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Abstract
Humanmilk oligosaccharides play an important role, as prebiotic soluble fibres, in the postnatal development of the intestnial
flora. Infant formulas are virtually free of prebiotic oligosaccharides. As a consequence, formula-fed infants develop an
intestinal flora significantly different to the flora of breastfed infants. Due to the complexity of human milk oligosaccharides,
it is necessary to use alternative sources of prebiotic ingredients as components of infant formulas. The present review
summarizes the data of experimental research and clinical studies with a prebiotic mixture containing 90% short-chain
galacto-oligosaccharides and 10% long-chain fructo-oligosacchrides are summarized. The data demonstrate that, with this
prebiotic mixture, the growth of bifidobacteria and lactobacilli can be stimulated, the faecal pH can be decreased, and the
presence of pathogens can be reduced to levels similar to those of breastfed infants. Thus, prebiotic oligosaccharides such as
the studied mixture provide beneficial effects for formula-fed infants.
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Definition of oligosaccharides

Carbohydrates are usually classified according to
their molecular size (degree of polymerization, DP)
into monosaccharides and oligosaccharides/poly-
saccharides; the latter two are made up of mono-
saccharides by glycosidic linkages. The borderline
between oligo- and polysaccharides is not strictly
defined. However, the term oligosaccharide is com-
monly used to refer to defined structures as opposed to
a polymer of unspecified length.

Oligosaccharides are major components in human
milk and in many natural products such as fruit,
vegetables and honey either in a free or combined form
(i.e. glycolipids or glycoproteins). Usually, oligo-
saccharides occur in natural sources as mixtures of
compounds with a different degree of polymerization.

Human milk oligosaccharides

Besides 7% lactose, human milk contains approxi-
mately 1% neutral oligosaccharides and about 0.1%
acidic oligosaccharides [1]. Therefore, these oligo-
saccharides make up a large part of human milk com-
position, similar to the level of proteins. The biological
function of these complex oligosaccharides is not yet

fully understood. However, there is evidence that
human milk oligosaccharides are important for the
prebiotic effect (essentially bifidogenic) as well as the
anti-infective and allergy-preventive properties of
human milk [2,3].

Roughly 130 different neutral and acidic oligo-
saccharides have been characterized so far. The pattern
of human milk oligosaccharides depends largely on the
mother’s Lewis blood group [4]. Using new analytical
techniques, a large variety of different complex oligo-
saccharides have been detected in human milk. As an
example, the new detected masses of the fraction of
neutral oligosaccharides are shown in Figure 1.

As different isomeric structures exist for the known
masses (see hatched area of Figure 1), the total variety
of isomeric structures can be estimated to be higher
than 1000. Recently, high-molecular-weight acidic
oligosaccharides were also found in human milk by
using a combination of liquid chromatography and
mass spectrometry. This further confirms the excep-
tional complexity of human milk oligosaccharides [1].

One characteristic of human milk oligosaccharides
is the large amount of galactose. The backbone
structure is based on lactose (galactose-glucose) plus a
further galactose residue forming the three different
galactosyl-lactoses, namely 3

0
-galactosyl-lactose,
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4
0
-galactosyl-lactose and 6

0
-galactosyl-lactose. Larger

oligosaccharides are formed by repeated units of
galactose-N-acetylglucosamine to the core lactose.
The backbone is further modified by the specific
addition of fucose and sialic acid residues.

Definition of prebiotics

Prebiotics are non-digestible food ingredients that
beneficially affect the host by selectively stimulating the
growth and/or activity of one or a limited number of
bacteria in the colon that have the potential to improve
the host’s health. This is in contrast to the concept of
probiotics, which are living bacteria in the diet.

Non-digestible oligosaccharides pass the gastro-
intestinal tract intact and are selectively fermented by

the gut flora in the colon. These substances are called
prebiotic oligosaccharides. The main types of non-
digestible oligosaccharides are: fructo-oligosaccharides
(FOS), mainly derived from chicory; b-galacto-
oligosaccharides (GOS), derived from lactose; and
a-galactosides (raffinose, stachyose), mainly found in
legumes.

In general, oligosaccharides can be characterized by
MALDI mass spectrometry and HPAE chromato-
graphy [1] as shown in Figures 2 and 3.

Since 1980, oligosaccharides have been used to
improve the quality of many foods. During the past
decade, especially in Japan and Europe, oligosacchar-
ides have attracted interest as food ingredients. Walker
and Duffy extensively reviewed the role of prebiotic
oligosaccharides such as FOS and GOS as dietary
components for bacterial colonization [5].
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Figure 1. Masses of neutral human milk oligosaccharides as revealed by MALDI mass spectrometry. Masses of oligosaccharides in the

hatched area are equivalent to various isomeric structured identified by other techniques like NMR. Ambiguity of masses due to nearly

identical mass increment of 5 fucose- and 2 Gal-GlcNAc residues.
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Figure 2. HPAE chromatogram of long-chain fructans. DP is degree
of polymerisation, which is equivalent to the number of mono-

saccharide units of a given molecule.
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Figure 3. HPAE chromatogramm of galacto-oligosaccharides.
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Concept of prebiotic oligosaccharides in infant
milk formulas

Traditionally, in Japan, infant milk formulas are
produced containing prebiotic oligosaccharides. Over
90% of Japanese infant formulas have been sup-
plemented with non-digestible oligosaccharides as
growth-promoting factors for bifidobacteria for more
than a decade.

More recently, based on the investigation of human
milk oligosaccharides, a special mixture of available
oligosaccharides with proven prebiotic effects for each
of the compounds has been developed. This mixture
will be used in a concentration resembling the con-
centration of oligosaccharides in human milk. The size
of the molecules and prebiotic effect of the mixture is
adapted to that of human milk oligosaccharides [6].

Due to the high amount of galactose in human milk
oligosaccharides, we use commercially available
galacto-oligosaccharides as one component of the
mixture. The second component is fructans with a
reduced amount of low-molecular-weight fraction.
FOS with a DP greater than 10 show far fewer side
effects such as flatulence than small-sized fructans.
Galacto-oligosaccharides together with fructans pro-
mote growth-beneficial intestinal bacteria in a syner-
gistic way, so that a maximum number of different
species, in particular Bifidobacteria and Lactobacilli,
can grow.

Galacto-oligosaccharides are side products of lactose
hydrolysis by b-galactosidase (lactase, EC 3.2.1.23).
Reports on the investigation of these oligosaccharides
date back to the 1950s. The concentration of oligo-
saccharides in b-galactosidase-processed milk or milk
products can be as high as 25%. In fermented milk or
milk products, galacto-oligosaccharides are produced
due to the action of b-galactosidase on lactic acid
bacteria. Thus, galacto-oligosaccharides have been
used in human nutrition in significant quantities as
active components or as side products of processed
milk or milk products, and no side effects have been
reported. Theoretically, galacto-oligosaccharides may
also be produced during normal milk digestion as a
result of intestinal b-galactosidase activity.

FOS (e.g. fructo-oligosaccharides, oligofructose,
inulin) are composed of glucose and repetitive fructosyl
residues in b-2-1 linkage or b-2-6 linkage. FOS are
usually extracted from the root of chicory and further
enzymatically digested to oligofructose. An alternative
is the enzymatic synthesis of oligofructose from
sucrose.

Studies on the prebiotic effects of
individual oligosaccharides

FOS as one part of the prebiotic mixture have
been studied in vitro and in vivo (including human

studies) most extensively and have been shown to
selectively stimulate bifidobacteria with a concomitant
inhibition of other species such as bacteroides and
clostridia.

As the GOS are the major component of this pre-
biotic mixture, they will be discussed in more detail
below. GOS are one of the most commonly produced
prebiotic carbohydrates worldwide. GOS have been
studied in term infants. An infant milk formula con-
taining 2% galacto-oligosaccharides was studied and
compared to a commercial infant formula and a
breastfed group. These trisaccharides were obtained
from the treatment of lactose with b-galactosidase as
described above. In these studies, the faecal char-
acteristics of babies fed with the galactosyl-lactose-
containing formula were almost similar to those of the
breastfed group with regard to stool consistency, sour
or sweet-sour odour, colour, and pH. The percentages
of bifidobacteria in the faecal flora were 92.7%
(breastfed group), 69.3% (galactosyl-lactose group)
and 61.1% (commercial formula group) [7]. Further
studies have been performed in adults. Administration
of 10 g galacto-oligosaccharides in two daily doses for
21 d increased the faecal bifidobacteria and influenced
the fermentative activity of colonic flora. Comparable
effects on the microflora and their metabolism in
healthy adults were obtained with daily doses of 15 g
for 6 d. Matsumoto et al. performed breath hydrogen
tests on healthy adults who had ingested 30 g of
galacto-oligosaccharides, indicating an increase of
bacterial metabolism in the gut [7].

Moreover, GOS are non-cariogenic sugars as
described in studies including 26 strains of oral
Streptococci, six strains of Streptococci, one Lacto-
bacillus and one Actinomyces strain.

The utilization of GOS by intestinal bacteria and
different physiological properties of these molecules in
a variety of clinical studies with healthy adults have
been reviewed extensively several times. A significant
increase of bifidobacteria and a decrease of bacteroides
were observed by feeding GOS. In a separate study, a
significant correlation between the amount of admin-
istered GOS and the number of bifidobacteria was
found. Also, the number of lactobacilli increased by
feeding GOS. In a further study, an increase of
bifidobacteria and a decrease of bacteroides and
Enterobacteriaceae were observed by feeding a syn-
biotic product containing galacto-oligosaccharides and
Bifidobacterium breve.

Other physiological effects such as regular defecation
habits were established for elderly patients with con-
stipation after ingestion of galacto-oligosaccharides.
Water content in the faeces was significantly increased
when galacto-oligosaccharides were administered to
healthy adults.

Burvall et al. [8] studied the in vitro digestibility of
GOS by human intestinal enzymes. The activity of

20 G. Boehm et al.



small intestine b-galactosidase on galacto-oligo-
saccharides was less than 10% of the activity on lactose.
Therefore, GOS will pass mostly undigested through
the small intestine into the large bowel where bacterial
fermentation of the oligosaccharides takes place. Due
to their positive effects on the intestinal bacterial flora,
GOS are an interesting prebiotic component of infant
milk formulas.

Studies on a new prebiotic oligosaccharide
mixture for infant formulas

Based on the experience with GOS and FOS as pre-
biotic ingredients, a mixture of 90% short-chain GOS
and 10% long-chain FOS has been developed. The
mixture was designed to mimic the molecular size
distribution found in the neutral fraction of human
milk oligosaccharides [6].

The first clinical trial in preterm infants demon-
strated that this mixture of GOS and FOS stimulates
the growth of bifidobacteria [9] and reduces the pre-
sence of pathogens in the faecal flora [10]. A study on
term infants showed that the effect is dose dependent
[11]. Stool pH in a group of term infants fed the GOS/
FOS supplemented formula decreased during a 4-wk
feeding period similar to that of a breastfed group,
whereas in a control group fed a formula supplemented
with maltodextrin as placebo the pH increased [11].
More recently, it has also been demonstrated that a
formula supplemented with GOS/FOS results in a
short-chain fatty acid pattern comparable to that in
breastfed infants [12]. The increase in bifidobacteria
and lactobaccili, the reduction of clinically relevant
pathogens, the metabolic activity of the intestinal flora
as described by the short-chain fatty acid profile and
pH clearly indicate that the GOS/FOS mixture
stimulates the entire flora in the same way as breast
milk.

It is widely accepted that the intestinal flora plays an
important role in the postnatal development of the
immune system. Thus, it can be speculated that a
balanced stimulation of the intestinal flora by pre-
biotics, aiming to resemble the flora found in breastfed
infants, will also help to modulate the postnatal

development of the immune system. However, this
attractive hypothesis still needs to be proved by further
investigation.
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