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Abstract Purpose: The Basidiomycete fungus Agaricus
blazei Murill has traditionally been used as a health food
for the prevention of cancer. Methods: We examined
whether beta-(1–6)-D-glucan extracted from A. blazei is a
potential anticancer agent in an in vitro and in vivo
animal model. Results: Here we show that (1) beta-glu-
can had cytotoxic effect against human ovarian cancer
HRA cells, but not against murine Lewis lung cancer
3LL cells, in vitro; (2) beta-glucan promotes p38 MAPK
activity for suppressing HRA cell proliferation and
amplifying the apoptosis cascade; (3) beta-glucan stim-
ulates translocation of the proapoptotic protein, Bax,
from the cytosol to mitochondria, cytochrome c release,
and subsequent caspase-9 activation; (4) treatment with

SB203580, a p38 MAPK-specific inhibitor, suppresses
beta-glucan-induced effects, indicating that activation of
p38 MAPK is involved in the suppression of cell pro-
liferation and mitochondrial activation-mediated cell
death pathway; (5) in mice, oral supplementation with
beta-glucan reduces pulmonary metastasis of 3LL cells
and peritoneal disseminated metastasis of HRA cells
and inhibits the growth of these metastatic tumors in
lung or peritoneal cavity, in part, by suppressing uPA
expression; and (6) in an in vivo experimental metastasis
assay, however, the oral supplementation with beta-
glucan after i.v. tumor cell inoculation did not reduce
the number of lung tumor colonies. Conclusion:
Treatment with beta-glucan may be beneficial for cancer
patients with or at risk for metastasis. The beta-glucan-
dependent signaling pathways are critical for our
understanding of anticancer events and development of
cancer therapeutic agents.
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Abbreviations 3LL: Murine Lewis lung carcinoma Æ
MAPK: Mitogen-activated protein kinase Æ uPA:
Urokinase-type plasminogen activator Æ FCS: Fetal
calf serum Æ ERK: Extracellular signal-regulated
kinase Æ JNK: c-Jun N-terminal kinase Æ TGF-b:
Transforming growth factor-beta

Introduction

Currently, mushroom and fungi brought to attention by
complementary and alternative medicine, are undergoing
scientific analysis and development to prevent and treat
cancer. The edible mushroom Agaricus blazei Murill is
considered a health food in many countries after it was
reported to be a source of antitumor and immunoactive
compounds (Beier 1990; Mizuno et al. 1990). The
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common mushroom Agaricus bisporus contains benzyl
alcohol as its most abundant volatile, and A. bisporus
and Gyromitra esculenta both contain hydrazine ana-
logues (Beier 1990). The water extract of A. blazei has
potent antitumor activity in tumor-bearing mice (Beier
1990; Kawagishi et al. 1990; Mizuno et al. 1990; Itoh
et al. 1994; Fujimiya et al. 1998; Lee et al. 2003), and the
antitumor substance was postulated to be the beta-glu-
can fraction. Beta-glucans are polymers of glucose that
are extractable from cereals, mushrooms, seaweed and
yeasts (Beier 1990; Kawagishi et al. 1990; Mizuno et al.
1990; Itoh et al. 1994; Fujimiya et al. 1998; Lee et al.
2003). Orally administered beta-(1–6)-D-polyglucose ex-
tracted from A. blazei results in tumor regression in tu-
mor-bearing mice (Oshima et al. 2002). The (1–3)-beta-
backbone and the (1–6)-linked branches were thought to
be important for their immune effects. Furthermore, a
highly branched (1–3)-beta-glucan segment forms the
active center of the antitumor activity (Ohno et al. 2001).
Thus, beta-(1–6)-glucan with beta-(1–3)-branched chains
has exhibited strong anticancer activity by increasing
immune-competent cell activity (Kodama et al. 2002).
Oral administration of botanical and yeast extracts
containing (1–3), (1–6)-beta-glucans has shown anti-tu-
mor effects in animal studies, and in patients with colo-
rectal cancer (Torisu et al. 1990) and gastric cancer
(Nakazato et al. 1994). Beta-(1–3)-D-glucan, such as
schizophyllan has been used clinically in cancer therapy
in Japan. A new approach is using the extracts of A.
blazei or beta-glucan, preferably as an oral therapy,
suitable for chronic administration and continual re-
straint of metastasis.

In the present study, daily oral administration of beta-
glucan extracted from A. brazei was examined to deter-
mine whether it would inhibit production of experimen-
tal and spontaneous pulmonary metastasis by mouse
Lewis lung carcinoma 3LL cells. Furthermore, we
investigated the effect of treatment with this compound
on peritoneal disseminated metastasis in an experimental
nude mice model using intraperitoneal injections of hu-
man ovarian cancer HRA cells. The histology of this
model closely resembles the characteristics of peritone-
ally disseminated metastasis from human ovarian cancer.
To clarify the mechanism of antitumor activity by beta-
glucan, we examined the effects of this compound on cell
proliferation, apoptosis, signal transduction (phosphor-
ylation of MAP kinase), and uPA expression were
examined. In this study, we showed for the first time that
beta-glucan has a direct effect on tumor invasion and
metastasis possibly through a direct modulation of sig-
naling cascades.

Materials and methods

Natural materials, chemicals and reagents

Agaricus blazei was supplied by DreamWorld Co., Ltd.,
Iwata, Japan. The acid-treatment preparation of the ac-

tive fraction (fraction 3) was as described previously
(Fujimiya et al. 1998; Oshima et al. 2002). This fraction
had a molecular weight of approximately 10 kDa and
consisted mainly of beta-1,6-D-glucan (Oshima et al.
2002). Endotoxin contamination of this preparation was
less than 6 pg/ml as determined by a chromogenic
endotoxin-specific assay, Endospecy (Seikagaku Kogyo,
Tokyo). High molecular weight (HMW)-uPA, synthetic
chromogenic substrate of uPA (Spectrozyme UK), Glu-
type plasminogen, purified plasmin, and chromogenic
plasmin substrate (Spectrozyme PL) were obtained from
American Diagnostica (Greenwich, CT). RPMI 1640
medium, DMEM and FCS were obtained from Invitro-
gen Japan K.K. (Tokyo). TGF-b1 and mouse G-CSF
were purchased from CosmoBio, Tokyo. Matrigel was
purchased from Collaborative Research (Bedford, MA).
Mouse anti-phospho-Thr202/Tyr204 ERK1/2, mouse anti-
ERK antibodies were purchased from New England Bi-
olabs Inc. (Beverly, MA). Rabbit anti-p38 kinase, rabbit
anti-phospho-Tyr182 p38 kinase, rabbit anti-JNK2, rab-
bit anti-phospho-Thr183/Tyr185 JNK, anti-caspase-9, and
anti-Bax antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Polyclonal antibody to
cytochrome c was obtained from Pharmingen (San Die-
go, CA). PD98059, SB203580, and SP600125 were sup-
plied byCalbiochem (La Jolla, CA). PD98059, SB203580,
and SP600125 are MEK1/2-specific, p38 kinase-specific,
and JNK-specific inhibitors, respectively. The inhibitors
were dissolved in dimethyl sulfoxide and used in the fol-
lowing concentrations: PD98059 (10 lM, 30 min),
SB203580 (15 lM, 30 min), and SP600125 (50 lM,
30 min). Unless otherwise specified, reagents for cell
culture and all other chemicals including protease inhib-
itors were of the highest purity and obtained from Sigma.

Cells and culture

A murine Lewis lung carcinoma cell line, 3LL (Kobay-
ashi et al. 1994), selected for its high lung colonization
potential was kindly provided by Chugai Pharmaceuti-
cals Co., Tokyo. The tumor was maintained by serial
subcutaneous (s.c.) transplantation in C57BL/6 mice. In
some experiments, 3LL cells were maintained as adher-
ent monolayers cultured on tissue culture plastic in Ea-
gle’s minimal essential medium supplemented with 10%
fetal bovine serum, sodium pyruvate, nonessential ami-
no acids, L-glutamine, and vitamins at 37�C in a
humidified incubator with 5% CO2 in air. The human
ovarian cancer HRA cells were maintained in RPMI
1640 medium supplemented with 10% fetal bovine ser-
um in a cell culture incubator (constantly set at 37�C
with 5% CO2) (Suzuki et al. 2003). Cells were stained
with 0.2% trypan blue and viable cells were counted.

MTT assay

Cellular proliferation was measured by reduction of
MTT, which corresponds to living cell number and
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metabolic activity (Mosmann 1983). Cells were thor-
oughly washed, plated at 5·104 cells/well in 24-well
plates and incubated with or without test drugs for var-
ious periods of time. Fifty microliters of 1 mg/mls MTT
solution (WST-8, Nacalai Tesque, Kyoto, Japan) was
added to each well. After 1 h of incubation, the absor-
bance of each well was measured at 492 and 630 nm
using a microplate reader (Bio-Rad Laboratories)
according to the manufacturer’s protocol.

Thymidine incorporation assay

Cells (2·105 viable cells) were cultured in 1.5-ml poly-
propylene tubes containing 200 ll (final volume) of
serum-free culture medium. After a 24-h preculture
period, treated cells were incubated with 0.5 lCi/tube of
[methyl�3H]thymidine. After another 24 h of culture,
the cells were washed, centrifuged, and incubated with
10% ice-cold trichloroacetic acid. The cell pellet was
solubilized in 0.2 M NaOH, and its radioactivity was
measured (Otsuka et al. 2000).

Detection of cell surface-associated uPA activity
by colorimetric assay

Cells were seeded at 10,000 cells/well in 96-well plates in
the maintenance medium and allowed to reach �90%
confluence. The cells were washed once with phosphate-
buffered saline and analyzed in a reaction buffer (100 ll/
well) containing 0.8 mM MgCl2 and 0.2 lg/ml leupep-
tin. The reactions were initiated by the addition of the
chromogenic amidolytic substrate specific for uPA
(Spectrozyme UK) to a final concentration of 0.2 mM in
the absence or presence of 1 mM amiloride or neutral-
izing antibodies to 10 lg/ml uPA (Nakazato et al. 1994).
No amidolytic substrate was added in the blank reac-
tions. The photometric absorbance of the reaction
mixtures at 405 nm was monitored at 37�C over the next
30 min.

Hoechst 33258 staining

Hoechst 33258 staining was performed as described
previously (Kim et al. 2001). Morphological changes in
the nuclear chromatin of cells undergoing apoptosis
were detected by staining with 2.5 lg/ml bisbenzimide
Hoechst 33258 fluorochrome (Calbiochem), followed by
examination on a fluorescence microscope. Apoptotic
cells were identified by the condensation and fragmen-
tation of their nuclei. The percentage of apoptotic cells
was calculated from the ratio of apoptotic cells to total
cells counted. At minimum, 500 cells were counted for
each treatment.

Preparation of cytosolic and mitochondrial protein
fractions

Cytosolic and mitochondrial protein fractions were pre-
pared as described previously (Park et al. 2003). Cells
were collected and washed twice in ice-cold PBS, resus-
pended in extraction buffer (20 mM HEPES, pH 7.5,
10 mM KCl, 1.9 mM MgCl2, 1 mM EGTA, 1 mM
EDTA, mixture of protease inhibitors), and incubated on
ice for 20 min. Then, the cells were homogenized with a
glass homogenizer and a loose pestle. Cell homogenates
were spun at 1,000 g to remove unbroken cells, nuclei,
and heavy membranes. The supernatant was spun again
at 14,000 g for 30 min to collect the mitochondria-rich
(pellet) and cytosolic (supernatant) fractions. The mito-
chondria-rich fraction was washed once with the
extraction buffer, followed by a final resuspension in lysis
buffer (150 mM NaCl, 50 mM Tris–HCl, pH 7.4, 1%
Nonidet P-40, 0.25% sodium deoxycholate, 1 mM
EGTA) containing protease inhibitors for Western blot
analysis. In parallel, cells treated in the same condition in
different dishes were harvested and counted using a
hemocytometer. Protein was measured by the Bradford
assay (Bio-Rad) using bovine serum albumin as the
standard.

Western blotting

Samples were electrophoresed under nonreducing con-
ditions and transferred to polyvinylidene difluoride
membrane using a semi-dry transfer system. Nonspe-
cific binding sites were blocked for 1 h in Tris-buffered
saline, pH 7.6, containing 2% bovine serum albumin.
Blots were incubated with 0.1 lg/ml primary antibody
for 1 h and with secondary antibody (goat anti-rabbit/
mouse horseradish peroxidase-conjugated IgG diluted
1:5,000 in blocking solution) for 1 h. After several
washes, reactive bands were visualized by a chemilu-
minescence detection kit (Amersham Biosciences,
Tokyo).

Invasion assay

The ability of cells to migrate across a Matrigel barrier
(invasion) was determined by the modified Boyden
chamber method (Suzuki et al. 2003). Briefly, cells (105/
chamber) were added to polyvinylpyrrolidone-free,
8-lm polycarbonate filters coated with 50 ll of 50 lg/ml
Matrigel and incubated with complete medium con-
taining 0.1% bovine serum albumin for 24 h at 37�C.
NIH3T3 fibroblast-conditioned medium was used as a
chemoattractant, and serum-free medium containing
0.1% bovine serum albumin was used as a negative
control. Filters were removed from the chambers and
stained with hematoxylin. Cells were counted at a 100·
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magnification, and the mean numbers of cells/field in
five random fields were recorded. Duplicate filters were
used, and the experiments were repeated three times. In
a parallel experiment, standard chemotaxis assays were
performed in the absence of Matrigel.

Animals

All protocols for animal studies were reviewed and ap-
proved by the Animal Research and Ethics Board of
Hamamatsu University. The care and use of the animals
were in accordance with the Institution’s guidelines.
Specific-pathogen-free female C57BL/6 mice and female
inbred nude (BALB/c nu/nu) mice, 5 weeks old (16–
19 g), were purchased from SLC (Hamamatsu, Japan).
The animals were maintained under the following
standard conditions: 22±2�C, 45±10% relative
humidity, and 12-h light/12-h dark cycles each day.
Control mice were also fed water alone on the same
schedule. Powdered CE-2 (CLEA Japan, Inc., Tokyo)
was used as a basal diet. Both the diets and water were
offered ad libitum. They were randomized into groups,
so that mean body weights in the group were approxi-
mately equal and were initially housed up to nine mice
in a group.

Experimental and spontaneous lung metastasis
in C57BL/6 mice

C57BL/6, 5-week-old female mice, were housed in the
Hamamatsu University Animal Care Facility for 1 week
prior to use. Per experiment, control animals not in-
jected with tumor cells were included.

Experimental metastasis [which may determine only
the later steps of the metastatic migration process
(extravasation from the blood stream and then growth
into pulmonary tumor)]: 3LL cells (2.5·105 cells/50 ll/
mouse) were slowly injected via the lateral tail vein of
unanesthetized C57BL/6 mice (Kobayashi et al. 1994,
1995). The mice were killed 21 days after tumor inocu-
lation. The lungs were fixed in Bouin’s solution and the
lung tumor colonies were counted under a dissecting
microscope.

Spontaneous metastasis (which measures metastasis
from a primary tumor): 3LL cells (1·106 cells/50 ll/
mouse) were injected s.c. in the mouse abdominal wall.
The mice were sacrificed 28 days after tumor inoculation
(Kobayashi et al. 1994, 1995). The number of lung tu-
mor colonies was determined as already described.

During the experimental period, animals of each
group (n=10 for each group) were treated with aqueous
solutions of the beta-glucan, with a dry weight of 20,
100, and 500 lg/ml, respectively. The solutions were
offered to animals ad libitum, in aluminum foil-wrapped
bottles to avoid light decomposition. They were the sole
source of drinking fluid.

Peritoneally disseminated metastasis model
in nude mice

HRA cells were injected intraperitoneally according to
Suzuki et al. (2003). The cells (0.1 ml of cell suspension
containing 5·106 cells) were injected intraperitoneally
using a 26-gauge needle. Nine days after injection of the
cells, the animals were sacrificed, and intraperitoneal
tumor nodules were also dissected, weighted, fixed in
formalin, and embedded in paraffin.

During the experimental period, animals of each
group (n=10) were treated with solutions of the beta-
glucan (0, 20, 100, or 500 lg/ml). The solutions were
offered to animals ad libitum as described above. In a
separate experiment, the indicated doses of beta-glucan
were administered i.p. (20, 100, or 500 lg/0.1 ml PBS,
bolus injection) on days 0, 1, 2, 3, 5, and 7. Control mice
were given PBS instead of the test solution.

Tumor volume

The tumor volume was determined through direct
measurement with calipers and calculated by the for-
mula [length (mm) · width (mm2)]/2 every 2–3 days. On
day 21, blood was obtained via venipuncture in mice
with diethyl ether anesthesia, and then the tumor, epi-
didymal adipose tissue, spleen and thymus were re-
moved and weighed for evaluation of antitumor activity
and side effects. The blood samples were chilled in test-
tubes containing heparin, and the number of leukocytes
was measured using a Coulter Counter (Japan Scientific
Instruments Ltd., Tokyo, Japan).

Statistical analysis

All experiments were performed using at least three
different cell preparations. Data are presented as
mean ± standard deviation (SD). All statistical analy-
ses were performed using StatView for Macintosh. Data
were analyzed by one-way ANOVA, and then differ-
ences in means among groups were analyzed using
Dunnett’s test (significantly different at P<0.05).

Results

Beta-glucan extracted from A. Blazei directly suppresses
HRA cell proliferation in vitro

We initially examined whether beta-glucan extracted
from A. blazei reduces cell proliferation in cancer cells
using a thymidine incorporation assay. It has been
reported that beta-glucan is one of the major com-
ponents extracted from fungi and mushroom such as
A. blazei. Therefore, HRA cells were treated with
beta-glucan. The beta-glucan inhibited thymidine
incorporation in a dose-dependent fashion at concen-
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trations up to 10 lg/ml of beta-glucan in HRA cells
(Fig. 1a, left panel). This suggests strongly that beta-
glucan suppresses cell proliferation in ovarian cancer
cells.

In a parallel experiment, we performed the MTT as-
say, a colorimetric cell growth assay that measures the
reduction of MTT by mitochondrial succinate dehy-
drogenase and, thus, detects living cells. Consistent with
thymidine incorporation, 10 lg/ml beta-glucan de-
creased living cells (Fig. 1b, left panel). This confirms
that beta-glucan-inhibited thymidine incorporation
correlates with beta-glucan-suppressed cell proliferation
in ovarian cancer cells.

Beta-glucan does not suppress 3LL cell proliferation
in vitro

We examined whether beta-glucan reduces cell prolifer-
ation in another cell type (Lewis lung cancer 3LL cells)
using a thymidine incorporation assay and MTT assay.
In contrast to HRA cells, both assays revealed that beta-
glucan failed to inhibit 3LL cell proliferation even at
concentrations of up to 10 lg/ml of beta-glucan
(Fig. 1a, b, right panel).

Effects of beta-glucan on the peritoneally
by disseminated metastasis in human ovarian
cancer cells

We hypothesize that beta-glucan may inhibit ovarian
cancer progression in vivo. By using an experimental

model of peritoneally by disseminated metastasis caused
by HRA ovarian cancer cells that quite closely mimics
the conditions likely to occur in naturally arising meta-
static human ovarian cancers, we first examined the
suppressing effects of i.p. injection of beta-glucan on
peritoneally by disseminated metastasis of HRA cells. In
an initial experiment, the mice without tumor inocula-
tion in each group did not show any significant differ-
ence in body weight (data not shown). Bolus i.p.
injection of beta-glucan (100 and 500 lg/mouse) did
significantly reduce tumor burden (Fig. 2a). In the
control group, the total tumor weight/animal amounted
to 3.38±0.92 g, whereas the total tumor burden in the
beta-glucan (500 lg/mouse) group was only
2.50±0.31 g, a reduction of 25% (P<0.05). The i.p.
tumor growth was also significantly decreased in mice
given beta-glucan (100 lg/mouse) (P<0.05). Thus, beta-
glucan was effective at inhibiting in vitro ovarian cancer
cell proliferation and in vivo disseminated metastasis.

We secondarily examined the suppressing effects of
daily oral supplementation of beta-glucan on peritoneal
by disseminated metastasis of HRA cells. In the control
group, the total tumor weight/animal amounted to
3.90±0.52 g, whereas the total tumor burden in the
beta-glucan (500 lg/ml) group was 3.01±0.21 g, a
reduction of 22%. Thus, the extent of intraperitoneal
tumor burden in HRA-bearing animals was significantly
decreased in animals treated with daily oral adminis-
tration of beta-glucan (500 lg/ml) (Fig. 2b). The beta-
glucan treatment had no influence on the mean body
weight gain or on food consumption at the end of the
experimental period (data not shown).

Fig. 1 Cancer cell proliferation
in response to beta-glucan
extracted from A. blazei. HRA
and 3LL cells were deprived of
serum for 24 h and incubated
with the control, serum-free
medium or beta-glucan (0.4, 2,
or 10 lg/ml) for 20 h. a
[3H]thymidine incorporation
was measured during the last
5 h. b Cell viability was
measured by the enzymatic
reduction of MTT (OD 550–
670 nm) during the last 3 h.
Values represent the
mean ± SD of quadruplicate
samples of a representative
experiment. *P<0.05 vs.
control
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Beta-glucan does not inhibit the growth of subcutaneous
3LL tumor

To determine whether beta-glucan has a direct growth-
inhibitory effect on 3LL lung cancer cells in vivo, 3LL
cells were implanted subcutaneously into C57BL/6 mice.
Unfortunately, daily oral administration of beta-glucan
did not suppress primary tumor growth (Fig. 3). This
lack of effect of beta-glucan on primary tumor growth in
vivo could not be due to a shortfall of daily supple-
mentation of drinking fluid, because beta-glucan-treated
animals had significantly repressed lung metastasis when
compared with that observed in untreated animals (see
below).

Beta-glucan inhibits the formation of lung metastases
caused by lung cancer cells in vivo

We have shown previously that mouse lung cancer 3LL
cells have the unique property of metastasizing to the
lung after intravenous or subcutaneous tumor cell inoc-
ulation in C57BL/6 mice. To determine whether beta-
glucan has anti-metastatic effect on 3LL lung cancer cells
in vivo, 3LL cells were implanted subcutaneously into
C57BL/6 mice. As shown in Fig. 4a, the incidence of 3LL
lung metastasis (the mean numbers of metastatic lung
tumors) in mice that received oral beta-glucan (100 or
500 lg/ml) was significantly less than that in control
mice. The extent of this inhibition depends on the con-
centrations of beta-glucan in the drinking fluid. These
results suggest that the production of spontaneous lung
metastasis was inhibited predominantly by beta-glucan.

Effects of beta-glucan on the experimental metastasis
in mouse Lewis lung cancer cells

In a parallel experiment, we examined the suppressing
effects of oral supplementation of beta-glucan on
experimental lung metastasis after systemic i.v. injection
of 3LL cells. The results of a representative experiment
are shown in Fig. 4b. The daily oral supplementation of
beta-glucan even at a dose of 500 lg/ml for 21 days did
not significantly reduce the number of lung tumor col-
onies in the experimental metastasis model, although the
average number of the formation of pulmonary nodules
was lower in mice treated with beta-glucan (P>0.05).

Beta-glucan promotes p38 MAPK activation
in HRA ovarian cancer cells

These data allow us to speculate that beta-glucan is
potent to modulate the cell proliferation- or metastasis-
related intracellular signaling pathways in certain types
of cancer cells. We analyzed the activation of different
MAPKs in HRA cells using phospho-specific antibodies
in cancer cells after being treated with beta-glucan for
various periods up to 60 min (Fig. 5). Added beta-glu-
can (10 lg/ml) significantly induced p38 activation in
HRA cells, peaking 15 min and returning to the basal
level 60 min after (Fig. 5c). Beta-glucan promoted p38

Fig. 2 Effects of beta-glucan on peritoneal disseminated metasta-
sis. HRA cells (5·106) were injected intraperitoneally. a Beta-
glucan (0, 20, 100, or 500 lg/mouse) was injected intraperitoneally
on days 0, 1, 2, 3, 5, and 7. b Mice received oral beta-glucan by
drinking fluid (0, 20, 100, or 500 lg/ml) every day during the
experimental period. Nine days after injection of the cells, the
animals were sacrificed, intraperitoneal tumor masses were dis-
sected and weighted. Results are the mean ± SD of three different
determinations. *P<0.05 vs. control

Fig. 3 Beta-glucan did not inhibit the growth of subcutaneous 3LL
tumor. 3LL cells were inoculated subcutaneously into the flank of
mice. The tumor volume from animals treated (black squares) or
not treated (white squares) with oral beta-glucan was assessed by
bilateral Vernier caliper measurement. Values are the mean ± SD
of six animals per group and are expressed in mm3
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activity in HRA cells in a dose-dependent manner
(Fig. 5d, lanes 2–4). In contrast, ERK1/2 (Fig. 5a) and
JNK (Fig. 5b) pathways were unaffected by beta-glucan.
Therefore, promoting p38 activation may correlate to
inhibition of ovarian cancer cell proliferation in re-
sponse to beta-glucan. In contrast, beta-glucan does not
promote MAPK signalings including p38, JNK, and
ERK phosphorylation in 3LL cells (data not shown).
We further showed that SB203580, a p38 inhibitor,
suppressed the beta-glucan-induced p38 phosphoryla-
tion (Fig. 5d, lane 5).

To determine whether promotion of p38 activation
mediates beta-glucan-induced suppression of cell pro-
liferation, we analyzed the effects of pharmacological
p38 inhibition on thymidine incorporation in HRA cells.
As shown in Fig. 6, SB 203580 abrogates beta-glucan-
mediated inhibition of cell proliferation at the same
range of concentrations in this cell line. These indicate
that beta-glucan suppresses cell proliferation in HRA
cells through activation of p38 pathway.

Beta-glucan induces apoptosis

We hypothesize that beta-glucan-induced suppression of
cell proliferation through activation of p38 MAPK is
related to beta-glucan-mediated apoptosis. We exam-
ined whether beta-glucan induces apoptosis in HRA
cells. For confirmation, we treated these cells with dif-
ferent doses of beta-glucan, and analyzed the induction
of apoptotic cell death. Figure 7 shows that there is a
dose- and time-dependent increase of apoptotic cells
after the beta-glucan treatment, as measured by Hoechst
33258 staining for nuclei fragmentation and condensa-
tion.

We next examined whether beta-glucan-induced
apoptosis is specifically inhibited by SB203580. HRA
cells pretreated with each pharmacological inhibitor
were stimulated with beta-glucan (10 lg/ml). At a
concentration of 15 lM, SB203580 abrogated beta-glu-
can-induced apoptosis by 90%. On the other hand,
neither the JNK inhibitor SP 600125 nor the inhibitor of
MEK1 PD98059 abrogated the apoptotic effect of
beta-glucan, even at high concentrations.

Fig. 4 Effect of beta-glucan on the formation of lung metastases
caused by 3LL cells. a The number of lung tumor colonies from
mice bearing 3LL cells 28 days after s.c. tumor cell inoculation.
b The number of lung tumor colonies from mice bearing 3LL cells
21 days after i.v. tumor cell inoculation. Mice were treated with
daily oral administration of beta-glucan (0, 20, 100, or 500 lg/ml)
during these experiments. Values are mean ± SD of five to seven
animals. *P<0.05 vs. control

Fig. 5 Beta-glucan specifically promotes p38 MAPK activation in
HRA cells. Cells were deprived of serum for 24 h and incubated in
the serum-free medium containing 10 lg/ml beta-glucan for
indicated periods. Phosphorylation of the specific proteins was
detected by Western blot analysis using antibodies to total- or
phosphorylated-ERK1/2 (a), JNK (b), or p38 MAPK (c). d HRA
ovarian cancer cells were deprived of serum for 24 h and pretreated
with or without SB203580, a p38 inhibitor, for 30 min. Then cells
were treated with 0, 0.4, 2, and 10 lg/ml beta-glucan for 15 min.
Phosphorylation of p38 was assessed by Western blot analysis with
anti-phospho-p38 antibodies. To normalize p38 phosphorylation
levels to total amounts of p38 protein, membranes were then
stripped and re-probed with the antibody that recognizes both
phosphorylated and non-phosphorylated form of p38. The data
represent a typical experiment conducted three times with similar
results
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Beta-glucan induces Bax translocation, cytochrome
c release, and caspase-9 activation in HRA cells

As shown in Fig. 8, beta-glucan treatment redistributes
Bax from the cytosol to mitochondrial fraction. Cyto-
chrome c was detected in the cytosolic fraction. Caspase-
9 proform was also degraded in response to beta-glucan.
These results suggest that Bax translocation, cytochrome
c release, and caspase-9 activation occur during the
apoptotic process triggered by beta-glucan. SB203580
significantly abrogated beta-glucan-induced redistribu-

tion of Bax, cytochrome c release and degradation of
caspase-9 proform protein. We thus confirmed that
SB203580 abrogated beta-glucan-induced apoptotic
process in HRA cells.

Effects of beta-glucan on uPA expression and cell
invasion in vitro

In our previous experiments, we confirmed the role of
uPA in cancer cell invasion (Suzuki et al. 2003), dem-
onstrating that the regulation of invasion seen in the
HRA and 3LL cells is mainly mediated by the uPA-
plasmin system. It has been reported previously that
granulocyte colony-stimulating factor (G-CSF) can
stimulate uPA expression and promote the invasion of
3LL lung cancer cell lines in vitro (Pei et al. 1998).
Furthermore, TGF-b1 stimulates uPA expression and
invasion in HRA cells. In this study, we showed that
TGF-b1 (10 ng/ml) significantly stimulates uPA upreg-
ulation in HRA cells and that treatment of cells with

Fig. 7 Beta-glucan induces apoptosis through p38 MAPK cascade.
HRA cells pretreated with or without pharmacological inhibitors,
PD98059 (10 lM), SP600125 (50 lM), and SB203580 (15 lM),
were treated with beta-glucan (10 lg/ml) for the time periods
indicated (3 and 12 h). Cells were stained with Hoechst 33258, and
apoptotic cells were analyzed by fluorescence microscopy. Apop-
totic cells containing condensed chromatin fragments were scored
and expressed as a percentage of the total cell number measured.
Results from three independent experiments are shown as means
(bars, ±SD). Unlike letters (a, b, and c; a¢, b¢, c¢, and d¢) stand for
statistical differences (P<0.05)

Fig. 8 Beta-glucan induces Bax translocation, cytochrome c
release, and caspase-9 activation in HRA cells. HRA cells were
treated with 10 lg/ml beta-glucan for 3 h. Cell lysates were
prepared, and Western blot analysis was performed for caspase-9
and b-actin. Cytosolic fraction was prepared, and cytochrome c
was detected by Western blot analysis using anti-cytochrome c
antibody. Mitochondrial fraction was analyzed for Bax protein
expression using anti-Bax antibody. The data represent a typical
experiment conducted three times with similar results

Fig. 6 Promotion of p38 activation is required for beta-glucan-
mediated suppression of ovarian cancer cell proliferation. After a
24-h serum deprivation, cells were pretreated with beta-glucan or
beta-glucan plus SB203580 at indicated concentrations for 20 h.
Cell proliferation was measured by [3H]thymidine incorporation
during the last 5 h. Values represent the mean ± SD of quadru-
plicate samples of a representative experiment. Unlike letters (a, b,
and c) stand for statistical differences (P<0.05)
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beta-glucan specifically induced a suppression of TGF-
b1-stimulated up-regulation of uPA in a dose-dependent
manner (Fig. 9a, lanes 3–5).

To determine whether the cell-associated receptor-
bound uPA is affected by beta-glucan, the monolayer of
HRA cells was pretreated with these compounds for
24 h and analyzed by colorimetric assay in the presence
of the Spectrozyme UK. The beta-glucan specifically
suppresses cell-associated uPA activity in cells treated
with TGF-b1 (Fig. 9b, lane 5). Therefore, tumor cell
invasion and metastasis would be suppressed after the
receptor-bound uPA expression was inhibited by this

compound. The colorimetric assay confirmed that beta-
glucan at the concentrations used in this study do not
directly inhibit uPA catalytic activity (data not shown).
In a parallel experiment, we confirmed that in 3LL cells
beta-glucan also suppressed G-CSF-stimulated uPA
expression in vitro (data not shown).

The beta-glucan showed a dose-dependent and sta-
tistically significant inhibition of invasion in vitro
(Fig. 9c, lane 5). In addition, we examined the effects of
these compounds on cell attachment. Under optimal
conditions, 80% of these cells remain attached to the
Matrigel after washing. No inhibition of attachment to
Matrigel was seen with beta-glucan (data not shown).
These data speculate that beta-glucan extracted from
A. blazei may inhibit tumor invasion and metastasis at
least through suppression of uPA expression.

Discussion

Intense efforts have been made in several laboratories to
understand the role of A. blazei of the anticancer pro-
cess. Beta-glucan potentiates the cytolytic activity of
macrophages against tumor cells in vitro. The mecha-
nism of action of beta-glucan involves macrophage
stimulation and subsequent release of inflammatory
mediators such as IL-1 and TNF-a (Sveinbjornsson and
Rushfeld 1998). It has been established that the antitu-
mor activities were observed not only in water extract
(beta-glucan) but also in lipid fraction (ergosterol). In
contrast to beta-glucan, ergosterol had no cytotoxic ef-
fect against sarcoma 180 cells in vitro. Ergosterol may be
involved in the inhibition of tumor-induced neovascu-
larization (Takaku et al. 2001). However, little is known
about the effects of A. blazei on cancer cell invasion and
metastasis. In this study, we showed for the first time
that beta-glucan has a direct effect on tumor invasion
and metastasis.

The results of the current in vivo study provide the
first evidence that oral supplementation suppressed
spontaneous metastasis of 3LL lung cancer cells in mice,
as revealed by the low incidence of metastases in the
lungs, the small number and low tumor weights of
metastatic lesions in mice which received oral beta-glu-
can, an isolated product from A. blazei compared with
those in control mice. In contrast, oral supplementation
did not reduce primary tumor growth when 3LL cells
were inoculated subcutaneously in mice. This lack of
effect of beta-glucan on tumor growth in vivo could not
be due to a defect of daily supplementation of beta-
glucan, because beta-glucan-treated animals had signif-
icantly repressed lung metastasis when compared with
that observed in untreated animals. Furthermore, oral
administration of beta-glucan reduced peritoneally dis-
seminated metastasis in a mouse model using human
ovarian cancer HRA cells. Interestingly, treatment of
mice with beta-glucan does not reduce the number of
experimental lung metastasis, after tumor cells entered
into the intravascular space. The in vivo experimental

Fig. 9 Effects of beta-glucan on uPA expression and cell invasion
in vitro. a HRA cells pretreated with or without beta-glucan were
stimulated with 10 ng/ml TGF-b1. Total proteins were obtained
and subjected to electrophoresis. Gels were transferred to PVDF
membrane and probed with antibodies to uPA and b-actin,
respectively. b The monolayer of HRA cells seeded in 96-well plate
was pretreated with beta-glucan (2 or 10 lg/ml) in the presence of
10 ng/ml TGF-b1 for 12 h. The monolayers were washed twice
with PBS and analyzed by colorimetric assay in the presence of the
Spectrozyme UK. Results represent mean ± SD of three experi-
ments and triplicate determination. *P<0.05 compared with lane
3. c A cell suspension, 200 ll (500,000 cells/ml) in medium, was
placed at the upper compartment. After a 24-h incubation, cells
that invaded through the Matrigel-coated membrane were stained
and counted under the microscope. All experiments were per-
formed three times, and typical data are shown. Results represent
mean ± SD of three experiments and triplicate determination.
*P<0.05 compared with lane 3
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metastasis model may test merely the later stages of the
metastatic process because the tumor cells are injected
directly in the circulation. One possibility is that beta-
glucan may inhibit the process involved in entry of tu-
mor cells into circulation (intravasation) and peritoneal
tumor spread. These experiments, however, do not
eliminate roles for uPA in the initial steps of the meta-
static process (Ossowski and Reich 1983; Ostrowski
et al. 1986). It may be that other factors are rate deter-
mining in the extravasation followed by lung coloniza-
tion process rather than the uPA expression and activity.
It is of interest to further investigate the effects of beta-
glucan on an early step of metastasis. It must be kept in
mind that beta-glucan inhibited lung metastasis forma-
tion as well as peritoneal disseminated metastasis in
vivo. Beta-glucan modified the metastatic capabilities
rather than in vivo tumor growth, indicating that beta-
glucan in vivo was acting on metastatic cells.

Our in vitro results allow us to conclude that beta-
glucan-mediated inhibition of tumor cell proliferation,
invasion and metastasis appear to consist of at least two
pathways, a direct pathway through the activation of
p38 MAPK, which results in suppression of cell prolif-
eration and induction of apoptosis and an alternate
pathway through the suppression of uPA expression,
both of which play a cooperative and pivotal role in the
inhibition of tumor cell invasion and metastasis.

Some papers report the relationship between activa-
tion of p38 MAPK and inhibition of cell growth and the
promotion of apoptosis: for example, genistein-induced
activation of p38 MAPK resulted in growth arrest of
tumor cells in the G2 phase of the cell cycle, a large
induction of phosphorylation of Cdc2 (along with de-
creased activity of Cdc2), increased expression of
p21(waf/cip1) and decreased expression of the cell cycle
phosphatase Cdc25C (Frey and Singletary 2003). Acti-
vation of p38 precedes the activation of caspase 3.
SB203580, a specific kinase inhibitor for p38 which can
block the activation of caspase 3 and inhibit the resul-
tant apoptosis (Liu et al. 2004). Therefore, beta-glucan-
induced activation of p38 MAPK may also be related to
cell proliferation and apoptosis.

In addition, the beta-glucan-dependent promotion of
phosphorylation of p38 MAPK and repression of uPA
expression could be one of the mechanisms of antimet-
astatic action. It has been reported that suppression of
p38 MAPK activation reversed the growth factor-
dependent inhibition of uPA activity (Bein et al. 2004).
The proliferative balance of high ERK/p38 ratio was
induced by high uPA receptor (uPAR) expression. Thus,
high ERK/p38 ratio favors tumor growth, whereas high
p38/ERK ratio induces tumor growth arrest (dormancy)
in vivo and this ERK is negatively regulated by p38.
(Aguirre-Ghiso et al. 2003). These data support the
present results. In contrast, some evidence has accumu-
lated that p38 MAPK signaling pathway is important
for uPA expression in certain types of cancer cells by
enhancing the promoter activity of uPA and uPA
mRNA stability (Chen et al. 2001; Han et al. 2002; Shin

et al. 2003). Therefore, the relationship between p38
MAPK activation and uPA regulation is controversial,
possibly due to differences in cell types and species
specificity.

This report extends previous studies demonstrating
that Ganoderma lucidum (Reishi), another member of
mushroom, suppresses tumor invasion and metastatic
potential (Jiang et al. 2004). Similar to A. blazei, Reishi
is an oriental medical mushroom. It has been previously
demonstrated that Reishi down-regulates the expression
of uPA and its receptor (uPAR), which results in sup-
pression of cell migration of highly invasive human
breast and prostate cancer cells (Sliva et al. 2002). Reishi
inhibits cell proliferation by the down-regulation of
expression of cell cycle-specific proteins. The inhibition
of cell growth was also demonstrated by cell cycle arrest
at G2/M phase. Furthermore, Reishi induced apoptosis
of PC-3 cells (Jiang et al. 2004). Humans consume some
active components from fungus and mushroom in their
daily lives. Thus, A. brazei and Ganoderma lucidum
exert their effects on cancer cells by multiple mechanisms
and may have potential therapeutic use for the preven-
tion and treatment of cancer (Jiang et al. 2004).

Oral administration of beta-glucan had no effect on
food intakes and body weight gain in 3LL- or HRA-
bearing mice (data not shown). Our findings suggest that
the antimetastatic effect of beta-glucan was demon-
strated in the absence of side effects such as weight loss,
which might indirectly affect metastasis. Thus, we would
expect that the property of water extract from A. blazei
contributes to the antimetastatic activity found in the
present study. A. blazei exerts its effect on cancer cells by
multiple mechanisms. Therefore, concentrated beta-
glucan would be the more likely candidate for use in
future clinical trials.

Previously, we showed the antitumor effect of pac-
litaxel in this model. The weight of peritoneal tumors
was significantly reduced from a mean weight of
3.18±0.33 g in PBS-treated mice to 0.53±0.05 g in mice
treated with 5 lg of paclitaxel (Kobayashi et al. 2004),
indicating that the inhibition ratio by paclitaxel treat-
ment is around 80%. Inhibition ratio by i.p. treatment
with A. blazei is around 25% and this is not so intensive.
This effect seems to be moderate. In order to raise the
intensity of the antitumor effects of beta-glucan, animals
were i.p. injected with 5 mg of beta-glucan. The maxi-
mum effect was obtained using 500 lg of b-glucan and
this amount was used in subsequent experiments (data
not shown).

In conclusion, our current in vivo experimental and
spontaneous metastasis assays for the first time suggest
the role for A. blazei-derived beta-glucan in the initial
steps of the metastatic process or intravasation step in
lung cancer. In addition, beta-glucan reduced tumor
burden associated with peritoneally disseminated
metastasis from ovarian cancer. Beta-glucan suppresses
cell proliferation, induces apoptosis and inhibits uPA
expression, possibly through promotion of p38 MAPK
activation. Treatment might still be very beneficial for

536



ovarian cancer or lung cancer patients with or at risk for
metastasis.
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