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ABSTRACT: Milk is often regarded as the gold standard for the nourishment of all mammalian offspring. The World Health
Organization (WHO) recommends exclusive breastfeeding for the first 6 months of the life of the infant, followed by a slow
introduction of complementary foods to the breastfeeding routine for a period of approximately 2 years, whenever this is possible
(Global Strategy for Infant and Young Child Feeding; WHO, 2003). One of the most abundant components in all mammals’ milk,
which is associated with important health benefits, is the oligosaccharides. The milk oligosaccharides (MOS) of humans and other
mammals differ in terms of their concentration and diversity. Among those, goat milk contains more oligosaccharides (gMOS) than
other domesticated dairy animals, as well as a greater range of structures. This review summarizes the biological functions of MOS
found in both human and goat milk to identify the possible biological relevance of gMOS in human health and development. Based
on the existing literature, seven biological functions of gMOS were identified, namely, MOS action as prebiotics, immune
modulators, and pathogen traps; their modulation of intestinal cells; protective effect against necrotizing enterocolitis; improved
brain development; and positive effects on stressor exposure. Overall, goat milk is a viable alternate supply of functional MOS that
could be employed in a newborn formula.
KEYWORDS: goat milk, oligosaccharides, human milk, biological functions, human health

■ INTRODUCTION
Milk oligosaccharides (MOS) are complex nondigestible
carbohydrates that have been studied most in the milk of
human (hMOS), bovine (bMOS), goat (gMOS) and sheep
(sMOS). MOS are the third most abundant solid component
in human milk, with levels over 20 g/L in colostrum and
ranging from 5 to 12 g/L in mature milk.1 Goat milk contains
larger quantities of MOS compared to other domesticated
dairy animals. The average reported concentrations in mature
milk are 60−350 mg/L, while for colostrum, concentrations
have been reported up to 2.4 g/L.2−6 The breed of the studied
animals may significantly affect these oligosaccharide concen-
tration ranges.2,4,7−9 Overall, the gMOS levels are 100 times
lower than hMOS, but they are 4−10 times higher than the
bMOS levels,8 making gMOS interesting for MOS studies.
Over the years, 169 structures of hMOS have been

structurally characterized,10,11 compared to up to 40 for
bMOS12 and about 55 for gMOS.13−17 The difference in the
identified structures can partially be explained by the fact that
human milk is studied more intensely than other milk types
with multiple techniques, leading to a higher number of
identified oligosaccharides.
With regard to MOS, the biggest difference between human

and goat milk, apart from the concentration of the MOS, is the
distribution of neutral and acidic oligosaccharides. All hMOS
consist of glucose and galactose as core oligosaccharides.
hMOS can be divided into three categories: 1) neutral
nonfucosyl oligosaccharides; core oligosaccharides only/with
the addition of N-acetylglucosamine (GlcNAc) (e.g., 3′-
galactosyl-lactose (3′-GL), Lacto-N-neotetraose (LNnT)), 2)
neutral fucosyloligosaccharides; core oligosaccharides with the

addition of fucose (e.g., 2′-Fucosyllactose (2′-FL), 3-
Fucosyllactose (3-FL)), and 3) acidic sialyloligosaccharides;
core oligosaccharides with the addition of sialic acid (3′-
Sialyllactose (3′-SL), 6′-Sialyllactose (6′-SL)).1,18,19 Oligosac-
charides can also be divided into type 1 and 2 molecules. Type
1 oligosaccharides contain Galβ1−3GlcNAc, whereas type 2
oligosaccharides contain Galβ1−4GlcNAc.10 hMOS have a
predominance of type 1 over type 2 oligosaccharides, whereas
milk of other species either contains only type 2
oligosaccharides (as in the milk of cow, goat, sheep, pig and
horse), or a predominance of type 2 oligosaccharides over type
1 oligosaccharides (as in some apes).10,20

Around 70% of hMOS are neutral, fucosylated, whereas milk
from domesticated animals contain 80−90% acidic oligosac-
charides, containing only minor levels of fucosylated neutral
structures.21 Van Leeuwen et al.16 recently provided a
comparison of structures and relative quantities based on the
study by Albrecht et al. for goat milk21 to term and preterm
human milk on the basis of the study by Austin et al.22 (Figure
516). In addition, Figure 4 of the same work provides a
comparison of the acidic and neutral MOS concentrations of
milk of human and other mammalian origin.16 Although the
composition of hMOS is significantly different from gMOS,
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there are sialylated, neutral nonfucosylated, and neutral
fucosylated structures in common between the two. Moreover,
both gMOS and hMOS are abundant in galactosyllactoses,
with the predominant forms in gMOS being 3′-GL and 6′-
galactosyllactose (6′-GL), while in hMOS, the predominant
form is LNnT, all neutral nonfucosylated ΜOS. Neutral

fucosylated ΜOS in common are 2′-FL and 3-FL, while
sialylated MOS present both in hMOS and gMOS are 3′-SL
and 6′-SL. There are also differences. Whereas most mammals
have the capacity to synthesize N-Glycolylneuraminic acid
(Neu5Gc) from N-Acetylneuraminic acid (Neu5Ac), only a
few mammals (e.g., platypus, ferret, new world monkeys) and

Table 1a. Overview of All Neutral gMOS Structures Reported in Caprine Colostrum and Milk16,a

aInt (%) = Relative peak intensities in the neutral and acidic pool respectively, based on Albrecht et al.21. The hMOS column indicates the presence
or absence of the structure in human milk. Structures are drawn in the Consortium for Functional Glycomics graphical notation.108
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humans have lost this capacity during evolution.23 This is the
result of a genetic mutation in the sialic acid biosynthetic
pathway, not allowing further addition of an oxygen atom to
the sialic acid due to an inactivating mutation of the cytidine
monophosphate N-acetylneuraminic acid hydrolase (CMAH).

Therefore, milk acidic MOS are decorated either with Neu5Ac
(>98%, in the milk of cows, pigs, horses and camels) or with
Neu5Gc (64 and 94% of the total sialic acid content in the
milk of goats (mature milk) and sheep (colostrum),
respectively16). In humans, the sialic acid is mostly bound to

Table 1b. Overview of All Acidic gMOS Structures Reported in Caprine Colostrum and Milk16,a

aInt (%) = Relative peak intensities in the neutral and acidic pool respectively, based on Albrecht et al.21 The hMOS column indicates the presence
or absence of the structure in human milk.
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free oligosaccharides, while in other domesticated animals,
sialic acid is mostly protein-bound.24

Human and goat milks have several MOS structures in
common, which are summarized in Tables 1a and 1b. The
biological relevance of those structures in neonates’ health and
development will be the focus of the present review. It appears
of interest to evaluate the MOS functional properties, with an
emphasis on the biological effects of the MOS in infants that
have been detected in both human and goat milk. The
information presented is based on the, at present, still limited
number of studies published on the prebiotic effects of gMOS,
and on effects that have been reported for individual hMOS
having identical structures to gMOS. Those effects refer to the
prebiotics effects of MOS, their action as pathogen traps, as
modulators in intestinal epithelial cells, protection against
necrotizing enterocolitis (NEC) and human immunodeficiency
virus (HIV), and nongut effects. An overview of those
established health benefits of gMOS is graphically presented
in Figure 1, and a summary is provided in Table S1.

■ RESULTS AND DISCUSSION
Prebiotic Functions of MOS. One of the first positive

effects reported for hMOS was that it serves as a growth
substrate for beneficial bacteria and intestinal microbiota.18,25

The composition, diversity and metabolic activity of the
microbiota in the gastrointestinal tract has a strong influence
on the well-being and health of humans.26 The dominant
bacterial genus in the intestines of breast-fed infants is
Bif idobacterium. Bif idobacterium improves the microflora in
the intestine and may reduce the chances of acute diarrhea and

the risk of Escherichia coli (E. coli) infections.27 Infants with
bifidobacterial-dominated microbiota are more resistant to
pathogen colonization and possess better functioning gut
barriers.28 The strains typically found in infants are B. infantis
(JCM1222) and Bif idobacterium bif idum (JCM1255). When
hMOS-grown Bifidobacteria were added to Caco-2 and HT-29
cell lines (both human colorectal adenocarcinoma cell lines), it
was shown that both these bifidobacterial strains bind to
intestinal epithelial cells, which is important for transient
intestinal colonization.29 Ward et al. reported that B. infantis
consumed hMOS faster than B. bif idum.30 This resulted in
substantial degradation of oligosaccharides by B. infantis
compared to moderate degradation by B. bif idum. Promotion
of the growth of Bif idobacterium is beneficial because it may
keep harmful bacteria away by competing for a limited nutrient
supply. B. infantis also produced metabolites, including short-
chain fatty acids (SCFA), that create an environment favoring
the growth of beneficial (usually commensal) bacteria.29,31,32

For instance, lowering the pH facilitates the growth of
Bacteroides and lowers the number of Enterobacteria, of
which some are pH sensitive. This may indicate that a low pH
protects against infectious diseases.32

Lewis et al. tested the influence of milk of mothers with a 2′-
FL secretor status on the infant’s gut microbiota, using a subset
with 44 infant/mother pairs.32 The infants fed with milk of a
2′-FL hMOS secretor established Bifidobacteria in their gut
microbiota earlier and more frequently. These infants also
showed higher numbers of Bif idobacterium and Bacteroides
(which plays a role in processing complex molecules)
compared to infants fed with milk of a nonsecretor.

Figure 1. Summary of the biological relevance of oligosaccharides derived from goat milk.
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Furthermore, the study showed that 2′-FL, produced by
secretors, was responsible for a broader range of bifidobacterial
species. B. longum infantis dominated in secretor-fed infants but
not in nonsecretor fed infants. B. breve was dominant in infants,
independent of the mother’s secretor status.32

The beneficial prebiotic effects of hMOS are contributed to
the total mixture, but also to 2′-FL alone. As recently reported,
2′-FL is also present in goat milk (Table 1a), in 73.7% of goat
milk samples analyzed in this study.20 Some studies of
prebiotic effects have been conducted with gMOS, goat milk,
or goat milk infant formula. Also a relatively small number of
randomized controlled trials have been performed with goat
milk infant formula.33−36 The fecal microbiota analysis of 2
months old infants receiving goat milk infant formula revealed
growth of Bifidobacteria and Lachnospiraceae.34 More
specifically B. longum subspecies longum were found in their
stools, but not B. longum subspecies infantis.37 Bifidobacteria
dominate the stool microbiota regardless of whether the
infants are fed human milk or formula based on ruminant milk
(cow or goat). However, Bifidobacteria have about 20% higher
relative abundances in human milk-fed babies compared to
formula-fed babies.38

Paturi et al.39 studied biomarkers of gut health in newly
weaned rats, as a model for mammalian digestion. The 21 days
old male rates (n = 12/diet) were fed ad libitum the diet and
water during 21 days. The rats on goat and cow milk diets
gained more weight than those on the control diet (P < 0.001),
and animals with prebiotics, such as inulin and fructo-
oligosaccharides (FOS), in their diet gained significantly less
weight than those on the same diet without prebiotics (whole
milk and cellulose). Total bacteria and Lactobacillus spp. were
significantly higher in rats fed goat milk diets than those fed
control diets (P < 0.05). Clostridium perf ringens, an organism
associated with gastrointestinal illnesses, was significantly lower
in rats fed goat milk diets (P < 0.05). Lactic and succinic acid
concentrations were significantly higher (P < 0.001) in goat
milk diets compared to control diets.
Leong et al.40 isolated gMOS from stage 1 and stage 2 goat

milk infant formula. Major oligosaccharides were 3′-SL, 6′-SL,
2′-FL, 6′-sialyllactosamine (6′-SLN, Neu5Acα2−6Galβ1−
4GlcNAc), disialylated lactose (DSL) and lacto-N-hexaose
(LNH), and the minor MOS were N-acetyl-glucosaminyl-
lactose (NAL), neoglycolipid (NGL), Lacto-N-Tetraose
(LNT), 3′-sialyl hexosyl lactose (3′-SHL), 3′-N-glycolylneur-
aminyllactose (3′-NGL), N-glycolyl-neuraminyl-hexosyl-lac-
tose (SNGHL) and sialyl-N-glycolyl-neuraminyl-lactose
(SNGL). The isolated gMOS of both stages 1 and 2 were
found to be effective in promoting the growth of both
Bif idobacterium and Lactobacillus species. They appeared to be
more efficient at promoting the growth of B. longum BB536
and L. casei 2607 than a galacto-oligosaccharide (GOS)
mixture.
In the in vitro fermentation model SHIME with the setting

of 3-month-old infants, goat milk infant formula decreased
colonic pH by boosting the SCFA acetate, lactate, and
propionate production, which related to increased abundances
of acetate/lactate-producing Bifidobacteriaceae as observed
with human milk.41

Bifidobacterial strains are able to utilize gMOS as a
fermentable substrate, as shown by Thum et al.13 In their
study, strains of B. bif idum, B. longum, and B. breve were
isolated from the feces of 4 breast-fed infants. The growth
medium was enriched with 5 g/L gMOS plus 1 g/L GOS, 2 g/

L lactose, 1 g/L glucose, and 1 g/L galactose. The presence of
gMOS enhanced growth of Bif idobacterium and stimulated the
in vitro production of lactate and SCFA, compared to addition
of glucose, lactose, GOS, inulin, FOS, 3′-SL and 6′-SL
separately. Especially B. bif idum was able to ferment gMOS.
Bifidobacterial strains isolated from feces of exclusively breast-
fed infants thus are able to ferment gMOS, stimulating
bifidobacterial growth and metabolism.13

MOS as Pathogen Traps. hMOS possess an antiadhesive
microbial activity.18,19 Similar structures are found between
human milk (hMOS) and epithelial glycoproteins (glycans).
Pathogens with lectin-like receptors may adhere to hMOS
instead of binding to a glycan of the epithelium. As a result, the
pathogens are not able to bind to epithelial cells. Fucosylated
oligosaccharides protect against heat stable enterotoxin STa
produced by some strains of E. coli and other enteric bacteria
by functioning as antiadhesive microbials, as shown in a T84
cell line (human carcinoma).42 STa is a known cause of
diarrhea in infants.42,43 Binding of STa to the extracellular
domain of guanylate cyclase, in enteric bacteria responsible for
transmitting signals from outside a cell to the interior of the
cell, causes an inhibition of the chloride function (via cyclic
guanosine monophosphate, cGMP), and hence infection.44

The accumulation of intracellular GMP levels in the lumen of
the intestine are part of a cascade of events that leads to
increased chloride secretion, causing diarrhea.45 The oligo-
saccharides used in the study were pooled from 20 to 30
human donors. After separating the milk into fucosylated and
nonfucosylated oligosaccharides, only the fucosylated oligo-
saccharide fraction inhibited STa stimulated guanylate cyclase.
This protective effect was larger on cGMP production than on
STa binding. Also, the three-dimensional structure of STa
shows no similarity with various fucosylated oligosaccharides
from milk. Therefore, the authors speculate that fucosylated
oligosaccharides bind to the extracellular portion of guanylate
cyclase instead of competing for the STa binding site. By
binding to the toxin receptor, the fucosylated oligosaccharides
act as antiadhesive antimicrobials.42

Fucosylated oligosaccharides also serve as antiadhesive
antimicrobials in an infection by Campylobacter jejuni. This
effect was tested with the HEp-2 cell line (human epithelial
type 2), in vivo in mice (breed BALB/c, an albino,
immunodeficient inbred strain) by feeding them hMOS, and
in vitro on human intestinal mucosa.43 Only the neutral,
fucosylated oligosaccharide fraction inhibited infection of
HEp-2 cells with the used Campylobacter strains (84sp,
135ip, 166ip, 173ip, 180ip, 187ip, 193ip, 225sp, 268ip,
287ip, and 383ip). Inhibition of the fucosylated oligosacchar-
ides was then tested in three models: 1) in vivo; mice receiving
neutral, fucosylated hMOS showed significantly less Campylo-
bacter colonization, 2) ex vivo using human intestinal mucosa
(strain 287ip) which showed that administration of 0.2 mg/mL
(half of the concentration in pooled human milk) neutral
oligosaccharides caused a larger reduction (93%) than
administration of 2′-FL alone (69%), and 3) in a model that
tested inhibition in mice carrying the FUT1 human
fucosyltransferase gene. Epithelial cell surface fucosyl epitopes
serve as ligands to bind Campylobacter to the intestinal mucosa.
This mechanism is inhibited by fucosylated oligosaccharides.
The α1,2-linked fucosyloligosaccharides appear to serve as
ligands that compete with the intestinal epithelial cell surface
receptor for binding to Campylobacter (and other pathogens)
that target α1,2-ligands.43
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hMOS also serve as antiadhesives in rotavirus infection.
Rotavirus is a known cause of gastroenteritis. Neonatal
rotavirus infections are caused by a different rotavirus strain
in older children. The effects of pure 3′-SL, 6′-SL, 2′-FL, and
of GOS, were tested on different rotavirus strains.46 The study,
conducted on African green monkey kidney epithelial cells
(MA104 cells), used the globally dominant rotavirus genotypes
strains G1P and G2P. With all tested oligosaccharides, a severe
reduction in infectivity was observed at a concentration of 5
mg/mL (concentration of the individual oligosaccharides). At
lower concentrations, a significant reduction was only observed
with 3′-SL and 6′-SL. Treatment of the epithelial cells with
hMOS before infection did not result in a reduction in
infectivity, so hMOS act on the virus rather than on the cells.46

The concentrations of oligosaccharides used in this study,
however, were higher than the concentrations of the individual
hMOS in human milk. Also, the rotavirus strains used are
globally dominant genotypes, but not in neonates. Ramani et
al. tested the effects of LNT, Lacto-N-fucopentaose I (LNFP
I), Lacto-N-fucopentaose II (LNFP II), 2′-FL and 6′-SL on the
G10P rotavirus strain.47 This strain is associated with a high
incidence of neonatal infections in India. Milk from more than
50 human donors was pooled and analyzed to determine the
composition. The effects of hMOS on infection with rotavirus
were again tested on MA104 cells. hMOS showed no
significant impact on the infectivity of the G1P and G2P
strains of the rotavirus, but enhanced infectivity of the G10P
(especially 2′-FL and LNFP I).47 These studies highlight the
importance to use the right strain, but also the interplay
between hMOS, milk microbiome and infant gut micro-
biome.47

Acute gastroenteritis is also caused by human noroviruses.48

Two main groups of noroviruses exist: GI and GII. GI involves
monomeric interactions, whereas GII involves dimeric
interactions. The dominant type of outbreak worldwide is
caused by type GII.4. Human noroviruses interact with histo-
blood group antigens (HBGAs), and this interaction may be
important for infection. hMOS are structurally similar to
HBGA epitopes, so hMOS could compete with the HBGA
binding sites on the noroviruses.48 Weichert et al. tested
whether 2′-FL and 3-FL block GII.10 norovirus virus-like
particles (VLPs) from binding to HBGAs using X-ray
crystallography.49 2′-FL and 3-FL structurally mimicked
HBGAs. Fucose of hMOS and HBGAs were identically
positioned on the P domain of the VLPs.34 It is hypothesized
that this will also occur with strain GII.4, since these strains are
structurally comparable.48,49 The hMOS may thus act as
natural decoys in an infection by mimicking HBGAs and
binding at the HBGA pocket and thereby preventing the virus
to bind.49

LNFP II may also serve as a protective oligosaccharide in
respiratory and gastrointestinal illness.50 To test the relation-
ship between hMOS consumption and disease in breastfed
infants, 49 mother-infant pairs were investigated. Infant health
was assessed by maternal report and the concentration of
LNFP II was measured to represent levels of total
oligosaccharides consumed. Higher LNFP II levels in milk 2
weeks postpartum were associated with fewer infant respira-
tory- and gastrointestinal problems by 6 and 12 weeks,
respectively.50 The study design was not strong enough to
make a correlation, and it is not known whether this specific
effect was caused by LNFP II or other hMOS. The mechanism
behind the demonstrated effect remains to be studied.

hMOS also act as pathogen traps against influenza virus
(IAV) and respiratory respiratory syncytial virus (RSV). RSV
and IAV are common causes of infantile lower respiratory tract
infection. The protective effect of 3′-SL, 6′-SL, 2′-FL and
LNnT was analyzed by Duska-McEwen et al.51 Human
respiratory cells (Calu-3 and 16HBE) and peripheral blood
mononuclear cells (PBMCs) were pretreated with the different
hMOS for 24 h to determine the effect on virus load and
cytokines. The effects differed between the tested hMOS and
between the cells. 2′-FL decreased RSV load in both the
16HBE cells and Calu-3 cells. It also caused a decrease in the
cytokines interleukin (IL)-6), IL-8, macrophage inflammatory
protein-1 alpha (MIP-1α), monocyte chemoattractant protein
1 (MCP-1) and tumor necrosis factor α (TNF-α). 3′-SL
significantly decreased nonstructural protein 1 (NS1) of the
RSV virus in 16HBE cells and decreased IL-6, MIP-1α and IL-
8. Regarding infection with influenza virus, LNnT and 6′-SL
caused a decrease in viral load in 16HBE cells, 6′-SL caused
also a decrease in viral load in Calu-3 cells and a decrease in
IL-6. Immune cells are necessary for the clearance of
respiratory pathogens; therefore, infection with RSV was
tested on PBMCs. None of the tested hMOS showed a
significant decrease in viral load, but 6′-SL caused a decrease in
interferon-gamma inducible protein 10 (IP-10) and TNF-α.
The concentrations used in the study are at and below the
concentrations found in human breast milk. The hMOS 3′-SL,
6′-SL and 2′-FL thus enhance innate immunity to RSV and
IAV (in vitro) whereas 6′-SL may also modulate the innate
immune response.51

Several hMOS thus may act as a pathogen trap, 2′-FL, 3-FL,
3′-SL, 6′-SL, LNFPII and LNnT, all of which are present in
goat milk (Tables 1a and 1b).
In young mammals, the Neu5Gc containing oligosaccharides

are important in protection against infections. The trisacchar-
ide Neu5Gc(α2−3)Gal(β1−4)Glc as part of N-glycolyl-GM3
glycolipids acts as a decoy for pathogenic E. coli K99 in goat
kids, piglets, lambs, and calves, which causes severe
diarrhea.52,53 Potentially, the free trisaccharide (3′NGL)
could promote such binding of similar or other pathogens,
preventing their pathogenic action. Leong et al.40 isolated
gMOS from stage 1 and stage 2 goat milk infant formula. The
isolated gMOS were effective in reducing the adherence of E.
coli and S. typhimurium to Caco-2 cells. Both neutral and acidic
oligosaccharides mixtures isolated from goat milk inhibited the
adhesion of Salmonella enterica to Caco-2 cells analogous to
oligosaccharides levels from human milk.54 gMOS (LNnT,
lacto-N-neohexaose (LNnH), 3′-SL, 6′-SL, LS-tetrasaccharide
c and DSL were able to stimulate the growth of B. longum
subsp. infantis ATCC 15697. This gMOS-treated B. infantis
showed a 42% decrease in the attachment of a highly invasive
strain of Campylobacter jejuni to intestinal HT-29 cells.55

Isolated gMOS reduces the adhesion of Staphylococcus aureus
to Caco-2 similar to hMOS, indicating that gMOS may act as a
pathogen trap.56

MOS as Modulators in Intestinal Epithelial Cells.
During postnatal intestinal development, the surface glyco-
sylation pattern of enterocytes changes; it shifts from a high
sialic acid phenotype to a high fucose phenotype.57 Intestinal
development is an important contributor to the protection
against bacterial adherence. hMOS are able to directly
modulate intestinal epithelial cells. This was studied on
Caco-2 cells, cultured for 7 and 21 days.58 Following
spontaneous differentiation or on pretreatment with 3′-SL,
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Caco-2 cells showed a reduction of specific glycan epitopes.
Over time, the α2,3-linked sialic acids and α2,6-linked sialic
acids decreased. Cells cultured for 7 days were treated with 3′-
SL and showed a decrease in α2,3-linked sialic acids, α2,6-
linked sialic acids, and fucose and galactose moieties to a level
similar to that of cells cultured for 21 days without 3′-SL
treatment (control). 3′-SL treatment reduced the sialyltrans-
ferase gene expression of ST3Gal-I (2.5-fold), ST3Gal-II (2-
fold) and ST3Ga (5-fold), which are responsible for the
formation of α2,3-linked sialic acids. Exposure of Caco-2 cells
to E. coli showed a 10-fold increase in attachment of bacteria to
the cells cultured for 7 days compared to the 21 days controls.
Pretreatment of the cells cultured for 7 days with 3′-SL showed
a reduction in total adherence of 50%.58 The addition of 3′-SL
to milk thus may stimulate intestinal development, which helps
to protect against bacterial attachment.
Hypoxia-induced injury is a known factor that damages the

intestinal barrier and is a known cause for NEC. hMOS may
act as modulators by mediating activation of the epidermal
growth factor receptor (EFGR) to protect intestinal epithelial
cells against hypoxia-induced injury. This was tested on Caco-2
cells and in 7-days old C57BL/C mice.59 hMOS were purified
from pooled milk of 10 secretor-mothers. Different exper-
imental conditions were tested; 1) hMOS, 2) FOS and 3)
GOS separately were added to infant formula. Supplementing
hMOS at 10−20 mg/mL into the formula protected against
hypoxia-induced epithelial cell injuries. This was accompanied
by the upregulation of phosphorylated EFGR and the
downregulation of phosphorylated P38. GOS and FOS showed
no protective effects.59

hMOS have a role in modulation of intestinal epithelial cells;
until now, only 3′-SL has been studied separately. In rats,
however, the standard diet supplemented with goat milk
powder seemed to be as effective as supplementation with
bovine colostrum in reducing the effect of heat induced
gastrointestinal hyperpermeability.60 A possible mechanism of
this protective action that supplementation with both goat and
bovine powders has is through modulation of the tight junction
in epithelial cells. Metabolic pathways of the citrate cycle
(TCA cycle) and pyruvate metabolism were abundant in the
goat milk fed mice showing that the metabolism of nutrients
was more extensive in the goat milk group.61

MOS Protection against NEC and HIV. NEC is the most
common inflammatory intestinal disorder, affecting (mostly)
preterm neonates. It leads to a severe and often fatal
destruction of the infant’s intestine.62,63 About 7% of very-
low-birth-weight (VLBW, < 1500 g) infants develop NEC, and
their mortality rate goes up to 30%.64 Most common
treatments for NEC are broad-spectrum antibiotics, discontin-
uation of enteral feeding and surgical interventions, usually
accompanied by long-term complications.65 NEC is accom-
panied by suppressed proliferation of crypt cells and increased
cell death, what leads to intestinal barrier dysfunction.59

Strategies for treatment and prevention of NEC are required,
and gaining a better understanding of the pathogenesis and
progression of the disease is critical.
Breastfed infants have a 6-fold to 10-fold lower risk of

developing NEC than formula-fed infants.66 In the above, we
described various effects of hMOS (prebiotic, antiadhesive,
etc.) resulting in a “healthier” microbiome. In the following, we
evaluate studies of the effects of hMOS on NEC specifically in
animal and human studies.62,65

NEC Animal Studies. Jantscher-Krenn et al., based on a rat
NEC model of Nadler et al.,67 confirmed that the risk of
developing NEC was highest for formula-fed Sprague−Dawley
rats compared to mother’s milk-fed pups.65 The hMOS pool
derived from milk collected from 12 healthy human volunteers
that gave birth to preterm infants. The study showed that the
addition of hMOS to infant formula improved survival rate
from 73.1% to 95% and reduced NEC-related pathology score.
No effect in survival of pathology score was observed with the
addition of GOS in the diet of the rats.65 Macroscopic and
microscopic observation of the intestines of the formula-fed
pups, with and without the addition of GOS, indicated that
they had more pathological signs, when compared with the
formula-fed that were supplemented with hMOS. Chromato-
graphic separation of hMOS by charge with HPLC-FL and
identification with MALDI-TOF showed that the compound
causing the protective effects is disialyllacto-N-tetraose
(DSLNT).65 The sialic acids from DSLNT are necessary for
the protective properties; when both sialic acids were removed
from DSLNT it also lost its protective power against NEC.
Adding DSLNT to infant formula showed again the hereabove
described effects.65

Another beneficial hMOS in the protection against NEC is
2′-FL. It was tested in mice (C57BL/6) by Good et al.68 The
2′-FL was produced through a proprietary fermentation
process, and its addition to infant formula showed a protection
against NEC, based on gross images of the intestine. 2′-FL
restored mesenteric perfusion in NEC, as shown by fluorescent
tracer tomato lectin, quantitative real-time PCR (qT-PCR) and
Western Blot analysis. The restoration of the mesenteric
perfusion was shown to be dependent on the expression and
function of endothelial nitric oxidase synthase (eNOS). eNOS
has an important function in the central cardiovascular system;
it produces nitric oxide (NO) that activates guanylate cyclase.
Administration of 2′-FL to eNOS-deficient mice and to mice
that received eNOS inhibitors did not have a protective effect
against the development of NEC. 2′-FL thus helps to protect
against NEC by regulating the blood flow to the newborn
intestine via eNOS.68 The data suggest that the 2′-FL found in
human and goat milk may be mediating some of the protective
benefits of breast milk in the clinical setting against NEC.
Contrary to the above-mentioned beneficial effect of 2′-FL

toward NEC, Rasmussen et al. reported limited effects of this
structure in a preterm pig NEC model.69 In this case, the tests
were performed providing a mixture of 4-hMOS (the most
abundant hMOS structures) and 25-hMOS (a more
representative composition of hMOS), with 2′-FL present in
both mixtures. Although DSLNT was included in the 25-
hMOS, no preventive effect toward NEC was reported for the
5-day intervention performed with this hMOS composition.69

It is worth noting that the control pigs in this study were fed
formula with maltodextrin added at the same concentration as
the 4-hMOS (5.0 g/L) or 25-hMOS mixtures (7.0 g/L).

NEC Human Studies. The protective effect of DSLNT
against the development of NEC has also been proven in
infants.62 In an observational study including 200 mother-
VLWB infant dyads, the hMOS composition of breast milk fed
to infants was analyzed. Each of the 8 neonates that developed
NEC was matched with five controls. Generalized estimating
equation (GEE) models showed that the most protective effect
against NEC was caused by DSLNT. Moreover, the lower
abundance of DSLNT in the mother’s milk of neonates that
develop NEC could be predictive prior to onset of NEC.
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LNFP I and difucosyllacto-N-tetraose (DFLNT) also con-
tributed to the effects of hMOS on NEC.62 After removal of
the sialic acid(s) of DSLNT, the beneficial effects were lost.
This showed that the effects of DSLNT are highly likely to be
structure-specific.62,65

Van Niekerk et al., in a substudy of 82 mother-infant pairs,
which was part of larger randomized clinical trial, observed that
infants that were diagnosed with NEC received mother’s milk
containing lower concentrations of DSLNT.70 No other
individual hMOS was associated with NEC. It is important
to note that the study was not designed to determine whether
individual hMOS in the mother’s milk are linked to infant
NEC risks.70

HIV. hMOS may also protect against the transmission of
HIV from the mother to infant. HIV is an enveloped RNA
virus causing acquired immunodeficiency syndrome (AIDS) in
late stages. Without effective antiretroviral interventions,
around 20% of children born to HIV-infected mothers will
acquire HIV. An additional 15% of these children who did not
acquire infection, will so during the postnatal period. Children
born to HIV-infected mothers that are not affected are called
HIV-exposed uninfected (HEU) children. The mortality rate
of HEU children is higher than that of children born to
uninfected mothers.70,71 A study of the effects of hMOS on
mortality in children born to HIV-infected mothers was
conducted in a population in Zambia in an early weaning
trial.71 Breastfeeding proved to be important for HIV and HEU
children: cessation of breastfeeding was associated with an
increased risk of death among HIV and HEU children
compared with healthy individuals. Another observation was
the higher concentration of 3′-SL and LNnT in the milk of
HIV infected women. A difference in survival rates showed that
the hMOS LNFP I, LNFP II/III, 3-FL, 2′-FL and LNT were
lower in mother’s milk of HEU children who died during
breastfeeding than mothers of survivors, and this difference
disappeared after breastfeeding.71 3′-SL was increased in HIV-
infected women compared to uninfected women, whereas
higher concentrations of nonsialylated fucosylated hMOS
protected against mortality during breastfeeding.71 Van
Niekerk et al. studied 184 mother/infant dyads and confirmed
that HIV-infected mothers have a higher relative abundance of
3′-SL compared to HIV-uninfected mothers. Low concen-
trations of DSLNT in the 4-day milk samples increased the risk
of NEC.70

Examples of hMOS that can protect against NEC and HIV
are 3′-SL, DSLNT, 2′-FL and LNnT. Since 3′-SL, 2′-FL and
LNnT are present in goat milk (Tables 1a and 1b), one could
expect that gMOS could also act against NEC or HIV, but no
studies have been reported with gMOS and NEC or HIV.
MOS as Immune Modulators. hMOS may also affect the

infant’s immune system.18 T cells are important in the immune
response. There are two different types of T helper (Th) cells:
Th1 and Th2. Th1 cells drive the type-1 pathway involved in
cellular immunity. This pathway is used to fight viruses and
other intracellular pathogens. Th2 cells drive the type-2
pathway, which is involved in humoral immunity. This
pathway upregulates antibody production to fight extracellular
organisms, such as parasites. Th1 cells secrete cytokines that
inhibit Th2 proliferation; Th2 cells secrete cytokines that
inhibit Th1 proliferation. In a mature immune system, a
homeostasis is reached between Th1 and Th2.72,73 In an
immature immune system, there is no homeostasis yet. The
immature immune reaction has a biased Th2 response, which

makes the infant more susceptible to pathogens.74 This
response is important during the pregnancy because it prevents
adverse immunological reaction between mother and the
fetus.72,73 Pregnancy is chiefly a Th2 situation; babies tend to
be born with Th2 biased immune responses. The influence of
hMOS on the immature T cell response was studied in human
umbilical cord blood obtained by venipuncture immediately
after delivery by Eiwegger et al.75 This study showed that only
the acidic hMOS stimulated cord blood cells to produce more
of the Th1 type cytokines, interferon-γ (IFN-γ) and IL-10.
Acidic hMOS thus play a direct role in the postnatal
maturation of the immune system by directing the neonatal
Th2 response to a more balanced Th1/Th2 response.75

He et al. tested the effect of hMOS from colostrum on the
immune response in intact immature human intestinal
mucosa.76 These colostrum hMOS again stimulated cytokines
associated with the Th1 response and suppressed Th2 cytokine
production. The positive effect of hMOS toward the Th1/Th2
response could not be reproduced with bMOS.75

LNnT coupled to dextran had beneficial effects regarding
innate response, as analyzed by Terrazas et al.77 Tested in
BALB/c mice and C57B2/6 mice, administration of injected
LNnT-Dex caused an expansion of peritoneal exudate cells
(PEC), which harbor a number of immune cells including
macrophages, B cells, and T cells. The PECs from LNnT-Dex
injected mice suppressed proliferation of stimulated CD4+ cells
in a dose-dependent way (Th2 response). The suppression was
mediated by cell-to-cell interaction and soluble factors; fixed
cells still caused inhibition of CD4+ cells, but the inhibition was
lower than that caused by living cells. After blocking cell-to-cell
interaction by using transwells, there was still a significant
inhibition in the proliferation of CD4+ cells, caused by soluble
factors (contributors were IL-10, IFN-γ and NO). LNnT
coupled to dextran thus also contributes the shift of the
neonatal Th2 response to a more balanced Th1/Th2
response.77

3′-GL, 4′-galactosyllactose (4′-GL), 6′-GL, and GOS reduce
inflammatory signaling pathways in the immature gut mucosa.
This was tested by Newburg et al. on human metastatic colonic
epithelial cells (T84), human normal colon mucosal epithelial
cell lines (NCM-460), on human normal fetal intestinal
epithelial cells (H4) and ex vivo immature human intestinal
tissue.78 The inflammatory response was measured as
induction of IL-8, MCP-1 and macrophage inflammatory
protein-3α (MIP-3α). GOS and hMOS reduced TNF-α
induced expression of IL-8, MCP-1 and MIP-3α. Pro-
inflammatory signaling by TNF-α was mediated by nuclear
transcription factor κB (NF-κB). hMOS and GOS inhibited
the NF-κB signaling pathway and attenuated the intestinal
epithelial response of inflammatory stimuli and, thereby, have a
positive effect on inflammation.78

In an allergic individual, stimulation by an allergen causes
mast cell degranulation, which produces responses character-
istic of an allergic reaction.79 A mast cell primed by an
antibody (IgE) activates enteric nerves, which results in pain
and diarrhea.80 hMOS are able to reduce symptoms of food
allergy as shown by Castillo-Courtade et al.81 BALB/c mice
were used to test the influence of 2′-FL and 6′-SL on food
allergy symptoms. These symptoms were induced by an oral
ovalbumin (OVA) challenge in sensitized mice. This is a
nontoxic T cell dependent antigen. Successive oral feeding of
OVA led to diarrhea of increasing severity, hypothermia, and
an increase in MCP-1. Treatment with 2′-FL or 6′-SL showed
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a significant reduction of intestinal allergy, measured by
diarrhea- and hypothermia scores and a reduction of MCP-1
cells. Also, the cytokine profiles changed; mice treated with 6′-
SL or 2′-FL showed a decrease in IFN-γ production, whereas
6′-SL also caused a 3-fold increase in IL-10. Besides other
effects, there was a reduction of the passive cutaneous
anaphylaxis (PCA) response, which is an animal model for
inflammatory reactions in Type I allergy. IgE dependent T cell
activation was caused by the CD4+CD25+ population from 2′-
FL and 6′-SL treated mice. At last, 2′-FL and 6′-SL caused an
increase in CD11+CD103+ (mucosal classical dendritic cells)
in Peyer’s patches.81 Antigen presentation by intestinal
CD11+CD103+ dendritic cells is thought to play a role in
inducing regulatory T cells and establishing oral tolerance.82

The effects of feeding formulas supplemented with 2′-FL
alone on immune function was tested by Goehring et al. in 424
infants.83 This was done by comparing breastfeeding (1.9−4.9
g/L 2′-FL) with formula-feeding without 2′-FL (2.4 g/L GOS)
and with the addition of 2′-FL in two concentrations
(condition 1:0.2 g/L 2′-FL + 2.2 g/L GOS, condition 2:1 g/
L 2′-FL + 1.4 g/L GOS). The inflammatory cytokine levels of
IL-1α, IL-1β, IL-6 and TNF-α were shown to be higher in
infants fed formula without the addition of 2′-FL. Breastfed
infants and infants fed formula supplemented with 2-′FL were
not different. RSV-stimulated PBMC cultures, breastfed
infants, and infants fed 2′-FL supplemented formula had
lower concentrations TNF-α and IFN-γ. 2′-FL lowered the
percentages of circulating T-lymphocytes for total cell and
CD4+ cells and increased the percentage of apoptotic cells.
Apoptosis might remove activated T cells in order to down-
regulate inflammatory cytokines. Formulas supplemented with
2′-FL thus modify the immune profiles to be more like
breastfed infants.83

gMOS mixture has anti-inflammatory effects in rats with
chemically induced colitis.84 More specifically, the oligosac-
charides isolated from goat milk mainly consisted of 6′-SL, 3′-
SL, DSL, NGL, 3′-GL, LNH and NAL. The pretreatment of
rats with the above-mentioned mix of gMOS was associated
with lower levels of colon IL-1β, one of the predominant
cytokines in rat trinitrobenzenesulfonic acid (TNBS) colitis.

hMOS thus seemed to have a favorable effect on immune
modulation of infants, especially 2′-FL, 6′-SL and LDFT. Of
these, 2′-FL and 6′-SL both are present in goat milk. Goat milk
intake modulates the immunological function in mice. Goat
milk-fed mice had an increasing proportion of natural killer
(NK) cell activity and phagocytosis activity in the spleen. Goat
milk feeding during pregnancy and lactation periods in mice
can confer protective activity onto offspring by alleviating the
airway inflammation of allergic asthma induced by mite
allergens.85 IEC18, HT29, Caco-2 and colonic explants of
TLR4 KO mice exposed to gMOS showed that the gMOS acts
as TLR4 ligands stimulating cytokine response in the intestine
models.86

Non-Gut Effects of MOS. At 18 months, breastfed infants
show a superior cognitive development score compared to that
of formula fed infants. Breastfed infants also have higher
intelligence quotients at 7 years. Brain development and
cognition are in part dependent on gangliosides and
glycoproteins, both containing sialic acids.87,88 They play a
role in the functional establishment of synaptic pathways. Sialic
acids create a negative charge on the cell membrane that
facilitates the binding of positively charged neurotransmitters.
Sialylated proteins are involved in cell migration, neurite

outgrowth, regeneration, sprouting, and synaptic plasticity. An
important sialylated protein is neuron cell adhesion molecule
(NCAM), involved in learning and memory in rodents.89 All
mammals have the capacity to synthesize sialic acid from sugar
precursors; however, infants present only limited capacity of
synthesizing endogenously sialic acid.90 Piglet models in
nutrition studies are very useful. The piglet digestive tract is
physiologically and anatomically similar to the human digestive
tract. Also, both require similar nutrients, and birth occurs in
the midst of the growth developmental of the brain.87

However, the gut colonization differs significantly between
humans and pigs.91

The effect of the specific sialic acid structures 3′-SL and 6′-
SL on the brain was studied by Jacobi et al.92 The dietary
concentration of 3′-SL and 6′-SL administrated to the
crossbred pigs (n = 54) resembled that in human colostrum
(1−3.3 g/L). Pigs either received 2 or 4 g/L 3′-SL or 6′-SL,
fed a standard laboratory control diet, or received 2 g of
polydextrose +2 g/L GOS. After 21 days the piglets were
sacrificed, and the left side of the brain was studied. The
addition of 4 g/L 3′-SL caused an increase in ganglioside-
bound sialic acid in the cerebellum compared to the control
group. The highest increase in the sialic acid concentration in
the corpus callosum (15%) was seen in the groups that
received either 2 g/L 3′-SL or 2 g/L 6′-SL. This value also
corresponds to that in colostrum.92 Mudd et al. also showed
the effects of sialyllactose on the brain using a piglet model (n
= 38).93 The pigs received either a diet consisting of bovine-
derived modified whey, a diet enriched with 65 mg SL/100 g
milk replacer powder, a diet with 190 mg SL/100 g milk
replacer powder, or a diet with 380 mg SL/100 g milk replacer
powder. Magnetic resonance imaging (MRI) and tract-based
spatial statistics (TBSS) showed differences in measurements
of myelin within the corpus callosum; mean diffusivity (MD),
axial diffusivity (AD) and radial diffusivity (RD) between the
experimental groups. The group that received the moderate
amount of SL (190 mg SL/100 g milk replacer powder)
showed the highest rates of diffusion.93 Diffusion is an
important feature of development. These studies highlight
the importance of sialic acids in brain development. Regarding
the limited capacity to biosynthesize sialic acids in the early
life, it is well-understood that sialic acids need to be delivered
by an exogenous source in that demanding period for the
infant’s brain development.90

hMOS may also play a role in long-term information storage.
Long-term potentiation is a model for long-term information
storage in the brain. It is an experimentally evoked process
where brain synaptic strength is rapidly increased by means of
pre- and postsynaptic structures. An important presynaptic
feature is the population spike amplitude (POP). Movement of
ions causes a shift in electrical potential. A postsynaptic feature
is the field excitatory postsynaptic potential (fEPSP). fEPSP
makes synaptic neurons more likely to fire an action
potential.94 Matthies et al. used 8 weeks old male mice
(Wistar) in their study.94 Fucose and 2′-FL enhanced POP and
fEPSP in the hippocampus, whereas 3-FL did not show a
difference. These results showed that fucose and 2′-FL play a
role in long-term information storage.94 This effect of 2′-FL
was also observed by Vaźquez et al. when testing 2′-FL and
fucose on mice (C57BL/6) and on rats (Sprague−Dawley).88

The same enhanced POP and fEPSP in the hippocampus was
found. The positive effect of fucose, however, was not
replicated. The effects of 2′-FL on spatial learning, working
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memory, and operant conditioning using an IntelliCage system
for mice was also tested. Rats were submitted to a Skinner Box,
where 2′-FL treated animals performed significantly better.
Finally, it is shown that the postsynaptic density protein 95
(PSD-95), phosphorylated calcium/calmodulin-dependent
kinase II (pCaMKII) and brain-derived neurotrophic factor
(BDNF) increased in the 2′-FL group, all of which are
involved in learning and memory.88 These studies highlight the
importance of 2′-FL in brain development.
There seems to be a positive association between brain

development and hMOS consumption. This has been studied
for 2′-FL, but especially for 3′-SL and 6′-SL, due to the high
sialic acid content of the brain. gMOS is rich in such acidic
oligosaccharide structures, e.g., 3′-SL and 6′-SL (Table 1b).
Effects of MOS on Stressor Exposure. Stressors induce

anxiety-like behavior, but also significantly change the structure
of the gut microbiota, as shown by Tarr et al.95 In their study,
mice were fed a standard diet, a diet containing 3′-SL or a diet
containing 6′-SL. A male intruder was introduced in the cage
as a stressor, and the levels of stress were evaluated in an open
field test (to measure the tendency to avoid open spaces),
light/dark test (anxious animals will spend a longer time in the
dark), measuring corticosterone levels, and by detecting
proliferating cells. After stressor induction, mice fed a standard
diet showed changes in composition of the colonic microbiota,
which was not observed after a diet with 3′-SL or 6′-SL. In
mice fed the standard diet, the stressor resulted in anxiety-like
behavior due to a reduction in immature neurons in the
dentate gyrus. Mice fed the diet with either 3′-SL or 6′-SL
showed normal behavior in the anxiety tests. No difference was
observed in spleen mass, levels of IL-6 or corticosterone levels.
3′-SL and 6′-SL are thus able to diminish stressor-induced
changes in colonic microbiota structure, anxiety-like behavior
and immature neuron levels.95 3′-SL and 6′-SL, two structures
that are among the most abundant gMOS structures, thus have
a positive effect on stressor exposure.
Final Remarks on gMOS. Despite the overlap in MOS

between goat milk and human milk, there are also differences
caused by the absence of Neu5Gc in humans.21 Human milk
does not contain intrinsically synthesized hMOS with
Neu5Gc,96 while gMOS does contain Neu5Gc (e.g., 3′-NGL,
6′-NGL). However, in human milk the dietary Neu5Gc can be
metabolically incorporated.97 Neu5Gc has been reported in
relatively low levels in a pooled human milk sample of a single
volunteer, which is hypothesized to occur due to the maternal
diet (meat and cheese intake).98 Additionally, Quin et al.
showed that in 16 mother-infant dyads, all human milk samples
consist of Neu5Gc-containing human milk oligosaccharides
(Neu5Gc-hMOS).99 These Neu5Gc-hMOS levels were pos-
itively correlated to Bacteroides spp. and not correlated with
immune markers in the infants stool. Both Akkermansia
muciniphila and Bacteroides contain sialidases that are capable
of degradation of Neu5Gc.100 Neu5Gc from glycans can be
hydrolyzed by bacterial sialidases in vitro101 and by the gut
microbiome of ancestral hunter-gatherers Hadza people in
Tanzania in vivo.102 This sialidase activity thus will result in
Neu5Gc degradation or Neu5Gc excretion into the urine.
Bif idobacterium bif idum AGR2166 is also able to breakdown
Neu5Gc, as showed by depletion of 6′-NGL.13 Studies have
linked Neu5Gc incorporation to potential link diseases such as
atherosclerosis with dietary incorporated Neu5Gc,103 while
small levels of Neu5Gc have been found in human
malignancies. However, no causality is established for

Neu5Gc and certain disease outcomes. Mainly the research
attempting to link Neu5Gc to the generation of different
diseases focuses on red meat, which is the most concentrated
in Neu5Gc among common food items.103,104 The fate and
effect of Neu5Gc in infants and on infants long-term health is
not known, though one might speculate that there is a
possibility that infant’s microbiota can profit from presence of
Neu5Gc containing gMOS. Currently existing epidemiological
studies are limited regarding the role of Neu5Gc in human
health.105 Further epidemiological studies, apart from mech-
anistic studies, would provide valuable insight on the role of
Neu5Gc in human health and disease90 and decipher the origin
of the Neu5Gc from specific food items or other�currently
unknown�sources.
Overall, goat milk oligosaccharides may exert a wide range of

beneficial effects. A summary of the reported beneficial effects
of hMOS is shown in Table S1 for those structures reported to
be present in gMOS and in hMOS. The health benefits
reported in Table S1 are, prebiotic effects, antiadhesive
properties (pathogen traps), modulation of intestinal epithelial
cells, and protection against various (severe) diseases, as
visualized in the infographic Figure 1.
The beneficial effects are attributed to hMOS as a pool, but

there is also experimental evidence of the effects of individual
hMOS structures. The most-reported individual hMOS studied
are 2′-FL, 3-FL, 3′-SL, 6′-SL, 3′-GL, 4′-GL, 6′-GL, LNFP I,
LNFP II, DSLNT, LNT, LNnT, DFLNT and LDTF. These
hMOS also occur in goat milk, except DSLNT, LNFP I, 4′-GL
and LDFT (Tables 1a and 1b). Goat milk oligosaccharides do
contain LFNP II and LNT, but as an iso-form. As mentioned
above, the overall concentration of gMOS is lower compared
to that of hMOS; however, it is 4−5 times higher compared to
the MOS found in cow milk, which is widely used for infant
formula. Considering the relatively high diversity of MOS
structures in goat milk compared to cow milk, goat milk
appears to be an attractive alternative source of MOS for infant
formula. It is worth noting here, that the yield of goat milk is
around 2 L per milking, with goats remaining persistent
milkers throughout the year.106 However, from the perspective
of gMOS-based industrial applications, no appropriate method
appears to be in place for the purification of gMOS from goat
milk to allow their use in other applications. The current
methods of purification require large amounts of goat milk,
setting a limitation for the large-scale purification of gMOS.
Since gMOS are abundant in acidic oligosaccharides (80−

90%), it would be most interesting to focus especially on these
compounds. Besides other effects, the acidic hMOS play a
direct role in brain development and in the postnatal
maturation of the immune system by directing the Th2
response to a more balanced Th1/Th2 response.75,76 However,
this effect could not be reproduced with cow milk
oligosaccharides.75 It is therefore of interest to investigate
whether this effect can be reproduced with the acidic gMOS. If
positive, this would give goat milk a significant advantage in
this respect. In a recent consensus paper, it was stated that the
addition of one simple, short-chain oligosaccharide to infant
formula does not lead to a similarity with the complex
composition of hundreds of short- and long-chain oligosac-
charides in human milk.107 Importantly, the use of single
isolated or synthetic MOS could lead to stronger and more
straightforward conclusions regarding the functional role in
human health. Overall, the use of well-defined MOS extracts
could lead to multiple health benefits for the infant.
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■ ABBREVIATIONS USED
2′-FL 2′-fucosyllactose
3-FL 3-fucosyllactose
3′-GL 3′-galactosyllactose
3′-NGL 3′-N-glycolylneuraminyllactose
3′-SHL 3′-sialylhexosyllactose
3′-SL 3′-sialyllactose
4′-GL 4′-galactosyllactose
6′-GL 6′-galactosyllactose
6′-NGL 6′-N-glycolylneuraminyllactose
6′-SHL 6′-sialylhexosyllactose
6′-SL 6′-sialyllactose

6′-SLN 6′-sialyllactosamine
AIDS acquired immunodeficiency syndrome
BDNF brain-derived neurotrophic factor
bMOS bovine milk oligosaccharide(s)
cGMP cyclic guanosine monophosphate
CMAH cytidine monophosphate N-acetylneuraminic

acid hydrolase
DSL disialyllactose
DSLNT disialyllacto-N-tetraose
E. coli Escherichia coli
EFGR epidermal growth factor receptor
eNOS endothelial nitric oxidase synthase
fEPSP field excitatory postsynaptic potential
FOS fructooligosaccharide(s)
Fuc fucose
FUT1 Fucosyltransferase 1 (H Blood Group)
Gal galactose
GalNAc N-acetylgalactosamine
Glc glucose
GlcNAc N-acetylglucosamine
gMOS goat milk oligosaccharide(s)
GOS galactooligosaccharide(s)
HBGAs histo-blood group antigens
HEU HIV-1-exposed uninfected
Hex hexose
HexNAc N-acetylhexosamine
HIV human immunodeficiency virus
hMOS human milk oligosaccharide(s)
HPLC-FL high-pressure liquid chromatography

coupled to fluorescence detector
IAV influenza A virus
IFN-γ interferon gamma
IL interleukin(s)
iLNT iso-Lacto-N-tetraose
LNFP lacto-N-fucopentaose
LNH lacto-N-hexaose
LNnH lacto-N-neohexaose
LNnT lacto-N-neotetraose
LNT lacto-N-tetraose
MALDI-TOF matrix assisted laser desorption ionization−

time-of-flight
MCP-1 monocyte chemoattractant protein 1
MIP-1α macrophage inflammatory protein-1 alpha
MOS milk oligosaccharide(s)
MRI magnetic resonance imaging
Muc2 mucin 2
NAL N-acetyl-glucosaminyl-lactose
NCAM neuron cell adhesion molecule
NEC necrotizing enterocolitis
Neu5Ac N-acetylneuraminic acid
Neu5Gc N-glycolylneuraminic acid
NGL neoglycolipid
NK natural killer
NS1 nonstructural protein 1
OVA oral tolerance to ovalbumin
PBMCc peripheral blood mononuclear cells
qT-PCR quantitative real-time polymerase chain

reaction
pCaMKII phosphorylated calcium/calmodulin-de-

pendent kinase II
PEC peritoneal exudate cells
POP population spike amplitude
PSD-95 postsynaptic density protein 95
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RSV respiratory syncytial virus
SCFA short-chain fatty acid
SHIME model Simulator of Human Intestinal Microbial

Ecosystem model
sMOS sheep milk oligosaccharide(s)
SNGHL N-glycolyl-neuraminyl-hexosyl-lactose
SNGL sialyl-N-glycolyl-neuraminyl-lactose
ST3Gal-I and II β-galactoside α2,3-sialyltranferase
STs heat-stable enterotoxins
TBSS tract-based spatial statistics
TCA tricarboxylic acid cycle
Th T helper
TLR toll-like receptor
TNBS trinitrobenzenesulfonic acid
TNF-α tumor nectrosis factor α
VLBW very-low-birth-weight neonates
VLPs virus-like particles
α-3′-GL 3′α-galactosyllactose
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(30) Ward, R. E.; Niñonuevo, M.; Mills, D. A.; Lebrilla, C. B.;
German, J. B. In Vitro Fermentability of Human Milk Oligosacchar-
ides by Several Strains of Bifidobacteria. Mol. Nutr. Food Res. 2007, 51
(11), 1398−1405.
(31) Asakuma, S.; Hatakeyama, E.; Urashima, T.; Yoshida, E.;
Katayama, T.; Yamamoto, K.; Kumagai, H.; Ashida, H.; Hirose, J.;
Kitaoka, M. Physiology of Consumption of Human Milk Oligosac-
charides by Infant Gut-Associated Bifidobacteria. J. Biol. Chem. 2011,
286 (40), 34583−34592.
(32) Lewis, Z. T.; Totten, S. M.; Smilowitz, J. T.; Popovic, M.;
Parker, E.; Lemay, D. G.; Van Tassell, M. L.; Miller, M. J.; Jin, Y.-S.;
German, J. B.; Lebrilla, C. B.; Mills, D. A. Maternal Fucosyltransferase
2 Status Affects the Gut Bifidobacterial Communities of Breastfed
Infants. Microbiome 2015, 3 (1), 13.
(33) Grant, C.; Rotherham, B.; Sharpe, S.; Scragg, R.; Thompson, J.;
Andrews, J.; Wall, C.; Murphy, J.; Lowry, D. Randomized, Double-
Blind Comparison of Growth in Infants Receiving Goat Milk Formula
versus Cow Milk Infant Formula. J. Paediatr. Child Health 2005, 41
(11), 564−568.
(34) Tannock, G. W.; Lawley, B.; Munro, K.; Gowri Pathmanathan,
S.; Zhou, S. J.; Makrides, M.; Gibson, R. A.; Sullivan, T.; Prosser, C.
G.; Lowry, D.; Hodgkinson, A. J. Comparison of the Compositions of
the Stool Microbiotas of Infants Fed Goat Milk Formula, Cow Milk-
Based Formula, or Breast Milk. Appl. Environ. Microbiol. 2013, 79 (9),
3040−3048.
(35) Zhou, S. J.; Sullivan, T.; Gibson, R. A.; Lönnerdal, B.; Prosser,
C. G.; Lowry, D. J.; Makrides, M. Nutritional Adequacy of Goat Milk
Infant Formulas for Term Infants: A Double-Blind Randomised
Controlled Trial. Br. J. Nutr. 2014, 111 (9), 1641−1651.
(36) Hawke, K.; Louise, J.; Collins, C.; Zhou, S. J.; Brown, A.;
Gibson, R.; Makrides, M. Growth Patterns during the First 12 Months
of Life: Post-Hoc Analysis for South Australian Aboriginal and
Caucasian Infants in a Randomised Controlled Trial of Formula
Feeding. Asia Pac. J. Clin. Nutr. 2017, 26 (3), 464−470.
(37) Lawley, B.; Munro, K.; Hughes, A.; Hodgkinson, A. J.; Prosser,
C. G.; Lowry, D.; Zhou, S. J.; Makrides, M.; Gibson, R. A.; Lay, C.;
Chew, C.; Lee, P. S.; Wong, K. H.; Tannock, G. W. Differentiation of
Bifidobacterium Longum Subspecies Longum and Infantis by
Quantitative PCR Using Functional Gene Targets. PeerJ. 2017, 5,
No. e3375.
(38) Tannock, G. W.; Lee, P. S.; Wong, K. H.; Lawley, B. Why Don’t
All Infants Have Bifidobacteria in Their Stool? Front. Microbiol. 2016,
7, 834.
(39) Paturi, G.; Butts, C. A.; Hedderley, D.; Stoklosinski, H.;
Martell, S.; Dinnan, H.; Carpenter, E. A. Goat and Cow Milk Powder-
Based Diets with or without Prebiotics Influence Gut Microbial
Populations and Fermentation Products in Newly Weaned Rats. Food
Biosci. 2018, 24, 73−79.
(40) Leong, A.; Liu, Z.; Almshawit, H.; Zisu, B.; Pillidge, C.;
Rochfort, S.; Gill, H. Oligosaccharides in Goats’ Milk-Based Infant
Formula and Their Prebiotic and Anti-Infection Properties. Br. J.
Nutr. 2019, 122 (04), 441−449.
(41) Gallier, S.; Van den Abbeele, P.; Prosser, C. Comparison of the
Bifidogenic Effects of Goat and Cow Milk-Based Infant Formulas to
Human Breast Milk in an in Vitro Gut Model for 3-Month-Old
Infants. Front. Nutr. 2020, 7, 608495.
(42) Crane, J. K.; Azar, S. S.; Stam, A.; Newburg, D. S.
Oligosaccharides from Human Milk Block Binding and Activity of
the Escherichia Coli Heat-Stable Enterotoxin (STa) in T84 Intestinal
Cells. J. Nutr. 1994, 124 (12), 2358−2364.
(43) Ruiz-Palacios, G. M.; Cervantes, L. E.; Ramos, P.; Chavez-
Munguia, B.; Newburg, D. S. Campylobacter Jejuni Binds Intestinal
H(O) Antigen (Fucα1, 2Galβ1, 4GlcNAc), and Fucosyloligosacchar-
ides of Human Milk Inhibit Its Binding and Infection. J. Biol. Chem.
2003, 278 (16), 14112−14120.

(44) Hurowitz, E. H.; Melnyk, J. M.; Chen, Y. J.; Kouros-Mehr, H.;
Simon, M. I.; Shizuya, H. Genomic Characterization of the Human
Heterotrimeric G Protein Alpha, Beta, and Gamma Subunit Genes.
DNA Res. Int. J. Rapid Publ. Rep. Genes Genomes 2000, 7 (2), 111−
120.
(45) Kopic, S.; Geibel, J. P. Toxin Mediated Diarrhea in the 21st
Century: The Pathophysiology of Intestinal Ion Transport in the
Course of ETEC, V. Cholerae and Rotavirus Infection. Toxins 2010, 2
(8), 2132−2157.
(46) Laucirica, D. R.; Triantis, V.; Schoemaker, R.; Estes, M. K.;
Ramani, S. Milk Oligosaccharides Inhibit Human Rotavirus Infectivity
in MA104 Cells. J. Nutr. 2017, 147 (9), 1709−1714.
(47) Ramani, S.; Stewart, C. J.; Laucirica, D. R.; Ajami, N. J.;
Robertson, B.; Autran, C. A.; Shinge, D.; Rani, S.; Anandan, S.; Hu,
L.; Ferreon, J. C.; Kuruvilla, K. A.; Petrosino, J. F.; Venkataram
Prasad, B. V.; Bode, L.; Kang, G.; Estes, M. K. Human Milk
Oligosaccharides, Milk Microbiome and Infant Gut Microbiome
Modulate Neonatal Rotavirus Infection. Nat. Commun. 2018, 9 (1),
1−12.
(48) Schroten, H.; Hanisch, F.-G.; Hansman, G. S. Human
Norovirus Interactions with Histo-Blood Group Antigens and
Human Milk Oligosaccharides. J. Virol. 2016, 90 (13), 5855−5859.
(49) Weichert, S.; Koromyslova, A.; Singh, B. K.; Hansman, S.;
Jennewein, S.; Schroten, H.; Hansman, G. S. Structural Basis for
Norovirus Inhibition by Human Milk Oligosaccharides. J. Virol. 2016,
90 (9), 4843−4848.
(50) Stepans, M. B. F.; Wilhelm, S. L.; Hertzog, M.; Rodehorst, T. K.
C.; Blaney, S.; Clemens, B.; Polák, J.; Newburg, D. S. Early
Consumption of Human Milk Oligosaccharides Is Inversely Related
to Subsequent Risk of Respiratory and Enteric Disease in Infants.
Breastfeed. Med. Off. J. Acad. Breastfeed. Med. 2006, 1 (4), 207−215.
(51) Duska-McEwen, G.; Senft, A. P.; Ruetschilling, T. L.; Barrett, E.
G.; Buck, R. H. Human Milk Oligosaccharides Enhance Innate
Immunity to Respiratory Syncytial Virus and Influenza in Vitro. Food
Nutr. Sci. 2014, 05 (14), 1387−1398.
(52) Urashima, T.; Saito, T.; Nakamura, T.; Messer, M.
Oligosaccharides of Milk and Colostrum in Non-Human Mammals.
Glycoconj. J. 2001, 18 (5), 357−371.
(53) Kyogashima, M.; Ginsburg, V.; Krivan, H. C. Escherichia Coli
K99 Binds to N-Glycolylsialoparagloboside and N-Glycolyl-GM3
Found in Piglet Small Intestine. Arch. Biochem. Biophys. 1989, 270
(1), 391−397.
(54) Urakami, H.; Saeki, M.; Watanabe, Y.; Kawamura, R.;
Nishizawa, S.; Suzuki, Y.; Watanabe, A.; Ajisaka, K. Isolation and
Assessment of Acidic and Neutral Oligosaccharides from Goat Milk
and Bovine Colostrum for Use as Ingredients of Infant Formulae. Int.
Dairy J. 2018, 83, 1−9.
(55) Quinn, E. M.; Slattery, H.; Walsh, D.; Joshi, L.; Hickey, R. M.
Bifidobacterium Longum Subsp. Infantis ATCC 15697 and Goat Milk
Oligosaccharides Show Synergism In Vitro as Anti-Infectives against
Campylobacter Jejuni. Foods 2020, 9 (3), 348.
(56) Yue, H.; Han, Y.; Yin, B.; Cheng, C.; Liu, L. Comparison of the
Antipathogenic Effect toward Staphylococcus Aureus of N-Linked
and Free Oligosaccharides Derived from Human, Bovine, and Goat
Milk. J. Food Sci. 2020, 85 (8), 2329−2339.
(57) Biol-N’garagba, M.-C.; Louisot, P. Regulation of the Intestinal
Glycoprotein Glycosylation during Postnatal Development: Role of
Hormonal and Nutritional Factors. Biochimie 2003, 85 (3), 331−352.
(58) Angeloni, S.; Ridet, J. L.; Kusy, N.; Gao, H.; Crevoisier, F.;
Guinchard, S.; Kochhar, S.; Sigrist, H.; Sprenger, N. Glycoprofiling
with Micro-Arrays of Glycoconjugates and Lectins. Glycobiology 2004,
15 (1), 31−41.
(59) Wang, C.; Zhang, M.; Guo, H.; Yan, J.; Chen, L.; Teng, W.;
Ren, F.; Li, Y.; Wang, X.; Luo, J.; Li, Y. Human Milk Oligosaccharides
Activate Epidermal Growth Factor Receptor and Protect Against
Hypoxia-Induced Injuries in the Mouse Intestinal Epithelium and
Caco2 Cells. J. Nutr. 2020, 150 (4), 756−762.
(60) Prosser, C.; Stelwagen, K.; Cummins, R.; Guerin, P.; Gill, N.;
Milne, C. Reduction in Heat-Induced Gastrointestinal Hyperperme-

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Review

https://doi.org/10.1021/acs.jafc.3c02194
J. Agric. Food Chem. 2023, 71, 13935−13949

13947

https://doi.org/10.1097/MPG.0b013e31824fb899
https://doi.org/10.1097/MPG.0b013e31824fb899
https://doi.org/10.1002/mnfr.200700150
https://doi.org/10.1002/mnfr.200700150
https://doi.org/10.1074/jbc.M111.248138
https://doi.org/10.1074/jbc.M111.248138
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1186/s40168-015-0071-z
https://doi.org/10.1111/j.1440-1754.2005.00722.x
https://doi.org/10.1111/j.1440-1754.2005.00722.x
https://doi.org/10.1111/j.1440-1754.2005.00722.x
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1128/AEM.03910-12
https://doi.org/10.1017/S0007114513004212
https://doi.org/10.1017/S0007114513004212
https://doi.org/10.1017/S0007114513004212
https://doi.org/10.6133/apjcn.042016.09
https://doi.org/10.6133/apjcn.042016.09
https://doi.org/10.6133/apjcn.042016.09
https://doi.org/10.6133/apjcn.042016.09
https://doi.org/10.7717/peerj.3375
https://doi.org/10.7717/peerj.3375
https://doi.org/10.7717/peerj.3375
https://doi.org/10.3389/fmicb.2016.00834
https://doi.org/10.3389/fmicb.2016.00834
https://doi.org/10.1016/j.fbio.2018.06.001
https://doi.org/10.1016/j.fbio.2018.06.001
https://doi.org/10.1016/j.fbio.2018.06.001
https://doi.org/10.1017/S000711451900134X
https://doi.org/10.1017/S000711451900134X
https://doi.org/10.3389/fnut.2020.608495
https://doi.org/10.3389/fnut.2020.608495
https://doi.org/10.3389/fnut.2020.608495
https://doi.org/10.3389/fnut.2020.608495
https://doi.org/10.1093/jn/124.12.2358
https://doi.org/10.1093/jn/124.12.2358
https://doi.org/10.1093/jn/124.12.2358
https://doi.org/10.1074/jbc.M207744200
https://doi.org/10.1074/jbc.M207744200
https://doi.org/10.1074/jbc.M207744200
https://doi.org/10.1093/dnares/7.2.111
https://doi.org/10.1093/dnares/7.2.111
https://doi.org/10.3390/toxins2082132
https://doi.org/10.3390/toxins2082132
https://doi.org/10.3390/toxins2082132
https://doi.org/10.3945/jn.116.246090
https://doi.org/10.3945/jn.116.246090
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1038/s41467-018-07476-4
https://doi.org/10.1128/JVI.00317-16
https://doi.org/10.1128/JVI.00317-16
https://doi.org/10.1128/JVI.00317-16
https://doi.org/10.1128/JVI.03223-15
https://doi.org/10.1128/JVI.03223-15
https://doi.org/10.1089/bfm.2006.1.207
https://doi.org/10.1089/bfm.2006.1.207
https://doi.org/10.1089/bfm.2006.1.207
https://doi.org/10.4236/fns.2014.514151
https://doi.org/10.4236/fns.2014.514151
https://doi.org/10.1023/A:1014881913541
https://doi.org/10.1016/0003-9861(89)90042-8
https://doi.org/10.1016/0003-9861(89)90042-8
https://doi.org/10.1016/0003-9861(89)90042-8
https://doi.org/10.1016/j.idairyj.2018.03.004
https://doi.org/10.1016/j.idairyj.2018.03.004
https://doi.org/10.1016/j.idairyj.2018.03.004
https://doi.org/10.3390/foods9030348
https://doi.org/10.3390/foods9030348
https://doi.org/10.3390/foods9030348
https://doi.org/10.1111/1750-3841.15150
https://doi.org/10.1111/1750-3841.15150
https://doi.org/10.1111/1750-3841.15150
https://doi.org/10.1111/1750-3841.15150
https://doi.org/10.1016/S0300-9084(03)00039-7
https://doi.org/10.1016/S0300-9084(03)00039-7
https://doi.org/10.1016/S0300-9084(03)00039-7
https://doi.org/10.1093/glycob/cwh143
https://doi.org/10.1093/glycob/cwh143
https://doi.org/10.1093/jn/nxz297
https://doi.org/10.1093/jn/nxz297
https://doi.org/10.1093/jn/nxz297
https://doi.org/10.1093/jn/nxz297
https://doi.org/10.1152/japplphysiol.00295.2003
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ability in Rats by Bovine Colostrum and Goat Milk Powders. J. Appl.
Physiol. 2004, 96 (2), 650−654.
(61) Wang, Z.; Jiang, S.; Ma, C.; Huo, D.; Peng, Q.; Shao, Y.; Zhang,
J. Evaluation of the Nutrition and Function of Cow and Goat Milk
Based on Intestinal Microbiota by Metagenomic Analysis. Food Funct.
2018, 9 (4), 2320−2327.
(62) Autran, C. A.; Kellman, B. P.; Kim, J. H.; Asztalos, E.; Blood, A.
B.; Spence, E. C. H.; Patel, A. L.; Hou, J.; Lewis, N. E.; Bode, L.
Human Milk Oligosaccharide Composition Predicts Risk of
Necrotising Enterocolitis in Preterm Infants. Gut 2018, 67 (6),
1064−1070.
(63) Neu, J.; Walker, W. A. Necrotizing Enterocolitis. N. Engl. J.

Med. 2011, 364 (3), 255−264.
(64) Stoll, B. J.; Hansen, N. I.; Bell, E. F.; Walsh, M. C.; Carlo, W.
A.; Shankaran, S.; Laptook, A. R.; Sánchez, P. J.; Van Meurs, K. P.;
Wyckoff, M.; Das, A.; Hale, E. C.; Ball, M. B.; Newman, N. S.;
Schibler, K.; Poindexter, B. B.; Kennedy, K. A.; Cotten, C. M.;
Watterberg, K. L.; D’Angio, C. T.; DeMauro, S. B.; Truog, W. E.;
Devaskar, U.; Higgins, R. D. Eunice Kennedy Shriver National
Institute of Child Health and Human Development Neonatal
Research Network. Trends in Care Practices, Morbidity, and
Mortality of Extremely Preterm Neonates, 1993−2012. JAMA 2015,
314 (10), 1039−1051.
(65) Jantscher-Krenn, E.; Zherebtsov, M.; Nissan, C.; Goth, K.;
Guner, Y. S.; Naidu, N.; Choudhury, B.; Grishin, A. V.; Ford, H. R.;
Bode, L. The Human Milk Oligosaccharide Disialyllacto-N-Tetraose
Prevents Necrotising Enterocolitis in Neonatal Rats. Gut 2012, 61
(10), 1417−1425.
(66) Sullivan, S.; Schanler, R. J.; Kim, J. H.; Patel, A. L.; Trawöger,
R.; Kiechl-Kohlendorfer, U.; Chan, G. M.; Blanco, C. L.; Abrams, S.;
Cotten, C. M.; Laroia, N.; Ehrenkranz, R. A.; Dudell, G.; Cristofalo, E.
A.; Meier, P.; Lee, M. L.; Rechtman, D. J.; Lucas, A. An Exclusively
Human Milk-Based Diet Is Associated with a Lower Rate of
Necrotizing Enterocolitis than a Diet of Human Milk and Bovine
Milk-Based Products. J. Pediatr. 2010, 156 (4), 562−567.
(67) Nadler, E. P.; Dickinson, E.; Knisely, A.; Zhang, X.-R.; Boyle,
P.; Beer-Stolz, D.; Watkins, S. C.; Ford, H. R. Expression of Inducible
Nitric Oxide Synthase and Interleukin-12 in Experimental Necrotizing
Enterocolitis. J. Surg. Res. 2000, 92 (1), 71−77.
(68) Good, M.; Sodhi, C. P.; Yamaguchi, Y.; Jia, H.; Lu, P.; Fulton,
W. B.; Martin, L. Y.; Prindle, T.; Nino, D. F.; Zhou, Q.; Ma, C.;
Ozolek, J. A.; Buck, R. H.; Goehring, K. C.; Hackam, D. J. The
Human Milk Oligosaccharide 2′-Fucosyllactose Attenuates the
Severity of Experimental Necrotising Enterocolitis by Enhancing
Mesenteric Perfusion in the Neonatal Intestine. Br. J. Nutr. 2016, 116
(7), 1175−1187.
(69) Rasmussen, S. O.; Martin, L.; Østergaard, M. V.; Rudloff, S.;
Roggenbuck, M.; Nguyen, D. N.; Sangild, P. T.; Bering, S. B. Human
Milk Oligosaccharide Effects on Intestinal Function and Inflammation
after Preterm Birth in Pigs. J. Nutr. Biochem. 2017, 40, 141−154.
(70) Van Niekerk, E.; Autran, C. A.; Nel, D. G.; Kirsten, G. F.;
Blaauw, R.; Bode, L. Human Milk Oligosaccharides Differ between
HIV-Infected and HIV-Uninfected Mothers and Are Related to
Necrotizing Enterocolitis Incidence in Their Preterm Very-Low-Birth-
Weight Infants | The Journal of Nutrition | Oxford Academic. J. Nutr.
2014, 144 (8), 1227−1233.
(71) Kuhn, L.; Kim, H.; Hsiao, L.; Nissan, C.; Kankasa, C.; Mwiya,
M.; Thea, D. M.; Aldrovandi, G. M.; Bode, L. Oligosaccharide
Composition of Breast Milk Influences Survival of Uninfected
Children Born to HIV-Infected Mothers in Lusaka, Zambia. J. Nutr.
2015, 145 (1), 66−72.
(72) Xiao, L.; van’t Land, B.; Engen, P. A.; Naqib, A.; Green, S. J.;
Nato, A.; Leusink-Muis, T.; Garssen, J.; Keshavarzian, A.; Stahl, B.;
Folkerts, G. Human Milk Oligosaccharides Protect against the
Development of Autoimmune Diabetes in NOD-Mice. Sci. Rep.
2018, 8 (1), 3829.
(73) Xiao, L.; Leusink-Muis, T.; Kettelarij, N.; van Ark, I.;
Blijenberg, B.; Hesen, N. A.; Stahl, B.; Overbeek, S. A.; Garssen, J.;
Folkerts, G.; Van’t Land, B. Human Milk Oligosaccharide 2’-

Fucosyllactose Improves Innate and Adaptive Immunity in an
Influenza-Specific Murine Vaccination Model. Front. Immunol. 2018,
9, 452.
(74) Debock, I.; Flamand, V. Unbalanced Neonatal CD4+ T-Cell
Immunity. Front. Immunol. 2014, 5, 393.
(75) Eiwegger, T.; Stahl, B.; Haidl, P.; Schmitt, J.; Boehm, G.;
Dehlink, E.; Urbanek, R.; Szépfalusi, Z. Prebiotic Oligosaccharides: In
Vitro Evidence for Gastrointestinal Epithelial Transfer and
Immunomodulatory Properties. Pediatr. Allergy Immunol. Off. Publ.
Eur. Soc. Pediatr. Allergy Immunol. 2010, 21 (8), 1179−1188.
(76) He, Y.; Liu, S.; Leone, S.; Newburg, D. S. Human Colostrum
Oligosaccharides Modulate Major Immunologic Pathways of
Immature Human Intestine. Mucosal Immunol. 2014, 7 (6), 1326−
1339.
(77) Terrazas, L. I.; Walsh, K. L.; Piskorska, D.; McGuire, E.; Harn,
D. A. The Schistosome Oligosaccharide Lacto-N-Neotetraose
Expands Gr1(+) Cells That Secrete Anti-Inflammatory Cytokines
and Inhibit Proliferation of Naive CD4(+) Cells: A Potential
Mechanism for Immune Polarization in Helminth Infections. J.
Immunol. Baltim. Md 1950 2001, 167 (9), 5294−5303.
(78) Newburg, D. S.; Ko, J. S.; Leone, S.; Nanthakumar, N. N.
Human Milk Oligosaccharides and Synthetic Galactosyloligosacchar-
ides Contain 3′-, 4-, and 6′-Galactosyllactose and Attenuate
Inflammation in Human T84, NCM-460, and H4 Cells and Intestinal
Tissue Ex Vivo12. J. Nutr. 2016, 146 (2), 358−367.
(79) Bischoff, S. C.; Mayer, J.; Wedemeyer, J.; Meier, P. N.; Zeck-
Kapp, G.; Wedi, B.; Kapp, A.; Cetin, Y.; Gebel, M.; Manns, M. P.
Colonoscopic Allergen Provocation (COLAP): A New Diagnostic
Approach for Gastrointestinal Food Allergy. Gut 1997, 40 (6), 745−
753.
(80) Barbara, G.; Stanghellini, V.; De Giorgio, R.; Cremon, C.;
Cottrell, G. S.; Santini, D.; Pasquinelli, G.; Morselli-Labate, A. M.;
Grady, E. F.; Bunnett, N. W.; Collins, S. M.; Corinaldesi, R. Activated
Mast Cells in Proximity to Colonic Nerves Correlate with Abdominal
Pain in Irritable Bowel Syndrome. Gastroenterology 2004, 126 (3),
693−702.
(81) Castillo-Courtade, L.; Han, S.; Lee, S.; Mian, F. M.; Buck, R.;
Forsythe, P. Attenuation of Food Allergy Symptoms Following
Treatment with Human Milk Oligosaccharides in a Mouse Model.
Allergy 2015, 70 (9), 1091−1102.
(82) Jeurink, P. V.; van Esch, B. C. A. M.; Rijnierse, A.; Garssen, J.;
Knippels, L. M. J. Mechanisms Underlying Immune Effects of Dietary
Oligosaccharides. Am. J. Clin. Nutr. 2013, 98 (2), 572S−7S.
(83) Goehring, K. C.; Marriage, B. J.; Oliver, J. S.; Wilder, J. A.;
Barrett, E. G.; Buck, R. H. Similar to Those Who Are Breastfed,
Infants Fed a Formula Containing 2′-Fucosyllactose Have Lower
Inflammatory Cytokines in a Randomized Controlled Trial. J. Nutr.
2016, 146 (12), 2559−2566.
(84) Daddaoua, A.; Puerta, V.; Requena, P.; Martínez-Férez, A.;
Guadix, E.; Sánchez de Medina, F.; Zarzuelo, A.; Suárez, M. D.; Boza,
J. J.; Martínez-Augustin, O. Goat Milk Oligosaccharides Are Anti-
Inflammatory in Rats with Hapten-Induced Colitis. J. Nutr. 2006, 136
(3), 672−676.
(85) Kao, H.-F.; Wang, Y.-C.; Tseng, H.-Y.; Wu, L. S.-H.; Tsai, H.-J.;
Hsieh, M.-H.; Chen, P.-C.; Kuo, W.-S.; Liu, L.-F.; Liu, Z.-G.; Wang,
J.-Y. Goat Milk Consumption Enhances Innate and Adaptive
Immunities and Alleviates Allergen-Induced Airway Inflammation in
Offspring Mice. Front. Immunol. 2020, 11, 184.
(86) Ortega-González, M.; Ocón, B.; Romero-Calvo, I.; Anzola, A.;
Guadix, E.; Zarzuelo, A.; Suárez, M. D.; Sánchez de Medina, F.;
Martínez-Augustin, O. Nondigestible Oligosaccharides Exert Non-
prebiotic Effects on Intestinal Epithelial Cells Enhancing the Immune
Response via Activation of TLR4-NFκB. Mol. Nutr. Food Res. 2014,
58 (2), 384−393.
(87) Wang, B.; Downing, J. A.; Petocz, P.; Brand-Miller, J.; Bryden,
W. L. Metabolic Fate of Intravenously Administered N-Acetylneur-
aminic Acid-6−14C in Newborn Piglets. Asia Pac. J. Clin. Nutr. 2007,
16 (1), 110−115.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Review

https://doi.org/10.1021/acs.jafc.3c02194
J. Agric. Food Chem. 2023, 71, 13935−13949

13948

https://doi.org/10.1152/japplphysiol.00295.2003
https://doi.org/10.1039/C7FO01780D
https://doi.org/10.1039/C7FO01780D
https://doi.org/10.1136/gutjnl-2016-312819
https://doi.org/10.1136/gutjnl-2016-312819
https://doi.org/10.1056/NEJMra1005408
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1001/jama.2015.10244
https://doi.org/10.1136/gutjnl-2011-301404
https://doi.org/10.1136/gutjnl-2011-301404
https://doi.org/10.1016/j.jpeds.2009.10.040
https://doi.org/10.1016/j.jpeds.2009.10.040
https://doi.org/10.1016/j.jpeds.2009.10.040
https://doi.org/10.1016/j.jpeds.2009.10.040
https://doi.org/10.1006/jsre.2000.5877
https://doi.org/10.1006/jsre.2000.5877
https://doi.org/10.1006/jsre.2000.5877
https://doi.org/10.1017/S0007114516002944
https://doi.org/10.1017/S0007114516002944
https://doi.org/10.1017/S0007114516002944
https://doi.org/10.1017/S0007114516002944
https://doi.org/10.1016/j.jnutbio.2016.10.011
https://doi.org/10.1016/j.jnutbio.2016.10.011
https://doi.org/10.1016/j.jnutbio.2016.10.011
https://doi.org/10.3945/jn.113.187799
https://doi.org/10.3945/jn.113.187799
https://doi.org/10.3945/jn.113.187799
https://doi.org/10.3945/jn.113.187799
https://doi.org/10.3945/jn.114.199794
https://doi.org/10.3945/jn.114.199794
https://doi.org/10.3945/jn.114.199794
https://doi.org/10.1038/s41598-018-22052-y
https://doi.org/10.1038/s41598-018-22052-y
https://doi.org/10.3389/fimmu.2018.00452
https://doi.org/10.3389/fimmu.2018.00452
https://doi.org/10.3389/fimmu.2018.00452
https://doi.org/10.3389/fimmu.2014.00393
https://doi.org/10.3389/fimmu.2014.00393
https://doi.org/10.1111/j.1399-3038.2010.01062.x
https://doi.org/10.1111/j.1399-3038.2010.01062.x
https://doi.org/10.1111/j.1399-3038.2010.01062.x
https://doi.org/10.1038/mi.2014.20
https://doi.org/10.1038/mi.2014.20
https://doi.org/10.1038/mi.2014.20
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.4049/jimmunol.167.9.5294
https://doi.org/10.3945/jn.115.220749
https://doi.org/10.3945/jn.115.220749
https://doi.org/10.3945/jn.115.220749
https://doi.org/10.3945/jn.115.220749
https://doi.org/10.1136/gut.40.6.745
https://doi.org/10.1136/gut.40.6.745
https://doi.org/10.1053/j.gastro.2003.11.055
https://doi.org/10.1053/j.gastro.2003.11.055
https://doi.org/10.1053/j.gastro.2003.11.055
https://doi.org/10.1111/all.12650
https://doi.org/10.1111/all.12650
https://doi.org/10.3945/ajcn.112.038596
https://doi.org/10.3945/ajcn.112.038596
https://doi.org/10.3945/jn.116.236919
https://doi.org/10.3945/jn.116.236919
https://doi.org/10.3945/jn.116.236919
https://doi.org/10.1093/jn/136.3.672
https://doi.org/10.1093/jn/136.3.672
https://doi.org/10.3389/fimmu.2020.00184
https://doi.org/10.3389/fimmu.2020.00184
https://doi.org/10.3389/fimmu.2020.00184
https://doi.org/10.1002/mnfr.201300296
https://doi.org/10.1002/mnfr.201300296
https://doi.org/10.1002/mnfr.201300296
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(88) Vázquez, E.; Barranco, A.; Ramírez, M.; Gruart, A.; Delgado-
García, J. M.; Martínez-Lara, E.; Blanco, S.; Martín, M. J.; Castanys,
E.; Buck, R.; Prieto, P.; Rueda, R. Effects of a Human Milk
Oligosaccharide, 2′-Fucosyllactose, on Hippocampal Long-Term
Potentiation and Learning Capabilities in Rodents. J. Nutr. Biochem.
2015, 26 (5), 455−465.
(89) Cremer, H.; Lange, R.; Christoph, A.; Plomann, M.; Vopper,
G.; Roes, J.; Brown, R.; Baldwin, S.; Kraemer, P.; Scheff, S.; et al.
Inactivation of the N-CAM Gene in Mice Results in Size Reduction of
the Olfactory Bulb and Deficits in Spatial Learning. Nature 1994, 367
(6462), 455−459.
(90) Wang, B. Molecular Mechanism Underlying Sialic Acid as an
Essential Nutrient for Brain Development and Cognition. Adv. Nutr.
2012, 3 (3), 465S−472S.
(91) Cilieborg, M. S.; Boye, M.; Sangild, P. T. Bacterial Colonization
and Gut Development in Preterm Neonates. Early Hum. Dev. 2012,
88, S41−S49.
(92) Jacobi, S. K.; Yatsunenko, T.; Li, D.; Dasgupta, S.; Yu, R. K.;
Berg, B. M.; Chichlowski, M.; Odle, J. Dietary Isomers of Sialyllactose
Increase Ganglioside Sialic Acid Concentrations in the Corpus
Callosum and Cerebellum and Modulate the Colonic Microbiota of
Formula-Fed Piglets. J. Nutr. 2016, 146 (2), 200−208.
(93) Mudd, A. T.; Fleming, S. A.; Labhart, B.; Chichlowski, M.;
Berg, B. M.; Donovan, S. M.; Dilger, R. N. Dietary Sialyllactose
Influences Sialic Acid Concentrations in the Prefrontal Cortex and
Magnetic Resonance Imaging Measures in Corpus Callosum of Young
Pigs. Nutrients 2017, 9 (12), 1297.
(94) Matthies, H.; Staak, S.; Krug, M. Fucose and Fucosyllactose
Enhance In-Vitro Hippocampal Long-Term Potentiation. Brain Res.
1996, 725 (2), 276−280.
(95) Tarr, A. J.; Galley, J. D.; Fisher, S.; Chichlowski, M.; Berg, B.
M.; Bailey, M. T. The Prebiotics 3′Sialyllactose and 6′Sialyllactose
Diminish Stressor-Induced Anxiety-like Behavior and Colonic Micro-
biota Alterations: Evidence for Effects on the Gut-Brain Axis. Brain.
Behav. Immun. 2015, 50, 166−177.
(96) Li, H.; Fan, X. Quantitative Analysis of Sialic Acids in Chinese
Conventional Foods by HPLC-FLD. Open J. Prev. Med. 2014, 4 (2),
57−63.
(97) Altman, M. O.; Gagneux, P. Absence of Neu5Gc and Presence
of Anti-Neu5Gc Antibodies in Humans�An Evolutionary Perspec-
tive. Front. Immunol. 2019, 10, 789.
(98) Lacomba, R.; Salcedo, J.; Alegría, A.; Barberá, R.; Hueso, P.;
Matencio, E.; Lagarda, M. J. Sialic Acid (N-Acetyl and N-
Glycolylneuraminic Acid) and Ganglioside in Whey Protein
Concentrates and Infant Formulae. Int. Dairy J. 2011, 21 (11),
887−895.
(99) Quin, C.; Vicaretti, S. D.; Mohtarudin, N. A.; Garner, A. M.;
Vollman, D. M.; Gibson, D. L.; Zandberg, W. F. Influence of
Sulfonated and Diet-Derived Human Milk Oligosaccharides on the
Infant Microbiome and Immune Markers. J. Biol. Chem. 2020, 295
(12), 4035−4048.
(100) Juge, N.; Tailford, L.; Owen, C. D. Sialidases from Gut
Bacteria: A Mini-Review. Biochem. Soc. Trans. 2016, 44 (1), 166−175.
(101) Zaramela, L. S.; Martino, C.; Alisson-Silva, F.; Rees, S. D.;
Diaz, S. L.; Chuzel, L.; Ganatra, M. B.; Taron, C. H.; Secrest, P.;
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Lütteke, T.; Perez, S.; Bolton, E.; Rudd, P.; Paulson, J.; Kanehisa, M.;
Toukach, P.; Aoki-Kinoshita, K. F.; Dell, A.; Narimatsu, H.; York, W.;
Taniguchi, N.; Kornfeld, S. Symbol Nomenclature for Graphical
Representations of Glycans. Glycobiology 2015, 25 (12), 1323−1324.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Review

https://doi.org/10.1021/acs.jafc.3c02194
J. Agric. Food Chem. 2023, 71, 13935−13949

13949

https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1038/367455a0
https://doi.org/10.1038/367455a0
https://doi.org/10.3945/an.112.001875
https://doi.org/10.3945/an.112.001875
https://doi.org/10.1016/j.earlhumdev.2011.12.027
https://doi.org/10.1016/j.earlhumdev.2011.12.027
https://doi.org/10.3945/jn.115.220152
https://doi.org/10.3945/jn.115.220152
https://doi.org/10.3945/jn.115.220152
https://doi.org/10.3945/jn.115.220152
https://doi.org/10.3390/nu9121297
https://doi.org/10.3390/nu9121297
https://doi.org/10.3390/nu9121297
https://doi.org/10.3390/nu9121297
https://doi.org/10.1016/0006-8993(96)00406-4
https://doi.org/10.1016/0006-8993(96)00406-4
https://doi.org/10.1016/j.bbi.2015.06.025
https://doi.org/10.1016/j.bbi.2015.06.025
https://doi.org/10.1016/j.bbi.2015.06.025
https://doi.org/10.4236/ojpm.2014.42009
https://doi.org/10.4236/ojpm.2014.42009
https://doi.org/10.3389/fimmu.2019.00789
https://doi.org/10.3389/fimmu.2019.00789
https://doi.org/10.3389/fimmu.2019.00789
https://doi.org/10.1016/j.idairyj.2011.05.008
https://doi.org/10.1016/j.idairyj.2011.05.008
https://doi.org/10.1016/j.idairyj.2011.05.008
https://doi.org/10.1074/jbc.RA119.011351
https://doi.org/10.1074/jbc.RA119.011351
https://doi.org/10.1074/jbc.RA119.011351
https://doi.org/10.1042/BST20150226
https://doi.org/10.1042/BST20150226
https://doi.org/10.1038/s41564-019-0564-9
https://doi.org/10.1038/s41564-019-0564-9
https://doi.org/10.1080/19490976.2020.1869502
https://doi.org/10.1080/19490976.2020.1869502
https://doi.org/10.1080/19490976.2020.1869502
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1073/pnas.2131556100
https://doi.org/10.1073/pnas.1417508112
https://doi.org/10.1073/pnas.1417508112
https://doi.org/10.1186/s12916-020-01721-8
https://doi.org/10.1186/s12916-020-01721-8
https://doi.org/10.1186/s12916-020-01721-8
https://doi.org/10.3168/jds.S0022-0302(80)83135-3
https://doi.org/10.3168/jds.S0022-0302(80)83135-3
https://doi.org/10.1186/s40348-022-00146-y
https://doi.org/10.1186/s40348-022-00146-y
https://doi.org/10.1186/s40348-022-00146-y
https://doi.org/10.1186/s40348-022-00146-y
https://doi.org/10.1093/glycob/cwv091
https://doi.org/10.1093/glycob/cwv091
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.3c02194?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

