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Abstract

Novel a-(1 — 3)-glucooligosaccharides (a-(1 — 3)-GOS) were prepared by acid hydrolysis of a-(1— 3)-glucan isolated from
Fomitopsis betulina fruiting bodies and characterized. Their anti-cancer potential was evaluated in in vitro assays in a colon
cancer cell model. The tested a-(1 — 3)-GOS showed antiproliferative (MTT assay) and pro-apoptotic (Annexin V-FITC and
PI technique) features against colon cancer but not against normal epithelial colon cells. Additionally, we did not observe
cytotoxic activity (neutral red and lactate dehydrogenase assays) of a-(1 — 3)-GOS against several types of normal cell lines.
In the present study, we demonstrated the anticancer potential of a-(1 — 3)-GOS in a colon carcinoma model. The anti-tumour
effect of a-(1 — 3)-GOS is related with induction of apoptosis. Based on these results, we conclude that a-(1 — 3)-GOS may

be considered as a dietary or therapeutic agent with an ability to inhibit the growth of cancer cells.
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Introduction

Oligosaccharides are a diverse group of sugars contain-
ing usually up to 20 monomers in the chain. They occur
naturally, can be synthesized chemically or biologically
by fermentation of other sugars [16], and can be obtained
by chemical [18] or enzymatic hydrolysis [9] of various
polysaccharides. Many oligosaccharides exhibit biological
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activity including anticancer, anti-inflammatory, and immu-
nostimulatory properties [9, 16].

The cell wall of mushrooms and fungi is a rich source
of valuable polysaccharides. Fomitopsis betulina (Bull. ex
Fr.) P. Karst. (formerly Piptoporus betulinus) is an edible
(young fruiting bodies) basidiomycete polypore growing on
the wood of birch Betula spp. The fruiting bodies of the fun-
gus have been commonly used in the traditional folk medi-
cine in the Baltic Sea area for their therapeutic properties,
which are also reflected in the results of modern research
on their biological activity [2, 11, 13]. The Fomitopsis cell
wall contains glucans: 3-glucans commonly associated with
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anticancer properties [22] and water-insoluble, alkali-soluble
a-glucans [3, 7]. The main chain of a-glucan isolated by
Wiater et al. [20] contained 84.6% of a-D-glucopyranose
units linked with (1 — 3) bonds in addition to (1 —4)-linked
units. Although a-glucans themselves are considered to be
biologically inactive, their water-soluble form, i.e. a carbox-
ymethylated derivative, showed moderate cytotoxic effects
in vitro [20].

The anticancer activity of a-(1 — 3)-glucooligosaccha-
rides has not been evaluated so far. In our study, we prepared
and analysed a hydrolysate of a-(1 — 3)-glucan isolated from
the cell wall of F. betulina fruiting bodies and examined the
impact of a mixture of a-(1 — 3)-glucooligosaccharides on
colon cancer cell lines in in vitro assays.

Materials and methods
Reagents

All reagents were purchased from Sigma-Aldrich (St Louis,
Missouri, USA) unless otherwise indicated.

Preparation of a-(1 — 3)-oligosaccharides

Fruiting bodies of F. betulina were obtained from infected
Betula pendula Roth. trees in Lublin and its surroundings,
Poland. Isolation of the cell wall material from the fruit-
ing bodies and an alkali-soluble a-(1 — 3)-glucan was
carried out according to Wiater et al. [20]. Crude oligo-
saccharides were obtained by partial acid degradation of
a-(1 — 3)-glucan (50 g) in 200 ml of 0.1 M H,SO, for 1 h
at 100 °C. The residues were removed by centrifugation
(10 min, 12,000 rpm) and the supernatant was neutralized
with CaCO;. After re-centrifuging (10 min, 12,000 rpm),
the soluble fraction of the hydrolysate was desalted with
Amberlite MB3 (Merck, Germany). The desalted solution
containing a-(1 — 3)-glucooligosaccharides was concen-
trated to 20 ml using a rotary evaporator at 40 °C under
vacuum and freeze-dried.

Evaluation of a-(1 — 3)-glucan hydrolysis products

The products of a-(1 — 3)-glucan hydrolysis were analysed
by MALDI-TOF MS spectrometry performed with a Waters
Synapt G2-Si HDMS instrument (Waters Corporation,
Milford, MA, USA) equipped with a 1 kHz Nd:YAG laser
system [21]. The sample was dissolved in 50% MeOH at a
concentration of 20 pg/ul and mixed with a DHB matrix as
described by [1].
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Cell lines

Human colon adenocarcinoma (HT-29, LS180, SW620,
SW948), human colon epithelial CCD 841 CoTr, and mouse
fibroblast L929 cell lines were obtained from the Ameri-
can Type Culture Collection (ATCC, Manassas, Virginia,
USA). Human skin fibroblasts (HSF) were a laboratory line
obtained with the outgrowth technique from skin explants
taken from young volunteers with informed donor consent.
The cells were cultured in Dulbecco’s Modified Eagle’s
Medium Nutrient Mixture F12 Ham containing 10% of
foetal bovine serum (FBS), 100 units/ml of penicillin, and
100 pg/ml of streptomycin at 37 °C in atmosphere of 95%
air and 5% CO, unless otherwise indicated.

Cell proliferation assessment

HT-29, LS180, SW620, SW948, and CCD 841 CoTr cells
were seeded into 96-well flat bottom microplates at a den-
sity of 3x 10* cells/mL. The next day, the culture medium
was removed and the cells were exposed to serial dilutions
of a-(1— 3)-GOS (100 pL, final concentration from 1 to
10 mg/mL). After 96 h of incubation, the cells were exposed
to MTT reduction assays [17]. Camptothecin was used as a
positive control. ICy, (concentration causing proliferation
inhibition by 50% compared to the control) was calculated
from the nonlinear regression (log(inhibitor) vs. normalized
response-variable slope) using GraphPad Prism 5.0.

Cell viability assessment

HT-29, CCD 841 CoTr, 1L929, and HSF cells were seeded
into 96-well flat bottom microplates at a density of 5 x 10
cells/mL. The next day, the cells were exposed to serial dilu-
tions of a-(1 — 3)-GOS at concentrations ranging from 1 to
10 mg/mL, camptothecin, and a mixture of camptothecin
and a-(1 — 3)-GOS prepared in medium with a reduced con-
tent of serum (2% FBS). After 24 h of incubation, neutral
red (NR) and lactate dehydrogenase (LDH) viability assays
were applied (according to the manufacturer’s instructions)
to verify the cytotoxicity of a-(1 — 3)-GOS against human
colon epithelial cells CCD 841 CoTr, human skin fibroblasts
(HSF), mouse fibroblasts, and human colon adenocarcinoma
cells.

Analysis of apoptosis and necrosis

Cells were seeded into 6-well microplates at a density of
1 x 10° cells/ml. The next day, the cells were treated with
a-(1—3)-GOS (2 mL, final concentration from 1 to 10 mg/
mL with 2% FBS). After 24 h incubation, the cells were
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harvested, washed in PBS, and centrifuged. The number of
apoptotic and necrotic cells was measured with the Annexin
V-FITC and PI technique (BD Biosciences, FITC Annexin V
Apoptosis Detection Kit I) according to the manufacturer’s
instructions, with a flow cytometer (BD FACSCalibur).
Camptothecin was used as a positive control.

Results and discussion

The a-(1 — 3)-glucooligosaccharides obtained via the acid
hydrolysis of F. betulina a-(1 — 3)-glucan were character-
ized by MALDI-TOF MS spectrometry (Fig. 1). The analy-
sis indicated that the hydrolysate contained oligosaccharides
composed mainly of 3—6 glucose units associated with a
sodium ion ([Glc, + Na]™). Small amounts of disaccharides
and oligomers containing from 7 to 15 glucose units were
also noticed. In addition, a-(1 — 3)-GOS showed very good
solubility in the cell culture medium (10 mg/mL).
Inhibition of cell division is one of the basic features
expected from anticancer agents. In our study, the growth of
each cancer cell lines tested was inhibited by a-(1 — 3)-GOS
in a dose-dependent manner after 96-h exposure (Fig. 2a—d).
The ICs, value of a-(1 — 3)-GOS for the LS180, SW620,
SW9o48, HT-29, and CCD 841 CoTr cell lines was estimated
at 19.55, 14.92, 18.30, 17.06, and 39.38 mg/mL, respec-
tively. As can be seen, reduced cancer cell mitochondrial
metabolism was observed after 96 h of treatment with
a-(1 —3)-GOS. Interestingly, a-(1 — 3)-GOS exerted an

approximately two-fold stronger effect on the cancer than
normal colon cells. Additionally, our experiments showed
that the early stages (LS180 and HT-29) of colorectal adeno-
carcinoma were not more sensitive to o-(1 — 3)-GOS than
the advanced stages (SW620, SW948).

Therefore, the toxic effect of a-(1—3)-GOS was evalu-
ated using the human colorectal adenocarcinoma (HT-29),
normal human colon epithelial (CCD 841 CoTr), normal
mouse skin fibroblast (L929), and normal human skin
fibroblasts (HSF) cell lines. The NR assay showed that the
viability of all the tested cell lines was unaffected in the
entire concentration range (1-10 mg/mL) of a-(1 — 3)-GOS
(Fig. 3a—d). The tested a-(1 — 3)-GOS had no cytotoxic
activity against the HT-29 cells over the entire concentra-
tion range (1-10 mg/ml). However, after the a-(1 — 3)-GOS
treatment, the mitochondrial metabolism of the HT-29 cells
was significantly reduced in a concentration-dependent man-
ner (Fig. 2d). Thus, it can be assumed that a-(1 — 3)-GOS
exhibits antiproliferative activities against colon cancer cells.

The LDH assay data confirmed the lack of a-(1 — 3)-GOS
cytotoxicity in the case of the CCD 841 CoTr cells (Fig. 3e).
The LDH level was not significantly changed after the
exposure to a-(1 —3)-GOS. However, the treatment of the
CCD 841 CoTIr cells with a-(1 — 3)-GOS at concentrations
of 10 mg/mL with 10 pM of camptothecin caused statisti-
cally significant increases in LDH leakage (10 mg/mL of
a-(1 —3)-GOS vs. CPT). We can speculate that 10 mg/
mL of the a-(1 — 3)-GOS increases the sensitivity of cells
to camptothecin, which consequently disturbs membrane
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Fig.1 MALDI-TOF MS spectrum in positive ion mode of «-(1— 3)-glucooligosaccharides obtained by acid hydrolysis of F. betulina

a-(1—3)-glucan
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Fig.2 a-(1—3)-GOS influence on the proliferation of colon cells.
Cell lines: LS180 (a), SW620 (b), SW948 (¢), HT-29 (d), and CCD
841 CoTr (e). The cells were treated with various concentrations of
a-(1—3)-GOS for 96 h. The cell proliferation of untreated cells (0)
was calculated as 100%. Positive control: 10 uM of camptothecin
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(CPT). The results represent the mean +SD (n=5) and were analysed
with one-way ANOVA test and Tukey’s Multiple Comparison Post-
test (¥*p<0.05, **p<0.01, and ***p<0.001 were considered statisti-
cally significant)
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Fig.3 a-(1—3)-GOS influence on the viability of HT-29 (a), CCD
841 CoTr (b), L929 (c¢), and HSF (d) cell lines assessed with the
NR assay and the CCD 841 CoTr cell line assessed with the LDH
assay (e). Positive control: 10 uM of camptothecin (CPT(, )
a-(1—3)-GOS at concentrations ranging from 1-10 mg/mL (o-1-3-
GOS). a-(1—3)-GOS at concentrations ranging from 1-10 mg/mL

permeability in the CCD 841 CoTr cells more easily. Thus,
the a-(1 — 3)-GOS application may lead to increased cyto-
toxic activity of camptothecin. Additionally, the combination
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with 10 uM of camptothecin) (a-1-3-GOS+CPT g ). The cells
were treated for 24 h. The cell viability of untreated cells (0) was
calculated as 100%. The results represent the mean+SD (n=5) and
were analysed with one-way ANOVA test and Tukey’s Multiple Com-
parison Post-test (*p < 0.05 was considered statistically significant)

of camptothecin (10 pM) with a-(1 — 3)-GOS (1-7.5 mg/
mL) did not significantly disrupt the cell membrane stability,
compared to camptothecin alone. Thus, a-(1 — 3)-GOS does
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not exert a protective effect on the cell membrane of normal
CCD 841 CoTr colon cells.

The induction of apoptosis is a good approach for identifi-
cation of the anticancer potential of the tested compounds. In
our study, the 24-h incubation of the HT-29 cancer cells with
10 mg/ml of a-(1 — 3)-GOS induced early and late apoptosis
(Table 1). Compared to the untreated cells, the apoptosis
rate (combined early and late apoptosis) in the HT-29 cells
increased from 15.73% in the control to 21.85% after the
24 h incubation with 10 mg/ml of a-(1 — 3)-GOS. In turn,
the apoptosis rate in the CCD 841 CoTr cells remained at
a similar level in the same conditions (16.05% and 17.36%,
respectively). Since the pro-apoptotic effect was exerted only
on HT-29 but not on CCD 841 CoTr after the a-(1 — 3)-GOS
treatment, we can presume that there are different mecha-
nisms of its action in cancer and normal colon cells.

Our results reveal the antiproliferative and pro-apop-
totic properties of a-(1 —3)-GOS in a colon cell model.
In fact, the pro-apoptotic activity of oligosaccharides and
low-molecular-weight a-glucans has been described in the
literature. Huang et al. [4] showed that oligosaccharides
(stachyose) induced apoptosis and inhibited the growth of
Caco-2 colorectal adenocarcinoma cells. In addition, an
oligosaccharide isolated and purified from Bombyx batryti-
catus was found to induce apoptosis and cell cycle arrest in
Gy/G, and G,/M phases in HeLa cells [8]. Lavi et al. [10]
showed that low-molecular-weight a-glucan isolated from
Pleurotus ostreatus inhibited colon cancer cell proliferation
and induced apoptosis via an increased level of cytochrome
¢ and Bax. Additionally, Huang et al. [6] showed that sul-
phated derivatives of a-(1 — 3)-D-glucan induced apoptosis
in S-180 (sarcoma) tumour cells by lowering the Bcl-2:Bax
ratio. Wiater et al. [19] indicated that a carboxymethylated
derivative of a-(1 — 3)-D-glucan decreased the metabolism
of cervical carcinoma (HeLa) cells. Sulphated derivatives
of a-(1 — 3)-D-glucan have also been found to exhibit anti-
proliferative activities towards human hepatoma (HepG2)
and sarcoma (S-180) cells in vitro [6]. This same authors
revealed that a water-soluble phosphated derivative of
a-(1— 3)-D-glucans from Poria cocos mycelia had potent
in vivo and in vitro anti-tumour activities [5]. Oligosaccha-
rides have also been shown to have an anticancer effect in
the colon environment by stimulation of the immune system
[15]. For example, Qamar et al. [14] showed that galacto-
oligosaccharides exerted protective effects against patho-
logical pro-cancerous changes in the rat colon by increasing
the populations of beneficial bacteria (Bifidobacterium and
Lactobacillus) and decreasing the concentrations of harm-
ful strains. In addition, Parish et al. [12] showed that sul-
phated oligosaccharides with five or more monosaccharides
in length were inhibitors of in vitro human angiogenesis and
exhibited the antimetastatic activity for rat mammary adeno-
carcinoma cells.

Table 1 Apoptotic and necrotic activity of a-(1 — 3)-GOS in human colorectal cell lines assessed with the Annexin V/PI staining assay

CCD 841 CoTr

HT-29

Cell line

CPT

10

CPT

10

0

a-(1—3)-GOS (mg/mL)

5.24+2.04

49.15%+9.41
36.06* +8.81

76.90+1.78
3.59+1.01
13.77+1.85

81.03+1.52 79.18+1.45

4.82+0.31
11.23+2.99
3.98+0.38

79.48+2.73

74.11*+1.09
9.29*+0.91
13.63+1.17

6.61%+1.88
15.24*%+0.46

73.50* £0.58

80.79+2.75
4.71+£0.81
10.52+1.34

79.69 +0.98
5.107+2.29
11.41+0.73

3.80+3.23

81.02+1.89
426+2.14
11.47+2.11

Viable cells

4.66+0.40
12.87+1.75

521274
10.84+0.45
2.93+1.58

Early apoptotic cells

9.64%+1.39

5.74+1.27

2.97+0.57

3.98+2.07

325+1.85

Late apoptotic cells

3.29+0.17

4.71+2.06

Necrotic cells

The cells were classified as: viable cells Annexin V~/PI™, early apoptotic cells Annexin V*/PI™, late apoptotic cells Annexin V*/PI*, and necrotic cells Annexin V~/PI*. Positive control: 10 uM

3) and were analysed with one-way ANOVA test and Tukey’s Multiple Comparison Post-test (*p <0.05 was considered statisti-

of camptothecin (CPT). The results represent the mean+SD (n

cally significant)
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In conclusion, novel a-(1 — 3)-GOS prepared from F.
betulina a-(1 — 3)-glucan showed promising anti-prolifer-
ative and pro-apoptotic activity against colon cancer cells.
Moreover, a-(1 — 3)-GOS was significantly less effective
against normal human colon epithelial cells. Considering
our results and the literature data, we support the opinion
that a-(1 — 3)-GOS should be investigated in further studies
to assess its pro-apoptotic and antiproliferative activity in
colorectal cancer models.
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