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ABSTRACT
The importance of breastfeeding

newborns is now generally recognized
throughout the world. Not only are
immediate benefits to the health of
nursing infants apparent, but there are
lasting effects of breastfeeding on the
immune system, resulting in enhanced
protection against infection, and a
decreased risk for certain inflammatory
diseases. Specifically, breastfeeding con-
fers protection against gastrointestinal
and respiratory diseases and otitis
media through antibody-dependent
factors, and has been associated with
lower global morbidity and mortality.
There is also evidence to suggest that
premature infants have a more critical
requirement for breast milk than full
term infants. Protection against
insulin-dependent diabetes, inflamma-
tory bowel disease, and childhood can-
cer have also been associated with
breastfeeding, although prospective
studies are needed to confirm these
observations. In the review that fol-

lows, the numerous glycoconjugates
(glycoconjugate sugars, glycoproteins,
glycolipids, oligosaccharides, etc.) pres-
ent in breast milk will be described
along with their many beneficial bio-
logical activities. The scientific litera-
ture that documents the protective
health effects of glycoconjugate compo-
nents of breast milk, and their biologi-
cal mechanisms will be discussed in
detail. Both short- and long-term bene-
fits will be delineated. Finally, some
conclusions will be drawn about the
importance and roles of glycoconju-
gates in promoting good health and
nutrition in newborn and developing
infants.

GLYCOCONJUGATES IN 
BREAST MILK 

Breast milk is a rich source of glyco-
conjugates, such as oligosaccharides,
and many have been extensively char-
acterized.1,2,3,4,5,6,7 The oligosaccharides
typically contain residues of most of the
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necessary glycoconjugate sugars,
including fucose, sialic acid (N-acetyl-
neuraminic acid, NANA), galactose,
mannose, N-acetylglucosamine, and N-
acetylgalactosamine.8,9,10,11,12,13,14 Both
fucose- and sialic acid-containing oligosaccharides appear to
be frequently present.15,16,17,18,19,20,21,22

The oligosaccharide content of human milk varies with
the infant’s gestation, the duration of lactation, diurnally,
and with the genetic makeup of the mother.7 For example,
in full-term milk, sialic acid and N-acetylglucosamine
decrease significantly from weeks 1 to 13 after birth. Preterm
milk contains higher concentrations of the glycoconjugate
sugars. The changes are believed to be consistent with adap-
tation of the milk composition to the needs of the infant,
since the infant’s dependence on nutrition from breast milk
decreases as the infant matures.14 With regard to diurnal
variation, oligosaccharide content of breast milk was high-
est at about 18 g/L at 19.00 hours.2 Glycoconjugate sugar
levels, such as those for fucose, sialic acid, N-acetylglu-
cosamine, and galactose, also vary depending on blood
group.13 Since they are not easily digested in the small intes-
tine, oligosaccharides form the "soluble" fiber of breast milk.
Thus, as discussed later, their structure remains intact to act
as competitive ligands protecting the breast-fed infant from
pathogens.7

Glycoproteins are also abundant in breast milk23,24 and
contain most of the eight necessary glycoconjugate sug-
ars.25,26 One of the most widely recognized and characterized
glycoproteins that predominates in early breast milk (ie.
colostrum) is the antibody immunoglobulin A (IgA), which
contains sialic acid, fucose, galactose, N-acetylglucosamine,
and N-acetylgalactosamine.11,27 The importance of this par-
ticular antibody is marked by the fact that it comprises 70-
80% of all antibodies in human milk. Cytokines are other
important breast milk glycoproteins. They are involved in
cell communication and immune system activation and
may play a key role in neonatal growth and development
and may also protect the infant against infection.28 

Human milk fat globule (HMFG) membrane, which sur-
rounds a core of triglyceride, also contains large glycopro-
teins that appear to function as antigens in the
immunorecognition system29,30 and protect the newborn
against infection.31 Several different HMFG membrane gly-
coproteins have been characterized and found to contain
typical glycoconjugate sugar residues.32,33,34,35,36 This is, of
course, consistent with the functional role of glycoconju-
gate sugars as cell surface antigens in the immune system.37

Phosphorylated glycoproteins have also been identified in
human breast milk.38,39

Various other glycosylated components are present in
human breast milk. For example, protectin, a glycolipid that
protects blood, endothelial, and various epithelial cells from
immune system lysis, is found in HMFG membranes.40

Glyco-sphingolipids of human
milk, which are primarily galac-
tosylceramides and are impor-
tant components in the develop-
ing nervous system, are found in
the neutral glycolipid fraction.41

Gangliosides, glycolipids impor-

tant in brain development, are found in
human breast milk and contain sialic
acid, galactose, glucose, and ceramide;
the ratio of the two main gangliosides,
identified as GD3 and GM3, changes

with increasing periods of lactation.42,43 Glycosylpho-
sphatidylinositols, a recently discovered class of glycoconju-
gates that anchor either proteins or polysaccharides to cel-
lular membranes, are also secreted into human milk.44

Glycoproteins and oligosaccharides with Lewis antigen reac-
tivity, which have the potential to influence inflammatory
processes in breast-fed infants, are also found in human
breast milk.45

Various enzymes and intermediate components involved
in metabolism of glycoconjugates are also present. For
example, glycoconjugate sugar nucleotides, which are meta-
bolic intermediates, are present at concentrations that
decrease with longer periods of lactation.46 Enzymes
involved in the metabolism of glycoconjugates that have
been identified include fucosyltransferases,47,48,49,50 galactosyl-
transferases,51,52,53,54,55 N-acetylglucosaminyltransferase,56 and
neuraminidase.57 In addition to their importance in glyco-
conjugate metabolism, studies indicate that blood group-
related carbohydrate antigens, which can react with gas-
trointestinal epithelial cells, are expressed on human milk
galactosyltransferase.58,59 Fucosyltransferase (and perhaps
other glycosyltransferases) is also able to stimulate cell adhe-
sion.60 Two other metabolic enzymes in breast milk, which
contain sialic acid residues, are lipoamidase61 and alkaline
phosphatase.62,63

PROTECTION AGAINST INFECTION
Breastfeeding is now recognized as a critical factor in pro-

tecting newborns against infections, particularly in develop-
ing countries. For example, the World Health Organization
has indicated that increasing breastfeeding by 40% would
reduce respiratory deaths by 50% and diarrheal deaths by
66% worldwide in children less than 18 months of age.64,65,66

Exclusive breastfeeding decreased the risk of dying from res-
piratory infections by 3.6-fold compared with formula or
cow’s milk feeding and halved the incidence of diarrhea.66

This is quite understandable when one considers the many
anti-infection components in breast milk.

Immunoglobulins, such as IgA, play an important role in
protecting the nursing newborn from potentially deadly
Streptococcus and tetanus,67 E. coli and diphtheria,68,69 and
human immunodeficiency virus (HIV)70 infections. Human
milk IgA binds microbes and other antigenic materials to
prevent them from reaching mucosal membranes, where
they might cause infections or deposition of toxins on intes-
tinal epithelial receptors. IgA, although produced locally in
the mammary glands, results from antigen exposure in the
intestines. Thus, IgA is directed against all the bacteria,
viruses, fungi, and other antigenic substances to which the

mother has been exposed.71,66

Additionally, macrophages,
which are a key cellular compo-
nent of the immune system, are
believed to be activated in breast
milk by secretory IgA.72

A host of human milk
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oligosaccharides and gly-
coconjugates are known to
inhibit several severely
infectious pathogens.73 Of
particular significance are the pathogens responsible for pro-
ducing diarrhea, which can frequently be lethal in newborns
if untreated. For example, enterotoxin from E. coli and Vibrio
cholerae are inhibited by human milk gangliosides, which
contain lipid-bound sialic acid.74 Fucosylated oligosaccha-
rides also protect against E. coli enterotoxin.75 Globotriaosyl-
ceramide, a glycolipid known to bind Shiga toxins, may con-
tribute to the protective effect of breast milk against infantile
diarrhea.76 Mucin and lactadherin, HMFG glycoproteins,
inhibit the replication of rotaviruses,77,78 and mucin prevents
the development of gastroenteritis in an animal model sys-
tem.78 Both mucin and lactadherin are resistant to destruc-
tion in the newborn’s stomach, and thus maintain their
integrity to act within the digestive system.79,77,31 Protection
from pathogen-induced diarrhea also results from the bifi-
dobacteria species’ growth-promoting activity of breast milk
glycoproteins and oligosaccharides.80,81

Human breast milk glycoconjugates are also protective
against respiratory viruses. For example, the absorption and
growth of respiratory syncytial virus in culture is inhibited
by ganglioside GM2 and lactoferrin, the major glycoprotein
in mature milk. Moreover, lactoferrin inhibits cytomega-
lovirus growth in culture even when present at lower con-
centrations than those normally found in human milk.82,83

Lactoferrin also inhibits HIV-induced cytopathic effects in
vitro.82 Lactoferrin contains a peptide, lactoferricin, which is
bactericidal against E. coli, Klebsiella, Pseudomonas, Proteus,
Yersinia, Staphylococcus, Listeria, and other bacterial species,
and lactoferrin also kills fungi and certain tumor cells.66

ANTI-ADHESION MECHANISM
An important mechanism responsible for the anti-bacter-

ial and anti-viral effects of the various glycoconjugates in
breast milk appears to be prevention of pathogen adhesion
to host cell membranes.84 This occurs, because certain gly-
coconjugates are structurally similar to host cell surface gly-
coconjugates used as receptors by pathogens, and so may
bind the pathogen and competitively inhibit attachment
and/or penetration into the cell.37 Numerous studies provide
evidence to support this mechanism. 

For example, after human cytomegalovirus penetrates
fibroblasts, the ongoing infection cannot be further inhibit-
ed, suggesting that the protective effect is at the level of
virus adsorption and/or penetration.82 Similarly, human
milk mucin can bind to rotavirus and inhibit viral replica-
tion in vitro and in vivo78 The adhesion by invasive patho-
genic strains of Campylobacter to their enterocyte target is
also inhibited by human milk fucosylated oligosaccharides
which bind to the pathogen.85 Mucin inhibits the binding of
E. coli to buccal mucosa86,87,77,88 and glycosaminoglycans
inhibit binding of HIV to its host cell receptor.88 Certain gly-
coproteins, glycoconjugate sugars, and oligosaccharides (but
not glycolipids) inhibit V.
cholerae cell adherence.89

Human milk oligosaccha-
rides also inhibit attachment
of Streptococcus pneumoniae

and Haemophilus influenzae
to human pharyngeal or
buccal epithelial cells,90

apparently by acting as
receptors for adhering pneumococci.91 Breast milk glycopro-
teins containing sialic acid and galactose bind E. coli and
prevent cell surface attachment in vitro.92 A macromolecular
fraction of breast milk containing sulfated protein, glyco-
protein, mucin, and glycosaminoglycan (not lipids or
oligosaccharides) inhibits the binding of HIV envelope gly-
coproteins to CD4 receptor molecules in vitro.93 Sialyllactose
inhibits receptor binding and the diarrheal effects of cholera
toxin in an animal model.94 A fucosylated oligosaccharide
associated with human milk casein inhibits Helicobacter
pylori adhesion to human gastric mucosa, preventing infec-
tion.95 Monosialoganglioside 3, present in human breast
milk, inhibits the cellular adhesion of E. coli in vitro.96

Human milk lactoferrin binds Aeromonas hydrophilia.97

OTHER BIOLOGICAL ACTIVITIES OF BREAST MILK
GLYCOCONJUGATES 

There are numerous other beneficial biological effects of
glycoconjugates found in human breast milk. For example,
lactoferrin, the major iron-binding protein in human milk,
appears to function in the process of iron absorption in
infants through interaction with a small intestine receptor;
fucosylated glycans on the carbohydrate chain of lactoferrin
are necessary for receptor recognition.98 A histidine-rich gly-
coprotein has been identified in human colostrum and milk
that binds copper and zinc with high capacity.99 A glycopro-
tein in human and pig breast milk containing fucose, galac-
tose, mannose, galactosamine, glucosamine and sialic acid
that binds vitamin B12, making it more bioavailable, has also
been identified.100 HMFG membrane glycoproteins in breast
milk express blood group-related determinants primarily on
mucin-like epithelial membrane antigens.101,102 

Breast milk and its glycoconjugates are also important for
normal development and function of the biliary system. For
example, human IgA and breast milk stimulate bile duct
growth in an animal model, suggesting a possible role in the
developing neonate.103 The concentration of duodenal con-
jugated bile acids, necessary for fat metabolism, is higher in
infants fed human milk than in infants fed formulas.104

Human milk bile salt-activated (stimulated) lipase (BAL,
BSSL), an enzyme important for fat digestion in infants, has
been well characterized and found to by highly glycosylated
with fucose, galactose, glucosamine, galactosamine, and
sialic acid.105,106,107,108,109,110 

LONGER-TERM BENEFITS FROM BREAST MILK
GLYCOCONJUGATES

In a recent, extensive review of the literature, a phenom-
enon called "metabolic programming" was discussed in
which nutritional factors during early development exert
long-term effects on health, disease, and mortality risks in
adulthood, as well as development of neural functions and

behavior. Studies were
reviewed in which intestinal
growth, maturation, and
adaptation may be influ-
enced by certain food ingre-
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dients such as oligosaccharides, gangliosides, large glyco-
proteins, bile salt-activated lipase, and pre- and pro-
biotics.111 Since human breast milk is a rich source of these
ingredients, and since many weaning foods and formula
milks are low in necessary glycoconjugate sugars and
oligosaccharides,112,113,21 there are important implications for
breastfeeding in "metabolic programming" and early 
nutrition.

Beneficial biological activities of glycoconjugates in
breast milk often extend well beyond the time of breast-
feeding. These include normal development and function of
the brain, immune system, and gastrointestinal organs, and
resistance to infection and improved response to vaccines. 

Some of the more beneficial activities relate to brain
development and function. For example, sialic acid, an
essential component of breast milk oligosaccharides,7,22

mucins, glycoproteins and gangliosides, is important for the
function of cell membranes, membrane receptors and the
normal development of the brain.114 In fact, there are reports
that supplementary sialic acid can increase cerebral and
cerebellar concentrations of sialic acid in glycoproteins and
gangliosides and produce long-term changes in behavior in
rats. Data also indicate that both human milk oligosaccha-
ride and glycoprotein sialic acid decline over the first two
months of lactation, decreasing little thereafter.115

Additional studies indicate that supplementary sialic acid
is associated with increased learning behavior in animals.22

In this regard, a study of 1,025 New Zealand children, in
which cognitive and academic outcomes were assessed over
an 18-year period, showed that scores from IQ tests, stan-
dard tests, teacher evaluation, and high school performance
were higher in children who were breast-fed compared to
bottle-fed. Scores were also higher the longer breastfeeding
was continued(Figure 1).116

Although causative factors are unclear from this study,
these findings obviously have important implications for
normal development of brain function. 

Since formula-fed infants
obtain less than 20% of the
amount of sialic acid sup-
plied if breast-fed, the
authors suggest that supple-

mentation of infant formulas with sialic acid-containing gly-
coconjugates could be advisable when breastfeeding is not
possible.114,21 Breast-fed infants also were found to have
almost twice as much sialic acid present in their saliva as
formula-fed infants, providing an indication that an exoge-
nous source of sialic acids, such as from human milk, is read-
ily absorbed, bioavailable, and may contribute to higher con-
centrations of sialic acid in body fluids.22

Another way in which breast milk glycoconjugates may
contribute to normal brain development is through modula-
tion of sphingolipid metabolism, since sphingolipids are
essential components in nerve development and structure.
Both the glycoprotein, saposin, and its precursor, prosaposin,
are present in human breast milk. Saposin is a small lysoso-
mal glycoprotein required for the normal metabolism
(hydrolysis) of sphingolipids by specific lysosomal hydrolase
enzymes.117,118,119,120 In human milk, the amount of prosaposin
becomes high within a few days after delivery, decreases dur-
ing the transitional milk lactating stage, and then increases
again toward the mature milk lactating stage.117

Breastfeeding appears to stimulate development of the
immune system, as evidenced by increased thymus size in
nursing infants at 4 months of age,121 possibly due to stimu-
lation of T lymphocyte proliferation.122 This effect, coupled
with the transference of maternal antigens and other
immune system glycoconjugate components to the infant
via breast milk, provide an opportunity for decreased risk of
allergies, autoimmune disease, and inflammatory bowel dis-
ease.66,123 For example, breast-fed infants develop significant-
ly less atopic disease compared to cow’s milk- or formula-fed
infants. In one study, breastfeeding for more than one
month resulted in significant reductions in food allergy at
years 1 and 3 and in protection against hay fever and asth-
ma up to age 17.124 In another double-blind, placebo-con-
trolled study, breast-fed children followed until 5 years of age
had a lower occurrence of eczema, asthma, and food allergies
compared to formula-fed children (Figure 2).125

Breastfeeding has also been shown to protect against
wheezing bronchitis for 6-7 years, and single investigations
provide evidence that the prevalence of rheumatoid arthri-
tis, Crohn’s disease, and possibly ulcerative colitis among
adults is reduced by breastfeeding.66 Since glycoconjugates
are well known modulators of the immune system37 and are
abundantly present in breast milk, they undoubtedly play
important roles in these long-term processes. 

Breastfeeding also appears to improve protection against
various infections and enhance vaccine responses after nurs-
ing is discontinued. For example, exclusive breastfeeding for
at least 4 months protects infants against otitis media dur-
ing the first 12 months of age. Of the 1013 infants followed
in the study, exclusively breast-fed infants had one-half the
mean number of otitis media episodes as did those not
breast-fed at all.126 In another study of 86 children fed
human milk and followed from birth to 12 months of age,
the level in human milk of a 90K secretory glycoprotein that
binds to macrophages127 was inversely related to episodes of

acute respiratory infections
(ARI), suggesting that the
90K glycoprotein provided
protection against ARI.128 In a
study of 618 children fol-

Figure 1
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lowed for two years after birth, breastfeeding during the first
13 weeks of life conferred significant protection against gas-
trointestinal and respiratory infections for up to one year.129

In infants immunized with conjugate Haemophilus influen-
zae type B vaccine at the ages of 2, 4, and 6 months, the
antibody levels were significantly higher in breast-fed than
in formula-fed infants at 7 and 12 months, providing strong
evidence that breastfeeding enhances the active immune
response in the first year of life.130 Protection against insulin-
dependent diabetes, inflammatory bowel disease, and child-
hood cancer have also been associated with breastfeeding,
although prospective studies are needed to confirm these
observations.131

CONCLUSIONS
It seems there is little doubt that breastfeeding is benefi-

cial, and, in some instances, even life-sustaining. It is also
apparent that glycoconjugates, which are abundant in
breast milk, have numerous biological activities that are crit-
ical to normal development of the immune, digestive, and
nervous systems, and are important in maintaining normal
function and health of newborns. In fact, only one isolated
study was found of an adverse response, where diarrhea
occurred in a breastfeeding infant which stopped when
breastfeeding was discontinued.132

It appears that protection by glycoconjugates against

infection results primarily
from binding of the glycocon-
jugates to pathogens, thus
preventing adhesion of the
pathogens to host cells.
Although IgA immunoglobu-
lin is important in providing
the nursing infant with
immune function, various
other glycoproteins, glycol-
ipids, and oligosaccharides
play active roles in this
process. Breast milk glycocon-
jugates have many other
important biological activi-
ties, which function in devel-
opment of the brain and
nervous system, digestive
processes, and transfer of

basic nutrients to the newborn. 
Many effects of breastfeeding (and glycoconjugates) per-

sist for several years. There are sound scientific studies,
which show that food and respiratory allergies, chronic
infections (eg. otitis media), autoimmune diseases, and
inflammatory bowel diseases are less frequent in individuals
who nursed for several weeks after birth. Studies in test ani-
mals and humans also strongly suggest that brain develop-
ment is enhanced in nursing neonates. Response to vaccines
is also increased in breast-fed children. Numerous studies
have shown that the normal biological activities of the gly-
coconjugates present in human breast milk are consistent
with these effects.37

With all of this available scientific evidence, the implica-
tions for the value of supplemental glyconutrition for nurs-
ing mothers and infants, especially when breastfeeding is
not possible, is overwhelming. In fact, the livestock indus-
try has been using glycoconjugate sugar (eg. sialic acid) sup-
plementation in diets to enhance growth and development
in commercial breeding programs.37 Moreover, recent scien-
tific studies of the bioavailability of glycoconjugate sugars
supplemented in the diet have shown that they are well
absorbed and preferentially utilized.133 This is particularly
important, since they are the necessary building blocks of
glycoproteins, glycolipids, and oligosaccharides.
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