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Abstract

Purpose of work To show biological activity
of carboxymethylated «-(1 — 3)-p-glucans isolated
from the selected macromycetes fungi on human
tumor and normal cells.

Water-insoluble, alkali-soluble polysaccharides
(WIP) were isolated from fruiting bodies of four
macromycetes fungi: Lentinus edodes, Pleurotus
ostreatus, Piptoporus betulinus and Laetiporus sul-
phureus. The structure of the polysaccharides was
determined using composition analysis, methylation
analysis, fourier transform infrared spectroscopy, and
nuclear magnetic resonance spectroscopy. The chem-
ical and spectroscopic investigations indicated that the
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polysaccharides were an o-(1 — 3)-p-glucans. A
biological activity analysis of the carboxymethylated
(CM) a-(1 — 3)-p-glucans was based on an assess-
ment of their cytotoxic, mitochondrial metabolism-
modulating, and free radical scavenging effects. The
cytotoxic activity of the CM-glucans was concentration-
and cell-type-dependent. The tested CM-glucans, gen-
erally, did not have a free radical scavenging effect. The
CM-a-(1 — 3)-p-glucans isolated from the selected
macromycetes fungi are biologically active and may
therefore be used as diet or therapy supplements.

Keywords Carboxymethylation - Cytotoxicity -
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Introduction

Currently, there is tendency to introduce natural
substances to human therapies. One of the important
natural resources of biologically active substances are
the macromycetes fungi, amongst which almost 700
species possess significant pharmacological activity.
The diverse biological activities of macromycetes
fungi include antibacterial, antiviral, antitumor, immu-
nosuppressive, antiallergic, and antisclerotic effects.
Moreover, substances derived from these fungi may
act as supplements for lowering blood pressure,
antioxidants, and hepatoprotective and antiinflamma-
tory factors (Lindequist et al. 2005). Among these
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compounds, polysaccharides, which belong mainly to
p- and o-p-glucans, play a special role in immuno-
modulation and antitumor effects. Nowadays, the best
analyzed fungal polysaccharides are f-p-glucans (e.g.,
lentinan, schizophyllan and grifolan) and their peptide/
protein derivatives (Bohn and BeMiller 1995; Ng and
Yap 2002; Sarkar et al. 1993). The properties of these
agents include stimulation of hematopoietic stem cells,
activation of the alternative complement pathway, and
activation of immune cells such as lymphocytes,
macrophages, DC, NK cells, Th cells, Tc cells, and B
cells (Moradali et al. 2007). Compared with the
intensive investigations of f-p-glucans, the biological
activity of a-(1 — 3)-p-glucan, which is especially
apparent after chemical and structural modification
(carboxymethylation, sulfation, aminopropylation, or
hydroxyethylation) (Bao et al. 2001), has been
reported only rarely in the literature. There are only a
few studies indicating that CM-a-(1 — 3)-p-glucan
preparations from various macromycetes fungi may
exhibit antitumor or immunomodulatory effects, have
been explored (Kiho et al. 1994).

In the present study, we analyzed the structure of
water-insoluble, alkali-soluble polysaccharides (WIP)
isolated from fruiting bodies of Lentinus edodes,
Pleurotus ostreatus, Piptoporus betulinus, and Lae-
tiporus sulphureus and their biological activity, i.e.
cytotoxicity, mitochondrial metabolism-modulating
effects, and free radical scavenging activity, of their
CM products against two tumor cell lines, human
cervical carcinoma (HelLa) and human acute T cell
leukemia (Jurkat, Clone E6-1), and normal human
skin fibroblasts (HSF).

Materials and methods
Fungi

The fruiting bodies of Laetiporus sulphureus (Bull.:
Fr.) Murrill and Piptoporus betulinus (Bull.: Fr.),
representing a combination of young and aged
basidiocarps, were collected from deciduous trees
grown in Lublin and environs, Poland. The fungi
were identified by Dr. Z. Flisinska, Department of
Botany and Mycology, Maria Curie-Sktodowska
University, Lublin, Poland. Voucher specimens are
deposited in the Department of Industrial Microbiol-
ogy, Maria Curie-Sktodowska University, Poland.
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Cultivated mushrooms [Lentinus edodes (Berk.)
Pegler and Pleurotus ostreatus (Jacq.: Fr.) P. Kumm.]
were purchased in a supermarket.

Isolation of the alkali-soluble polysaccharides

Fresh fruiting bodies of the selected macromycetes
fungi were lyophilized and milled. The dried material
was used for the isolation of the alkali-soluble
a-glucans according to a method described by Kiho
et al. (1994). The dried material (100 g) was succes-
sively extracted with methanol, NaCl (9 g 17"), hot
water, Na,CO3 (50 g 171), and 1 M NaOH containing
0.2 g NaBH, 17! for 24 h at room temperature. The
final extracts were neutralized with 1 M HCI constant
mixing. The water-insoluble fractions were washed
with water, collected by centrifugation, and lyophi-
lized. The yields of WIP isolated from L. edodes,
P. ostreatus, P. betulinus and L. sulphureus were 9,
6.1, 24, and 57% of dry fungal mass, respectively.

Carboxymethylation

Because the isolated a-(1 — 3)-p-glucans were insol-
uble in water, they were converted into water soluble
fractions by carboxymethylation according to the
procedure of Sasaki et al. (1979). The degree of
substitution (DS) of the carboxymethyl groups was
determined after total hydrolysis by "H NMR spec-
troscopy (Ho and Klosiewicz 1980). Spectra were
recorded with an Avance (300 MHz) spectrometer
(Bruker BioSpin) at 40°C.

Sugar analysis

For sugar analysis, the polysaccharides were hydro-
lyzed with 2 M trifluoroacetic acid (TFA) (100°C,
4 h). The sugars were converted into alditol acetates
(Russa et al. 1995). Methylation was done according to
the method of Hakomori (1964), and the methylated
polysaccharides were purified on a Sep-Pak Cig
cartridge (York et al. 1986). The resulting material
was hydrolyzed in 2 M TFA (100°C, 4 h) and reduced
with NaBD,. The partially methylated alditols were
converted into acetate derivatives. '"H NMR spectra of
the polysaccharide preparations were recorded as
before at 60°C. The 'H chemical shift was obtained
using acetone (0y — 2.225 ppm) as the internal
standard. An infrared absorption spectrum (FT-IR)
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between 400 and 4,000 cm ™! was recorded with the
specimen prepared as a KBr disk.

Preparation of CM-glucans for experiments

CM-o-(1 — 3)-p-Glucans (100 mg) were dissolved
in 10 ml 0.85% (w/v) NacCl, divided into portions and
frozen. For experiments, glucans were prepared at
25-250 pg ml~".

Cell culture

Three human cell lines were used. The HSF cells
were prepared by the liquid overlay method in the
Department of Virology and Immunology, University
of Maria Curie-Sktodowska in Lublin, Poland. Skin
fragments had been freshly excised from healthy
donors. Outgrowths of skin fibroblasts were sepa-
rated, cultured, and used for the experiments. Human
Negroid cervix epitheloid carcinoma (HeLa) cells
(ECACC No. 93021013) were cultured as monolay-
ers in 25 cm? culture flasks. Jurkat, Clone E6-1 acute
T cell leukemia (ATCC No. TIB-152) cells were
cultured in suspension. All cell lines were maintained
in RPMI 1640 medium supplemented with 10% FBS
(fetal bovine serum) (v/v) and antibiotics (100 U
penicillin ml™", 100 pg streptomycin ml™") at 37°C
in a humidified atmosphere with 5% CO,.

Incubation of cells with CM-o-(1 — 3)-p-glucans

The total number of cells was estimated by counting
in haemocytometer. A 100 pul of cell suspension
(2 x 10° cells ml™") was added to appropriate wells
of 96-well flat-bottomed microtitre plates (MTT and
NR methods). After 24 h the medium was discarded
and a fresh one containing 2% (v/v) FBS and
appropriate concentrations of CM-o-(1 — 3)-p-glu-
cans was added. In case of Jurkat cells, medium was
changed after centrifugation of the plates (1,000 rpm
for 5 min). As control, cells cultured in 100 pl
medium supplemented with 2% (v/v) FBS was used.
The total cell number was equivalent to these in the
sample wells. An additional control, consisting of
culture medium with 2% (v/v) FBS and appropriate
CM-o-(1 — 3)-p-glucan concentrations, was used in
the MTT test to evaluate MTT reduction by CM-
glucans themselves. The incubation was performed

for further 24 h and cytotoxicity of CM-a-(1 — 3)-p-
glucans was estimated with spectrophotometric meth-
ods (MTT and NR assays).

MTT, NR-uptake, and DPPH" assays

MTT, Neutral Red (NR) uptake and DPPH® free
radical scavenging assays have been performed as
described previously (Paduch et al. 2008). All these
methods are spectrophotometric. The MTT test is
based on the conversion by viable cells of the yellow
tetrazolium salt to purple crystals of formazan. The
reaction is catalyzed by mitochondrial succinyl
dehydrogenase. The NR cytotoxicity assay is based
on the uptake and lysosomal accumulation of the
supravital dye, neutral red.

Results and discussion
Polysaccharide analysis

Monosaccharide analysis (Table 1) showed that all the
tested WIP consisted principally of glucose with some
mannose and xylose (1.5-4.5%) and trace amounts of
galactose. Linkage analysis showed that (1 — 3)-
linked Glcp is the major chain constituent (67-91%),
in additionto (1 — 4)-linked Glcp (3—27%) (Table 2).
The FT-IR spectra (Fig. 1a) suggested the presence of
o-(1 — 3) linkages. All spectra showed two bands at
848.6-849.02 and 822.99-823.38 cm ™', which indi-
cated that the isolated materials contained a-(1 — 3)-
p-glucans (Jelsma and Kreger 1979). The 'H NMR
spectra of the polysaccharide preparations (Fig. 1b)
showed a signal resonance (at ¢ 5.54-5.61 ppm)
assigned to o-(1 — 3)-p-glucosidic linkages. The
above data indicate that the WIP extracted from
fruiting bodies of the selected macromycetes fungi
were «-(1 — 3)-p-glucans. To increase solubility of

Table 1 Glycosyl residue composition of water-insoluble
polysaccharides

Species Glc (%) Man (%) Xyl (%) Gal (%)
L. edodes 75.9 19.5 4.5 Trace
P. ostreatus 84.8 10.8 4.3 -

P. betulinus 94.3 4.1 1.5 -

L. sulphureus  93.4 5 1.5 -
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Table 2 Summary

of methylation analysis
of water-insoluble
polysaccharides extracted
from macromycetes fungi

Species Linkages Feature Molar amounts (%)
L. edodes Glep-(1—- Non-reducing end 0.9
—3)-Glep-(1- o-(1—-3)-Bond 67
—4)-Glep-(1- o-(1—-4)-Bond 27.3
—3,6)-Glcp-(1—- Branching site 0.9
—4,6)-Glcp-(1- Branching site 3.9
P. ostreatus Glep-(1— Non-reducing end 4
—3)-Glcp-(1— o-(1—-3)-Bond 82.8
—4)-Glep-(1- o-(1—4)-Bond 7.4
—3,6)-Glcp-(1— Branching site 4.5
—4,6)-Glcp-(1— Branching site 1.3
P. betulinus Glep-(1— Non-reducing end 33
—3)-Glep-(1- o-(1—-3)-Bond 84.6
—4)-Glcp-(1- o-(1—4)-Bond 6
—3,6)-Glcp-(1- Branching site 1.9
—4,6)-Glcp-(1—- Branching site 4.2
L. sulphureus Glep-(1—- Non-reducing end 33
—3)-Glep-(1- o-(1—-3)-Bond 91.2
—4)-Glep-(1- o-(1—-4)-Bond 3
—3,6)-Glcp-(1- Branching site 1.5

—4,6)-Glcp-(1-

Branching site

the a-glucans in water, the carboxymethylation was
applied. This procedure gave CM-o-(1 — 3)-p-glu-
cans with the following DS: 0.96, 0.81, 0.65, and 0.57
for Lentinus edodes, Pleurotus ostreatus, Piptoporus
betulinus, and Laetiporus sulphureus, respectively.
The CM derivatives were used for further experiments.

Viability of cells analysis and free radical
scavenging activity

Before introducing new substances into clinical
application, they should be examined both in in vitro
and in vivo tests. One of the in vitro methods is
potential cytotoxic or cytostatic activity of tested
compounds analysis. It should be performed to
establish whether they can be safely used in the
treatment and if so, which concentrations are ade-
quate to treat certain diseases. Therefore, the inten-
tion of carrying out cytotoxicity tests in vitro is to
initially determine whether analyzed compounds are
active towards, e.g. transformed cells and eventual
injurious action or influence on proper metabolic
functions of normal cells.

In the present study, the cytotoxic activity of CM-
o-(1 — 3)-p-glucans was measured using the MTT

@ Springer

and NR assays. As a positive control we used
cisplatin. The ICsq values (drug concentration inhib-
iting 50% of cell growth) for the MTT test were 2.45,
1.76, >30 pg ml~! for HeLa, Jurkat and HSF cells,
respectively. For the NR assay they were 0.92,
0.53,>25 pg ml~' for HeLa, Jurkat and HSF cells,
respectively.

MTT analysis of cell viability showed that the CM-
a-(1 — 3)-p-glucans, at 25-250 pg ml~', decreased
the metabolism of normal HSF cells only slightly
(Fig. 2), but had a considerable effect on the viability
of the tumor cells HeLa and Jurkat. CM polymers from
L. edodes and P. ostreatus decreased the intensity of
the mitochondrial metabolism of HSF cells by approx-
imately 30 and 25%, respectively. The CM-glucans
from P. betulinus and L. sulphureus did not show any
cytotoxic activity against normal cells.

All the tested CM-a-(1 — 3)-p-glucans were toxic
against the HeLa tumor cell line. Tumor cell viabl-
ility decreased on average by 35% after incubation
with L. edodes and P. ostreatus. HeLa cell viability,
after incubation with CM-glucans from P. betulinus
and L. sulphureus, was 80% regardless of the applied
CM-glucan concentration. The tested CM-a-(1 — 3)-
D-glucans showed the highest toxicity when applied
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Fig. 1 FTIR (a) and '"H NMR (b) spectra of water-insoluble, alkali-soluble polysaccharides (WIP) obtained from macromycetes

fungi, in 0.9 M NaOH in D,0O at 60°C

to Jurkat human leukemia cells. Their viability
decreased by about 40% when the CM-glucans
isolated from L. edodes and P. ostreatus were
used. The CM-glucan from P. ostreatus induced this
effect at the lowest of the applied concentrations
(25 pg ml™"), while the CM-polymer from L. edodes
was most toxic at 75 pg ml~'. The CM-o-(1 — 3)-p-
glucans from L. sulphureus decreased the viability of
Jurkat cells on average by 30%. By contrast, the CM-
glucan from P. betulinus, stimulated the mitochon-
drial metabolism of tumor cells.

An NR-uptake assay showed that the tested CM-o-
(1 — 3)-p-glucans stimulated HSF cell proliferation.
Higher CM-glucan concentrations (>75 pg ml™')
also induced Jurkat leukemia cell proliferation and
viability (Fig. 3). A high viability and proliferative
activity of normal cells after incubation with the
CM-glucans was detected, though the polymers from
P. ostreatus and L. sulphureus had a slightly weaker

effect than the CM-glucans from L. edodes i
P. betulinus. For all the tested CM-a-(1 — 3)-D-
glucans, a maximum stimulatory effect was caused
by CM-glucan concentrations which did not exceed
100 pg ml~".

On the basis of these results, one may suggest that
the values obtained in the MTT assay should be
interpreted only as indicating mitochondrial metabo-
lism impairment rather than a toxic effect. The NR
analysis confirmed the toxicity of all tested CM-u-
(1 — 3)-p-glucans against HeLa cells. The viability
of these cells decreased to 50% when the CM-glucans
(200 pg ml™") from P. betulinus and L. sulphureus
were used. The CM-glucans from L. edodes and
P. ostreatus acted more weakly, decreasing the
viability of HeLa cells by 30 and 40%, respectively.
Such decreases in viability may be associated with
the ability of the modified a-glucan derivatives to
alter the structure of membrane proteins in tumor
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Fig. 2 The effect of 24 h treatment of Hela (filled square),
Jurkat (filled circle) and HSF (filled diamond) cells (2 x 10°
cells ml~") with CM-0-(1—3)-p-glucan from macromycetes
fungi. The MTT assay. Bars represent the standard deviations

cells. This may lead to adhesion disturbances, as was
shown for sulphuric derivatives of o-glucans by
Zhang and Cheung (2002). Possibly the carboxyme-
thylated a-glucans use the same mechanism.
Although the addition of CM-glucans generally
induced the proliferation of Jurkat cells, low concen-
trations (25 and 50 pg ml™") of L edodes and
P. ostreatus decreased leukemia cell viability by
about 50%. The most powerful activity was detected
for the CM-glucans isolated from L. edodes and
L. sulphureus. This effect may be explained by
specific receptor binding by «-glucans and stimula-
tory or inhibitory signal transduction. As it has
already been shown, the molecule involved in this
process may be dectin-1. Although dectin-1 is a main
receptor of monocytes, macrophages, and neutrophils
for f-glucan, some a-glucans also bind to this
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of three independent experiments. The results are shown as
percentage of the control, arbitrarily set to 100% (Y axis). The
graph describes changes in cell population after incubation
with CM-glucans

molecule and provide a proliferation modulating signal
(Rappleye et al. 2007; Taylor et al. 2002). The anti-
tumor effect of the polysaccharides could be a conse-
quence of stimulation of the cell-mediated immune
response (Li et al. 2008). For example, a polysaccha-
ride-rich fraction from Ganoderma lucidum had a
strong stimulatory effect on both macrophages and
T-lymphocytes (Liu et al. 2004). Besides, polysaccha-
rides can, in a dose-dependent manner, directly inhibit
the proliferation of leukemia, lymphoma, or selected
solid tumor-derived cell lines (Ho et al. 2004). These
effects are strongly associated with local cytokine
network but also depend on the cell-cycle stage.
Induction of cell-mediated immune responses by
glucans are mainly based on the production of
interferon-y (IFN-y) and interleukin-2 (IL-2) which
cause increased T cell proliferation (Ho et al. 2004).
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Fig. 3 The effect of 24 h treatment of Hela (filled square),
Jurkat (filled circle) and HSF (filled diamond) cells (2 x 10°
cells ml™") with CM-0o-(1—-3)-p-glucan from macromycetes
fungi. The NR assay. Bars represent the standard deviations of

Because Jurkat, Clone E6-1 cells are known to
produce large amounts of IL-2 after stimulation, the
addition of CM-glucan in our study may have
induced cell proliferation, as was found in NR test.
Moreover, the different effect of CM-glucans on the
proliferation and viability of solid tumor-derived
HeLa cells and Jurkat cells could be a result of
differences in growth conditions. Cells growing in
suspension and those growing in an adherent mode
show different sensitivities to cytotoxic or stimula-
tory effects of substances. This may be associated
with differences in the length of cell cycle phases or
the presence of specific receptors, e.g., adhesion
molecules, in cellular membranes. It may, there-
fore, determine differences in intracellular signal

CM-glucan concentration (ug ml'l)

three independent experiments. The results are shown as
percentage of the control, arbitrarily set to 100% (Y axis). The
graph describes changes in cell population after incubation
with CM-glucans

transduction, which may influence the sensitivity of
HeLa and Jurkat cells to the tested CM-glucans.

The CM-o-(1 — 3)-p-glucans tested in the present
study did not show free radical scavenging activity
(DPPH method). However, the lowest concentra-
tions (25 pg ml™") of the CM-glucans isolated from
L. edodes, P. betulinus and L. sulphureus showed a
slight scavenging action (Table 3).

In conclusion: carboxymethylated fungal o-
(1 — 3)-p-glucans have a biological activity poten-
tial, i.e. they express cytotoxic or mitochondrial
metabolism-modulating effects but generally do not
show free radical scavenging activity. These activi-
ties, however, should be further tested to be consid-
ered for application.

@ Springer



794

Biotechnol Lett (2011) 33:787-795

Table 3 DPPH scavenging effect (%)

Concentrlation L. edodes P. ostreatus P. betulinus L. sulphureus

(g ml ) % of control SD P % of control SD P % of control SD P % of control S.D. P
25 4 1.8 ** 4 0.9  ** 1.3 05 * =03 0.6

50 -32 1.5 =27 09 * -0.5 1.1 —1.3 0.7

75 —-32 0.6  ** -3.5 05 *  —0.5 2.1 -0.9 0.8

100 -32 0.6 ** 33 09 **  —-0.6 0.9 —1.5 0.8

125 —-3.2 14 —4.1 1.6 * -0.4 0.7 —1.6 0.3 *x
150 —2.8 1.2 —4 1.3 * -0.2 0.9 —1.6 0.4 *E
175 -3 1.7 -39 1.8 * —0.1 0.5 —-2.2 0.9 *

200 —-2.8 09 * —4.9 14 *  —19 24 —-24 0.5 ok

Negative values represent the % of ROS reduction, positive values should be considered as lack of radical scavenging. P < 0.05 (¥),
P <0.001 (**), P <0.0001 (***) significance compared to control. Results are shown as mean & SD of three independent

experiments

The % of DPPH" radical reduced by CM-a-(1—3)-p-glucan from macromycetes fungi is compared to the control (0% of reduction)®
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