://doi.org/10.3390/foods7120196
http://www.ncbi.nlm.nih.gov/pubmed/30513877
http://doi.org/10.1007/s11745-017-4247-0
http://www.ncbi.nlm.nih.gov/pubmed/28357619
http://doi.org/10.3389/fped.2019.00347
http://www.ncbi.nlm.nih.gov/pubmed/31552203
http://doi.org/10.3390/nu11102456
http://doi.org/10.3390/nu12020535
http://doi.org/10.1016/j.ijfoodmicro.2011.06.010
http://doi.org/10.1093/ajcn/73.2.399s
http://www.ncbi.nlm.nih.gov/pubmed/11157348


Microorganisms 2021, 9, 341 21 of 22

97. Su, P.; Henriksson, A.; Mitchell, H. Prebiotics Enhance Survival and Prolong the Retention Period of Specific Probiotic Inocula in
an in Vivo Murine Model. J. Appl. Microbiol. 2007, 103, 2392–2400. [CrossRef] [PubMed]

98. Wang, J.; Guo, Z.; Zhang, Q.; Yan, L.; Chen, W.; Liu, X.-M.; Zhang, H.-P. Fermentation Characteristics and Transit Tolerance of
Probiotic Lactobacillus Casei Zhang in Soymilk and Bovine Milk during Storage. J. Dairy Sci. 2009, 92, 2468–2476. [CrossRef]

99. Limoli, D.H.; Jones, C.J.; Wozniak, D.J. Bacterial Extracellular Polysaccharides in Biofilm Formation and Function. Microbiol.
Spectrum 2015, 3, 19. [CrossRef]

100. Fanning, S.; Hall, L.J.; Cronin, M.; Zomer, A.; MacSharry, J.; Goulding, D.; O’Connell Motherway, M.; Shanahan, F.; Nally, K.;
Dougan, G.; et al. Bifidobacterial Surface-Exopolysaccharide Facilitates Commensal-Host Interaction through Immune Modula-
tion and Pathogen Protection. Proc. Natl. Acad. Sci. USA 2012, 109, 2108–2113. [CrossRef] [PubMed]

101. Ortega-Anaya, J.; Rocha-Mendoza, D.; García-Cano, I.; Jimenez-Flores, R. Effect of Milk Fat Globule Membrane Phospholipids in
the Adherence of Probiotic Lactic Acid Bacteria- Modeling Interactions in the Human Gut. In Proceedings of the American Dairy
Science Association Annual Meeting, Cincinnati, OH, USA, 23–26 June 2019.

102. Zmora, N.; Zilberman-Schapira, G.; Suez, J.; Mor, U.; Dori-Bachash, M.; Bashiardes, S.; Kotler, E.; Zur, M.; Regev-Lehavi, D.;
Brik, R.B.-Z.; et al. Personalized Gut Mucosal Colonization Resistance to Empiric Probiotics Is Associated with Unique Host and
Microbiome Features. Cell 2018, 174, 1388–1405.e21. [CrossRef]

103. Fan, W.; Huo, G.; Li, X.; Yang, L.; Duan, C.; Wang, T.; Chen, J. Diversity of the Intestinal Microbiota in Different Patterns of Feeding
Infants by Illumina High-Throughput Sequencing. World J. Microbiol. Biotechnol. 2013, 29, 2365–2372. [CrossRef] [PubMed]

104. Tokuhara, D.; Kurashima, Y.; Kamioka, M.; Nakayama, T.; Ernst, P.; Kiyono, H. A Comprehensive Understanding of the Gut
Mucosal Immune System in Allergic Inflammation. Allergol. Int. 2019, 68, 17–25. [CrossRef]

105. Norris, G.H.; Porter, C.M.; Jiang, C.; Millar, C.L.; Blesso, C.N. Dietary Sphingomyelin Attenuates Hepatic Steatosis and Adipose
Tissue Inflammation in High-Fat-Diet-Induced Obese Mice. J. Nutr. Biochem. 2017, 40, 36–43. [CrossRef] [PubMed]

106. Tanaka, K.; Hosozawa, M.; Kudo, N.; Yoshikawa, N.; Hisata, K.; Shoji, H.; Shinohara, K.; Shimizu, T. The Pilot Study:
Sphingomyelin-Fortified Milk Has a Positive Association with the Neurobehavioural Development of Very Low Birth Weight
Infants during Infancy, Randomized Control Trial. Brain Dev. 2013, 35, 45–52. [CrossRef] [PubMed]

107. Oshida, K.; Shimizu, T.; Takase, M.; Tamura, Y.; Shimizu, T.; Yamashiro, Y. Effects of Dietary Sphingomyelin on Central Nervous
System Myelination in Developing Rats. Pediatr. Res. 2003, 53, 589–593. [CrossRef]

108. Oba, C.; Morifuji, M.; Ichikawa, S.; Ito, K.; Kawahata, K.; Yamaji, T.; Asami, Y.; Itou, H.; Sugawara, T. Dietary Milk Sphingomyelin
Prevents Disruption of Skin Barrier Function in Hairless Mice after UV-B Irradiation. PLoS ONE 2015, 10. [CrossRef]

109. Le Huërou-Luron, I.; Bouzerzour, K.; Ferret-Bernard, S.; Ménard, O.; Le Normand, L.; Perrier, C.; Le Bourgot, C.; Jardin, J.;
Bourlieu, C.; Carton, T.; et al. A Mixture of Milk and Vegetable Lipids in Infant Formula Changes Gut Digestion, Mucosal
Immunity and Microbiota Composition in Neonatal Piglets. Eur. J. Nutr. 2018, 57, 463–476. [CrossRef]

110. Statovci, D.; Aguilera, M.; MacSharry, J.; Melgar, S. The Impact of Western Diet and Nutrients on the Microbiota and Immune
Response at Mucosal Interfaces. Front. Immunol. 2017, 8, 838. [CrossRef]

111. Lee, H.; Slupsky, C.M.; Heckmann, A.B.; Christensen, B.; Peng, Y.; Li, X.; Hernell, O.; Lönnerdal, B.; Li, Z. Milk Fat Globule
Membrane as a Modulator of Infant Metabolism and Gut Microbiota: A Formula Supplement Narrowing the Metabolic Differences
between Breastfed and Formula-Fed Infants. Mol. Nutr. Food Res. 2020, 2000603. [CrossRef]

112. He, X.; Parenti, M.; Grip, T.; Lönnerdal, B.; Timby, N.; Domellöf, M.; Hernell, O.; Slupsky, C.M. Fecal Microbiome and Metabolome
of Infants Fed Bovine MFGM Supplemented Formula or Standard Formula with Breast-Fed Infants as Reference: A Randomized
Controlled Trial. Sci. Rep. 2019, 9. [CrossRef] [PubMed]

113. Garcia-Rodenas, C.L.; Bergonzelli, G.; Rochat, F.; Turini, M.E.; Corthesy-Theulaz, I.; Cherbut, C. Nutritional Formula for Optimal
Gut Barrier Function. U.S. Patent US2004112509A2, 29 December 2004.

114. Mikulic, J.; Longet, S.; Favre, L.; Benyacoub, J.; Corthesy, B. Secretory IgA in Complex with Lactobacillus Rhamnosus Potentiates
Mucosal Dendritic Cell-Mediated Treg Cell Differentiation via TLR Regulatory Proteins, RALDH2 and Secretion of IL-10 and
TGF-β. Cell Mol. Immunol. 2017, 14, 546–556. [CrossRef]

115. Holland, D.; Chang, L.; Ernst, T.M.; Curran, M.; Buchthal, S.D.; Alicata, D.; Skranes, J.; Johansen, H.; Hernandez, A.;
Yamakawa, R.; et al. Structural Growth Trajectories and Rates of Change in the First 3 Months of Infant Brain Development. JAMA
Neurol. 2014, 71, 1266. [CrossRef]

116. Stiles, J.; Jernigan, T.L. The Basics of Brain Development. Neuropsychol. Rev. 2010, 20, 327–348. [CrossRef]
117. Schneider, N.; Garcia-Rodenas, C.L. Early Nutritional Interventions for Brain and Cognitive Development in Preterm Infants:

A Review of the Literature. Nutrients 2017, 9, 187. [CrossRef] [PubMed]
118. Deoni, S.; Dean, D.; Joelson, S.; O’Regan, J.; Schneider, N. Early Nutrition Influences Developmental Myelination and Cognition

in Infants and Young Children. NeuroImage 2018, 178, 649–659. [CrossRef] [PubMed]
119. Li, F.; Wu, S.S.; Berseth, C.L.; Harris, C.L.; Richards, J.D.; Wampler, J.L.; Zhuang, W.; Cleghorn, G.; Rudolph, C.D.; Liu, B.; et al.

Improved Neurodevelopmental Outcomes Associated with Bovine Milk Fat Globule Membrane and Lactoferrin in Infant Formula:
A Randomized, Controlled Trial. J. Pediatr. 2019, S0022347619310881. [CrossRef]

120. Schipper, L.; van Dijk, G.; Broersen, L.M.; Loos, M.; Bartke, N.; Scheurink, A.J.; van der Beek, E.M. A Postnatal Diet Containing
Phospholipids, Processed to Yield Large, Phospholipid-Coated Lipid Droplets, Affects Specific Cognitive Behaviors in Healthy
Male Mice. J. Nutr. 2016, 146, 1155–1161. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1365-2672.2007.03469.x
http://www.ncbi.nlm.nih.gov/pubmed/18045424
http://doi.org/10.3168/jds.2008-1849
http://doi.org/10.1128/microbiolspec.MB-0011-2014
http://doi.org/10.1073/pnas.1115621109
http://www.ncbi.nlm.nih.gov/pubmed/22308390
http://doi.org/10.1016/j.cell.2018.08.041
http://doi.org/10.1007/s11274-013-1404-3
http://www.ncbi.nlm.nih.gov/pubmed/23793940
http://doi.org/10.1016/j.alit.2018.09.004
http://doi.org/10.1016/j.jnutbio.2016.09.017
http://www.ncbi.nlm.nih.gov/pubmed/27855315
http://doi.org/10.1016/j.braindev.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22633446
http://doi.org/10.1203/01.PDR.0000054654.73826.AC
http://doi.org/10.1371/journal.pone.0136377
http://doi.org/10.1007/s00394-016-1329-3
http://doi.org/10.3389/fimmu.2017.00838
http://doi.org/10.1002/mnfr.202000603
http://doi.org/10.1038/s41598-019-48858-y
http://www.ncbi.nlm.nih.gov/pubmed/31434987
http://doi.org/10.1038/cmi.2015.110
http://doi.org/10.1001/jamaneurol.2014.1638
http://doi.org/10.1007/s11065-010-9148-4
http://doi.org/10.3390/nu9030187
http://www.ncbi.nlm.nih.gov/pubmed/28241501
http://doi.org/10.1016/j.neuroimage.2017.12.056
http://www.ncbi.nlm.nih.gov/pubmed/29277402
http://doi.org/10.1016/j.jpeds.2019.08.030
http://doi.org/10.3945/jn.115.224998
http://www.ncbi.nlm.nih.gov/pubmed/27146919


Microorganisms 2021, 9, 341 22 of 22

121. Moukarzel, S.; Dyer, R.A.; Garcia, C.; Wiedeman, A.; Boyce, G.; Weinberg, J.; Keller, B.O.; Elango, R.; Innis, S.M. Milk Fat Globule
Membrane Supplementation in Formula-Fed Rat Pups Improves Reflex Development and May Alter Brain Lipid Composition.
Sci. Rep. 2018, 8, 9. [CrossRef]

122. Brink, L.R.; Gueniot, J.P.; Lönnerdal, B. Effects of Milk Fat Globule Membrane and Its Various Components on Neurologic
Development in a Postnatal Growth Restriction Rat Model. J. Nutr. Biochem. 2019, 9. [CrossRef] [PubMed]

123. Thompson, R.S.; Roller, R.; Mika, A.; Greenwood, B.N.; Knight, R.; Chichlowski, M.; Berg, B.M.; Fleshner, M. Dietary Prebiotics
and Bioactive Milk Fractions Improve NREM Sleep, Enhance REM Sleep Rebound and Attenuate the Stress-Induced Decrease in
Diurnal Temperature and Gut Microbial Alpha Diversity. Front. Behav. Neurosci. 2017, 10. [CrossRef]

124. Timby, N.; Domellöf, E.; Hernell, O.; Lönnerdal, B.; Domellöf, M. Neurodevelopment, Nutrition, and Growth until 12 Mo of Age
in Infants Fed a Low-Energy, Low-Protein Formula Supplemented with Bovine Milk Fat Globule Membranes: A Randomized
Controlled Trial. Am. J. Clin. Nutr. 2014, 99, 860–868. [CrossRef] [PubMed]

125. Tognini, P. Gut Microbiota: A Potential Regulator of Neurodevelopment. Front. Cell. Neurosci. 2017, 11. [CrossRef]
126. Appleton, J. The Gut-Brain Axis: Influence of Microbiota on Mood and Mental Health. Integr. Med. 2018, 17, 28–32.
127. O’Mahony, S.M.; Neufeld, K.-A.M.; Waworuntu, R.V.; Pusceddu, M.M.; Manurung, S.; Murphy, K.; Strain, C.; Laguna, M.C.;

Peterson, V.L.; Stanton, C.; et al. The Enduring Effects of Early-Life Stress on the Microbiota–Gut–Brain Axis Are Buffered by
Dietary Supplementation with Milk Fat Globule Membrane and a Prebiotic Blend. Eur. J. Neurosci. 2020, 51, 1042–1058. [CrossRef]
[PubMed]

128. Li, T.; Gao, J.; Du, M.; Song, J.; Mao, X. Milk Fat Globule Membrane Attenuates High-Fat Diet-Induced Obesity by Inhibiting
Adipogenesis and Increasing Uncoupling Protein 1 Expression in White Adipose Tissue of Mice. Nutrients 2018, 10, 331. [CrossRef]

129. Nicolson, G.L.; Ash, M.E. Membrane Lipid Replacement for Chronic Illnesses, Aging and Cancer Using Oral Glycerolphospholipid
Formulations with Fructooligosaccharides to Restore Phospholipid Function in Cellular Membranes, Organelles, Cells and
Tissues. Biochim. Biophys. Acta 2017, 1859, 1704–1724. [CrossRef]

130. García-Cano, I.; Rocha-Mendoza, D.; Ortega-Anaya, J.; Wang, K.; Kosmerl, E.; Jiménez-Flores, R. Lactic Acid Bacteria Isolated
from Dairy Products as Potential Producers of Lipolytic, Proteolytic and Antibacterial Proteins. Appl. Microbiol. Biotechnol. 2019.
[CrossRef] [PubMed]

131. Manasian, P.; Bustos, A.-S.; Pålsson, B.; Håkansson, A.; Peñarrieta, J.M.; Nilsson, L.; Linares-Pastén, J.A. First Evidence of
Acyl-Hydrolase/Lipase Activity from Human Probiotic Bacteria: Lactobacillus Rhamnosus GG and Bifidobacterium Longum
NCC. Front. Microbiol. 2020, 11. [CrossRef] [PubMed]

132. Soda, M.E.; Wahab, H.A.E.; Ezzat, N.; Desmazeaud, M.J.; Ismail, A. The Esterolytic and Lipolytic Activities of the Lactobacilli. II.
Detection of the Esterase System of Lactobacillus Helveticus, Lactobacillus Bulgaricus. Lactobacillus Lactis and Lactobacillus
Acidophilus. Lait 1986, 66, 431–443. [CrossRef]

http://doi.org/10.1038/s41598-018-33603-8
http://doi.org/10.1016/j.jnutbio.2019.03.013
http://www.ncbi.nlm.nih.gov/pubmed/31096073
http://doi.org/10.3389/fnbeh.2016.00240
http://doi.org/10.3945/ajcn.113.064295
http://www.ncbi.nlm.nih.gov/pubmed/24500150
http://doi.org/10.3389/fncel.2017.00025
http://doi.org/10.1111/ejn.14514
http://www.ncbi.nlm.nih.gov/pubmed/31339598
http://doi.org/10.3390/nu10030331
http://doi.org/10.1016/j.bbamem.2017.04.013
http://doi.org/10.1007/s00253-019-09844-6
http://www.ncbi.nlm.nih.gov/pubmed/31030287
http://doi.org/10.3389/fmicb.2020.01534
http://www.ncbi.nlm.nih.gov/pubmed/32793131
http://doi.org/10.1051/lait:1986428

	Introduction 
	The Milk Fat Globule Membrane 
	Structure and Origin 
	Composition 

	Lactic Acid Bacteria (LAB) and Bifidobacteria 

	Interactions of Bifidobacteria, LAB, and MFGM in Dairy Food Matrixes 
	Evidence of Improved Health with Combined Probiotic and MFGM Supplementation 
	Bacterial Survival and Adhesion 
	Nutrient Absorption, Mucosal Immunity, and Gut Barrier Function 
	Neurodevelopment and Cognitive Function 

	Current Applications and Future Perspectives 
	Conclusions 
	References

