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Since the discovery of human milk oligosaccharides (HMO) >60 y ago, research has faced major challenges including (i) the development of
methods to identify and characterize these components, (i) the need to use HMO fractions for functional studies because single HMO were not
available, (iii) the uncertainty of the purity of HMO fractions that were often “contaminated” by remainders of lactose, proteins, or glycoproteins,
and (iv) the low availability of large quantities of a single HMO for animal and human studies. In the past 10 years, there has been tremendous
progress in all of these areas, particularly in the development of methods for detailed structural analysis in extremely low milk volumes. The
greatest success, however, is that biotechnological means are available today to produce large amounts even of a single HMO in a purity that
allows human studies to be performed in the future. In this review, we summarize the current knowledge about the metabolic aspects of HMO in
infants starting with the first studies by Lundblad and co-workers in the early 1980s. After discussing newer observations in recent years, the review
closes with a perspective on some important questions regarding metabolic and functional aspects of HMO. Adv. Nutr. 3: 3985-405S, 2012.

Introduction

Human milk contains a large variety of complex oligosac-
charides in concentrations ranging from 10 to 20 g/L (1-
4). The quantity of these components does not only depend
on the lactational stage of the mother but is also affected by
the expression of specific glycosyltransferases in the mam-
mary glands (1-5). Genes encoding for blood group H
and Lewis antigens as well as the secretor status determine
the presence of @1-2, a1-3, and/or ar1-4 fucosylated core
structures of oligosaccharides (5). In addition, different
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patterns of sialylation, i.e., the attachment of a2-3- and/
or a2—6-linked N-acetylneuraminic acid (NeuAc)® increase
the variability of human milk oligosaccharides (HMO) to >100
structures characterized so far (2,6). In addition to lactose and
fat, HMO belong to the third most abundant group of milk
components. However, due to previous difficulties in character-
izing these structures and the lack of available substrates even
today, only little is known about their metabolic fate in infants.

Large amounts of HMO, i.e., several grams per day, rinse
the gastrointestinal tract of a human milk-fed infant, thereby
potentially preventing pathogen adhesion to the intestinal
epithelium or influencing gut maturation processes (7-
10). On the one hand, HMO are considered not to be de-
graded by human digestive enzymes and transported into
the lower parts of the intestine where they may be metabo-
lized by the intestinal microbiota or get excreted with feces
(11); on the other hand, ~1-2% of some HMO seem to
be excreted via infants’ urine, as is shown later (12,13).
Hence, several hundred milligrams per day circulate in
the infants’ blood. Therefore, we can also expect systemic
functions such as anti-inflammatory or anti-infective ef-
fects of HMO.

> Abbreviations used: Fuc, fucose; FucT, fucosyltransferase; Gal, galactose; GIcNAC,
N-acetylglucosamine; NeuAc, N-acetylneuraminic acid; NeuAclac,
N-acetylneuraminyl-lactose; HMO, human milk oligosaccharides; SA, sialic acid.

©2012 American Society for Nutrition. Adv. Nutr. 3: 3985-405S, 2012; doi:10.3945/an.111.001594.



Background information on the blood group
A, B, O, and Lewis-specific components in
milk and feces

To better understand the variety of components that may be
excreted in infants’ feces, some background information is
given on the potential influence of the blood groups A, B,
O, and Lewis and the secretor status of the respective
mothers and their infants. It has been known for a long
time that in milk, hardly any blood group A, B, or H-active
oligosaccharides can be detected, whereas in the feces of in-
fants, those components can often be identified (14). Just
the opposite is true for Lewis-specific components.

The presence of different neutral oligosaccharides in hu-
man milk depends on the activity of specific fucosyltrans-
ferases (FucTs) in the lactating gland (Fig. 1) (5,15,16).
Milk of women of the so-called secretor type is characterized
by the presence of a1-2-fucosylated galactose (Gal) forming
Fuca1-2GalB1-3N-acetylglucosamine (GlcNAc) units (com-
pound 1, Table 1) like lacto-N-fucopentaose I (compound 3,
Table 1) or in 2'-fucosyllactose (compound 2, Table 1). These
linkages are caused by FucT II.

In Lewis (a+b—) individuals, FucT III attaches fucose
(Fuc) residues in a1—4 linkages to a subterminal GIcNAc res-
idue of type 1 chains. Therefore, in Lewis (a+b—) nonsecretor
milk, the major fucosylated oligosaccharide is lacto-N-
fucopentaose II [GalB1-3(Fucal-4)GIcNAcB1-3GalB1-
4Glc; component 5, Table 1]. This characteristic component
is found in ~20% of the population.

In Lewis (a+b—) donors who represent ~70% of the
population, both FucT II and III, the secretor gene and
the Lewis gene—dependent form, are expressed. Here, one
of the major milk oligosaccharides is lacto-N-difucohexaose
I [Fucal-2GalB1-3(Fucal-4)GlcNAcB1-3GalB1-4Glc;
component 7, Table 1].

In ~5-10% of the population that belong to blood
group Lewis (a—b—), both FucT II and III are not active,
but another FucT, not belonging to the Lewis system, atta-
ches Fuca1-3 linked to GlcNAc in type 2 chains. The major

Galp1 3GIcNAcB1-—-

oligosaccharide in the milk of these donors is lacto-N-
fucopentaose III [GalB1-4(Fucal-3)GlcNAcB1-3GalB1-
4Glc, component 8 Table 1].

First fecal excretion studies in term and
preterm infants fed human milk

In the 1980s, Lundblad and co-workers started a series of
experiments analyzing the feces of breast-fed infants to in-
vestigate metabolic aspects of HMO (17-20). Apart from
full-term infants, preterm infants were also examined,
comparing their fecal oligosaccharide composition with
the HMO pattern of the milk. In the following, a few exam-
ples are given demonstrating the unique and distinct excre-
tion pattern depending on various factors such as the blood
group and secretor status of the lactating mother, the ges-
tational age of the infant, and the time after birth when the
feces were collected. Although the number of samples an-
alyzed was rather small, the results raised many questions
that are still important for current research activities
(21,22).

From the feces of an infant of blood group A, Lundlad’s
group isolated only 4 different blood group A—active oli-
gosaccharides (A-tetrasaccharide, A-pentasaccharide, A-
hexasaccharide, and A-heptasaccharide) in high amounts
(Table 2) (17). In the feces of other infants with blood group
A and secretor status, these components were also detected,
but in considerably lower amounts. Because those blood
group—active components were not detected in the milk of
the respective mothers, the authors’ conclusion was that
HMO will be modified within the gut through their transit
and that the processes involved most likely take place within
the enterocytes. As it is shown later, today it is more likely
that the modifications are caused by the prevailing intestinal
microbiota.

Interestingly, in the feces of infants with blood group
B-secretor status, analogue blood group B-active oligosac-
charides such as B-pentasaccharides and B-hexasaccharides
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Table 1. Structural elements of human milk oligosaccharide prototypes and Lewis/secretor specific components'
Compound Abbreviation Name Epitopes Characteristics
1 Secretor epitope

3
[
2 2'-Fuc-Lac 2'-Fucosyllactose Secretor
3
B3
3 LNFP | Lacto-N- I Secretor
2
fucopentaose | =0
4 Lewis a epitope
O—i
p3
5 LNFP Il Lacto-N- Lewis (a+b-)
fucopentaose Il [
p 3 MMp3\Spd
5 Lewis b epitope
H
B3
7 LNDFH | Lacto-N- Lewis (a-b+)
o o
difucohexaose | ; B
CEL CEAE]
8 LNFP 111 Lacto-N- Lewis (a-b-)
o
fucopentaose IlI -]
pemmy3\_Sp4

'Glycan structures are depicted according to the recommendations of the Consortium of Functional Glycomics using the
GlycoWorkbench software tool (40). Yellow circle, galactose; blue circle, glucose; blue square, N-acetylglucosamine; red triangle, fucose.

could not be detected, not even if the mother herself was a
B-secretor (18).

Fecal samples from another infant with B-secretor sta-
tus whose mother was blood group O (H-antigens) and a
nonsecretor were examined in detail. Eight oligosaccha-
rides were isolated and characterized; 7 of them were iden-
tical to oligosaccharide structures that can be found in
human milk, whereas 1 of them, a trifucosylated compo-
nent, had been unknown so far. Unexpectedly, oligosaccha-
rides with Fuc(a1-2)Gal moieties were found in the infant’s
feces, although these components were not found in the milk
of the mother because she was a nonsecretor. Hence, the mod-
ification must have been caused by some unknown processes
in the infant because the infant was a secretor and was there-
fore able to produce H-active substances (18).

Oligosaccharides in feces of preterm infants

The feces of a preterm infant who was blood group A, non-
secretor, and fed pooled mother’s milk were examined with
respect to their HMO composition. Nine neutral and 5
acidic oligosaccharides were identified. Among the neutral
oligosaccharides, only those characteristic for nonsecretor
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milk were found. Interestingly, secretor gene—dependent ol-
igosaccharides were not detected in the feces. This nonsecre-
tor infant fed pooled human milk obviously catabolized
oligosaccharides from pooled milk in which, although not
analyzed, secretor-specific components must have been pre-
sent as is the case for 70% of milk donors (19,20).

In the feces of another blood group—A preterm infant but
with secretor status who also had been fed pooled human
milk and from whom several fecal samples were analyzed,
the same HMO were found as those found in the feces
from the nonsecretor infant mentioned previously. The lack
of A-active oligosaccharides in feces obtained early postpar-
tum was obvious. However, the analyses of a fecal sample col-
lected 8 wk thereafter contained characteristic blood group
A-—active oligosaccharides (19). These data indicate that very
intensive HMO metabolism occurs in the gut, which is sup-
ported by recent observations from Gruppen’s group (see
later). Apart from that, it is interesting that no blood group
A-—active oligosaccharides are found in the feces of preterm in-
fants, whereas in the feces of full-term infants, there are. This
indicates an inadequately developed expression of the intesti-
nal blood group A—glycosyltransferase or a lack of a’1-2-FucT.



Table 2.

Structures and amounts of compounds isolated from feces of a blood group A breast-fed infant’

Name Structure

Epitopes Fecal excretion

(mg/24 h)
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" Modified from Reference 17.

To summarize, these first intriguing observations by
Lundblad and co-workers demonstrate a very complex me-
tabolism of HMO in the infants’ gastrointestinal tract, and
we are still attempting to better understand the underlying
mechanisms. Today, in particular, the methodological devel-
opments for characterizing minute amounts of HMO and
degradation products allow some of the questions that
were already raised a long time ago to be addressed. At
that time, the importance of the gut microbiota for human
health had not been realized. Also, today we know that the
serological typing of the Lewis blood group and secretor sta-
tus is not always sufficient to draw strong conclusions about
the HMO composition to be expected in milk (23,24).

Fecal analysis with new analytical tools

Recently, Gruppen and co-workers reported new data on
the fecal excretion of HMO in breast-fed infants by apply-
ing capillary electrophoresis with laser-induced fluores-
cence detection (21,22,25). In breast-fed infants, they
observed a gradual change in the fecal oligosaccharide
profile during the first 6 mo postpartum. Hence, from their
data, they hypothesize 3 stages of a different fecal oligosac-
charide profile:

Stage 1: occurrence of neutral or acidic HMO. Fecal oligosaccharides obtained
within the first 2 mo postpartum can be subdivided according to their
pattern dominated by either neutral or acidic HMO.

Stage 2: Predominance of metabolic products. Fecal samples collected within
~ 3—6 mo postpartum can be characterized by the absence of HMO and
the presence of a few, individual-dependent, dominant carbohydrate
structures. These were described as gastrointestinal metabolic pro-
ducts of HMO carrying blood group determinant epitopes. These
metabolic products may be conjugates using HMO as building blocks
on which blood group—specific antigenic determinants (A, B, or H),
which are known to be present in the gastrointestinal mucous layer,
may be attached.

Stage 3: Appearance of oligosaccharides characteristic of follow-up diet. After ex-
clusive breastfeeding when complementary food is introduced, predomi-
nantly oligosaccharides characteristic of the follow-up diet are found in
infant’s feces. Monitoring the gastrointestinal fate of diet-related oligosac-
charides pointed to an individual gastrointestinal adaptation to enteral
food during the postnatal period, depending on the oligosaccharide com-
position of breast milk, still given to some extent, and complementary
food. The authors conclude from their data that there is a strong need
to link the individual HMO metabolism to the composition and activity
of the intestinal microbiota.

The hypothesis of Gruppen and co-workers proposing 3
different stages of HMO metabolism is an interesting con-
cept that certainly will lead to further studies to prove the
concept.

Human milk oligosaccharides in infants’ urine  401S
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Figure 2 Schematic of the studies with ">C-labeled monosaccharides (*C-galactose and ">C-glucosamine) to investigate questions
with regard to milk carbohydrate biosynthesis and oligosaccharide metabolism in infants. HMO, human milk oligosaccharides.

In vivo "*C-labeling of HMO and

subsequent metabolization

Some years ago, we started to study the fate of HMO in
breast-fed infants by endogenously labeling HMO after ap-
plying *C-labeled glucose or '*C-Gal as an oral bolus given
to their lactating mothers (Fig. 2) (4,26).

We showed that a major part of a '>C-Gal bolus is imme-
diately transported to the lactating gland and is directly in-
corporated into HMO (26). There is an immediate increase
of the '’C-enrichment of milk fractions after the oral
®C-Gal bolus was given to the mothers, followed by a de-
crease at the end of the day and a second increase in the
morning of the next day. This pattern can be found in
milk of all women whom we investigated so far. Thus, using
stable isotopes, an in vivo 13C-labeling of HMO can be
achieved to address questions with regard to their metabolic
fate. We observed that in the urine of infants’ HMO are
found in all samples collected within 36 h after a '>C-Gal bo-
lus was given to their mothers (13). An overview of identi-
fied HMO by fast atom bombardment MS is shown in Table
3. Because we found native, unmodified HMO in the in-
fants’ urine, we conclude that these components can only
be derived from milk because the biosynthesis of HMO oc-
curs exclusively in the lactating mammary gland. Also, the
urinary excretion of intact HMO in term infants at 3-6
mo post partum verifies our earlier data in preterm infants
showing very similar results without using stable isotopes
(12).

In addition to intact HMO, we also detected cleavage pro-
ducts in which not, as expected, the terminal Gal but the
glucose moiety on the reducing end had been split off. At
the moment, no plausible explanation can be given for
such an unusual metabolic degradation step. There is only
1 congress contribution from Lundblad’s group on the renal
excretion of oligosaccharides in a few preterm and full-term
infants using MS methods for analysis (27). The authors
found that small typical milk oligosaccharides were excreted
by human milk—fed infants. Most of the analyzed urine
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samples contained 2'-fucosyllactose and 3-fucosyllactose as
well as difucosyllactose. They could not detect these compo-
nents in the urine of nonbreast-fed infants. A further com-
parison with our data regarding complex oligosaccharides
such as LNT and fucosylated and/or sialylated derivatives
as well as N-acetylneuraminyl-lactose (NeuAcLac) is not fea-
sible because Lundblad and co-workers did not report the
analysis of such components.

There are 2 possible explanations for the occurrence of
modified milk oligosaccharides in urine: they may either
originate from human milk itself or they are synthesized en-
dogenously from smaller precursors. Although there is no
evidence from in vivo studies yet, these modifications may
derive from bacterial activity within the gut. Also, if such
HMO modifications occur within the colon, the underlying
mechanism of the succeeding absorptive process needs to be
demonstrated as well.

Currently, we are investigating whether the infants’” uri-
nary oligosaccharide profile resembles the oligosaccharide
pattern in their mothers’ milk with regard to Lewis-specific
HMO (28). In addition, we want to obtain information on

Table 3 Neutral and acidic oligosaccharides identified in infants’
: 1
urine

Oligosaccharides Composition

Lac Hex,
FuclacNAc FucHexHexNAc
Fuclac FucHex,
Fucslac FucoHexs
Fuc,LNTri FucHex,HexNAc
LNT HexsHexNAc
Fuc,LNT FucHexsHexNAc
Fuc,LNT FucoHexsHexNAc
— Hexg
Fuc,LNH FucoHexsHexNAC,
FucsLNH FucsHexsHexNAc,
NeuAclac NeuAcHex;
NeuAcLNT NeuAcHexsHexNAc
NeuAcFuc;GICNACLNT NeuAcFucHexsHexNAC,

' Modified from Reference 17.



TABLE 4 Intake of LNT and its monofucosylated derivative LNFP Il in an infant at one feeding '

Concentration in mg/ml?

Milk sample Volume, mL Total intake through milk in mg
LNT LNFP 1l LNT LNFP 1I
1 97 0.77 * 001 110 = 003 74.7 106.3
2 126 078 + 0.1 125 + 004 982 1572
3 58 0.79 = 000 109 = 001 462 635
4 97 0.77 £ 0.09 107 = 0m 75.1 103.8
5 97 057 = 0.00 085 = 001 556 823
1

LNFP, Lacto-N-fucopentaose; LNT, Lacto-N-tetraose.
2 Concentration mg/ml is given as mean * SD. Modified from Reference 13.

the ’C-enrichment of individual urinary HMO. Our data so
far suggest that the HMO patterns in the urine from breast-
fed infants reflect those in their mothers’ milk, suggesting a
strong association with the mothers’ Lewis blood group and
secretor phenotype.

Amount of HMO through suckling and

urinary excretion

In our ongoing studies, we determined the infants’ intake of
lacto-N-tetraose and its monofucosylated derivative lacto-
N-fucopentaose II. Our data show that with each suckling,
an infant receives between 50 to 160 mg of each component,
respectively (Table 4). The renal excretion of both compo-
nents varied between 1 and 3 mg/d (Table 5). Because the
intake of individual HMO by the infants is in the range of
several hundred milligrams per suckling, i.e., several grams
per day, and because some of these components are excreted
in milligram amounts as intact HMO with the infants’ urine,
not only local but also systemic effects might be expected.
Such effects, however, remain to be demonstrated in future
studies. The enormous biotechnological progress in HMO
production in recent years will enable these studies in vivo.

Functional importance and perspective

The biological importance of the predominance of type I
milk oligosaccharides in humans has become an interesting
focus in the comparative study of milk oligosaccharides and
may help to elucidate some aspects of human evolution (29—
31). From our metabolic observations that intact HMO and
degradation products can be detected in infants’ urine, it is
most likely that in addition to local functions of HMO
within the gastrointestinal tract, systemic effects like the ad-
hesion of leukocytes to endothelial cells or the interaction of

platelets with neutrophils may be influenced by HMO as
well (7,32-34). An impact of HMO on brain glycoconjugate
composition has also been discussed (35). In 1986, Carlson
and House compared an intraperitoneal administration with
an intragastric application of NeuAc on rat brain composi-
tion and found that both oral and systemic routes resulted
in considerably more cerebral and cerebellar glycolipid
and glycoprotein NeuAc than did glucose injections (36).
Compared with free NeuAc, orally given NeuAcLac, the ma-
jor acidic oligosaccharide in human milk, was even more ef-
fective on brain composition. These data supported an
earlier observation by Witt et al. (37) comparing radiola-
beled free NeuAc and NeuAcLac. The authors showed a
preferential incorporation of '*C-NeuAcLac in rat brain
gangliosides. Our data suggest that the absorption of HMO
in breast-fed infants supports the possibility that sialic
acid from HMO is used as a substrate for the biosynthesis
of components including gangliosides and glycoproteins,
for example, for the brain. The importance of individual
monosaccharides for humans, either as a precursor to the
production of HMO or as components themselves having
an effect on specific processes can be demonstrated by re-
cent data of Duncan et al. (38). They reported that, based
on recent observations in animals, one can speculate that
during the neonatal suckling period, de novo sialic acid pro-
duction may not be sufficient to meet the needs of all tissues
in the rapidly developing newborn and that sialic acid could
serve as a conditionally essential nutrient for the suckling
neonate (39). The data from Duncan et al. support the views
that (i) when milk sialic acid (SA) levels are high, in the co-
lon, SA is catabolized to GlcNAc that in turn may be used as
such or as substrate for SA synthesis and (ii) when milk SA

TABLE 5 Urinary excretion of LNT and its monofucosylated derivative LNFP Il in one infant '

Urine sample Urine volume, mL

Concentration, ug/mL 2

Total exretion, mg

LNT LNFP 1l LNT LNFP Il

1 350 134 02 131 £ 04 047 046
2 250 212 * 05 226 £ 15 0.53 0.56
3 228 152 =08 17.1 £ 0.1 0.35 0.39
4 20.0 166 £ 0.9 182 £ 04 033 0.36
6 26.3 114 +02 124 £ 05 0.30 033
7 19.7 73 * 0.1 70 =01 0.14 0.14
8 23.2 116+ 03 133 £ 0.1 0.27 031
9 27.0 6.7 £ 0.1 66 03 0.18 0.18
1

LNFP, Lacto-N-fucopentaose; LNT, Lacto-N-tetraose.
2 Concentrations are given as mean *+ SD (n = 4). Modified from Reference 13.
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Figure 3 Overview of metabolic processes in infants after the intake of human milk oligosaccharides (HMO). The numbers 1 to 4
indicate specific functions: 1, prevention of pathogen adhesion; 2, direct effects on epithelial cells; 3, influence on the microbiota
composition and/or activity; and 4, systemic effects. Intensities of the arrows reflect the current focus in HMO functions.

levels are low, the endogenous SA synthetic machinery in
the colon is activated. These observations are supported
by studying the metabolism of SA through gene expression
profiling, with results supporting the view that the high con-
centration of SA found in milk early during lactation favors
its catabolism in the colon of the suckling pup, whereas the
low concentration seen at weaning stimulates the expression
of genes for its synthesis and subsequent use (38).

These interesting new data and knowledge on HMO
functions and metabolism are schematically summarized
in Fig. 3, which gives an overview of the current status of
HMO research and raises many questions to be addressed
in the near future. A few examples are as follows: (i) Are
HMO differently metabolized in term and preterm infants
and what is the underlying mechanism? (ii) Do single
HMO affect the microbial composition and/or activities
more efficiently than a mixture of various components and
how can health effects be investigated in humans? (iii) Which
specific HMO have a direct impact on intestinal or tissue tar-
get cells, e.g., on cell maturation, cell surface glycosylation, or
brain functions? (iv) Are there specific HMO or their precur-
sors that are preferentially absorbed and transported into tar-
get cells (brain and others)?

In recent years there has been a tremendous increase in
our knowledge regarding the specific effects of HMO. Con-
comitantly with these studies, progress in biotechnology to-
day allows the production of at least some of the major
HMO to potentially be added to infant formula or other
food at reasonable costs. However, to decide which
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compound should be added, in which concentrations or
combinations, and how long it should be given, studies
are needed regarding the metabolic fate, fecal and urinary
excretion, and the local and systemic effects of HMO or their
degradation products.
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