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ABSTRACT

Human milk oligosaccharides are complex sugars that function as selective growth substrates for speciﬁc beneﬁcial bacteria in the
gastrointestinal system. Bovine milk is a potentially excellent source of commercially viable analogs of these unique molecules. However, bovine
milk has a much lower concentration of these oligosaccharides than human milk, and the majority of the molecules are simpler in structure than
those found in human milk. Speciﬁc structural characteristics of milk-derived oligosaccharides are crucial to their ability to selectively enrich
beneﬁcial bacteria while inhibiting or being less than ideal substrates for undesirable and pathogenic bacteria. Thus, if bovine milk products are
to provide human milk–like benefits, it is important to identify specific dairy streams that can be processed commercially and cost-effectively and
that can yield specific oligosaccharide compositions that will be beneficial as new food ingredients or supplements to improve human health.
Whey streams have the potential to be commercially viable sources of complex oligosaccharides that have the structural resemblance and
diversity of the bioactive oligosaccharides in human milk. With further refinements to dairy stream processing techniques and functional testing
to identify streams that are particularly suitable for enriching beneficial intestinal bacteria, the future of oligosaccharides isolated from dairy
streams as a food category with substantiated health claims is promising. Adv. Nutr. 2: 284–289, 2011.

Introduction
Human milk contains a wide variety of bioactive molecules,
including Ig and nucleotides. Recently, human milk oligosaccharides (HMO)3 are being recognized as a new class of
potent bioactive molecules. HMO consist of a lactose core
extensively elongated by b1–3 or b1–6 linkages to lactosamine units and further decorated with fucose or sialic
acid residues in terminal positions connected with a1–2,
–3, and –4 and a2–3 and –6 linkages, respectively (1–4).
The diversity of monosaccharide combinations and linkages
results in a structurally complex array of linear and branched
oligosaccharide structures. At present, the only source of oligosaccharide structures with the structural complexity of
HMO is human milk, a fact that limits the applicability of
these protective oligosaccharides in population groups other
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than breast-fed infants. Presumably, many of the health benefits that milk oligosaccharides provide for infants could also
be available to humans of all ages if the same structures and
functions could be provided in the diet.
The advantages of HMO are likely related to the structural and functional diversity of multiple components that
act in synergy and confer protection to infants. The neutral
HMO (containing the monomers N-acetylglucosamine and
fucose) are considered to be the most relevant factors for the
development of the intestinal microbiota typical for breastfed infants (2) as well as for direct effects on the immune
system (5). In fact, the structural specificity for the consumption preferences of different intestinal bacteria has been
described (6–8). Recently, Bifidobacterium longum ssp. Infantis (B. infantis), a bifidobacterium enriched in the gastrointestinal tracts of healthy breast-fed infants, was found to
have a unique gene cassette that allows it to transport and
metabolize the specific oligosaccharide structures found in
human milk (9), arguing for a specific coevolutionary relationship between this unique bacterium and the infant (10).
The acidic oligosaccharides (decorated with the monomer
sialic acid), on the other hand, play an important role in
the prevention of adhesion of pathogenic bacteria to the epithelial surface (11) and have recently also been found to be
metabolized by B. infantis (8).
ã2011 American Society for Nutrition. Adv. Nutr. 2: 284–289, 2011; doi:10.3945/an.111.000455.
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Analysis of oligosaccharides
As a result of the heterogeneity of oligosaccharides, technologies for their characterization have lagged far behind technologies for nucleic acids and proteins. In recent years, MS
has become an essential tool for the analysis of oligosaccharides because of the breadth of information obtained with
high resolution and sensitive instrumentation. The use of
Fourier transform ion cyclotron resonance (FT-ICR) in
the detection of oligosaccharides recently has been reviewed
(19). Several features of FT-ICR make it ideal for oligosaccharide analysis: the high resolution and mass accuracy

readily yields the composition in terms of numbers of fucose, glucose or galactose, N-acetylglucosamine, and sialic
acid without the need for exhaustive and expensive derivatization methods. The 2 most useful ionization techniques
for analyzing oligosaccharides, electrospray ionization and
matrix-assisted laser desorption/ionization, can now be performed in FT-ICR, allowing for maximum detection of both
neutral and acidic oligosaccharides. The availability of reliable tandem MS techniques such as collision-induced dissociation and infrared multiphoton dissociation combined
with any ionization method in FT-ICR make it a vital toolset
in acquiring detailed information about glycan structures
(19).
The systematic examination of oligosaccharides in bovine
milk and dairy streams can also now be accomplished using
newly introduced methodologies such as microchip liquid
chromatography separation and high performance MS techniques, including time-of-ﬂight and quadrupole time-of-ﬂight
analyzers (3,4). Currently only a few commercial standards
are available for bovine oligosaccharides; therefore, to date,
the highest number of oligosaccharides identiﬁed in both human milk (over 70 fully annotated HMO) (3,4) and bovine
milk (40 BMO) (14,15,18) has been obtained using a combination of FT-ICR MS, enzymatic digestion, and HPLC-chip/
time-of-ﬂight MS techniques.

Current status of knowledge
Beneﬁts of HMO
Because they pass undigested through the upper intestine,
HMO arrive intact in the colon, where they act as prebiotics
by supporting the growth and establishment of commensal
or beneﬁcial gastrointestinal microbiota (2,6,9,20). HMO
may also be absorbed to a small extent in the gastrointestinal
tract (2,21), and a range of immunomodulatory effects have
been proposed in mucosal and metabolic tissues: oligosaccharides inhibit immune cell recruitment in the lung (22),
reduce allergic reaction in the skin (23), inhibit immune
cell recruitment and adhesion in endothelial cells (24), and
stimulate the production of cytokines in blood-borne immune cells (5). Oligosaccharides can also be taken up directly from the gut lumen by dendritic cells (25), with many
potential downstream effects due to the many known immuneregulating functions of dendritic cells (26). HMO interact
directly with gut epithelial cells (27) and enteroendocrine
cells. Finally, HMO have known antipathogenic effects and
prevent infection and adhesion of both pathogenic bacteria
such as enterotoxigenic Escherichia coli (28) and viruses such
as HIV (29). Thus, HMO provide a spectrum of protective
and immuno-modulatory functions mediated via either
their prebiotic role in enriching specific beneficial microbiota or direct interaction with the epithelia and the immune system.
Milk oligosaccharides as prebiotics
The importance of prebiotics, or ingredients that are selectively fermented by and modify the intestinal microbiota,
in maintaining gut health and human health in general
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Various strategies have been used to mimic the structural
complexity of HMO; much simpler structures, including
fructo-oligosaccharides (FOS) and galacto-oligosaccharides
(GOS), so far have been used in dietary products. These simple structures possess a stimulating prebiotic effect that
increases the bacterial counts of biﬁdobacteria and lactobacilli; however, this effect has been inconsistent, with 16 studies showing a biﬁdogenic effect and 4 studies showing no
effect in infants [reviewed in (12)]. FOS and GOS also
mimic some but not all of the other functions of HMO, including SCFA production, pathogen blocking, and immune
modulation [reviewed in (12)]. Additionally, these simpler
oligosaccharides do not contain the structural complexity
and diversity of HMO; thus, better sources of complex oligosaccharides that more closely mimic the structures and
functions of HMO are needed to improve upon the existing
supplementation strategy.
Recent research has demonstrated that bovine milk contains oligosaccharides that are analogous to HMO, suggesting a similar protective role (13–15). The oligosaccharides
found in bovine milk (BMO) are structurally similar to
those in human milk, but their concentration in milk is
low, particularly in mature milk compared with early milk
(i.e. colostrum) (15). Both human and bovine milk contain
large amounts of the acidic oligosaccharides known as sialyloligosaccharides, especially at the early lactation stage
(15,16). Because mature bovine milk contains only trace
amounts of these valuable components, up to now it has
not been considered a viable source of oligosaccharides for
human supplementation. In addition, the evaluation of
BMO as a substitute for HMO has been hindered by the
lack of precise analytical methods to accurately characterize
and quantify these oligosaccharides. Recently, a highthroughput strategy to annotate the human and bovine
milk glycomes by using high accuracy MS has been developed (17). Using these novel techniques, dairy streams including whey permeate from cheese production have been
identified as novel sources of oligosaccharides that mimic
HMO (18).
This review will describe the current status of knowledge
of the effects of HMO on human health, give a brief overview of the structures and available sources of oligosaccharides, and then focus on bovine milk and dairy streams as
a source for functional oligosaccharides that mimic the beneﬁcial effects of HMO.

Protection by milk oligosaccharides against pathogen
infection
The intestinal mucosa is the largest surface of the human
body and it is among the most heavily glycosylated tissues
(39). The mucosa of the intestine is covered with complex
glycans, including glycoproteins, glycolipids, mucins, and
others (46). The principal function of these glycans is thought
to be the mediation of communication with the extracellular
environment, including cell-cell communication, molecular
discrimination, barrier functions, and diverse signaling actions. To overcome this barrier, the ﬁrst step of bacterial
and viral infection is to recognize and bind speciﬁc cell surface glycans of the intestinal mucosa, where sialylated and
286 Zivkovic and Barile

fucosylated oligosaccharides are the primary targets (12).
Because many milk oligosaccharides contain structural units
that are homologous to these carbohydrate structures, it has
been suggested that they act as soluble receptor analogs that
inhibit the adhesion of pathogens, thus preventing infection
(47). In fact, HMO are synthesized by the same glycosyl- and
fucosyltranferases, enzymes responsible for the formation of
glycans present on different cell types (48,49). Fucosylated
and sialylated milk oligosaccharides inhibit the binding of
pathogenic bacteria by blocking bacteria from attaching to
target oligosaccharides on the intestinal mucosal surface
(20,33). Milk oligosaccharides have adhesion-inhibiting activity for both Gram-negative and Gram-positive bacteria
(50).
Plant-based and synthetic sources of oligosaccharides
In the absence of a commercial source of the complex structures found in HMO, the infant formula industry uses inulin, FOS, GOS, lactulose, and acidic oligosaccharides derived
from pectin as prebiotic oligosaccharides (12). The wide
availability of these simple structures has enabled numerous
in vitro, human, and animal studies on their putative prebiotic effects. Comprehensive information about FOS and
GOS and their clinical and prebiotic dossiers are available
in reviews by Roberfroid (30) and Boehm and Moro (12).
Although these structures have been shown to be effective
in a number of functional endpoints, including reduced
rates of atopic dermatitis in supplemented formula-fed infants (23), FOS and GOS are structurally very different
from HMO and BMO (Fig. 1). Whereas FOS and GOS are
linear chains, HMO and BMO are branched structures
and contain the structural elements fucose, sialic acid, and
N-acetylglucosamine that are completely absent in FOS
and GOS. Furthermore, they do not exhibit the inherent
structural complexity that is characteristic of HMO and
BMO that results from the large number of possible b and
a glycosidic linkages present in these oligosaccharides.
BMO
Bovine milk, and in particular colostrum, is a source of simple as well as complex oligosaccharides that resemble HMO
(14–16) (Fig. 1). Twenty-four different acidic structures
containing N-acetylhexosamine, N-acetylneuraminic acid
(NeuAc), and N-glycolylneuraminic acid (NeuGc) or sialic
acid, as well as 16 neutral oligosaccharide structures, have
been identified in the colostrum of Holstein-Friesian cows
(16).
Because ﬂuid bovine milk contains only trace amounts of
these valuable components, the use of dairy streams, in particular whey permeate, for large-scale extraction has been
the subject of recent investigation. The attraction of speciﬁc
whey fractions stems from their wide availability and low
cost compared to other dairy streams. Whey permeate is a
by-product obtained when cheese whey is passed through
an ultraﬁltration membrane to concentrate whey protein.
Whey proteins are retained by the membrane, whereas
smaller molecules such as lactose and salts pass through
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has gained increasing interest (30). Prebiotics enhance the
growth of biﬁdobacteria and lactobacilli at the expense of
other groups of potentially harmful bacteria such as clostridia, enterococci, eubacteria, enterobacteria, and others.
Therefore, a diet with signiﬁcant amounts of selective prebiotics would selectively feed the saccharolytic bacteria (biﬁdobacteria and lactobacilli), allowing them to dominate
the gut and compete with potentially harmful bacteria by
creating an acidic environment that is less favorable to pathogens (31–34).
The use of dietary prebiotics is a practical and efﬁcient
way to manipulate the gut microbiota. The microbial colonization of the human intestine commences at birth, when
the newborn is exposed to an external environment rich
in different bacteria. The ﬁrst bacteria to colonize the infant’s gut are important in determining the ultimate gut microbial composition (35). These colonizing bacteria affect
the immune response (36), making the intestinal environment more favorable to their own survival and less favorable
to competing microbial species (37). Evidence is increasingly assembling that a healthy infant microbiota is mainly
composed of bifidobacteria and lactobacilli; this composition has been proposed to be important for the development
of a fully functional immune system (38). Alterations in the
infant gut microbiota from this composition have been associated with allergy development and other diseases. There
have been several reports of a direct correlation between exposure to Staphylococcus aureus and clostridia in early infancy and allergy development by the age of 2 y (39–41).
The intestinal microbiota of infants exclusively fed
breast milk contains up to 90% biﬁdobacteria, whereas the
microbiota of formula-fed infants resembles that of adults
(32,33,42). How a human milk-speciﬁc microbiota dominated by biﬁdobacteria and lactobacilli is developed and
maintained has been a subject of extensive research. HMO
fermentation requires the enzymatic ability to degrade the
complex HMO structures into their constituent monosaccharides, as well as the ability to transport both residual intact oligosaccharides and the resulting monosaccharides
(9,43,44). Recent studies suggest that the neutral fraction
of HMO containing fucose could play an important role
in the development of the typical breast-fed infant microbiota (45).

the membrane making up the whey permeate. The composition of a variety of neutral and acidic oligosaccharides in
whey permeate, of which many had identical composition
to HMO, has recently been described (18). Of the 15 acidic
oligosaccharide structures identiﬁed in whey permeate, 3 are
also found in HMO, and of the 8 neutral oligosaccharide
structures identiﬁed, 4 are also found in HMO (18).
One further differentiating factor of oligosaccharides derived from whey permeate compared with bovine milk is
that whereas bovine milk was found to contain 7 different
NeuGc-containing oligosaccharides, whey permeate only
contained 1 such structure (18). One possible reason for
this difference in acidic component distribution is the speciﬁc lactation stage of the milk used in the analysis. Recent
literature has shown that acidic oligosaccharides decrease
markedly immediately after the ﬁrst milking and continue
to decrease in the following milkings (16,51,52). Tao et al.
(15) reported that mature milk (120 d lactation) contained
only traces of NeuGc (0.2% of total oligosaccharides), whereas
the total neutral oligosaccharide content increased compared with colostrum.
The sialic acid NeuGc is found in all mammals except
humans. The lack of this sugar is due to a mutation in the
enzyme cytidine monophosphate-NeuAc hydroxylase that
occurred in the hominid lineage subsequent to its divergence from the lineage of the great ape about 3 million y
ago (53). There is evidence that the lack of production of
NeuGc may be involved in resistance to infection by certain
microbial pathogens, that immune system receptors that

Potential health implications of new sources of BMO
that mimic the beneﬁcial functions of HMO
A major challenge in isolating oligosaccharides from bovine
milk and dairy streams is to enrich the milk oligosaccharides
while simultaneously reducing the content of lactose and
other simple sugars that do not possess the desired speciﬁc
prebiotic activities. The residual content of mineral salts
may also constitute an obstacle to the application of these ingredients in the infant formula sector and in other health
applications. The smallest milk oligosaccharides are now
available as a result of improvements in synthetic methods
(54), but commercial sources that reproduce the breadth
of the variety of milk oligosaccharides are not yet available.
One argument supporting the need for more complex
and well-deﬁned oligosaccharide structures than those that
are already commercially available (i.e. FOS and GOS) is
that the structure-function relationships involved in mediating crucial health effects are highly structure speciﬁc. For example, in a recent study that compared the gastrointestinal
epithelial transfer and immuno-modulatory properties of
acidic oligosaccharides from human milk, cow milk, and
pectin, although all of the structures were transported across
epithelial cells, only the human milk-derived structures induced atopy-suppressing cytokine production in cord bloodderived monocytes (55). In a mouse model of infection,
the speciﬁc structures lacto-N-fucopentaose III and lactoN-neotetraose abundant in HMO induced production
of IL-10, an antiinflammatory cytokine (56). The lacto-Nneotetraose structure has also been detected in significant
concentrations (10% of total oligosaccharides) in mature
bovine milk (15).
Bacterial growth studies in which detailed structural analyses of oligosaccharide consumption were performed by MS
analysis revealed strain-speciﬁc differences in growth and
consumption patterns even among very closely related
Functional bovine milk oligosaccharides 287
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Figure 1 Schematics of representative structures of HMO, BMO,
GOS, and FOS. Linkages between monosaccharides are also
shown and include the following: a1–2, a1–3, a2–3, a2–6, b1–3,
b1–4, b1–6, and b2–1. The HMO structures can be elongated by
repeating units of lactosamine (GlcNAc and galactose) and
further decorated by sialic acid and fucose. The BMO structures
can be further elongated with residues of GlcNAc, galactose, and
sialic acids. Whereas characteristic HMO and BMO structures are
branched and display a variety of a and b linkages, GOS and
FOS are linear chains containing repeating units of galactose
and fructose, respectively (depicted in brackets with a subscript
of n , 7 and n , 10 repeating units, respectively).

recognize sialic acid residues may be differentially modulated by NeuGc compared with NeuAc, and that dietary
sources of NeuGc may lead to its accumulation and immune
recognition in certain inﬂammatory conditions (53). Although
there are no clear associations between the consumption of
NeuGc and disease risk or incidence, it may be beneﬁcial to reduce NeuGc-containing oligosaccharides in certain sensitive
populations. Whey, being the by-product of cheesemaking
that uses mature milk, is naturally low in NeuGc.
Preliminary evidence indicates that whey permeate that is
further processed by membrane ﬁltration may have as much
as 10-fold higher total concentrations of free oligosaccharides than bovine milk. This concentration is considerably
higher compared to the current literature in which it is
stated that bovine milk only contains a trace amount of oligosaccharides. The concentration of BMO in whey streams
can be increased 4-fold compared to whey permeate by removing residual lactose. These enabling discoveries provide
promising alternatives for industrial production of oligosaccharides that are functionally parallel to those found in human milk.

species. For example, B. infantis reached 4-fold higher cellular density when grown exclusively on purified HMO compared with its close relatives B. breve and B. longum bv.
longum (6). Furthermore, whereas B. infantis consumed
64% of the total HMO, including 5 of the most abundant
shorter-chain HMO and 3 longer-chain HMO, B. breve
and B. longum bv. longum consumed 35 and 24%, respectively, and only one oligosaccharide, lacto-N-tetraose (6).
Thus, the potential of BMO to serve as a new source of
health-promoting functional ingredients that can act as selective prebiotics is enticing precisely because it can provide
a mixture of oligosaccharides that mimics the structural
complexity of HMO.

There is an unmet need for alternative sources from which
to obtain a diverse mixture of complex human milk-like oligosaccharides. The development of commercially viable
methods to produce oligosaccharides that mimic the structures and biological functions of HMO presents both a
health value and an opportunity to capture value in currently underutilized dairy products. Further processing,
enrichment, and puriﬁcation methods will need to be developed to optimize the oligosaccharide content of bovine milk
and bovine dairy streams such that speciﬁc structures found
in human milk are maximized, whereas those that are not
found in human milk are minimized or excluded and additional ingredients such as lactose, minerals, and salts are reduced or eliminated. The evidence to date described in this
review highlights the opportunities and challenges for BMO
to become a novel source for HMO-mimetic oligosaccharides with the structural diversity and speciﬁcity that underlies the numerous health beneﬁts delivered by human milk.
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