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Oligosaccharides are present in human mik (HMO) in large amounts and in a high
variety: Among other functions they are considered to influence the gut microbiota
and gut maturation in infants. Due to the large volume of milk available bovine milk
oligosaccharides (BMO) may be an alternative source of functional ingredients to
potentially mimic HMO functions. Thus, we investigated direct effects of bovine milk
oligosaccharides (BMO) from different cattle breeds on proliferation, differentiation and
apoptosis in transformed (HT-29 and Caco-2) and non-transformed human intestinal
cells (HIE cells). We observed a profound growth-inhibition effect induced by all BMO
isolates in HT-29, Caco-2, and HIE cells in a dose-dependent manner. The effects varied
not only between cell lines, i.e., HT-29 and Caco-2 cells were more sensitive than HIE
cells, but also between the cattle breeds. Regarding the induction of differentiation, BMO
induced differentiation only in HIE cells without affecting apoptosis. Cell cycle analysis via
flow cytometry showed that growth inhibition was associated with a G2/M arrest in all
cell lines. Expression levels detected by quantitative real-time RT-PCR revealed that this
G2/M arrest was associated with changes in mRNA expression levels of cyclin A and
B. Cyclin-dependent kinase inhibitors p21¢P! and p27XP! and the tumor suppressor
p53 were only enhanced in HIE cells necessary for arresting cells in the G2/M phase
and induction of differentiation. In HT-29 and Caco-2 cells, a loss of p53 expression
failed to induce G2/M associated induction of differentiation. The HIE cell specific
differentiation induced by BMO was a result of influencing the phosphorylation states
of EGFR (epidermal growth factor receptor) and MAP kinase, i.e., ERK1/2 (extracellular
signal-regulated kinase 1/2), p38-a, and Akt2 phosphorylation. These results suggest
that BMO inhibited intestinal cell proliferation and altered cell cycle dynamics by affecting
corresponding regulator genes and mitogen-activated protein kinase signaling. As the
development and maturation of digestive and absorptive processes depends on gut
differentiation processes, our in vitro experiments show that breed-specific BMO are
natural substances influencing various parameter which may be important in vivo in
gastrointestinal development. This, however, needs to be proven in future studies.

Keywords: bovine milk oligosaccharides, BMO, interbreed variation, cell cycle dynamics, differentiation,
EGFR-ERK signaling

Frontiers in Nutrition | www.frontiersin.org

1 March 2019 | Volume 6 | Article 31


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://www.frontiersin.org/journals/nutrition#editorial-board
https://doi.org/10.3389/fnut.2019.00031
http://crossmark.crossref.org/dialog/?doi=10.3389/fnut.2019.00031&domain=pdf&date_stamp=2019-03-28
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles
https://creativecommons.org/licenses/by/4.0/
mailto:clemens.kunz@ernaehrung.uni-giessen.de
mailto:clemens.kunz@ernaehrung.uni-giessen.de
https://doi.org/10.3389/fnut.2019.00031
https://www.frontiersin.org/articles/10.3389/fnut.2019.00031/full
http://loop.frontiersin.org/people/647302/overview

Kuntz et al.

BMO and Intestinal Cell Growth

INTRODUCTION

In the last decade, there has been a tremendous research interest
in milk oligosaccharides, driven by the advances in chemical
sciences, food technology as well as in chemical-enzymatic
synthesis to produce single human milk oligosaccharides (HMO)
(1, 2). This interest is primarily based upon the progress in
HMO and the increasing number of studies investigating their
biological functions (3-7). Currently, two HMO, e.g., 2'FL
(Fucosyllactose) alone or in combination with LNnT (Lacto-N-
neo-tetraose), which have been industrially produced and which
are identical to their human milk counterparts, are already
added to infant formula (8, 9). Oligosaccharides in general,
whether derived from animals, plants or of synthetic origin, are
considered to have an impact on human health, mainly through
their prebiotic effects in the gastrointestinal tract. Meanwhile a
whole variety of various prebiotics are added to infant formula to
imitate their functions (e.g., galacto- and fructooligosaccharides
(GOS and FOS), acidic plant derived carbohydrates) (10). It is
often concluded that the addition of, for example, GOS and
FOS to infant formula would bring them closer to human milk
(10, 11). However, these components are not present in human
milk (12, 13). There is no structural similarity between such
prebiotic GOS/FOS and HMO. So far, no study has been carried
out proving that the effects of GOS/FOS on, for example, the
immune system are comparable to those of HMO. Due to this
discrepancy in structure between both classes of carbohydrates,
prebiotic oligosaccharides and HMO, there is currently a great
interest in finding alternatives for HMO.

To receive milk oligosaccharides on a large scale which are
identical to those in human milk, several strategies are currently
applied. Besides chemical-enzymatic synthesis or fermentation
strategies, membrane filtration is also used to separate milk
oligosaccharide fractions or even individual components to
investigate their potential functions in applied science (1,
2, 14, 15). Although the number and the total amount of
oligosaccharides in animal milk compared to human milk is
rather very low (16) it might be an interesting source to
separate a few components due to the huge amount of milk
available from cows, goats, or other species. In this context, an
interesting aspect to investigate is whether reported differences in
milk oligosaccharide compositions between various breeds (17—
19) have an influence on functional processes. Hence, various
questions, which currently are of great interest from a scientific
and a commercial point of view, have to be addressed: Are milk

Abbreviations: BMO, bovine milk oligosaccharides; HMO, human milk
oligosaccharides; 2’FL, 2’Fucosyllactose; GAPDH, Glycerinaldehyd-3-phosphat-
Dehydrogenase; GlcNAc, N-acetylglucosamine; LNT, Lacto-N-tetraose; LNnT,
Lacto-N-neo-tetraose; GOS, galactooligosaccharides; FOS, fructooligosaccharides;
HPAEC-PAD, High Performance Anion Exchange Chromatography with
Pulsed Amperometric Detection; NeuAc, N-acetylneuraminic acid; HexNAc,
N-acetylhexosamine; bHE, German Holstein cattle (Black Pied); rHE, German
Holstein cattle (Red Pied); SIM, German Simmental; JER, Jersey; CaCo-2 cells,
human colonic carcinoma cells, HIEC, human intestinal epithelial cells; HT-
29 cells, human intestinal tumor cells; AP alkaline phosphatase; CDKI, cyclin-
dependent kinase inhibitors; EGFR, epidermal growth factor receptor; MTT, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide; AUC, area under the
curve; pMAP, phosphorylated Mitogen Activated Protein Kinases.

oligosaccharides from various animals promising components
to improve the overall health of the recipients? Do single milk
oligosaccharides from animals affect the microbial composition
and/or activities more efficiently than a mixture of various
components and how can health effects be investigated in
humans? Which specific oligosaccharides have a direct impact on
intestinal or tissue target cells, i.e., on cell maturation, cell surface
glycosylation or brain functions?

As we have previously reported on the effects of HMO on
proliferation, differentiation and cell signal events (20, 21), the
major aim of our current study was to investigate the functional
effects of the milk carbohydrate fractions from various cattle
breeds using different intestinal cell lines.

RESULTS AND DISCUSSION

Effects of Bovine Oligosaccharides on
Proliferation and Differentiation of

Intestinal Cells

To address questions related to gut maturation events associated
with tissue morphogenetic and cell dynamic changes, we
used HT-29 and HIE cells which are intestinal cells with a
lower differentiation phenotype, and Caco-2 cells which display
characteristics of differentiated epithelial cells (22-25). Regarding
proliferation, oligosaccharides from the breeds rHF, bHE, SIM,
and JER exerted a pronounced effect in all three cell lines with
highly significant interactions (P < 0.001) in HT-29, Caco-2, and
HIE cells, respectively (Figure 1).

The growth inhibition was dose-dependent, albeit with a
different magnitude in the three cell lines. Oligosaccharides
from JER induced the lowest cell response in all three cell lines
which was 17.6 & 8.14% in HT-29, 16.3 £ 5.78% at the highest
concentration (10 mg/mL) in Caco-2 and 17.1 & 4.77% in HIEC.
SIM-derived-oligosaccharides inhibited cell proliferation by 43.2
+4.9% (HT-29), 40.9 & 5.3% (Caco-2), and 25.8 & 5.6% (HIEC),
respectively. Comparing the growth inhibition effect of BMO for
the different cell types, HT-29 and Caco-2 cells appeared more
sensitive to BMO than HIE cells (Figure 1).

Growth inhibition was associated with arresting cells in
different cell cycle stages. Flow cytometry analysis showed that,
independently of the breed, BMO were able to arrest all intestinal
cell lines in the G2/M phase (Table 1).

Cell cycle analysis of controls without exposure to BMO
revealed that 71.3, 74.9, and 69.3% of HT-29, Caco-2 and HIE
cell population was in the G0/G1 phase and 14.5, 12.2, and 20.2%
in the G2/M phase. Incubation with BMO led to a reduced cell
population in the GO/GI-phase and a higher cell population
in G2M-phase compared to controls. However, in all cases the
diminished GO/G1- and enhanced G2/M-phase were associated
without significant interbreed variations.

As there were no detectable sub-G1 population or caspase-
3-activation as markers of apoptosis (data not shown) we
investigated the effect of BMO on differentiation (Figure 2).
We found that treatment with 10 mg/mL BMO derived from
rHE, bHE SIM, and JER enhanced cell differentiation only in
HIE cells, but not in HT-29 and Caco-2 cells. Although rHEF,
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FIGURE 1 | Effect of BMO on the proliferation of intestinal epithelial cells. Dose dependent inhibition effects of BMO from SIM (e), JER (4), bHF (H), and rHF (A) on the
proliferation of HT-29, Caco-2, and HIE cells. HT-29, Caco-2 (1,500 per well) and HIE (2,500 per well) cells were incubated for 24 h. The cells were then left untreated
or treated with BMO at concentrations of 0-10 mg/mL for 72 h. Results were expressed as % of controls (untreated); each value represents the mean with standard
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TABLE 1 | Distribution of cell cycle phases after BMO incubation.

HT-29
Control rHF bHF SIM JER
sub GO/G1 0.4% 0.5% 0.3% 0.5% 0.4%
GO/G1 71.3% 49.3%* 53.2%* 56.2%* 48.3%*
S 10.9% 10.3% 10.6% 11.3% 10.4%
G2/M 14.5% 35.5%** 32.4%* 30.3%* 34.3%*
Caco-2
sub GO/G1 0.7% 0.5% 0.6% 0.6% 0.4%
GO/G1 74.9% 49.5%* 66.4%* 65.5%* 54.4%*
S 5.4% 9.2% 11.5% 12.2% 10.6%
G2/M 12.2% 39.3%* 34.4%* 31.1%* 37.5%*
HIEC
sub GO/G1 1.5% 0.8% 1.6% 1.8% 0.7%
GO/G1 69.3% 48.8%* 50.9%* 52.2%* 47 1%*
S 5.8% 9.8% 6.7% 10.2% 5.4%
G2/M 20.2% 33.8%* 35.4%* 31.1%* 39.3%*

Data are given as % of gated cells in GO/G1-, S-, and G2/M-phases. Cells were left
untreated (control) or treated with 10 mg/mL of BMO for 72h. Growth arrest was
determined by flow cytometry with the DNA-staining 7-AAD. Results were expressed as
means of % gated cells (n = 3). Significant differences to control cells were accepted at
‘P <0.05and P < 0.01.

bHE and SIM-derived BMO were able to increase AP activity
to 129.3 £ 6.2, 132.6 £ 8.1, and 173.6 £ 5.9%, respectively,
the strongest effect was found using BMO from JER with
an induction of differentiation up to 217.9 £ 3.4% compared
to control cells. Interestingly, the interbreed variations which
were observed at inhibiting HIE cell proliferation was also
found at the induction of HIE differentiation for JER- and
SIM-derived oligosaccharides.

Taken together, we demonstrated that BMO induced a
concentration-dependent growth inhibition in HT-29, Caco-2,
and HIE cells by leading to cell arrest in the G2/M phase.
However, the effects varied not only between the cell lines but also
between oligosaccharides from the four different cattle breeds.

HT-29 and Caco-2 cells seemed to be more sensitive to growth
inhibition than HIE cells.

Previously, we obtained similar results for growth inhibition
and G2/M arrest with HMO as well as with some single
oligosaccharides present in both, human and bovine milk (21).
Regarding the different effects on the three cell lines, one can
speculate that HIE cells are more susceptible to an induction of
differentiation than Caco-2 and HT29 cells. In the case of Caco-2
cells, the failure to enhance differentiation can be expected since
these cells already represent a more differentiated phenotype
reflected by higher basal AP activity (0.609 + 0.013 AE /h/10°
cell) compared to HT-29 or HIE cells (0.193 =+ 0.023 and 0.185
+ 0.005 AE /h/10° cell, respectively). A phenotype-associated
difference in basal AP activity is well-known (26) and supports
our hypothesis.

Recently, Holscher et al. (27) confirmed our previous results
(20, 22) using slightly different single oligosaccharides at the same
concentrations for single HMO (1 mg/mL). Both studies show,
for example, that single HMO induce differentiation even in less-
differentiated cells. Only in the case of 2'FL there is a difference;
here, a reason might be that Holscher et al. investigated the effects
of 0.2 and 2 mg/L. In addition, in our studies we used neutral and
acidic milk fractions from individual donors whereas Holscher
et al. applied pooled human milk obtained from previous studies.
Hence, an effect, due to Lewis blood group and secretor specific
milk samples on proliferation, differentiation or apoptosis might
get lost.

In contrast to our previous results using HMO (20), which
induced differentiation in HT-29 and HIE cell, BMO induced
differentiation only in HIE cells. The reason for this difference
is not yet known, but may be due to the differences in quantity
and quality of oligosaccharides present. There is a much higher
number of oligosaccharides in human than in bovine milk.
HMO contain primarily type 1 components (galactose linked
31-3 to the subterminal GIcNAc, e.g., in LNT) whereas in
BMO primarily type 2 structures (galactose linked £31-4 to the
subterminal GlcNAg, e.g., in LNnT) are present (28). The few
oligosaccharides in bovine milk are mostly sialylated (>70%)
whereas in human milk acidic components reveal only about
30 % of total oligosaccharides. Another factor responsible for
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FIGURE 2 | Effect of BMO on the differentiation of intestinal epithelial cells. After incubation with 10 mg/mL BMO, differentiation was determined by measuring alkaline
phosphatase (AP) activity after 72 h. Results were expressed as % of control (untreated, solid line); each value represents the mean with their standard error (n = 3).
Significant differences compared to the untreated control are indicated with *P < 0.05 and **P < 0.01; # indicates significant interbreed variation at 10 mg/mL.
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the different effects of HMO and BMO could be that in human
milk only N-acetylneuraminic acid-containing oligosaccharides
are present whereas bovine milk contains N-acetylneuraminic
acid- as well as N-glycolylneuraminic acid-bearing structures
(3, 14, 17, 29).

Effects of Bovine Oligosaccharides on

Expression of Cell Cycle Regulator Genes
As shown in Figure 3 the expression level of cyclin A, a regulator
for S/G2-transition, remained unchanged in HT-29 and Caco-
2 cells after treatment with BMO, whereas in HIE cells cyclin
A expression was stimulated significantly by all BMO. Cyclin
B which is responsible for the regulation of the G2/M cell
cycle transition, was markedly upregulated in all cell lines after
incubation with BMO compared to controls (set to 100%). Cyclin
D and E which regulate the entry of cells into and the progression
through the G1 phase of the cell cycle remained unchanged in all
cell lines after BMO treatment.

In addition, we investigated whether the inhibition of cell
cycle progression was accompanied by increased levels of CDKI
such as p21°P! and p275*! and the tumor suppressor gene p53.
Both, CDKI and tumor suppressor genes, are able to induce cell
cycle arrest in the G1 or G2 phase and/or induce differentiation.
Treatment of the undifferentiated cell lines HT-29 and HIE with
BMO resulted in an enhanced expression of p21<P! and p27~i!
(Figure 4). In HT-29 cells, 10 mg/mL of rHF, bHF, SIM and JER-
derived oligosaccharides enhanced expression of p21! 5.3-, 4.3-
, 3.2-, and 5.6-fold, respectively, and that of p27%*! 3.0-, 3.1-,
2.8-, and 4.1-fold, respectively. In HIE cells, rHF-, bHF-, SIM-,
and JER-derived oligosaccharides enhanced expression of p21¢/!
3.3-, 2.5-, 2.3-, and 4.5-fold, and of p27¥P! 2.4-, 2.5-, 2.3-, and
4.0-fold, respectively. In contrast to HT-29 and HIE cells, Caco-2
cells responded only with an increased p21?! mRNA level but
p27kP1 levels remained unchanged after BMO exposure.

The observed G2/M arrest in the cells was also based on an
increased expression of the CDK inhibitors and of p21“P! and
p275P! expression. Furthermore, p53, a transcriptional regulator

of several cell cycle regulating genes, is able to regulate G1 or G2
transition (30). Interestingly, enhanced p53 mRNA levels were
found only in HIE cells after incubation with 10 mg/mL of rHF-,
bHF-, SIM-, and JER-derived oligosaccharides.

The effects of BMO observed on proteins responsible for cell
cycle progression seemed to be regulated in a similar way as
observed with HMO for HT-29 and Caco-2 cells (21). Similar
to HMO, BMO from the different cattle breeds induced a
p53-independent p21¢P! expression with changes of cyclin B.
These changes in expression levels were associated with growth
inhibition and G2/M arrest. However, our data suggest that
BMO-mediated up-regulation of cyclins and CDKIs involves
a p53-independent pathway, as HT-29 cells lack functional
p53. However, in contrast to our previous observations using
HMO, these effects were not associated with an increase in AP
activity when HT-29 cells were exposed to BMO (21). Similar
to the results obtained by growth-inhibition curves (see above),
qualitative and quantitative differences in oligosaccharide pattern
between species and even between breeds might be the reason for
divergent cell response.

Influence of Signal Transduction Pathways
In order to analyze the effects of BMO on the activation of
signal transduction pathways in more detail, the phosphorylation
of different growth factor receptors and molecular targets
was investigated for HIE cells, representing phenotypical
undifferentiated cells, in which BMO were able to induce
differentiation, a key event in gut maturation (Figure5).
The observed effects on proliferation and differentiation with
associated changes in expression levels of cyclins, CDKI
and p53 are a consequence of activation or inactivation of
different signal cascades. Therefore, we further investigated the
influence of the most effective BMO in differentiation (JER-
derived oligosaccharides) on the phosphorylation state of several
receptors and MAP kinases in HIE cells using protein profiling
arrays to detect different phosphorylation events. JER-derived
oligosaccharides (10 mg/mL) induced a phosphorylation of the
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values were significantly different from those of the control group: *P < 0.05, **P < 0.01, ***P<0.001.
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controls with their standard errors (n = 3). Mean values were significantly different from those of the control group: *P < 0.05, **P < 0.01, and ***P < 0.001.

ERFR by up to 265 £ 7% compared to untreated control cells
(100%) indicating that BMO could interact with the growth
factor receptor. This effect was EGFR specific because no other
receptor phosphorylation was observed Figure 5).

As a consequence of receptor phosphorylation different signal
pathways could be induced. Hence, we used a MAPK array to
investigate how and to which extent JER-derived oligosaccharides
are able to induce downstream events from EGFR signaling.
As shown in Figure 6, the analysis of these signaling pathways
revealed that p38 MAPK, extracellular signal-regulated kinase
(ERK) 1 and 2 and protein kinase B (Akt) play a role.
Phosphorylation and activation of different p38 MAPK subtypes,
especially p38a and p388 in HIE cells, were induced by JER-
derived oligosaccharides (10 mg/mL). In addition, we showed
that both PKB and ERK were phosphorylated when cells were
treated with oligosaccharides from JER. PKB-B/Akt (Akt2) and
Akt pan, two growth factor-regulated protein kinases, and the
downstream kinase ERK1 have emerged as critical enzymes in
signal transduction pathways involved in cell proliferation and
differentiation (31).

Recent studies suggest that the EGFR pathway is not simply
a growth promoting signaling pathway, but phosphorylated
EGFR (pEGFR) also mediates p21“P! expression and growth
arrest or apoptosis (32). From our study two major findings
have emerged similar to that found previously with HMO
(21): we observed (i) that JER-derived BMO were able to
significantly induce EGFR phosphorylation and (ii) we confirmed
that the EGFR/Ras/Raf/ERK pathway was involved. Based upon
these observations we conclude that BMO-caused differentiation

is a consequence of p53-dependent p21“P! expression and
stabilization via EGFR and p38 kinase phosphorylation.

In conclusion, we identified that BMO from different cattle
breeds were able to induce growth arrest and differentiation
of non-transformed HIE cells by modulating EGFR signal
pathways, and cell cycle associated gene expression in a similar
way as was shown for HMO (20, 21). Whether differences with
regard to the magnitude of effects dependent on breed specific
BMO (as shown in Figure 7) has implications for the intestinal
growth regulation in infants is not yet known and requires
further investigation. Overall, differences in composition and
diversity of milk oligosaccharides will most likely have functional
consequences. To proof whether these data translate into the
human infant situation, rigorous preclinical and clinical trials
would be required to come to a clear conclusion.

MATERIALS AND METHODS

Preparation of Oligosaccharides From
Bovine Milk

Milk samples were collected during regular milking from dairy
cattle breeds (for milk production) in Germany at the Research
Station “Oberer Hardthof” at the Justus-Liebig University
Giessen, kindly provided by Prof. G. Erhardt (Institute for
Animal Breeding and Genetics). According to the German
Animal Welfare Law (released on 05/18/2006) no notification or
approval by the Animal Protection Unit of the Regional Council
of Gielen (Germany) was necessary for this study. Thus, we
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incubation, 300 g cell lysate were used for each assay. Array signals from scanned X-ray fim images (left: representative blot) were analyzed using image analysis
software and expressed as spot pixel density. Values are means with their standard errors (n = 2). Mean values were significantly different: *P < 0.05 and ***P < 0.001
[AUC, area under the curve; pMAP, phosphorylated MAPK].

included four breeds, i.e., German Holstein cattle (Black Pied, Cell Culture

bHF and Red Pied, rHF), German Simmental (SIM) and Jersey =~ The human colon cancer cell line HT-29 and Caco-2 was
(JER). Cows were milked within the first 48 h of lactation and  obtained from the American Type Culture Collection (ATCC,
samples were frozen at —20°C until analysis. BMO were isolated ~ Rockville, MD, USA). The fetal intestinal colon cell line
as described previously (20, 21). Briefly, after centrifugation, the ~ HIEC was generously donated by J.F. Beaulieu (Department
lipid layer was removed, and proteins were precipitated from the =~ of Anatomy and Cell Biology, Faculty of Medicine, Université
aqueous phase using ice-cold ethanol. Lactose was removed by ~ de Sherbrooke, Sherbrooke, Quebec, Canada). HT-29, Caco-
gel filtration on Sephadex G-25 (Pharmacia Biotech, Uppsala, 2 and HIE cells were used between passages 45-50, 40-50,
Sweden). Pooled oligosaccharide fractions were freeze-dried, — and 10-15, respectively. Cells were cultured in 75 cm? tissue
their composition was analyzed by high pH anion-exchange  culture flasks (Renner, Darmstadt, Germany) in RPMI 1640 (HT-
chromatography with pulsed amperometric detection (HPAEC- 29 and HIEC) or DMEM (Caco-2) supplemented with 10%
PAD) using the conditions described previously (33). For cell  fetal calf serum (FCS), 2mM glutamine (Invitrogen, Karlsruhe,
culture studies bovine oligosaccharides from the different breeds ~ Germany), 100 units/mL penicillin and 100 mg/mL streptomycin
(Figure 7) were used at concentrations up to 10 mg/ml in  (Invitrogen, Karlsruhe, Germany). The cultures were kept in a
the corresponding culture media with 10% fetal calf serum  humidified atmosphere of 5% CO, at 37 C. Cells were passaged
(FCS), 2 mM glutamine, 100 units/mL penicillin and 100 mg/mL  at preconfluent densities using 0.05% trypsin and 0.5 mM EDTA
streptomycin (Invitrogen, Karlsruhe, Germany). (Invitrogen, Karlsruhe, Germany).
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FIGURE 7 | Chromatographic separation using HPAEC-PAD of BMO from four different cattle breeds. BMO from early bovine milk (colostrum) were isolated as
described in the Method section. Identified peaks are 1: galactosyl-lactose; 2: N-acetylneuraminic acid; 3: 6'-N-acetylneuraminyl-lactose; 4:
3'-N-Acetylneuraminyl-lactose; 5: 6'-N-acetylneuraminyl-N-acetyllactosamin; 6: N-glycolyl-neuraminyl-lactose; 7: disialyl-lactose. bHF, German Holstein cattle (Black
Pied); rHF, German Holstein cattle (Red Pied); SIM, German Simmental; JER, Jersey.

Measurement of Cell Dynamics

Proliferation of cells was determined after 72h incubation
of adherent cells using the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazoliumbromide (MTT)-assay as has been
described previously (20). Cell numbers were determined based
on a calibration curve using cell counts between 500 and 30,000.
Differentiation was determined by alkaline phosphatase activity
on 25 cm?-culture flasks (Renner, Dannstadt, Germany). After
having reached 30-40% confluency, cells were incubated for 72 h
in the presence or absence (control) of oligosaccharides (pH
7.4) as has been previously described (20). Alkaline phosphatase
activity was measured as AE/h/10° cells and the controls were set
to 100%. Cell Cycle Analysis of intestinal cells (HT-29, Caco-2,
and HIEC) were measured by flow cytometry. Therefore, cells
were seeded at a density of 50,000 onto 6-well culture flasks
and allowed to adhere for 24h. Thereafter, the medium was
replaced and incubated for another 24h in the presence or
absence of oligosaccharides. Cell cycle analysis was performed
using a FACScan (Becton Dickinson, San Jose, CA, U.S.A.)

and the software BD CellQuestTM Pro (Version 1.41.) for data
analysis (20, 21).

Measurement of Gene Expression and
Signaling Pathways

Total RNA isolation from intestinal cells, cDNA synthesis
and real-time PCR were performed as described earlier (21).
Messenger RNA expression of cell cycle genes such as cyclins
(cyclin A, B, D, and E), CDKI and p53 were determined in
relation to the expression of the housekeeping gene GAPDH;
results from untreated cells were set at 100% (21). Receptor
phosphorylation studies were made with preconfluent (70-80%)
HIE cells. Cells were incubated in DMEM with 10% FCS for
24 h. Subsequently, JER-derived oligosaccharides were added in

concentrations indicated in the legend of respective figures. The
Proteome Profiler™ array—human phospho-RTK array kit to
identify the phosphorylation of 42 different RTKs was used
according to the manufacturer’s instructions (R&D Systems,
Minneapolis, MN, USA) as has been done previously (21). MAP-
Kinase phosphorylation studies were made with preconfluent
(70-80%) HIE cells. After incubation of intestinal cells with
JER-derived oligosaccharides (10 mg/mL), 300 pg of total
protein were used for the Human Phospho-MAP array® (R&D
Systems; Heidelberg, Germany) according to the manufacturer’s
protocol (21).

Statistical Analysis

For each variable at least three independent experiments were
carried out and the results were expressed as mean values with
their standard errors (mean &= SEM) or standard deviation (mean
=+ SD). Statistical differences were tested by one-way ANOVA
with Bonferroni’s post hoc test and differences were considered
significant at *P < 0.05, **P < 0.01, and ***P < 0.001 to controls
or indicate significant interbreed variation at 10 mg/mL with bHF
(#a), rHF (#b), SIM (#c), and JER (#d). Two-way ANOVA was
used to test significant interactions between concentrations and
breeds (P < 0.001) in HT-29, Caco-2, and HIE cells, respectively.
All analyses were carried out with the GraphPad Software Prism
6.02 (San Diego, CA, USA).

AUTHOR CONTRIBUTIONS

CK, SR, and SK designed the study. SK performed the
laboratory work and statistical analysis. SK and SR discussed
the interpretation of the data. SK wrote the draft version of the
manuscript. SR, CK, and SK had primary responsibility for the
final content.

Frontiers in Nutrition | www.frontiersin.org

March 2019 | Volume 6 | Article 31


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Kuntz et al.

BMO and Intestinal Cell Growth

ACKNOWLEDGMENTS

The authors greatly appreciate the excellent technical
assistance of Nadine Metz and Cordula Becker. This study
was a part of the research focus MEU supported by The

REFERENCES

1. Bode L, Contractor N, Barile D, Pohl N, Prudden AR, Boons G-J,
et al. Overcoming the limited availability of human milk oligosaccharides:
challenges and opportunities for research and application. Nutr Rev. (2016)
74:635-44. doi: 10.1093/nutrit/nuw025

2. Sprenger GA, Baumgirtner F Albermann C. Production of human milk
oligosaccharides by enzymatic and whole-cell microbial biotransformations.
] Biotechnol. (2017) 258:79-91. doi: 10.1016/j.jbiotec.2017.07.030

3. Bode L. Human milk oligosaccharides: every baby needs a sugar mama.
Glycobiology. (2012) 22:1147-62. doi: 10.1093/glycob/cws074

4. Donovan SM, Wang M, Li M, Friedberg I, Schwartz SL, Chapkin RS.
Host-microbe interactions in the neonatal intestine: role of human milk
oligosaccharides. Adv Nutr. (2012) 3:450S—5S. doi: 10.3945/an.112.001859

5. Kunz C, Dekany G, Réhrig CH, Donovan SM. Introduction to the symposium.
Adv Nutr. (2012) 3:379S—82S. doi: 10.3945/an.112.002006

6. Katayama T. Host-derived glycans serve as selected nutrients for the gut
microbe: human milk oligosaccharides and bifidobacteria. Biosci Biotechnol
Biochem. (2016) 80:621-32. doi: 10.1080/09168451.2015.1132153

7. Morozov V, Hansman G, Hanisch F-G, Schroten H, Kunz C. Human
milk oligosaccharides as promising antivirals. Mol Nutr Food Res. (2018)
62:e1700679. doi: 10.1002/mnfr.201700679

8. Goehring KC, Kennedy AD, Prieto PA, Buck RH. Direct evidence for the
presence of human milk oligosaccharides in the circulation of breastfed
infants. PLoS ONE. (2014) 9:¢101692. doi: 10.1371/journal.pone.0101692

9. Sprenger N, Le Lee Y, Castro CA de, Steenhout P, Thakkar SK. Longitudinal
change of selected human milk oligosaccharides and association to infants’
growth, an observatory, single center, longitudinal cohort study. PLoS ONE.
(2017) 12:e0171814. doi: 10.1371/journal.pone.0171814

10. Vandenplas Y, Zakharova I, Dmitrieva Y. Oligosaccharides in infant formula:
more evidence to validate the role of prebiotics. Br J Nutr. (2015) 113:1339-44.
doi: 10.1017/S0007114515000823

11. van Hoffen E, Ruiter B, Faber ], M’'Rabet L, Knol EE Stahl B,
et al. A specific mixture of short-chain galacto-oligosaccharides and
long-chain fructo-oligosaccharides induces a beneficial immunoglobulin
profile in infants at high risk for allergy. Allergy. (2009) 64(3):484-7.
doi: 10.1111/j.1398-9995.2008.01765.x

12. Bode L, Jantscher-Krenn E. Structure-function relationships of human milk
oligosaccharides. Adv Nutr. (2012) 3:3835—91S. doi: 10.3945/an.111.001404

13. Dotz V, Rudloff S, Blank D, Lochnit G, Geyer R, Kunz C. 13C-labeled
oligosaccharides in breastfed infants’ urine: individual-, structure- and time-
dependent differences in the excretion. Glycobiology. (2014) 24:185-94.
doi: 10.1093/glycob/cwt099

14. Barile D, Tao N, Lebrilla CB, Coisson J-D, Arlorio M, German JB. Permeate
from cheese whey ultrafiltration is a source of milk oligosaccharides. Int Dairy
J. (2009) 19:524-30. doi: 10.1016/j.idairyj.2009.03.008

15. Zivkovic AM, Barile D. Bovine milk as a
oligosaccharides for improving human health. Adv Nutr. (2011) 2:284-9.
doi: 10.3945/an.111.000455

16. Urashima T, Hirabayashi J, Sato S, Kobata A. Human milk oligosaccharides as
essential tools for basic and application studies on galectins. Trends Glycosci
Glycotechnol. (2018) 30:SE51-65. doi: 10.4052/tigg.1734.1SE

17. Sundekilde UK, Barile D, Meyrand M, Poulsen NA, Larsen LB, Lebrilla
CB, et al. Natural variability in bovine milk oligosaccharides from Danish
Jersey and Holstein-Friesian breeds. | Agric Food Chem. (2012) 60:6188-96.
doi: 10.1021/jf300015j

18. Liu Z, Auldist M, Wright M, Cocks B, Rochfort S. Bovine milk
oligosaccharide contents show remarkable seasonal variation and intercow
variation. ]| Agric Food Chem. (2017) 65:1307-13. doi: 10.1021/acs.jafc.
6b04098

19. McJarrow P, van Amelsfort-Schoonbeek J. Bovine sialyl oligosaccharides:
seasonal variations in their concentrations in milk, and a comparison of

source of functional

Hessen State Ministry for Higher Education, Research
and the Arts. Within this research collaboration, Prof.
G. Erhardt, Institute of Animal Breeding and Genetics,
JLU Giessen, kindly provided us with milk from various
cattle breeds.

the colostrums of Jersey and Friesian cows. Int Dairy J. (2004) 14:571-9.
doi: 10.1016/j.idairyj.2003.11.006

20. Kuntz S, Rudloff S, Kunz C. Oligosaccharides from human milk
influence growth-related characteristics of intestinally transformed
and non-transformed intestinal cells. Br ] Nutr. (2008) 99:462-71.
doi: 10.1017/S0007114507824068

21. Kuntz S, Kunz C, Rudloff S. Oligosaccharides from human milk
induce growth arrest via G2/M by influencing growth-related cell
cycle genes in intestinal epithelial cells. Br J Nutr. (2009) 101:1306-15.
doi: 10.1017/S0007114508079622

22. Martinez-Maqueda D, Miralles B, Recio 1. HT29 cell line. In: Verhoeckx
K, Cotter P, Lopez-Expésito I, Kleiveland C, Lea T, Mackie A, Requena
T, Swiatecka D, Wichers H, editors. The Impact of Food Bioactives on
Health: In Vitro and Ex Vivo Models. Cham: Springer (2015). p. 338.
doi: 10.1007/978-3-319-16104-4_11

23. Cohen E, Ophir I, Shaul YB. Induced differentiation in HT29, a human colon
adenocarcinoma cell line. J Cell Sci. (1999) 112 (Pt 16):2657-66.

24. Sambuy Y, Angelis I de, Ranaldi G, Scarino ML, Stammati A, Zucco F.
The Caco-2 cell line as a model of the intestinal barrier: influence of cell
and culture-related factors on Caco-2 cell functional characteristics. Cell Biol
Toxicol. (2005) 21:1-26. doi: 10.1007/510565-005-0085-6

25. Tremblay E, Auclair ], Delvin E, Levy E, Ménard D, Pshezhetsky AV, et al.
Gene expression profiles of normal proliferating and differentiating human
intestinal epithelial cells: a comparison with the Caco-2 cell model. J Cell
Biochem. (2006) 99:1175-86. doi: 10.1002/jcb.21015

26. Comalada M, Bailon E, Haro O de, Lara-Villoslada E Xaus ], Zarzuelo A,
et al. The effects of short-chain fatty acids on colon epithelial proliferation
and survival depend on the cellular phenotype. ] Cancer Res Clin Oncol. (2006)
132:487-97. doi: 10.1007/s00432-006-0092-x

27. Holscher HD, Bode L, Tappenden KA. Human milk oligosaccharides
influence intestinal epithelial cell maturation in vitro. J Pediatr Gastroenterol
Nutr. (2017) 64:296-301. doi: 10.1097/MPG.0000000000001274

28. Urashima T, Taufik E, Fukuda K, Asakuma S. Recent advances in studies
on milk oligosaccharides of cows and other domestic farm animals. Biosci
Biotechnol Biochem. (2013) 77:455-66. doi: 10.1271/bbb.120810

29. Tao N, DePeters EJ, Freeman S, German JB, Grimm R, Lebrilla CB. Bovine
milk glycome. ] Dairy Sci. (2008) 91:3768-78. doi: 10.3168/jds.2008-1305

30. Aylon Y, Oren M. p53: guardian of ploidy. Mol Oncol. (2011) 5:315-23.
doi: 10.1016/j.molonc.2011.07.007

31. Ercan D, Xu C, Yanagita M, Monast CS, Pratilas CA, Montero J,
et al. Reactivation of ERK signaling causes resistance to EGFR kinase
inhibitors. Cancer Discov. (2012) 2:934-47. doi: 10.1158/2159-8290.CD-
12-0103

32. Zhang L-j, Bhattacharya S, Leid M, Ganguli-Indra G, Indra AK. Ctip2
is a dynamic regulator of epidermal proliferation and differentiation by
integrating EGFR and Notch signaling. J Cell Sci. (2012) 125(Pt 23):5733-44.
doi: 10.1242/jcs.108969

33. Bode L, Rudloff S, Kunz C, Strobel S, Klein N. Human milk oligosaccharides
reduce platelet-neutrophil complex formation leading to a decrease in
neutrophil beta 2 integrin expression. ] Leukoc Biol. (2004) 76:820-6.
doi: 10.1189/j1b.0304198

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Kuntz, Rudloff and Kunz. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Nutrition | www.frontiersin.org

March 2019 | Volume 6 | Article 31


https://doi.org/10.1093/nutrit/nuw025
https://doi.org/10.1016/j.jbiotec.2017.07.030
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.3945/an.112.001859
https://doi.org/10.3945/an.112.002006
https://doi.org/10.1080/09168451.2015.1132153
https://doi.org/10.1002/mnfr.201700679
https://doi.org/10.1371/journal.pone.0101692
https://doi.org/10.1371/journal.pone.0171814
https://doi.org/10.1017/S0007114515000823
https://doi.org/10.1111/j.1398-9995.2008.01765.x
https://doi.org/10.3945/an.111.001404
https://doi.org/10.1093/glycob/cwt099
https://doi.org/10.1016/j.idairyj.2009.03.008
https://doi.org/10.3945/an.111.000455
https://doi.org/10.4052/tigg.1734.1SE
https://doi.org/10.1021/jf300015j
https://doi.org/10.1021/acs.jafc.6b04098
https://doi.org/10.1016/j.idairyj.2003.11.006
https://doi.org/10.1017/S0007114507824068
https://doi.org/10.1017/S0007114508079622
https://doi.org/10.1007/978-3-319-16104-4_11
https://doi.org/10.1007/s10565-005-0085-6
https://doi.org/10.1002/jcb.21015
https://doi.org/10.1007/s00432-006-0092-x
https://doi.org/10.1097/MPG.0000000000001274
https://doi.org/10.1271/bbb.120810
https://doi.org/10.3168/jds.2008-1305
https://doi.org/10.1016/j.molonc.2011.07.007
https://doi.org/10.1158/2159-8290.CD-12-0103
https://doi.org/10.1242/jcs.108969
https://doi.org/10.1189/jlb.0304198
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Milk Oligosaccharides From Different Cattle Breeds Influence Growth-Related Characteristics of Intestinal Cells
	Introduction
	Results and Discussion
	Effects of Bovine Oligosaccharides on Proliferation and Differentiation of Intestinal Cells
	Effects of Bovine Oligosaccharides on Expression of Cell Cycle Regulator Genes
	Influence of Signal Transduction Pathways

	Materials and methods
	Preparation of Oligosaccharides From Bovine Milk
	Cell Culture
	Measurement of Cell Dynamics
	Measurement of Gene Expression and Signaling Pathways
	Statistical Analysis

	Author Contributions
	Acknowledgments
	References


