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Abstract

Polysaccharide extracted from the Maitake mushroom (MP) is considered as a potential anticancer agent. The present study was
performed to investigate the cytotoxic effects of MP and vitamin C (VC) alone and in combination on the viability of human
neuroglioma M059 K cells in vitro. A combination of MP (1.0 mg/mL) and VC (0.4 mmol/L) led to a 53.10% reduction in cell
viability and this treatment induced cell cycle arrest at the G2/M phase, and apoptosis occurred in 38.54% of the cells. Results of
Hoechst 33258 staining and Western blot showed apoptotic cells appeared and changes in the expression of apoptosis-related
proteins (upregulation of Bax and caspase-3, downregulation of Bcl-2, and activation of poly-(ADP-ribose)-polymerase). More-
over, the activities of caspase-3, caspase-8, and caspase-9 were enhanced in M059 K cells. The inhibiting effect of combined
treatment with MP and VC on M059 K cells indicates the mechanism of anticancer activity involved induction of cell apoptosis.
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Malignant gliomas and glioblastomas (GBM) are considered to
be the most common primary brain tumors in adults, which are
closely related to poor quality of life and lamentable prog-
nosis.' Virtually, the current standard of therapy for all
patients with high-grade glioma is surgical resection with con-
current radiation and chemotherapy.® Despite aggressive diag-
nosis and treatment methods and recent clinical advances, the
median survival with gliomas patients is only 15 months and
the survival statistics for them have not improved significantly
over the past decades.*” This highlights the need to establish
more effective therapeutic strategies to GBM.

Maitake, usually called Grifola frondosa, is a basidiomycete
fungus belonging to the polyporaceae family. Investigation of
mechanism of how the biological behavior of tumor cells is
affected by this polysaccharide has attracted a lot of research
interests in recent years. The study of Martin and Brophy®
showed that Grifola frondosa polysaccharide emerged its antic-
ancer activity by inducing cell apoptosis in breast cancer MCF-
7 cells. The same research result was demonstrated by Shomori
et al” where water extract from Maitake induced gastric cancer
cell apoptosis. A recent study showed that a sulfate synthesized
from Maitake polysaccharide induced liver cancer cell HepG2

apoptosis® in order to play a role of anticancer effect. Vitamin
C (VC), a water-soluble enzyme, usually is regarded as a pow-
erful antioxidant in plants and animals. The effect of it is par-
ticipation in many processes biological intracellular and
extracellular reactions to effectively scavenge free radicals.’
In recent years, researches suggested that VC can reduce the
adverse reactions induced by chemotherapy in clinical cancer
treatment.'® Leon et al'' showed that VC could add the level of
reactive oxygen species (ROS) scavengers and thus underlie
the main mechanisms of action of osteosarcoma cell apoptosis.
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In their study, the performances of cell apoptosis such as dis-
ruption of the mitochondria membrane potential (MMP),
increased levels of caspase-3 and DNA fragmentation were all
observed. Moreover, VC appears to induce tumor cell apopto-
sis by decreasing the expression of the anti-apoptotic protein
p34SEI-1."?

Over the years 2 studies have suggested that Maitake poly-
saccharide (MP) and VC have a synergistic effect of inducing
tumor cell apoptosis. Alexander et al'® have shown that a com-
bination of MP and VC can induce kidney cancer cell apopto-
sis. Our previous research also has proved this anticancer
effect, a kind of MP (D-fraction from Grifola frondosa) and
VC have synergistic apoptotic effect on hepatocellular carci-
noma SMMC-7721 cells."* While the combined application of
MP and VC can induce apoptosis in some tumor cell lines,
further studies examining the anticancer effects of their com-
bination are needed. In this study, the mechanism of antitumor
activity of the combination of MP and VC was investigated in
human neuroglioma M059 K cells.

Materials and Methods
Reagents

Dulbecco’s modified Eagle medium: Nutrient mixture F-12 (DMEM/
F12) was bought from Gibco (Grand Island, NY, USA). Fetal bovine
serum (FBS) was purchased from Sijiqing Biological Co (Hangzhou,
China). Sodium dodecyl sulfate (SDS), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reagent was bought from
Amresco (Cleveland, OH, USA). Annexin V-FITC/PI (propidium
iodide) apoptosis detection kit, Cell Cycle detection kit, the fluores-
cent dye Hoechst 33258 were purchased from BeyGen Biotech Co
(Nanjing, China). Anti-Bax (#5023), anti-Bcl-2 (#3041), anti-
PRAP(#9542), anti-cleaved-caspase-3 (#5049) were from Cell Signal-
ing Technology (Danvers, MA, USA). Anti-rabbit IgG secondary
antibody was from ErWan Biotechnology Co (Shanghai, China). The
polysaccharide of Maitake (Grifola frondosa) was purchased from
Zelang Biotech Co (Nanjing, China), with a purity of over 90% as
proved by high-performance liquid chromatography. VC was bought
from Seebio Biotech Co (Shanghai, China).

Cell Line and Culture

The human neuroglioma cell line M059 K was a gift from Dr. Guo in
Lanzhou University. Cells were maintained in DMEM/F12 supple-
mented with 10% heat-inactivated FBS, penicillin (100 U/mL), and
streptomycin (100 pg/mL) at 37°C in a 5% CO, incubator. Cells were
seeded at an initial cell density of 6 x 10° cells/mL in 60-mm dishes or
T-25 flasks. When cells were treated with varying drug concentra-
tions, the serum concentration of the medium was reduced to 8%.

Cell Viability Assay

The viability of M059 K cells was assessed by the MTT assay. The
cells were seeded in 96-well microtiter plates at an initial cell density
of 5 x 10° cells/well. After culturing overnight, cells were treated with
varying concentrations of MP (0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL)
or VC (0.1, 0.2, 0.3, 0.4, 0.5 and mmol/L) for 48 hours. Control group
and zero adjustment wells were included. MTT was added to each well

at a final concentration of 0.5 mg/mL. Dimethyl sulfoxide was added
to each well after 4 hours to dissolve the formazan crystals. The
absorbance value per well at 490 nm was read using a microplate
reader (Bio-Rad, Hercules, CA, USA). The percentage inhibition for
proliferation of M059 K cells was calculated according to the formula:
(1 — experimental absorbance value/control absorbance value) x
100%. All experiments were performed in triplicate. The ICs, (50%
inhibition concentration) of MP and VC was calculated using the data
generated from the MTT experiment. Then detections of cell inhibi-
tion rate with different concentration of the combination of MP and
VC were carried out by using MTT method in order to determine the
best combination concentration.

Cell Cycle Analysis and Apoptosis Detection

MO059 K cells were treated with medium (without drugs), MP (1.0 mg/
mL), VC (0.4 mmol/L), and their combination at the same concentra-
tions for 48 hours. To determine cell cycle distribution, approximately
1 x 10° floating and attached cells were collected, washed twice with
cold phosphate- buffered saline (PBS), and fixed in 70% ethanol at
4°C overnight. Then, cells were resuspended in 400 pL propidium
iodide solution (containing 0.2 mg/mL RNase and 1% Triton X-
100) and incubated in the dark at room temperature for 60 minutes.
Cell cycle analysis was performed using a NovoCyte flow cytometer
(ACEA Biosciences, San Diego, CA, USA). The Annexin V-FITC/
propidium iodide double staining assay was performed on 1 x 10°
MO59 K cells that were harvested and resuspended in 500 pL binding
buffer containing 5 pL Annexin V-FITC and 10 pL propidium iodide.
The cell suspension was incubated for 20 minutes at room temperature
in the dark. Flow cytometry was used to count cells stained for apop-
tosis. All experiments were performed in triplicate and the results were
analyzed statistically.

Hoechst 33258 Staining

Hoechst 33258 staining was performed to assess apoptosis as reported
previously."> M059 K cells were seeded in 24-well plates (8 x 10°
cells/well) and treated with medium alone or medium containing MP
(1.0 mg/mL), VC (0.4 mmol/L), or a combination of MP and VC at the
same concentrations for 48 hours. The cells were then washed twice
with PBS and the nuclei stained with 0.1 mM Hoechst 33258 in the
dark for 10 minutes. The cells were washed with flowing water and
immediately analyzed under an IX50 fluorescence microscope.

Western Blot Analysis of Apoptosis-Related Proteins

Approximately 2 x 10° cells were harvested and lysed in 200 uL of
RIPA lysis buffer to obtain total protein extracts after incubation with
control treatment, MP, VC, and MP/VC for 48 hours. Equal amounts
of cell lysate (20 pg) were first subjected to 10% sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and then
transferred to a nitrocellulose membrane. The blot membrane was
incubated with the primary antibodies against Bcl-2 (1:1500 dilution),
Bax (1:1000 dilution), PARP (1:1500 dilution) or caspase-3 (1:1000
dilution) at 4°C overnight, followed by a 30-minute incubation with
the secondary antibody conjugates. The Electro Chemi Luminescence
(ECL) reagent was used to develop the membrane, which was exposed
under X-ray for observing results.
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Figure |. Effects of Maitake polysaccharide (MP) or vitamin C (VC) on M059 K cell viability. Cells were treated with different concentrations of
MP (0.1-2.0 mg/mL) (A) or VC (0.1-1.0 mmol/L) (B) for 48 hours. Cell inhibition (absorbance at 490 nm) was determined by a MTT assay and

compared with control.

Assay of the Activity of Caspase-3, -8, and -9

After cells were treated with MP (1.0 mg/mL), VC (0.4 mmol/L), and
MP/VC for 48 hours, the activities of caspase-3, caspase-8, and
caspase-9 in cells were examined. In brief, M059 K Cells were seeded
in 10-mm-diameter culture dishes at a density of 6 x 10° cells/mL,
150 pL cell lysis buffer was used to lyse cells on ice for 15 to 30
minutes, followed by centrifugation (4°C, 10 000 rpm, 15 minutes).
The resultant supernatants were then used for further evaluation. The
activity of caspase enzymes was measured using the caspase activity
assay kits according to the manufacturer’s instructions after the total
protein concentration was determined using the BCA protein assay kit
(Erwan Biotechnology Co, Shanghai, China). The assay was based on
the absorbance value of the chromophore p-nitroanilide (pNA) at 405
nm, which is cleaved from DEVD-pNA for activated caspase-3,
IETD-pNA for activated caspase-8, and LEHD-pNA for activated
caspase-9.

Statistical Analysis

All experiments were performed in triplicate. Data are presented as
means + standard deviation (SD). Statistical analyses were performed
with GraphPad Prism software (GraphPad, San Diego, CA, USA) and
significant differences between or within the groups were assessed
with either one-way analysis of variance or the unpaired Student’s
t test. P values less than .05 were regarded as statistically significant.
ICsq values were determined by linear regression analyses.

Results
Effects of MP and VC on M059 K Cell Proliferation

MO059 K cells were treated separately with different concentra-
tion gradient of MP or VC for 48 hours. The results of MTT
assay showed that both MP and VC alone had dose-dependent
inhibition of cell proliferation. MP produced a 4.66% to
17.28% reduction in cell viability in the dose range of 0.6 to
2.0 mg/mL at 48 hours. And when MP <0.6 mg/mL, it has no
inhibitory effect to M059 K cells (Figure 1A). In contrast, VC
produced an 8.15% to 57.51% reduction in cellular viability
over the dose range of 0.1 to 1.0 mmol/L at 48 hours

(Figure 1B). Differences in cell viability rates between the
MP or VC treatment group compared with the control group
were statistically significant (*P <.05). The ICs, values of MP
and VC at 48 hours were 4.73 + 0.18 mg/mL and 0.98 + 0.27
mmol/L, respectively.

Synergistic Cytotoxic Effect of MP and VC

According to previous research, VC has been supposed to
play a role of the modulator of bioactivity of B-glucan in
MP.'® In this study, various concentrations of combinations
of MP and VC were tested in M059 K cells. The results of
the MTT assay showed that a synergistic effect was
observed when cells were treated with both MP and VC for
48 hours. As shown in Figure 2A, when using 1.0 mg/mL
MP (approximate 1/5 ICsg) in combination with 0.4 mmol/L
VC (2/5 1Csg), or 2.5 mg/mL MP (about 1/2 1Cso) with 0.4
mmol/L VC (2/5 ICsg) inhibited the proliferation of M059 K
cells by more than 50%. In addition, as showed by Figure
2B, the 1.0 mg/mL MP and 0.4 mmol/L VC combination
produced 55% inhibition while using same concentration of
MP or VC alone both had little inhibitory effect (MP: 7.56%
+ 1.80% and VC: 14.43% + 1.02%). So 1.0 mg/mL MP
and 0.4 mmol/L VC doses were chosen as the best concen-
tration for following test ultimately.

MP and VC Promote Apoptosis of M059 K Cells

The Annexin-V-FITC/propidium iodide double staining assay
showed that there were 0.294% =+ 0.15% apoptotic cells in the
control group, increasing to 38.54% + 2.2% in cells treated
with the optimal combination of MP (1.0 mg/mL) and VC
(0.4 mM) for 48 hours. In contrast, only 3.153% =+ 1.32% and
6.581% + 0.67% of M059 K cells were apoptotic when treated
for 48 hours with MP or VC alone and the apoptosis rate of
MO059 K cells after MP/VC treatment increased by 12- and
5.86-fold, respectively, compared with using MP or VC alone
(Figure 3A).
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Figure 2. Synergy effect of the combinations of Maitake polysaccharide (MP) and vitamin C (VC) to inhibit cell proliferation in M059 K cells. (A)
MTT assay of combined application with different concentrations MP and VC. (B) Cell inhibition rate for without drugs, 1.0 mg/mL MP, 0.4
mmol/L VC, and MP/VC. Data are expressed as mean + SD of 3 separate experiments (*P < .5; *P < .0] compared with control).
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Figure 3. Effect of Maitake polysaccharide (MP) or/and vitamin C (VC) on M059 K cell apoptosis. (A) Flow cytometry (FCM) analysis: cell
apoptosis was induced by control (without treatment), MP (1.0 mg/mL), VC (0.4 mmol/L), and MP/VC after 48 hours using Annexin V-FITC/
propidium iodide staining. The cells are characterized as early apoptosis (bottom right quadrant), late apoptosis (top right quadrant), necrotic
(top left quadrant), and healthy cells (bottom left quadrant) based on the FCM results, and the total apoptosis rate is summarized in a bar chart
on the right. (B) Histogram of corresponding apoptotic ratios. Data are expressed as mean + SD of 3 separate experiments. *P < .05; **P < .01

compared with control.

MP/VC Induced Cell Cycle Arrest in the G2/M Phase

Detection of percentages of cells in each phase of the cell cycle
reveals how cell proliferation is progressing and, when inhib-
ited, which phase is most affected. As shown in Figure 4A, the
cycling of cells in the MP group was mainly unchanged after

drug treatment for 48 hours, compared with cells in the control
group (the number of cells in G2 phase from 12.06% + 2.62%
to 16.34% + 2.57%). In contrast, the proportion of cells in the
G2 phase increased significantly in cells treated with VC and
MP/VC, growth as 26.91% + 2.62% and 33.00% + 2.57%,
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Figure 4. Effect of Maitake polysaccharide (MP) or/and vitamin C (VC) on cell cycle in M059 K cells. (A) Diagram of cell cycle analyzed by flow
cytometry (FCM). Cells were treated with control, Maitake polysaccharide (MP) (1.0 mg/mL), VC (0.4 mmol/L), and MP/VC for 48 hours. (B)
Histogram of cell cycle. The results shown are mean + SD of 3 separate experiments, *P < .05; **P < .0] compared with control.

respectively. The cycling of cells treated with the combination
MP, VC, and MP/VC also changed significantly, decreasing
the number of cells in the G1 phase (from 67.41% to
38.57%, 36.23%, and 21.72%) and increasing the number of
cells in the S phase (from 10.73% to 40.29%, 31.92%, and
31.52%). The differences between control, VC, and MP/VC
treated cells were statistically significant (¥*P <.05; **P <.01).

Changes in Apoptotic Cell Nuclei

Changes of the cell nucleus typical of apoptosis could be
observed under a fluorescence microscope after staining cells
with Hoechst 33258.'7 After M059 K cells were treated with
MP, VC, or MP/VC, the nuclei of cells in the control group
were intact, the chromatin distributed uniformly, and the cells
showed only weak light blue fluorescence (Figure 5A). There
was also no obvious change in the nuclei of cells treated with
MP alone (Figure 5B). However, some cells treated with VC
exhibited migration of the nuclear chromatin toward one side,
forming a crescent with strong fluorescence (as indicated by
the arrows, Figure 5C). Treatment with the combination of MP
and VC resulted in the presence of a large number of cells with
typical apoptotic nuclear changes such as nuclear tear, nuclear
fragmentation, enhanced fluorescence staining, nuclear chro-
matin condensation, and the marginalization of the nucleus
(Figure 5D-F).

Effects of MP, VC, and their Combination on Apoptosis-
Related Proteins

To determine the effect of treating M059 K cells with MP or
VC on the expression of apoptosis marker proteins, Western
blot analyses of the anti-apoptotic protein, Bcl-2, and the pro-
apoptotic proteins, Bax, cleaved caspase-3, and PARP were
performed. After treatment with MP, VC, or MP/VC for 48
hours, the expression of Bax, cleaved caspase-3, and PARP all
increased, while the expression of Bcl-2 decreased (Figure 6).
Compared to treatment with MP or VC alone, the changes of
protein expression of cells in combination of MP and VC group
significantly. These findings are consistent with previous
research showing that the upregulation of BAX and PARP,
combined with the downregulation of Bcl-2, is indicative of
apoptosis.'®!° Thus, it is plausible that combination treatment
with MP and VC induces M059 K cell death through apoptosis.

Activity Assay of Caspase-3, Caspase-8, and Caspase-9

As shown in Figure 7, the activity of caspase-3 increased by
1.1-, 1.3-, and 2.1-fold after M059 K cells were treated for 48
hours with MP, VC, and MP/VC, respectively, and these dif-
ferences were statistically significant compared with controls
(*P < .05). The activities of caspase-8 and caspase-9 in M059 K
cells both enhanced in our study. However, there was no
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MO059 K cells were immediately examined by fluorescence microscope. (A) Control group. (B) MP treatment group. (C) VC treatment group.
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Figure 6. Effect of Maitake polysaccharide (MP) or/and vitamin C (VC) on expression of apoptosis-related proteins in M059 K cells. Cells were
treated with control, MP (1.0 mg/mL), VC (0.4 mmol/L), and MP/VC for 48 hours. (A) Expressions of Bax, Bcl-2, cleaved caspase-3, and PARP
were analyzed with Western blotting. In addition, B-actin is shown as a protein loading control. (B) Histogram of Western blotting results. Data
are expressed as mean + SD of 3 separate experiments. ?P < .05; ##P < .0l compared with control.

significant difference in caspase-8 activity between MP-treated
or VC-treated and control cells. The change of caspase-9 activ-
ity also revealed that caspase-9 activity was not significantly
increased in cells compared with controls following treatment
with MP alone. Interestingly, the activities of caspase-8 and
caspase-9 in cells that were treated with the combination of MP
and VC significantly increased compared with cells that were
treated in control group after 48 hours (approximately 1.52- and
1.75-fold for caspase-8 and caspase-9, respectively) (“P < .05).

Discussion

With its increasing incidence worldwide, glioma has become a
major challenge for the neurosurgeon, because of its compli-
cated pathogenesis mechanisms, unfavorable prognosis, and
higher recurrence rate.?’ The current clinical treatment efficacy
is still unfavorable and the main reason is that glioma cells has
intrinsic features of migration and invasion. These features are
both correlated with anti-apoptosis and enhanced cell adhesion
of tumor cells.?!*? Therefore, the establishment of effective
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Figure 7. Activation of caspase-3, caspase-8, and caspase-9 in M059 K
cells treated with Maitake polysaccharide (MP), vitamin C (VC), and
MP/VC after 48 hours. Caspase-3 activity significantly increased in cells
treated with VC and MP/VC. Caspase-8 and caspase-9 activity signif-
icantly increased in cells treated with MP/VC. P<.05 compared with
control.

apoptosis-inducing drugs can improve the treatment efficacy
of glioma.

The inhibition effect of the combination of the MP and VC
on the growth of human neuroglioma M059 K cells were inves-
tigated in our study. When MP or VC was applied separately,
cell viability was not obviously decreased and the 1Cs, values
of MP was 4.73 mg/mL, which showed that the cell toxicity of
MP to M059 K is very small. In addition, the analytical results
of MTT indicated that MP (1.0 mg/mL) and VC (0.4 mmol/L)
at their respective optimal concentrations have synergistic
cytotoxic effects in M059 K cells (55%). As the same as our
previous study’s results,"* MP or VC at low concentrations has
no direct inhibitory effect on M059 K cells, but MP may influ-
ence the basis of cell metabolism, which sensitized the cells to
VC. VC can effectively clear reactive oxygen, and regulate
oxidation/reduction homeostasis via anti-oxidation pathway.
So that the VC play a more important antitumor effect in the
process.

In addition, the flow cytometry results revealed that more
cell apoptosis (38.54%) was induced by the combination than
that by the individual agents and that the number of cells in the
G2/M phase of the cell cycle increased (from 12.06% to 33%)
compared with controls. The morphological changes associated
with apoptosis in cells were observed by fluorescence staining.
The overexpression of Bcl-2 and inhibition of Bax expression
are closely correlated with anti-apoptosis/apoptosis imbalance
of glioma cells.?® This study demonstrated that after MP/VC
treatment, the proliferation of glioma cells was remarkably
inhibited, enhancing tumor cell apoptosis, decreasing mRNA/
protein expression of Bcl-2 while increasing Bax mRNA or
protein expression. Meanwhile, the expression of caspase-3
and its endogenous substrate, cleavage of PARP, were
enhanced in our study. Furthermore, we also evaluated the
activity of caspase-3, caspase-8, and caspase-9 in M059 K
cells. The activation levels of these key mediators in the apop-
tosis pathway were all significantly increased after MP/VC
treatment. All these results suggested that the combination of
MP and VC induces M059 K cell apoptosis. As shown in

Figure 7, treatment of M059 K cells for 48 hours with MP or
VC resulted neither increase in caspase-8 nor increase in
caspase-9 activity, but they both increased by treating with
MP/VC. This result demonstrates that the apoptosis of M059
K cells is induced ultimately by the activation of caspase-3
through the activation of either caspase-8 or caspase-9.

Conclusion

As one of the effective natural compounds for antitumor treat-
ment currently studied in recent years, MP can induce the
apoptosis of some human tumor cells. When used in combina-
tion with VC, the effect of inducing tumor cell apoptosis is
more apparent.”* However, the mechanism has not been illu-
strated yet. In summary, the combined use of MP and VC has
significant antitumor effect and additional studies needed to
verify the therapeutic potential of this strategy for treatment
of glioblastoma patients.
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