
Invited commentary

Human milk oligosaccharides: 130 reasons to breast-feed

Many nutrition scientists are not yet aware that human milk
contains significant quantities of carbohydrates other than
lactose. If you’ve never heard of lacto-N-tetraose or sialyl-
lactose, you are not alone. The role of oligosaccharides in
other fields has attracted widespread excitement but cur-
iously little interest has been shown in the oligosaccharides
of human milk. Many of the 130 different human milk
oligosaccharides may be important in infant brain develop-
ment and resistance to infection. Their presence may be one
of the reasons that breast-fed infants appear to have higher
intelligence quotients and greater resistance to infection
than formula-fed infants.

Quantitatively, oligosaccharides are the third largest
solute in human milk after lactose and fat. Mature milk
contains over 15 g human milk oligosaccharides/l compared
with only about 9 g protein/l (Coppaet al. 1993). The
oligosaccharide content of human milk varies with the
duration of lactation, diurnally and with the genetic
makeup of the mother (Vivergeet al. 1990; Coppaet al.
1993). Oligosaccharides vary greatly, both within and
between individuals, more so than any other component of
human milk. Marsupial and monotreme milks are also
known to contain significant amounts of oligosaccharides
(Messer & Kerry, 1973; Messer & Mossop, 1977) but cows’
milk and infant formulas contain very little (Neeseret al.
1991). We used to say that the structural complexity of
human milk oligosaccarides was unique. However, in this
month’s issue of theBritish Journal of Nutrition, we learn
that elephant milk and human milk have much in common
(Kunzet al. 1999). It may not be coincidental that elephants
secrete large quantities of oligosaccharides containing sialic
acid in their milk and are said to have a memory ‘that never
forgets’ (more on this later).

Over the past two decades the chemical structures of
human milk oligosaccharides have been studied using NMR
spectroscopy and mass spectrometry (Stahlet al. 1994).
Each individual oligosaccharide is based on a variable
combination of glucose, galactose, sialic acid (also known
asN-acetylneuraminic acid), fucose and/orN-acetylglucos-
amine with many and varied linkages between them, thus
accounting for the enormous number of different oligosac-
charides in human milk (at least 130, and still counting).
Almost all of them have a lactose moiety at their reducing
end while fucose and sialic acid (when present) occur at the
non-reducing end (Kobataet al. 1978).

The large quantity of sialylated oligosaccharides in
both human and elephant milk is fascinating. Sialic acid is
a nine-C sugar that is a vital structural and functional
component of brain gangliosides. It is thought to play an
essential role in nerve cell transmission, memory formation
and cell-to-cell communication (Rosenberg, 1995). Most

importantly, studies in rat pups indicate that early supple-
mentation with sialic acid improves both brain ganglioside
sialic acid and learning ability in well-nourished and mal-
nourished animals, and that these changes persist into
adulthood (Morgan & Winick, 1980a,b). Human milk con-
tains large numbers of sialylated oligosaccharides that are
not found in significant amounts in cows’ milk or infant
formulas. The immature liver may not be capable of
synthesizing all the sialic acid needed by the infant during
this peak period of brain growth.

Over the last few years we have explored the hypothesis
that sialic acid accretion may be enhanced by breast-feed-
ing. Apart from brain gangliosides, saliva is a rich source of
sialic acid and, unlike blood or brain tissue, can be obtained
non-invasively from young infants. The high concentration
of sialic acid in saliva and other mucins is responsible for
their slippery, viscous nature and thus their protective
function. In our recent study, breast-fed infants were
found to have nearly 50 % more total sialic acid in saliva
compared with formula-fed infants (Tramet al. 1997). It is
possible that the sialic acid derived from human milk
contributes to higher levels of sialic acid in saliva.

One of the important questions is whether human milk
oligosaccharides are digested and absorbed in the small
intestine, providing energy and important molecules such as
galactose, fucose and sialic acid. The marsupial small-
intestinal mucosa has several enzymes that split oligosac-
charides into their component monosaccharides. This makes
oligosaccharides nutritionally available to the animal in a
form that is less osmotically active than if lactose or
monosaccharides were the only carbohydrates. Human
milk oligosaccharides may be a similar low-osmolar
source of energy for the infant. However, the glycosidic
linkages between the monosaccharide residues of human
milk oligosaccharides are unlikely to be hydrolysed by
lactase and other known brush-border disaccharidases.
These enzymes have no action on linkages involving
fucose, sialic acid orN-acetylglucosamine (Ringset al.
1994). Furthermore, the brush-border neutral lactase
cannot hydrolyse the lactose moiety of trisaccharides or
higher oligosaccharides.

Recently, we demonstrated using breath H2 methodology
that human milk oligosaccharides resist digestion in the
small intestine of the majority of breast-fed infants and
undergo fermentation in the colon (Brand Milleret al.
1998). We found that the peak rise and overall production
of breath H2 after a human milk oligosaccharide load was
similar to that after an equivalent load of lactulose, in six of
eight infants studied. The implication is that human milk
oligosaccharides are not digested and absorbed in the small
intestine but are readily fermented in the large intestine.

British Journal of Nutrition(1999),82, 333–335 333

https://doi.org/10.1017/S0007114599001567  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114599001567


Human milk oligosaccharides, not lactose, may therefore be
the normal source of breath H2 in breast-fed infants. Inter-
estingly, the human milk oligosaccharides challenge did not
produce excessive bowel movements or any changes in
stool consistency which might normally be associated
with non-absorbable oligosaccharides.

If human milk oligosaccharides resist digestion in the
small intestine, they become the major source of C and
energy for the large-bowel flora. In fact, human milk
oligosaccharides containingN-acetylglucosamine (the ‘bifi-
dus factor’) are necessary for the growth ofBifidobacterium
bifidum in the large bowel. These oligosaccharides form
precursors in the biosynthesis of muramic acid, a compo-
nent of the bacterial cell wall. By the end of the first week of
life Bifidobacteria represent 95 % of the total bacterial
population in the faeces of exclusively breast-fed infants,
whereas in formula-fed infants they form less than 70 %
(Yoshioka et al. 1983). By producing lactic acid, this
organism decreases the intestinal pH. The acid milieu
inhibits the proliferation of many pathogenic micro-
organisms such asShigella species,Escherischia coli,
Streptococcus faecalisand Clostridium species which
become predominant after weaning from breast milk
(Montreuil, 1994).

Short-chain fatty acids such as acetic, propionic and
butyric acids produced by fermentation are absorbed
across the large-bowel wall, providing nutrition for the
colonocyte and a source of energy to the body. As much
as 70 % of the energy in the carbohydrate can be ‘salvaged’
by this mechanism (Cummings, 1983). Thus, most of the
energy in the human milk oligosaccharides may eventually
become available to the infant.

If human milk oligosaccharides are not digestible in the
small intestine, then how might molecules such as sialic
acid be able to support brain growth? Sialic acid always
occupies the terminal position of oligosaccharides, and the
bond may be cleaved even if the remainder of the chain
resists digestion. Cleavage of sialic acid is conceivable
because sialidase activity in several species is highest
during the sucking period and positively correlated to the
sialic acid content of the milk (Dickson & Messer, 1978).
Rat intestinal cell walls are highly permeable to free sialic
acid as well as sialyl-lactose. Radioactively labelled forms
of sialic acid and sialyl-lactose were found to be well
absorbed (up to 90 %) by rat pups, 30 % being retained in
the body and 3–4 % in the brain after 6 h (Wittet al. 1999).

It is also possible that smaller oligosaccharides can cross
the enterocyte cell wall. In infant marsupials this has been
postulated to occur via pinocytosis (Crispet al. 1987). Very
small quantities of human milk oligosaccharides have been
documented in the urine of breast-fed infants (Crispet al.
1987) but they have also been found in the faeces of full-
term and preterm breast-fed infants (Sabharwalet al. 1988;
Lundblad, 1993). Rudloffet al. (1996) showed that in
preterm infants, the urine of breast-fed infants contained
oligosaccharides, typical of human milk, equivalent to 1 %
of the daily intake. In contrast, the urine of formula-fed
infants contained only minute quantities of these substances.
This suggests that intestinal absorption of intact oligosac-
charides occurs. The presence of certain oligosaccharides in
the urinary tract may be responsible for the lower incidence

of urinary tract infections in breast-fed infants (Coppaet al.
1990).

Mounting evidence suggests that human milk oligosac-
charides play important anti-infective roles in the intestinal,
respiratory and urinary tracts (Newburg, 1999). There is a
growing list of pathogens for which a specific oligosacchar-
ide ligand has been described in human milk. The oligo-
saccharides prevent microbial cells from adhering to the
epithelial cell (a prerequisite for infection) because they act
as ‘decoys’, i.e. they are structural analogues of the host
receptors. This action, however, depends on the oligosac-
charides reaching their target organs (small intestine,
respiratory tract, urinary tract) without being broken
down. Thus, the ability to resist digestion at least partially
in the small intestine may be absolutely critical to their
function.

The presence of large quantities of unique oligosacchar-
ides in human milk has implications for the formulation of
breast-milk substitutes, especially for those born preterm.
Premature infants are increasing in prevalence because of
advances in fertility treatment and life-support techniques.
They are more vulnerable to infection and cognitive defects
than full term infants, brain growth reaches its peak at 26
weeks gestation and rapid growth continues throughout the
first weeks of life. Preterm infants fed on human milk in the
first month of life have been shown to have a significant
advantage in verbal intelligence quotient at 7–8 years of age
compared with infants fed on standard infant formulas
(Lucas et al. 1992). We hypothesize that the sialylated
oligosaccharides in human milk may be one of the factors
responsible.

In this issue of theJournal, Nakhla and colleagues
(Nakhla et al. 1999) show that preterm human milk is at
least as high as full-term milk in terms of quantities of
neutral human milk oligosaccharides. Furthermore, there
are preliminary indications that concentrations of the acidic
(i.e. sialic-acid-containing) oligosaccharides of preterm
milk may be even higher than those of full-term milk
(Wang et al. 1998). Oligosaccharides are another reason
why every endeavour should be made to ensure that human
infants, especially those born prematurely, receive human
milk. Oligosaccharides should be of major interest to those
involved in infant nutrition, particularly in improvements in
the composition of infant formula. However, their number
and complexity ensure that despite advances in knowledge
and technology, oligosaccharides will remain 130 reasons to
breast-feed.

Janette Brand Miller
Patricia McVeagh

The Human Nutrition Unit and Department of Biochemistry
University of Sydney

NSW
Australia

References

Brand Miller JC, McVeagh P, McNeil Y & Messer M (1998)
Digestion of human milk oligosaccharides by healthy infants
evaluated by the lactulose hydrogen breath test.Journal of
Pediatrics133, 95–98.

334 J. C. Brand Miller and P. McVeagh

https://doi.org/10.1017/S0007114599001567  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114599001567


Coppa G, Gabrielli O, Giorgi P, Catassi C, Montanari M, Varaldo P
& Buford N (1990) Preliminary study of breast-feeding and
bacterial adhesion to uroepithelial cells.Lancet335, 569–571.

Coppa GV, Gabrielli O, Pierani P, Catassi C, Carlucci A & Giorgi
PL (1993) Changes in carbohydrate composition of human milk
over 4 months of lactation.Pediatrics91, 637–641.

Crisp EA, Czolij R & Messer M (1987) Absence of beta-galacto-
sidase (lactase) activity from intestinal brush borders of suckling
macropods, implications for mechanism of lactose absorption.
Comparative Biochemistry and Physiology88B, 923–927.

Cummings JH (1983) Fermentation in the large intestine: evidence
and implications for health.Lanceti, 1206–1209.

Dickson JJ & Messer M (1978) Intestinal neuraminidase activity of
suckling rats and other mammals.Biochemical Journal170,
407–413.

Kobata A, Yamshita K & Tachibana Y (1978) Oligosaccharides
from human milk.Methods in Enzymology50, 216–220.

Kunz C, Rudloff S, Schad W & Braun D (1999) Lactose derived
oligosaccharides in milk of elephants: comparison with human
milk. British Journal of Nutrition82, 391–399.

Lucas A, Morley R, Cole TJ, Lister G & Leeson-Payne C (1992)
Breast milk and subsequent intelligence quotient in children
born preterm.Lancet339, 261–264.

Lundblad A (1993) The persistence of milk oligosaccharides in the
gastrointestinal tract of infants. InNew Perspectives in Infant
Nutrition, pp. 66–73 [B Renner and G Sawatzki, editors].
Stuttgart: Georg Thieme Verlag.

Messer M & Kerry KR (1973) Milk carbohydrates of the echidna
and the platypus.Science180, 201–203.

Messer M & Mossop GS (1977) Milk carbohydrates of marsupials
1. Partial separation and characterization of neutral milk oligo-
saccharides of the eastern grey kangaroo.Australian Journal of
Biological Sciences30, 379–388.

Montreuil J (1994) The saga of human milk oligosaccharides. In
New Perspectives in Infant Nutrition, pp. 3–11 [B Renne and G
Sawatzki, editors]. Stuttgart: Georg Thieme Verlag.

Morgan BL & Winick M (1980a) Effects of administration ofN-
acetylneuraminic acid on brain NANA content and behavior.
Journal of Nutrition110, 416–424.

Morgan BL & Winick M (1980b) Relationship between brainN-
acetylneuraminic acid content and behavior.Proceedings of the
Society for Experimental Biology and Medicine161, 534–537.

Nakhla T, Fu D, Zopf D, Brodsky NL & Hurt H (1999) Neutral

oligosaccharide content of preterm human milk.British Journal
of Nutrition 82, 361–367.

Neeser J-R, Golliard M & Del Vedove S (1991) Quantitative
determination of complex carbohydrates in bovine milk and in
milk-based infant formulas.Journal of Dairy Science74, 2860–
2871.

Newburg DS (1999) Human milk glycoconjugates that inhibit
pathogens.Current Medicinal Chemistry6, 117–127.

Rings EHHM, van Beers EH, Krasinski SD, Verhave M, Mont-
gomery RK, Grand RJ, Dekker J & Buller HA (1994) Lactase:
origin, gene expression, localization, and function.Nutrition
Research14, 775–797.

Rosenberg A (editor) (1995)Biology of the Sialic Acids. New
York, NY: Plenum Press.

Rudloff S, Pohlentz O, Dielmann L, Egge H & Kunz C (1996)
Urinary excretion of lactose and oligosaccharides in preterm
infants fed human milk or infant formula.Acta Paediatrica85,
598–603.

Sabharwal H, Nilsson B, Chester MA, Lindh F, Gronberg G,
Sjoblad S & Lundblad A (1988) Oligosaccharides from faeces
of a blood-group B, breast-fed infant.Carbohydrate Research
178, 145–154.

Stahl B, Thurl S, Zeng X, Karas M, Hillenkamp F, Steup M &
Sawatzki G (1994) Oligosaccharides from human milk as
revealed by matrix-assisted laser desorption/ionization mass
spectrometry.Analytical Biochemistry223, 218–226.

Tram T, Brand Miller J, McNeil V & McVeagh P (1997) Sialic
acid content of infant saliva: comparison of breast fed with
formula infants.Archives of Disease in Childhood77, 315–318.

Viverge D, Grimmonprez L, Cassanas O, Bardet L & Solere M
(1990) Discriminant carbohydrate components of human milk
according to donor secretor types.Journal of Pediatric Gastro-
enterology and Nutrition11, 365–370.

Wang B, Brand Miller J & McVeagh P (1998) Protein-bound sialic
acid concentration in human milk and commercial infant for-
mulas.Proceedings of the Nutrition Society of Australia22, 245.

Witt W, von Nicolai H & Zilliken F (1999) Uptake and distribution
of orally applied N-acetyl-(14C)neuraminosyl-lactose andN-
acetyl-(14C)neuraminic acid in the organs of newborn rats.
Nutrition and Metabolism23, 51–61.

Yoshioka H, Iseki K & Fujita K (1983) Development and differ-
ences of intestinal flora in the neonatal period in breast-fed and
bottle-fed infants.Pediatrics72, 317–321.

q Nutrition Society 1999

335Invited commentary

https://doi.org/10.1017/S0007114599001567  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114599001567

