
Abstract. The present study was designed to investigate the
effects of Bowman-Birk inhibitor concentrate (BBIC) on anti-
proliferation, up-regulation of Connexin 43 (Cx43) expression
and inhabitation of hepatic metastasis in mice with M5076
ovarian sarcoma. M5076 ovarian sarcomas (1x106 cells/animal)
were subcutaneously transplanted into the back of BDF1 mice.
The ‘pre-treated’ (n=10) and ‘post-treated’ (n=10) groups were
fed a standard diet (CE-2) compounded with 0.5% BBI from
3 weeks before and from the day of tumor inoculation,
respectively, until 4 weeks after tumor inoculation. The
‘control group’ (n=10) was fed CE-2 alone. Relative tumor
weights in the pre- (0.013±0.010) and post- (0.012±0.013)
treated groups were significantly reduced by 30.0 and 32.5%,
respectively, as compared to the control group (0.040±0.022,
p<0.01). The relative densities of Cx43 mRNA and Cx43
protein were significantly higher in the BBIC-treated groups
than in the control group. The median numbers of macroscopic
spontaneous metastases were significantly lower in the pre-
(1.0±2.3) and post- (1.9±3.6) treated groups than in the control
group (71.4±97.3). These results suggest that BBIC reduces
proliferation as a result of increased expression of Cx43 genes
in mice with M5076 ovarian sarcoma. In addition, BBIC
inhibits hepatic metastasis in M5076-bearing mice.

Introduction

There are several components which have been isolated from
soybeans and have been investigated as cancer preventive
agents (1). The Bowman-Birk inhibitor (BBI), which was

identified by Bowman in 1946 (2) and purified by Birk in
1961 (3), is an 8-kDa polypeptide derived from soybeans that
has demonstrated chemopreventive activities in a variety of
in vitro and in vivo carcinogenesis assay systems (4). This
polypeptide is a serine protease inhibitor that can inhibit
trypsin and chymotrypsin activities (5). Functionally, BBI is
a double-headed serine protease inhibitor that inhibits both
trypsin- and chymotrypsin-like serine proteases. It reduces
the activities of trypsin, chymotrypsin, elastase, cathepsin G,
chymase, serine protease-dependent matrix metalloproteinases,
urokinase protein activator, mitogen-activated protein kinase
and PI3 kinase (6,7). Chymotrypsin inhibition is preferentially
associated with the anti-carcinogenic effects of BBI (4,6,8).

Chen et al (9) demonstrated that BBI specifically and
potently inhibits proteasomal chymotrypsin-like activity
in vitro and in vivo in MCF-7 breast cancer cells through the
accumulation of ubiquitinated proteins and the proteasome
substrates p21 and p27, accompanied by the down-regulation
of cyclin D1 and E. These findings suggest that the chemo-
preventive effect of BBI is also associated with proteasome
inhibition, and provide further evidence that soybean products
containing active BBI have the potential to advance as chemo-
preventive agents. Zhang et al (10) reported that Connexin 43
(Cx43) suppressed the G1-S cell cycle transition by increasing
the level of p27. A previous study demonstrated that the anti-
carcinogenic effects of BBI induced negative growth caused
by restoring the expression of Cx43 genes in M5076 ovarian
sarcoma-bearing mice (11). Thus, BBI has an effect on Cx43,
and it may be possible to establish potential cancer chemo-
prevention and therapy based on Cx functions. From these
criteria, BBI may be a potential agent for cancer chemo-
prevention and therapy, as it stimulates both the biosynthesis of
Cx43 and suppresses the degradation of Cx43 protein.

BBI concentrate (BBIC) is an extract of soybeans enriched
in BBI, which has attenuated trypsin-inhibitory activity (8).
Importantly, BBIC has attained investigational new drug
(IND) status with the FDA. Trials to evaluate it as an anti-
carcinogenic agent in human populations have been ongoing
for over a decade, with encouraging results indicating it has
clinical efficacy and minimal toxicity. For example, a Phase I
trial of BBIC in 19 male subjects with benign prostatic
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hyperplasia and lower urinary tract symptoms was conducted.
In the benign prostatic hyperplasia patients administered
BBIC, reduced prostate volume, reductions in serum levels of
prostate-specific antigen and triglycerides and increased sexual
function were observed (12). In a Phase IIa trial (13,14),
changes in protease activity in oral mucosal cells after BBIC
treatment correlated with changes in protein levels.

As a result, the present study was designed to investigate
the effects of BBIC, specifically 10% crude type BBI, on
tumor anti-proliferation and up-regulation of Cx43 expression
in mice with M5076 ovarian sarcoma. The effect of BBIC on
the inhibition of hepatic metastasis in the mice was also
investigated.

Materials and methods

Chemicals and antibodies. BBIC (10% BBI) was obtained
from Dr K. Takamatsu (Fujioil Co., Osaka, Japan). The
primary antibodies to mouse Cx43 (Chemicon International
Inc., Temecula, CA, USA) and mouse ß-actin (Sigma-Aldrich
Co., MO, USA) and all the respective secondary anti-mouse
IgG-conjugated anti-bodies (Beckman Coulter Co., Cedex,
France) were purchased from the companies indicated. M5076
ovarian sarcoma cells were kindly provided by Dr T. Tashiro
(Japanese Foundation for Cancer Research, Tokyo, Japan).

Animals. Male C57BL/6 and BDF1 (F1 from C57BL/6 female
and DBA/2 male) mice, 5 weeks of age and 20-25 g in weight,
were obtained from Clea Japan Inc. (Tokyo, Japan) and
housed in a room maintained at 22±1˚C and 55.5% relative
humidity. The mice were given free access to regular chow
pellets (CE-2, Clea Japan Inc.) and fresh water. The animals
were acclimatized for 1 week before use and maintained at
standard conditions throughout.

In vivo tumor experiment. The C57BL/6 mice were used for
animal passage of M5076 cells, and BDF1 mice were used for
in vivo experiments. For animal passage, M5076 ovarian
sarcomas (1x106 cells/animal) were transplanted intraperi-
toneally into C57BL/6 mice. The ascitic cells were collected
on the 14th day after transplantation (11,15).

M5076 ovarian sarcomas (1x106 cells/animal) were
subcutaneously transplanted into the back of BDF1 mice. The
‘pre-treated’ (n=10) and ‘post-treated’ (n=10) groups were fed
a standard diet (CE-2, Crea Japan) compounded with BBIC
(0.5% BBI) from 3 weeks before and from the day of tumor
inoculation, respectively, until the end of the experiment. The
‘control group’ (n=10) was fed a standard diet alone during the
entire experimental period. All mice were sacrificed 4 weeks
after tumor inoculation. The relative tumor (tumor/body
weight) and liver (liver/body weight) weights were demon-
strated to be indicators of proliferation and hepatic metastasis,
respectively (11,15). Solid tumor and liver were therefore
extracted and weighed immediately after sacrifice.

Cx43 mRNA and Cx43 protein analysis. The expression levels
of Cx43 mRNA and Cx43 proteins were measured by RT-PCR
and Western blotting, respectively. Total RNA was extracted
with a lysis reagent (Qiazol, Qiagen Inc., Valencia, CA, USA)
according to the manufacturer's instructions. RNA extract was
stored at -80˚C until use. The expression level of glycer-

aldehyde-3-phosphate dehydrogenase (GAPDH) was used as
an internal control. Total RNA (3 μg) was used for first-strand
cDNA synthesis with SuperScript Reverse Transcriptase
(Invitrogen Co., Carlsbad, CA, USA). For amplification of the
target genes, the following primer pairs were used: GAPDH
forward primer 5'-AAGGCTGAGAACGGGAAACT-3' and
reverse 5'-GGAGGCATTGCTGACAATCT-3' for the ampli-
fication of a 249-bp fragment of mouse GAPDH cDNA, and
Cx43 forward primer 5'-CGTGGAGATGCACCTGAAG-3'
and reverse 5'-TGCAGGTGTAGACCGCACT-3' for the
amplification of a 129-bp fragment of mouse Cx43 cDNA.
PCR was performed using the touchdown temperature cycling
system (iCycler, Bio-Rad, Hercules, CA, USA). After an initial
denaturing step at 94˚C for 5 min, amplification for GAPDH
and Cx43 mRNA was performed with 35 cycles at 94˚C for
30 sec (denaturing), 55˚C for 1 min (annealing) and 72˚C for
1 min (extraction). Electrophoresis of the PCR products was
performed in a 1.5% agarose gel. The gel was stained with Gel-
Star Nucleic Acid Gel Stain (Takara Bio Inc., Shiga, Japan).
Densitometry was carried out using an inverted scan image
analysis (GDS7500, Funakoshi Co., Tokyo, Japan).

Tumor tissues were minced and homogenized with a
homogenizer in ice-cold lysis buffer. Supernatants were
collected and used to examine the expression of different
proteins by Western blot analysis. Protein concentrations
were determined by the Bradford method (Biowave S2100,
Funakoshi Co., Tokyo, Japan). Total protein extract (20 μg)
from the tumors was loaded onto a 10% SDS-polyacrylamide
gel for analysis of the expression level of Cx43. ß-actin was
used as an internal standard. After electrophoresis, the proteins
were transferred to nitrocellulose membranes. Protein expres-
sion levels were detected using an enhanced chemilumines-
cence detection system (Chemdoc, Bio-Rad Laboratories,
Tokyo, Japan). The relative density of each protein band on a
blot was measured using Quantity One computer software,
version 4.5 (Bio-Rad). Molecular sizing was carried out
using Rainbow MW markers (Amersham Health Care,
Buckinghamshire, UK).

Assessment for hepatic metastases. Microscopic metastastic
colonies on the hepatic surface were counted and then fixed
with paraformaldehyde. Liver sections stained with hema-
toxylin and eosin were examined for micrometastasis detection
using a microscope.

Statistical analysis. Data were expressed as the means ±
standard deviation. Statistical analyses were performed using
the StatView Japanese Edition software package, version 5
(Hulinks Inc., Tokyo, Japan). Different percentiles were cal-
culated from the measured values. The mean values for the
pre- and post-treated groups were compared with the mean
value of the control group using Tukey's test as a post hoc test
after analysis of variance by one-way ANOVA. The level of
significance was p<0.05.

Results

The mean relative weights of the tumors and livers in M5076-
bearing mice fed with BBIC are illustrated in Fig. 1. Oral
BBIC was well tolerated in these experiments without
detectable side effects. The relative tumor weights in the
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control, pre-treated and post-treated groups were 0.040±0.022,
0.013±0.010 and 0.012±0.013, respectively. In the pre- and
post-treated groups, the relative tumor weight was significantly
reduced by 32.5 and 30.0%, respectively, as compared to the
control group (p<0.01).

Fig. 2 shows the relative densities of Cx43 mRNA and
proteins in the tumors obtained from M5076-bearing mice fed
with BBIC. The relative densities of Cx43 mRNA (Cx43/
GAPDH density) in the control, pre-treated and post-treated
groups were 1.24±0.09, 1.62±0.11 and 1.32±0.20, respectively.
The relative density of Cx43 mRNA was significantly higher
in the pre-treated group than in the control group (p<0.01). The
relative densities of Cx43 protein (Cx43/ß-actin density) in the
control, pre-treated and post-treated groups were 2.20±0.33,
3.20±0.31 and 4.93±1.23, respectively. The relative densities
of Cx43 protein were significantly higher in the pre- and
post-treated groups than in the control group (p<0.05).

The relative liver weights in the control, pre-treated and
post-treated groups were 0.063±0.009, 0.049±0.004 and
0.052±0.003, respectively. In the pre-treated and post-treated
groups the relative liver weight was significantly reduced to
77.7 and 82.5%, respectively, as compared to the control group
(p<0.01). Macroscopic metastatic colonies on the liver were
found in 8/10, 4/10 and 2/10 mice in the control, pre-treated
and post-treated groups, respectively (Fig. 3). The median
number of macroscopic metastases was 71.4±97.3, 1.0±2.3
and 1.9±3.6, respectively. These values were significantly
lower in the pre- and post-treated groups than in the control
group (p<0.05). Upon histological examination, no micro-
scopic metastasis was detected in 2/10, 4/10 and 4/10 mice
in the control, pre-treated and post-treated groups, respec-
tively.
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Figure 1. Effect of BBIC treatment on relative tumor (left) and liver (right) weights in M5076-bearing mice. Levels of significance: **p<0.01 versus the
control group (Tukey's test). Data are the means ± SD of 10 mice per group.

Figure 2. Effect of BBIC treatment on the expression levels of Cx43 mRNA (left) and Cx43 protein (right) in M5076-bearing mice. Levels of significance:
*p<0.05 and **p<0.01 versus the control group (Tukey's test). Data are the means ± SD of 10 mice per group.

Figure 3. Colonization numbers of the liver surface and sections in M5076-
bearing mice. N, metastasis not detected; M, microscopically evident tumor
foci. 
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Discussion

In the present study, it was found that relative tumor weight
and the rate of liver metastasis were reduced in mice fed BBIC
compared with untreated mice. Furthermore, Cx43 mRNA and
Cx43 protein levels were higher in mice fed BBIC than in
mice not undergoing BBIC treatment. These findings elucidate
the effect of BBIC in the suppression of tumor development,
which depends on the restoration of Cx43 expression, and
demonstrated its utility as a therapeutic agent against tumors
with low Cx43 expression levels.

Epidemiological observations during the last century have
shown that cancer incidence and mortality vary significantly
across regions of the world (16,17). Populations whose major
diets are centered on plant foods tend to have lower rates of
cancer (18). BBI derived from soybeans has been studied
extensively as an anti-carcinogenic protease inhibitor, as many
protease inhibitors suppress carcinogenesis (19). Several
studies have demonstrated the efficacy of BBI against tumors
in animal models (9,11,20) and in human Phase IIa clinical
trials (12,14). BBI is the only protease inhibitor derived from
soybeans that possesses a chymotrypsin inhibitory activity
(21). The trypsin inhibitory activities of BBI indirectly inhibit
the activation of pro-MMP-1, -2 and -9 to their active forms
(22). Chen et al (9) demonstrated that the chymotrypsin
inhibitory activity of BBI specifically inhibits proteasomal
chymotrypsin-like activity. Furthermore, one recent study con-
firmed that BBI induced the up-regulation of Cx43 expression
and suppression of tumor cell growth in vivo and in vitro
(11,23). Thus, it is thought that BBI is useful as an anti-tumor
drug for inducing the inhibition of tumor cell growth, invasion
and metastasis. BBI enters the circulation via the intestinal
epithelial cells or the paracellular mechanism (24). Billings
et al (24) demonstrated that, 3 h following ingestion, up to 40%
of ingested BBI was found in the blood stream, and approx-
imately 17% in the bladder (24). In addition, BBI appears to
be non-toxic to humans and animals (25).

In the present study, no apparent changes caused by the
administration of BBIC were found. In summary, BBIC has
the same anti-carcinogenic profile as purified BBI, and can
be used safely and inexpensively in animal experiments. We
therefore evaluated the ability of BBIC to inhibit the growth of
M5076 ovarian sarcoma by oral administration. The current
findings show that tumor weights were significantly reduced in
groups treated with BBIC as compared to the control groups.
This study provides evidence in favor of the anti-carcinogenic
effects of BBI, although no difference in tumor weight was
found between the pre-treated and post-treated groups. These
results were interpreted in terms of an inadequate period of pre-
treatment, indicating that the cancer chemopreventive effect
of BBI cannot be detected with a long-term administration
period of 3 weeks, as in this experiment.

Most tumor cells have a reduced ability to communicate
between themselves and/or with surrounding normal cells,
which confirms the importance of functional gap junction
intercellular communication (GJIC) in growth control (26).
The inhibition of GJIC between adjacent cells has therefore
been postulated as an important event taking place during the
promotional stage of cancer (27). More recently, direct
evidence for the role of GJIC in tumor suppression has been

obtained by the transfection of Cx genes into non-
communicating tumor cells (27-29). Our previous study
demonstrated that the anti-carcinogenic effect of BBI-induced
negative growth control is caused by increases in p27
accumulation by expression of Cx43 as a GJIC-dependent
pathway (11). The effects of the induction of Cx43 mRNA
synthesis and the inhibition of Cx43 protein degradation
contribute to the stabilization of the gap junction (GJ), while
reinforcement of the tumor-suppressive effect of Cx43 is based
on the formation of the GJ (30). Thus, the effect of BBI on
Cx43 may be effective in establishing cancer chemoprevention
and therapy based on Cx functions. Based on these criteria,
BBI appears to be a potential agent for cancer chemoprevention
and therapy, as it has been shown to stimulate the biosynthesis
of Cx43 and to suppress the degradation of Cx43 protein (23).
In this study, BBIC was observed to increase the levels of
Cx43 mRNA and to stabilize Cx43 protein. Cx43 protein levels
were significantly elevated in the pre- and post-treated groups
in comparison with the control group, whereas no apparent
increase in Cx43 mRNA levels was found between the post-
treated and control groups. This is thought to be due to the
higher chymotrypsin inhibitory activity of BBIC compared to
BBI. Indeed, this activity is thought to be important in
inhibiting the degradation of Cx43 by proteasomes (23). It has
been assumed that BBIC preferentially acts as an inhibitor of
Cx43 degradation because of its high chymotrypsin inhibitory
activity. Recent data makes it increasingly clear that GJIC
contributes to the inhibition of metastatic outgrowth in breast
and prostate cancer (31,32). Therefore, in the present study the
inhibition of hepatic metastasis was investigated in M5076-
bearing mice. The results indicate that BBIC is useful for the
treatment of tumors with suppressed Cx43 expression, which
results in the reduction of metastasis and tumor growth in a
Cx43-dependent manner.

The M5076 tumor line, a histiocytic sarcoma that arose
spontaneously in the ovary of a C57BL/6 mouse, displays
functional and ultrastructural characteristics indicating that it is
of macrophage origin (33). Cx43 expression and the formation
of the GJ have been found in macrophages (34). Regardless
of the site of the primary tumor, this neoplasm rapidly and
preferentially metastasizes to the liver. This metastatic behav-
ior is strongly supportive of the organ-microenvironment
requirement, as suggested by the ‘seed and soil’ hypothesis.
Mere arrest and retention of tumor cells in a specific organ is
not necessarily followed by growth and tumor development
(35). Macroscopic examination of the extracted livers indi-
cated that spontaneous metastasis differs significantly between
the BBI-treated groups and the control group. BBIC treatment
induced a significant reduction in the number of macroscopic
metastatic colonies on the liver, and also significantly reduced
the relative liver weight, which has been demonstrated to be
indicative of hepatic metastasis in M5076 cells (15). Moreover,
upon histological examination, metastasis was not detected in
4/10 mice in the pre-treated and post-treated groups together,
compared with 2/10 mice in the control group. The metastatic
colonies in the control group were large visible foci, but in
the treated groups foci were not visible to the naked eye (i.e.,
microscopic). This observation is construed as a delay in the
beginning of metastasis or a suppression of secondary tumor
growth in the treated groups. In this study, inhibition of the

SAKURAI et al:  CONNEXIN 43 AND BOWMAN-BIRK INHIBITOR906

903-907  10/10/08  16:14  Page 906



number of metastatic colonies was possibly reflected by the
suppression of primary tumor growth. However, it has been
suggested that the inhibitory effect had on the primary tumor
does not also inhibit hepatic metastasis of the M5076 tumor
(15). It is well known that tumor cells secrete serine proteases,
which play important roles in tumor cell invasion and metas-
tasis. Therefore, the effect of serine protease inhibitors on
tumor metastases was a focal point (26). Since BBI reduced the
activities of the various serine proteases, it may function as an
anti-metastatic agent in addition to acting as a tumor pre-
ventive agent. Although it has been reported that BBI does
not suppress the pulmonary metastasis of murine Lewis lung
carcinoma 3LL cells or peritoneal disseminated metastasis of
human ovarian cancer HRA cells (26), investigation of the
anti-metastatic effect of BBI on various types of tumors, such
as mesenchymal neoplasms, is necessary.

Overall, we conclude that the chemopreventive, anti-tumor
and anti-metastatic effects of BBIC are based on both the
induction of Cx43 mRNA and the stabilization of Cx43 pro-
tein in M5076 ovarian sarcoma. This report has demonstrated
that BBIC is useful as a chemopreventive and anti-carcinogenic
agent, and is dependent on the restoration of Cx43 expression.
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