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ABSTRACT. Milk gangliosides inhibit Vibrio cholerae
enterotoxin and Escherichia coli heat-labile enterotoxin.
Human milk gangliosides showed considerably higher en-
terotoxin-inhibitory activity compared to bovine and for-
mula milk gangliosides as measured ir vifro by enzyme-
linked immunosorbent assay and in vivo in rabbit small
bowel loops. While gangliosides from less than 1 ml human
milk inhibited 0.1 ug choleratoxin in vitro and in vivo, five
to 10 times higher amounts of bovine milk gangliosides
were necessary to achieve similar results. Analysis of the
ganglioside composition in human, bovine, and bovine milk-
based formula milk showed that the ganglioside patterns
in human and bovine milk differed markedly. The ganglio-
side patterns of bovine milk and formula milk appeared
identical. In human or bovine milk, the total amount of
gangliosides was 11 mg/liter compared to 6 mg/liter in
formula milk. The predominating ganglioside in human
milk, monosialoganglioside 3 (74% of total gangliosides),
was only a minor component (3%) of bovine milk ganglio-
sides. Disialoganglioside 3 represented 80% of bovine milk
gangliosides compared to 25% of the human milk ganglio-
sides. Trace amounts of monosialoganglioside 1 were de-
tected in human, as well as in bovine, milk by a sensitive
high performance thin-layer chromatography immunoas-
say. The monosialoganglioside 1 content in human milk
was 10 times higher than in bovine milk. We conclude that
the higher nonimmunoglobulin enterotoxin-inhibitory ac-
tivity in human milk compared to bovine milk is associated
with the differences in the ganglioside fraction. (Pediatr
Res 20: 416-421, 1986)

Abbreviations

bmG, bovine milk ganglioside

CT, cholera toxin

ELISA, enzyme-linked immunosorbent assay
GM1, monosialoganglioside 1

GM2, monosialoganglioside 2

GM3, monosialoganglioside 3

GD1a, disialoganglioside 1a

GD3, disialoganglioside 3

GT1b, trisialoganglioside 1b

hmG, human milk ganglioside

Received June 12, 1985; accepted January 2, 1986.

Address for correspondence Dr. Anne-Brit Kolstg Otnzss, Laboratory of Gene
Structure and Expression, National Institute for Medical Research, Ridgeway, Mill
Hill, London NW 7 1AA, England.

This research was supported by the Diarrhoeal Diseases Control Programme of
the World Health Organization, Nestlé Nutrition Research Foundation, The Nor-
wegian Women’s Public Health Association, and Norwegian Research Council for
Science and the Humanities.

HPTLC, high performance thin-layer chromatography
LT, Escherichia coli heat-labile enterotoxin

mG, milk ganglioside

PBS, phosphate-buffered saline

Breast-fed infants are less susceptible to gastrointestinal infec-
tions compared to infants fed on cow’s milk or formula milk (1-
3). The protective potential of human milk may have its greatest
impact in areas with poor hygiene and high exposure rates. In
such areas, it has been shown that breast-feeding significantly
reduces infant morbidity and mortality associated with diarrheal
diseases (4). However, it is also well documented that breast-fed
infants in populations with higher living standards experience a
lower rate of gastrointestinal iliness than infants fed on cow’s or
formula milk (5). Several of the factors in human milk which
are considered to be of importance in the protection of the infant
against bacterial disease (6) are found in markedly lower quan-
tities in bovine milk. This applies especially to secretory IgA,
lactoferrin, lysozyme, and Lactobacillus bifidus growth factors
n.

In previous reports byOtnass and coworkers (8-10) it has been
reported that nonimmunoglobulin fractions from human milk
inhibit LT and CT. We have previously demonstrated that this
enterotoxin-inhibitory activity resides in the milk ganglioside
fraction (11).

Gangliosides are glycosphingolipids which contain sialic acid
and are mainly found in cell membranes. The ganglioside GM 1
is the cell membrane receptor for CT (12-14), as well as for LT
(15, 16). An additional receptor, a glycoprotein, may exist for
LT (17).

In milk, gangliosides are found mainly in the fat globule
membranes (18, 19) which are derived from mammary gland
cell membranes. In a study of bovine milk, six gangliosides were
detected (19) of which three have been identified as GD3, GM2,
and GM3 (19, 20).

Preliminary studies indicated that bovine milk contained less
enterotoxin-inhibitory activity than human milk (21, 22). One
likely explanation is that this is caused by a difference in the
ganglioside composition. The purpose of the present study was
to compare the ganglioside fractions from human and bovine
milk with respect to ganglioside composition and enterotoxin-
inhibitory activity.

MATERIALS AND METHODS

Materials. Chloroform and methanol were of analytical grade
(Merck, Darmstadt, W. Germany). Purified CT was obtained
from List Biological Laboratories, Inc. (Campbell, CA). Purified
GM1, GDl1a, GT1b from bovine brain (Supelco Inc., Bellefonte,
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PA) and bovine brain gangliosides (type III, Sigma Chemical
Company, St. Louis, MO) were used as commercial ganglioside
standards.

Antisera. Rabbit anti-CT was prepared as described (9). Sheep
anti-rabbit IgG was kindly provided by Dr. Terje Michaelsen,
and ('*I)monoclonal anti-rabbit IgG by Dr. Otto Closs, both
from the National Institute of Public Health, Oslo, Norway.

Milk samples. Human milk was obtained from the Milk Bank
at Ulleval Hospital, Oslo. Equal amounts of milk from each of
10 healthy women 2-10 months postpartum were pooled. Un-
processed bovine milk was obtained from lactating cows. Bovine
milk-based formula milk (NAN, Société des Produits Nestlé S.
A. Vevey, Switzerland) was prepared according to the instruc-
tions of the producer. The human and bovine milk samples were
stored at —20° C.

Milk fat was obtained by centrifugation (human milk: 35,000
X g, 20 min; bovine milk: 15,000 X g, 1 h; formula milk: 9,400
X g, 2 h; 4° C). The fat yield from human milk was 62 g/liter
wet weight. From bovine and formula milk 60 and 50 g milk
fat/liter, respectively, were obtained.

Ganglioside isolation and analysis. The milk fat was extracted
with 19 vol chloroform/methanol/water (4:8:3) (23) as described
(11) and a crude ganglioside preparation was obtained by solvent
partition, protein precipitation and dialysis according to Sven-
nerholm and Fredman (23). Milk gangliosides were dissolved by
mild sonication in chloroform/methanol/water (65:25:1) for
HPTLC analysis, or in PBS for ELISA and rabbit small bowel
loop assay.

HPTLC was performed using silica gel 60 HPTLC precoated
plates (glassplates 10 X 10 cm, or aluminum sheets; Merck). The
plates were activated at 100° C and developed in chloroform/
methanol/0.25% CaCl, in water (60:35:8). For visualization of
components, the plates were sprayed with resorcinol (24) or a-
naphtol/sulfuric acid (25) and incubated at 100° C for color
development. Plates sprayed with resorcinol were covered with a
clean glassplate during heating. Densitometry of HPTLC-plates
was performed with a Shimadzu Dual-Wavelength TLC-Scanner
CS-930. The chromatograms were obtained by single wavelength
zig-zag scanning of each HPTLC-lane at 580 nm (beam dimen-
sion: 0.4 X 0.4 mm) in the reflection mode.

Small amounts of GM1 were detected by use of an HPTLC-
immunoassay (Kolst¢ Otnzss AB, Lzgreid A, manuscript in
preparation). GM1 was visualized by the successive incubation
of the aluminum sheet HPTLC-plate in aqueous solutions con-
taining 1) native, freshly diluted CT, ii) rabbit anti-CT, and iii)
(**I)monoclonal anti-rabbit IgG followed by autoradiography.
Amounts of less than 0.01 ng (0.0065 pmol) GM1 could be
detected by this method.

Measurement of enterotoxin-inhibitory activity. The entero-
toxin-inhibitory activity of milk ganglioside preparations was
assayed in vitro by an ELISA test measuring the reduction of
binding of CT to polyvinyl microtiterplates (Dynatec Laborato-
ries Ltd., Sussex, England) coated with GM1 (26). The ELISA
was performed essentially as described previously (11), employ-
ing purified CT instead of LT. Briefly, the milk gangliosides,
dissolved in PBS, were incubated with equal volumes of a CT-
solution (0.1 pg/ml) before application to the microtiterplate.
The microtiterplate was incubated 1 h at 37° C, followed by the
successive incubation with rabbit anti-CT and sheep anti-rabbit
IgG conjugated to alkaline phosphatase (27). The amount of
bound CT in each well was measured spectrophotometrically as
color development of enzyme substrate. A standard curve for
CT (0.001-0.1 pg/ml) mixed with equal volumes of PBS was
included on each microtiterplate.

The in vivo enterotoxin-inhibitory activity was assayed in a
rabbit small bowel loop assay (28) as described (11). CT with or
without milk gangliosides in a total volume of 1 ml was injected
into each of 20-25 small bowel loops in New Zealand White
male rabbits (1.8-2.4 kg) anaesthetized with pentobarbituratum
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(25-40 mg/kg). The animals were sacrificed after 19-20 h and
the volume and length of each loop were measured. In each
animal, two dose-response curves were obtained for CT mixed
with buffer. Milk ganglioside preparations were tested with three
different CT concentrations each.

RESULTS

Composition of the milk fat ganglioside preparations. The main
human milk gangliosides, hmGI, hmGIl, and hmGIII (11),
showed similar migration on HPTLC-plates as three of the
bovine milk gangliosides (Fig. 14). These bovine milk ganglio-
sides were designated bmGI-III. Two additional gangliosides,
designated bmGIV and bmGV, were detected in the preparations
from bovine and formula milk fat (Fig. 14).

The amounts of the individual milk gangliosides (Table 1)
were calculated from densitometric measurements of two parallel
HPTLC-experiments with reference to standard curves for GM1.
The standard curves were obtained by the inclusion of purified
GM1 (0.05-3.0 ug) on each HPTLC-plate. Variation between
the two HPTLC-plates was 10-20%. The recovery of gangliosides
in the crude ganglioside preparation after protein precipitation
and dialysis was 50% (28a) and the data in Table 1 were corrected
accordingly, i.e. the measured values have been multiplied by a
factor of 2 in order to obtain values representative for whole
milk.

While the ganglioside pattern in bovine and formula milk was
very similar, the relative amounts of the milk gangliosides I, II,
and III were entirely different in human and bovine milk (Fig.
1B and Table 1). The total ganglioside content in human and
bovine milk fat seemed to be equal, while considerably less
quantities of gangliosides were found in formula milk (Table 1).

Although GM1 was not detectable by staining with resorcinol
or « naphtol (Fig. 14 and Fig. 2B), this ganglioside was dem-
onstrated in the human, as well as in the bovine and formula,
milk ganglioside preparations by an immunoassay of HPTLC-
plates (Fig. 24). The amount of GM1 derived from | g of human
milk fat was 0.1 ug (mean value; range 0.07-1.5 ug) while the
corresponding values for bovine and formula milk fat were 0.01
ug (mean value; range 0.005-0.015 pg) and less than 0.01 pg,
respectively. These results were based on seven independent
experiments.

Enterotoxin-inhibitory activity of the milk fat ganglioside prep-
arations. In vitro, measured by ELISA, the human milk ganglio-
side preparations showed significantly higher inhibitory activity
against CT than the ganglioside preparations from bovine and
formula milk (Fig. 3). Human milk gangliosides from 0.5 g fat
per ml resulted in 100% inhibition, and the enterotoxin-inhibi-
tory activity was still close to 50% on 10-fold dilution (Fig. 3).
However, in the case of bovine or formula milk, gangliosides
from 1 g milk fat per ml were necessary for 100% enterotoxin-
inhibition (data not shown) and inhibitory activity was more
quickly lost on dilution (Fig. 3).

Higher enterotoxin-inhibitory activity of human, as compared
to bovine, milk gangliosides was also found in the in vivo assay.
Whereas human milk gangliosides from 0.5 g fat prevented fluid
accumulation in rabbit small bowel loops at all CT-concentra-
tions tested, bovine and formula milk gangliosides from 0.5 g
milk fat showed practically no enterotoxin-inhibitory activity
(Fig. 4). Human milk gangliosides still showed high in vivo
inhibitory activity when the amount was reduced to 0.1 g milk
fat (Fig. 54). Bovine milk gangliosides from 1.0 g milk fat had
to be applied to achieve enterotoxin-inhibitory activity similar
to human milk gangliosides from 0.1 g fat (Fig. 5B). Although
each of the graphs in Figures 4, 54, and 5B was based on data
obtained from a single animal, simiilar differences between hu-
man and bovine milk gangliosides were found in the four animals
tested.
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Fig. 1. A, resorcinol stained human, bovine and formula milk gangliosides after HPTLC. Lane a, 1 pg GMI; lane b, gangliosides from 0.1 g
human milk fat; lane ¢, gangliosides from 0.1 g bovine milk fat; /ane d, gangliosides from 0.14 g formula milk fat; /ane e, 3 ug GM1. The sialic acid-
containing components yielding blue/purple spots were designated: human milk gangliosides, mGI-III; bovine and formula milk gangliosides, mGI-
V. Component X in human milk stained yellow with resorcinol and thus did not contain sialic acid. The migration of bovine brain gangliosides
(type Il Sigma) and GM3 is indicated on the /eff side. Bands corresponding to bovine milk gangliosides 11, III, and V are faint but were always
clearly visible on the original plate and an identical pattern was reproduced in several experiments. B, densitometric tracing of lanes b, ¢, and d
shown in A. Abcissa: distance in mm from the lower edge of the HPTLC-plate. Ordinate: relative detector response.
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DISCUSSION

In the present study, it was shown that the relative amount of
individual gangliosides in human milk fat differed markedly
from that in bovine milk fat. Still, the total content of gangliosides
was similar in human and bovine milk fat, and milk from the
two species seemed to have several gangliosides in common. A
comparison of the ganglioside pattern of human and bovine milk
has not been previously published.

Ganglioside I from human and bovine milk (hmGI and bmGI)
showed identical HPTLC-mobility with bovine brain GD3 (Fig.
14 and Fig. 2B). GD3 has previously been identified as the most
abundant ganglioside in bovine milk (19, 20), and our findings
are in agreement with these data. Although preliminary gas
chromatographic analysis of hmGI indicated that the sugar com-
position of hmGI was different from that of GD3 (29), further
studies, using highly purified hmGl-preparations, showed that
hmGI was identical with GD3 (Legreid A, Kolstg Otnzss A-B,
Bryn X, manuscript submitted). The human milk ganglioside
hmGIII is identical with GM3 (29; Legreid A, Kolstg Otnass A-
B, Bryn X, manuscript submitted). Since the bovine milk gan-
glioside bmGII migrated similarly to hmGII (GM3) on
HPTLC, it is likely that bmGIII was GM3 which has also been
identified in bovine milk (19, 20). The milk gangliosides hmGII
and bmGII migrated in the area of GM2 and may both be
identical with GM2 known to be present in bovine milk (19, 20).

Table 1. Gangliosides in fat from human, bovine, and formula
milk
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Trace amounts of GM1 were demonstrated in human, as well
as in bovine, milk. The presence of GM1 in human milk has not
previously been reported, and due to its low abundancy GM1
was not detected in an earlier study of bovine milk gangliosides
(19). GM1 was identified by i) the binding of CT, a ligand which
is highly specific for GM1 (30) and by ii) the identical HPTLC-
mobility of the CT-binding milk ganglioside with that of purified
bovine brain GM1 (Fig. 2). Since the relative amounts of GM 1
were 0.1% of the total human milk gangliosides and 0.01% of
the bovine milk gangliosides, the detection of GM1 on thin-layer
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GM1 0.012 (0.1) 0.0012 (0.01) <0.001 (<0.01)
Total 11 11 6

*mGI-mGV were calculated from densitometric measurements of
HPTLC-plates stained with resorcinol. GM1 was calculated from im-
munoassay of HPTLC-plates.
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Fig. 3. Enterotoxin-inhibitory activity of human, bovine, and for-
mula milk gangliosides measured in ELISA as the reduction of binding
of CT to GM I-coated microtiter-plates. Values are means of four inde-
pendent experiments, and each sample was tested in duplicate. SE was
within 5-10%; for human milk gangliosides at 0.5 g milk fat per ml SE
was less than 1%. Differences between human milk and bovine and
formula milk gangliosides are statistically significant by the 7 test (p <
0.001).
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Fig. 2. HPTLC-analysis of human, bovine, and formula milk gangliosides. After chromatography, the HPTLC-plate (alu-sheet) was cut into two
parts and gangliosides were visualized by: A, immunoassay and autoradiography (see “Methods and materials”); or B, a-naphtol staining. Lane a,
0.1 ng GM1; lane b, 0.5 ng GM1; lane ¢, 1.0 ng GM1; lane d, 10.0 ng GM1; lane e, formula milk gangliosides; /ane f, bovine milk gangliosides; lane
g, human milk gangliosides (e, f, and g: gangliosides from 0.01 g milk fat); lane h, human milk gangliosides (from 0.1 g milk fat); /ane i, bovine

brain gangliosides (10 ug); lane j, GM1 (2 ug).
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chromatograms was only possible by radioimmunological vis-
ualization of GM1-bound CT. By this method, the sensitivity
was increased more than 1000-fold compared to resorcinol stain-
ing, with the concurrent advantage of high specificity for GM1.
Thus, the gangliosides found in both human and bovine milk
were GD3, GM1, GM3, and possibly GM2. The gangliosides
bmGIV and bmGV were detected in bovine milk only. While
the most abundant ganglioside in human milk was GM3, repre-
senting 74% of total gangliosides, this ganglioside was only a
minor component (3%) of the bovine milk gangliosides (Table
1). GD3 amounted to 80% of total bovine milk gangliosides
compared to 25% of human milk gangliosides (Table 1). After
completion of this work, Hauttecoeur et al. (31) published an
analysis of GD3 from bovine buttermilk. GD3 represented 85%
of total lipid-bound sialic acid in buttermilk which is in agree-
ment with our data. The milk ganglioside, designated mGII
(which may be GM2), was a minor ganglioside component in
both human and bovine milk, representing 2 and 6%, respec-
tively, of total milk gangliosides (Table 1). The composition of
formula milk gangliosides, on which no analysis has been re-
ported earlier, appeared identical with the unprocessed bovine
milk gangliosides except for the lower quantities of bmGIII in
formula milk (Fig. 1B and Table 1). The fact that such high
correlation was found between the ganglioside patterns of two
different preparations of bovine milk, i.e. fresh bovine milk and
bovine milk-based formula milk, emphasizes the significance of

Fluid accumulation, mt/cm
T

L.

003 0l 03 1.0
HgCT

Fig. 4. Effect of human, bovine, and formula milk gangliosides on
CT-induced fluid accumulation in rabbit small bowel loop assay. A CT
+ PBS, control; B CT + gangliosides from 0.5 g human milk fat; ® CT
+ gangliosides from 0.5 g bovine milk fat; + CT + gangliosides from 0.5
g formula milk fat.
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the differences between human and bovine milk ganglioside
patterns observed in this study.

The present study extends our preliminary data on the differ-
ence between nonimmunoglobulin enterotoxin-inhibitory activ-
ity of human, compared to bovine and formula, milk (22).
Human milk gangliosides from 0.1 g fat, corresponding to 0.8
ml whole milk, inhibited 70% of the binding of 0.1 ug CT in
vitro, while the same amount of gangliosides completely inhibited
fluid accumulation in rabbit ileal loops induced by 0.1 ug CT.
These results are in agreement with data obtained by measure-
ments of the enterotoxin-inhibitory activity of gangliosides from
a different pool of human milk in a previous study (11). In
comparison, five to 10 times higher amounts of bovine or
formula milk gangliosides were necessary to achieve similar
enterotoxin inhibition. The inhibitory activity in human milk
gangliosides might be physiologically relevant since Vibrio chol-
erae in culture produces much less than 1 ug CT per mi (32),
and the concentration of CT in stools from cholera patients has
been reported to be in the range of from less than 0.001 to 0.15
ug/ml (33).

Similar to a previous study (11), there was good agreement
between enterotoxin-inhibitory activities measured in vivo in
rabbit intestines and in vitro by the ELISA method as similar
differences between the human and bovine milk gangliosides
preparations were found by both methods.

In a previous study, the enterotoxin-inhibitory activity of the
human milk ganglioside preparation was eluted from TLC in an
area where GM1 and hmGI migrated (11). Since by HPTLC no
GM1 was detected in a preparation of hmGlI, although consid-
erable toxin-inhibitory activity was measured (29), we concluded
that the toxin-inhibitory was most likely due to hmGlI rather
than GM1. However, when the 1000-fold more sensitive
HPTLC-immunoassay for GM1 was employed, GM1 was de-
tected in the hmGl-preparation (Lagreid A, Kolstg Otnass A-B,
manuscript in preparation). Upon separation of human milk
gangliosides, the inhibitory activity was found only in fractions
which contained GM1 while highly purified preparations of
hmGI and hmGIII which were devoid of GMI showed no
enterotoxin-inhibitory activity (Lazgreid A, Kolstg Otnzss A-B,
manuscript in preparation).

Thus the trace amounts of GM1 present in human, as well as
in bovine, milk were most likely responsible for the enterotoxin-
inhibitory activity in the ganglioside fractions. Compared to
human milk gangliosides, five to 10 times more of the bovine
milk gangliosides had to be applied to achieve a similar inhibition
of CT. This correlated well with the finding of one-tenth the
amount of GM1 in bovine milk fat compared to human milk
fat.

The inhibitory activity against LT was not measured in this
study. However, earlier studies have shown that LT and CT are
inhibited to a similar extent by nonimmunoglobulin human
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Fig. 5. Effect of human and bovine milk gangliosides on CT-induced fluid accumulation in rabbit small bowel loop assay. 4, gangliosides from
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milk fractions (10, 11). In addition to GMI, which probably
prevents binding of enterotoxins to intestinal cells, human milk
may contain receptor-like glycocompounds which can prevent
adherence of V. cholerae and Escherichia coli (34, 35).

The presence in human milk of sécretory IgA against V.
cholerae and E. coli enterotoxins (36) and against bacterial
membrane antigens (37, 38) most likely plays the most important
role in the protection of infants against diarrhea following bac-
terial infection, as suggested by a field study in a cholera endemic
area (38). The antidiarrheal potential of human milk has also
been demonstrated by the interruption of E. coli diarrhea with
small quantities of human colostrum (5 ml/kg/day) (39), as well
as by the successful treatment of protracted diarrhea by feeding
affected infants with mature milk (40).

The demonstration that GM1 is a nonimmunoglobulin com-
ponent contributing to the enterotoxin-inhibitory activity of
human milk (Lzgreid A, Kolstg Otnzss A-B, manuscript in
preparation) indicates that compounds present in trace amounts
only may play a significant role in the “second line of defense”
against infection when a high level of specific antibodies is
lacking. The present study shows that bovine and formula milk
contain significantly lower levels of GM1 compared to human
milk and that the lower levels of GMI1 are associated with
markedly lower enterotoxin-inhibitory activity in bovine and
formula milk.
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APPENDIX

The ganglioside nomenclature was according to Svennerholm
(41).

GM 1, galactosyl (81-3)N-acetylgalactosaminyl (81-4) (neura-
minyla 2-3) galactosyl (81-4) glycosyl (81-1) ceramide.

GM?2, N-acetylgalactosaminyl (81-4) (neuraminyle 2-3) gal-
actosyl (81-4) glycosyl (81-1) ceramide.

GM3, neuraminyl («2-3) galactosyl (81-4) glycosyl (81-1)
ceramide.

GD3, neuraminyl («2-8) neuraminyl («2-3) galactosyl (8 1-4)
glycosyl (81-1) ceramide.
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