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The strategies available for the treatment of metastatic
breast cancer are limited. Dietary botanicals may have a
better protective effect on this disease. We therefore invest-
igated the effects of grape seed proanthocyanidins (GSPs)
on a highly metastatic mouse mammary carcinoma cell
line. In vitro treatment of breast cancer cells, 4T1,
MCF-7 and MDA-MB-468, with GSPs resulted in signific-
ant inhibition of cellular proliferation and viability, and
induction of apoptosis in 4T1 cells in a time- and dose-
dependent manner. Further analysis indicated an altera-
tion in the ratio of Bax/Bcl-2 proteins in favor of apoptosis,
and the knockdown of Bax using Bax siRNA transfection of
4T1 cells resulted in blocking of GSPs-induced apoptosis.
Induction of apoptosis was associated with the release of
cytochrome c, increased expression of Apaf-1 and activa-
tion of caspase 3 and poly (ADP-ribose) polymerase. Treat-
ment with the pan-caspase inhibitor (Z-VAD-FMK)
resulted in partial but significant inhibition of apoptosis
in 4T1 cells suggesting the involvement of both caspase
activation-dependent and activation-independent path-
ways in the apoptosis of 4T1 cells induced by GSPs. The
effects of dietary GSPs were then examined using an in vivo
model in which 4T1 cells were implanted subcutaneously in
Balb/c mice. Dietary GSPs (0.2 and 0.5%, w/w) significantly
inhibited the growth of the implanted 4T1 tumor cells and
increased the ratio of Bax:Bcl-2 proteins, cytochrome c
release, induction of Apaf-1 and activation of caspase 3
in the tumor microenvironment. Notably, the metastasis
of tumor cells to the lungs was inhibited significantly
and the survival of the mice enhanced. These data suggest
that GSPs possess chemotherapeutic efficacy against breast
cancer including inhibition of metastasis.

Introduction

Epidemiologic studies indicate that dietary habits play crucial
roles in both the induction as well as the prevention of cancer,
including breast cancer (1,2). It has been recognized that
incidence of breast cancer in Asian women is lower than

the incidence in women in Western countries and that migra-
tion of Asian women to the USA increases the risk of and
mortality associated with breast cancer (3,4). The Asian diets
are typically richer in natural plant products, like fruits and
vegetables, than Western diets. It has been reported that 12%
of the post-menopausal women without a history of breast
cancer and 23% of post-menopausal women with a history
of breast cancer used plant products as a complementary
and alternative medicines for the prevention of breast cancer
risk (5). Therefore, efforts are needed to develop newer and
effective botanicals, in particular, dietary supplements which
can reduce the risk of breast cancer incidence and its
metastasis.

Grapes (Vitis vinifera), which are one of the most widely
consumed fruits in the world have enormous health benefits.
Grapes are rich in proanthocyanidins with �60–70% of the
proanthocyanidins being contained in the seeds. The grape
seed proanthocyanidins (GSPs) are composed mainly of
dimers, trimers, tetramers and oligomers of monomeric cat-
echins (6,7). GSPs have been shown to have cytotoxic effects
on tumor cells without having adverse effects on normal cells
(8). We showed that supplementation of the diet with GSPs
prevents photocarcinogenesis in animals (9), and prevents the
expression and activation of metastasis-specific matrix metal-
loproteinases in human prostate cancer cells (10). Recently,
Kim et al. (11) have shown that dietary GSPs inhibit chemical
carcinogen-induced mammary tumors in rats, however, its
chemopreventive mechanism is quite unknown. Although sev-
eral modalities are available for the treatment of breast cancer,
including surgery, hormone therapy and radiation therapy,
these treatment modalities are not effective once metastasis
has occurred. Moreover, the therapies available currently for
the treatment of breast cancer can be compromised by the
development of drug resistance or toxicity (12).

Mouse mammary carcinoma 4T1 cells have been employed
to examine the therapeutic efficacy and molecular mechanism
of chemotherapeutic agents which are relevant to humans
(13–15). The 4T1 cells are poorly immunogenic and exhibit
characteristics that resemble to those of stage IV breast cancer
in humans (16–19). They are highly invasive and metastasize
as early as 2 weeks after implantation from the primary tumor
site to distant organs (16–18). Therefore, we examined the
chemoprotective efficacy of GSPs in 4T1 cells in both
in vitro and in vivo model systems. Here, we report that
(i) in vitro treatment of 4T1, MCF-7 and MDA-MB-468 breast
cancer cells with GSPs inhibits their proliferation and viability,
(ii) in vitro treatment of 4T1 cells with GSPs results in induc-
tion of apoptosis which is associated with enhanced expression
of the pro-apoptotic protein Bax and activation of caspase 3
and cleavage of poly (ADP-ribose) polymerase (PARP), and
(iii) administration of dietary GSPs to immunocompetent
Balb/c mice inhibits subcutaneous tumor growth of 4T1
cells, inhibits their metastasis to lungs and increases the
survival of the animals.

Abbreviations: Apaf-1, apoptotic protease-activating factor-1; GSPs, grape
seed proanthocyanidins; PARP, poly (ADP-ribose) polymerase.
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Materials and methods

Chemicals and antibodies

The GSPs used in this study was obtained from Kikkoman Corporation, Japan.
Proanthocyanidins constitute a major component of GSPs (90%) with some
catechin monomers, as described previously (9). The Annexin V-conjugated
Alexafluor488 Apoptosis Detection Kit was purchased from Molecular Probes
(Eugene, OR). The primary antibodies to Bax and cleaved caspase 3 were
purchased from Cell Signaling Technology (Beverly, MA). The antibodies for
Bcl-2, Apaf-1 and cytochrome c, and Bax siRNA transfection kit were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA), and PARP from
Upstate Cell Signaling Solutions (Lake Placid, NY). The respective secondary
antibodies were obtained from Cell Signaling Technology (Beverly, MA). For
assay of caspase 3 activity, ApoTarget Kit was procured from Biosource
International, (Camarillo, CA). The ECL Detection Kit was purchased from
Amersham Pharmacia Biotech (Piscataway, NJ). MTT (3-[4, 5-dimethylthia-
zol-2-yl]-2, 5-diphenyl tetrazolium bromide) and all other chemicals employed
in this study were of analytical grade and purchased from Sigma Chemical
(St Louis, MO).

Cell line and cell culture

The 4T1 mouse mammary carcinoma cell line, and human breast cancer cell
lines, MDA-MB-468 and MCF-7, were obtained from the American Type
Culture Collection (Rockville, MA). The cells were cultured in monolayers
in Dulbecco’s Modified Eagle’s Medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Hyclone, Logan, UT), 100 mg/ml
penicillin and 100 mg/ml streptomycin from Invitrogen (Carlsbad, CA), and
maintained in an incubator with a humidified atmosphere of 5% CO2 at 37�C.

Clonogenic assay for cellular proliferation

The anti-proliferative effect of GSPs on 4T1 cells was determined using a
colony formation assay, as described previously (20). Briefly, �1 · 103 cells
were plated into each well of 6-well plates in triplicates and incubated for 24 h
prior to the addition of GSPs (5–80 mg/ml), then incubated for 15 days. This
15-day time period was chosen as during this time it was expected that each cell
would have the chance to proliferate and form a colony. On Day 15, the
colonies were washed with phosphate-buffered saline (PBS), fixed with
70% ethanol and stained with 0.02% aqueous trypan blue solution. The col-
onies that had �50 cells/colony were counted. The colony forming potential of
4T1 cells after treatment with GSPs was then expressed as the percentage of the
colonies formed by the control cells (not treated with GSPs).

MTT assay

The effect of GSPs on cell viability was determined using the MTT assay as
described previously (20,21). Briefly, �5 · 103 4T1, MDA-MB-468 or MCF-7
cells were plated per well in 96-well culture plates and incubated overnight.
GSPs were then added to attain final concentration ranging from 10 to 80 mg/ml
and the cells incubated for a further 24, 48 or 72 h. At the end of the stipulated
period, MTT (50 ml of 5 mg/ml) was added into each well and the resulting
formazan was then dissolved in 150 ml of dimethyl sulfoxide and the absorb-
ance recorded at 540 nm using a Bio-Rad 3350 microplate reader.

Quantification of apoptosis by flow cytometry

Apoptotic cell death of 4T1 cells on treatment with GSPs was measured as
described previously using flow cytometric analysis of cells stained with the
Annexin V-Alexafluor488 (Alexa488) Apoptosis Detection Kit according to
the manufacturer’s instructions (21). Briefly, after overnight serum starvation,
4T1 cells were treated with GSPs (0, 20, 40, 60 and 80 mg/ml) for 24 or 48 h.
The cells were then harvested, washed with cold PBS and stained with
Alexa488 and propidium iodide (PI) in binding buffer at room temperature
in the dark. The stained cells were analyzed by fluorescence-activated cell
sorting using a FACSCalibur instrument (BD Biosciences, San Jose, CA)
equipped with CellQuest 3.3 Software. In experiments in which the pan-
caspases inhibitor (Z-VAD-FMK) was used, the inhibitor was added 2 h before
addition of the GSPs.

Preparation of cell and tumor lysates and western blot analysis

The 4T1 cells were grown in complete DMEM medium and incubated in the
absence or presence of GSPs (20, 40, 60 and 80 mg/ml) for 24 or 48 h.
Thereafter, the cells were harvested and lysates prepared, as described previ-
ously (21). The concentration of protein in the lysates was determined using
the DC Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA) according to the
manufacturer’s protocol. Similarly, the lysates of tumors harvested at the
end of the experiments as well as age-matched skin samples were prepared
using a homogenizer in ice-cold lysis buffer with protease inhibitors as
described above. For western blot analysis, an appropriate amount of lysate
(25–50 mg protein) was subjected to SDS–PAGE using a 12% gel. Thereafter,

separated proteins were transferred electrophoretically to nitrocellulose mem-
branes (21). Non-specific sites on the membrane were blocked by incubation
with blocking buffer (5% non-fat dry milk in 1% Tween-20 in 20 mM Tris-
buffered saline, pH 7.5) for 1 h. The membranes were then probed overnight at
4�C with the primary antibody. After washing, the membranes were incubated
with the appropriate horseradish peroxidase-conjugated secondary antibody for
1 h, washed and the expression of the protein determined using the ECL
detection system and autoradiography with HXR-film (Oneonta, AL). To
ensure equal protein loading, the membranes were stripped and reprobed
with anti-b-actin antibodies using the protocol detailed above. The relative
intensity of each protein band in a blot was measured using a computerized
software program OPTIMAS 6.2 and normalized with the b-actin bands to
compare the expression of proteins in different treatment groups. The experi-
ments were repeated three times.

Bax siRNA transfection of 4T1 cells

Mouse specific Bax siRNA (Cat no. sc-29213) and control siRNA (Cat. no.
sc-37007) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
One day before transfection, cells were plated in 10% FBS containing DMEM
and without antibiotics. Cells were transfected with 100 nM of siRNA targeted
against Bax using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Briefly,
Bax siRNA (100 nM) and Lipofectamine 2000 (6 ml) were diluted separately in
250 ml each of Opti-MEM I reduced serum medium without serum and incu-
bated for 5 min. After incubation, the diluted siRNA was added in diluted
Lipofectamine 2000, mixed gently and incubated for 20 min at room temper-
ature to allow the formation of siRNA and Lipofectamine 2000 complex. The
complex was then added to each well of 6-well culture plate containing cells
and medium (Opti-MEM, 1.5 ml), mixed gently and incubated at 37�C in a CO2

incubator. After 5 h, 2 ml of fresh 10% FBS containing DMEM medium was
added to the cells. At 24 h post-transfection, fresh medium was added to the
cells and at 48 h post-transfection cells were treated with 20 and 40 mg/ml of
GSPs for an additional 24 h and analyzed for apoptosis using FACS. Knock-
down of Bax after transfection was confirmed by western blotting of whole cell
lysates prepared from 48 h post-transfected cells.

Caspase 3 activity assay

The ApoTarget Kit (BioSource International) was employed to determine the
activity of caspase 3 following the manufacturer’s protocol. Briefly, the cells
were treated with GSPs (40 and 60 mg/ml) with or without the pan-caspases
inhibitor Z-VAD-FMK. The Z-VAD-FMK (80 mmol/l) was added 2 h prior to
the addition of the GSPs. After 48 h, the cells were harvested and cell lysates
were prepared as described above. Samples of the cell lysates (100 mg protein
per sample) were mixed with reaction buffer and 200 mmol/l substrate
(DEVD-pNA for caspase 3) and incubated for 3 h at 37�C. The absorbance
was then measured at 405 nm and the sample readings calculated by subtracting
the absorbance of blank samples.

Animals and animal diet

Female Balb/c mice of 6–7 weeks of age were purchased from Charles River
Laboratories (Wilmington, MA) and housed in the animal research facility of
the University of Alabama at Birmingham, AL. Mice were kept in groups of
five per cage and fed with AIN76A control diet and water ad libitum. The
animals were acclimatized for 1 week before use and maintained throughout at
standard conditions as follows: 24 ± 2�C temperature, 50 ± 10% relative
humidity and 12 h light/dark cycle. To determine the effect of GSPs, GSPs
were given with the control diet (0.2 and 0.5% w/w). The supplemented diet
was started at least 2 weeks before tumor cell inoculation and continued until
the end of the experiment.

Experimental diets containing GSPs (0.2 and 0.5%, w/w) were prepared
separately in the AIN76A powdered control diet, as described previously (9).
Briefly, the GSPs and AIN76A powdered control diet were mixed for at least
4 h in a rotating pan to obtain a uniform mixture. Water was then added
(approximately one-tenth of the diet) and the ingredients further mixed by
hand and spread uniformly in shallow pans such that a compact texture was
achieved. The diet was then cut into small pieces and air dried at room tem-
perature. The experimental diet was prepared once a month and stored at 4�C.

In vivo tumor experiment

The 4T1 cells were inoculated subcutaneously in the pre-shaved skin of the
back of the mouse. The mice were inoculated with either 1 · 106 or 1 · 104

viable cells with the higher dose being considered as placing the mice at high
risk of tumor growth and metastasis and the lower dose being considered as
placing the mice at low risk of tumor growth and metastasis. Each treatment
group had 10 animals. The growth of tumor was monitored throughout the
experiment with the tumor size being measured regularly twice or thrice
weekly using Vernier calipers and represented in terms of tumor volume.
At the termination of the experiment, the animals were sacrificed. At the
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time of sacrifice, the tumors and lungs were excised from the animals. The
lungs were fixed in Bouin’s solution for 24 h. The number and size of meta-
static tumor nodules on lungs were recorded using a dissection microscope.
The median survival time of the mice also was recorded for each treatment
group.

Statistical analysis

The statistical significance of differences between the experimental groups
(not treated and treated with GSPs) was analyzed using the Student’s t-test.
The in vivo tumor growth data were statistically analyzed using ANOVA.
A P-value <0.05 was considered statistically significant.

Results

GSPs inhibit cellular proliferation and diminish the viability
of breast cancer cells: 4T1, MCF-7 and MDA-MB-468 cells

The anti-proliferative and cytotoxic effects of GSPs on 4T1
cells were first determined in vitro by using anchorage-
dependent colony formation and MTT assays. Treatment of
4T1 cells with GSPs at all concentrations tested (5–80 mg/ml)
for 15 days resulted in inhibition (10–100%, P < 0.05–0.001)
of the colony forming potential (Figure 1, Panel A). The ability
of the cells to form colonies was reduced significantly at a
concentration of GSPs �10 mg/ml, and was dose-dependent
with doses of �40 mg/ml of GSPs almost completely inhibiting
the proliferation potential of cells in these groups (Figure 1,
Panel A).

The effect of GSPs on the cell viability of 4T1 cells was
further determined and confirmed using the MTT assay. As
shown in Figure 1 (Panel B), treatment of 4T1 cells with GSPs
(10–80 mg/ml) resulted in a significant reduction in cell viab-
ility in a concentration-dependent manner. This effect was also
time-dependent, with a 10–62% reduction after 24 h, a 20–75%
(P < 0.05–0.001) reduction after 48 h and 37–90%
(P < 0.05–0.001) reduction after 72 h. These results indicate
the cytotoxic activity of GSPs against highly metastatic breast
cancer cells. Further, we examined whether GSPs have similar
anti-carcinogenic effects in human breast cancer cells. For this
purpose, the MDA-MB-468 (estrogen receptor-negative) and
MCF-7 (estrogen receptor-positive) human breast carcinoma
cells were treated with GSPs with identical doses and for
different time points as was done with 4T1 cells. As shown
in Figure 1, treatment of MCF-7 (Panel C) and MDA-MB-468
(Panel D) tumor cells with GSPs (10–80 mg/ml) resulted in a
significant reduction in cell viability in a concentration- and
time-dependent (24–72 h) manner. These observations indic-
ated that GSPs possess identical cytotoxic effects against both
mouse as well as human breast carcinoma cells. Since our
interest was to examine whether GSPs have the ability to
prevent metastatic potential of tumor cells, we selected
mouse 4T1 cells, which are highly metastatic in nature, for
further studies. Our results indicate that in vitro concentrations
of GSPs >10 mg/ml induce significant reduction in the viability
of 4T1 cells; therefore, we used concentrations of 20, 40, 60
and 80 mg/ml of GSPs in the in vitro mechanistic studies
described below.

GSPs induce apoptosis in 4T1 cells

A quantitative analysis of the induction of apoptosis of 4T1
cells was then performed using flow cytometry as described
previously (20,21). The early apoptotic cells stain with
Annexin V-conjugated Alexa Fluor 488 dye, which detects
apoptotic cell with externalized phosphatidyl-serine leaflets.
These cells are shown in the lower right (LR) quadrant of the
histograms (Figure 2), whereas late apoptotic cells are shown
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Fig. 1. In vitro treatment of murine or human breast cancer cells with
GSPs inhibits the proliferation potential and cell viability of the cells in a
dose- and time-dependent manner. (A), Cellular proliferation assayed using
the clonogenic assay in murine 4T1 cells as described in the Materials and
methods. A survival of 100% corresponds to the number of colonies
obtained with cells that were not treated with GSPs. Treatment of 4T1 cells
with �40 mg/ml of GSPs concentration almost completely inhibited the
colony forming potential of breast cancer cells when recorded after 15 days
of treatment. The experiment was repeated three times, and the colony
forming potential of the cells at each dose of GSPs is expressed in terms of
percent of control and is reported as the mean ± SD. ND ¼ colonies not
detectable. Dose- and time-dependent effect of GSPs on the viability of
mouse 4T1 (B), and human breast carcinoma MCF-7 (C) and
MDA-MB-468 (D) cells were performed. The cell viability was determined
using the MTT assay as described in the Materials and methods. Significant
reduction in viability of the breast carcinoma cells was observed on
treatment with GSPs (10–80 mg/ml concentrations) after 24, 48 and 72 h of
treatment. Cell viability after treatment with GSPs is expressed in terms of
percent of control cells not treated with GSPs and is presented as the mean
± SD. of eight replicates. �P < 0.05 versus control; ��P< 0.01 versus
control; ���P< 0.001 versus control group.
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in the upper right (UR) quadrant. We found that treatment of
4T1 cells with GSPs (20, 40, 60 and 80 mg/ml, Panels B–E,
respectively) for 24 h resulted in a dose-dependent increase in
the percentage of early apoptotic cells (LR), respectively, from

2.8 to 42.0% (Panels B–E) compared to a percentage of 2.6%
in control cells that were not treated with GSPs (Panel A).
Similarly, treatment with GSPs resulted in a dose-dependent
increase in the numbers of late apoptotic cells (UR) 6.3–19.0%
(Panels B–E) compared to a percentage of 3.4% in cells not
treated with GSPs (Panel A). Thus, the percentage of all apop-
totic cells (UR + LR) was significantly higher (61.0%; Panel E)
for 4T1 cells treated with 80 mg/ml GSPs for 24 h than for 4T1
cells not treated with GSPs (6%; Figure 2, Panel A). The
induction of apoptosis was greater when the 4T1 cells were
treated with the same concentrations of GSPs for 48 h
(Figure 2, Right Panels; F–J). At this time point, the percentage
of early apoptotic cells showed a dose-dependent increase from
4.4 to 46.1% for concentrations of GSPs ranging from 20 to
80 mg/ml (Figure 2, Right Panels; G–J) compared to 3.8% for
cells not treated with GSPs (Panel F). Thus at 48 h, the percen-
tage of all apoptotic cells (UR + LR) ranged from 14.4 to
75.7% compared to 9.6% for cells that were not treated
with GSPs (Panels F–J). This significant induction of apoptosis
of 4T1 cells caused by treatment with GSPs is sufficient to
account for the inhibition of cell growth and cell viability in
these highly metastatic breast cancer cells.

GSPs increase the expression of Bax, induce the release of
cytochrome c, induce the expression of Apaf-1 while
decreasing the expression of Bcl-2 in 4T1 cells

The anti-apoptotic protein Bcl-2 has been associated with
inhibition of apoptosis whereas the increased expression of
the pro-apoptotic protein, Bax, has been associated with the
induction of apoptosis (22,23). We therefore reasoned if the
proteins of the Bcl-2 family are involved in the induction of
apoptosis of 4T1 cells by GSPs, there would be reduced
expression of Bcl-2 and enhanced expression of Bax in the
cells treated with the GSPs. As shown in Figure 3, the treat-
ment of the 4T1 cells with GSPs resulted in a dose-dependent
reduction in Bcl-2 expression (Panel A) and increased expres-
sion of Bax (Panel B) as determined by western blot analysis of
cells at 24 and 48 h after addition of the GSPs. It has been
recognized that the ratio of Bax:Bcl-2 proteins is the deter-
mining factor in the transmission of the apoptotic signal. We
therefore calculated the ratio of these proteins and, as shown in
Panel C of Figure 3, found that the ratio of Bax/Bcl-2 exhibited
a significant dose-dependent increase (P < 0.05–0.001) both at
24 and 48 h after treatment of GSPs. Thus, the induction of
apoptosis of 4T1 cells by GSPs is mediated through this apop-
totic signal.

It has been recognized that intracellular movement of
pro-apoptotic proteins of Bcl-2 family, such as Bax, depolar-
izes mitochondria and induces the release of cytochrome c
through openings in the outer membrane formed as a con-
sequence of permeability transition and loss of mitochondrial
membrane potential (24). The released cytochrome c triggers a
post-mitochondrial pathway, forming an ‘apoptosome’ of
Apaf-1, cytochrome c and caspase 9 that subsequently cleaves
the effector molecule caspase 3 (25). Cleaved caspase 3 is the
executioner of apoptosis, cleaving a broad spectrum of cellular
targets, including PARP (26,27). We therefore determined the
effect of GSPs on these proteins. Western blot analysis
indicated that treatment of 4T1 cells with GSPs resulted in
a dose-dependent increase in cytochrome c release (Figure 3,
Panel D) and increased expression of Apaf-1 (Figure 3, Panel
E) at 24 and 48 h after treatment with GSPs. These changes
were not owing to differences in the amounts of proteins

Fig. 2. GSPs induce apoptosis of 4T1 cells in a dose-dependent manner
after 24 and 48 h of treatment in vitro. 4T1 cells were treated with varying
concentrations of GSPs, including 0 mg/ml (A and F), 20 mg/ml (B and G),
40 mg/ml (C and H), 60 mg/ml (D and I) and 80 mg/ml (E and J) for 24 h
(left panels) and 48 h (right panels) then harvested for analysis of
apoptosis. The Annexin V-Alexa Fluor 488 (Alexa488) Apoptosis Vybrant
Assay Kit was used to analyze the number of apoptotic cells by flow
cytometry following the manufacturer’s protocol, as detailed in Materials
and methods and the stained cells analyzed using flow cytometry. The
lower right (LR) quadrant of histograms indicates the percentage of early
apoptotic cells (Alexa488-stained cells) and the upper right (UR) quadrant
indicates the percentage of late apoptotic cells (Alexa488 + propidium
iodide-stained cells) after GSPs treatment.
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loaded on the gels as indicated by the levels of b-actin and held
true when the relative intensity of each band was normalized to
the level of b-actin in each sample, as indicated by the numbers
shown under each blot.

GSPs-induced apoptosis is blocked by knockdown of Bax in
4T1 cells

As GSPs-induced Bax may have a role in induction of apop-
tosis in 4T1 cells, we further checked the role of Bax in
GSPs-induced apoptosis by knockdown of Bax from the
cells using siRNA transfection. The transfection of Bax
siRNA resulted in significant reduction of Bax expression
(>75%, P < 0.001) in 4T1 cells (Figure 4A). Identical results
were also obtained when 4T1 cells were treated with GSPs
(data not shown). The treatment of 4T1 cells with GSPs (20 or
40 mg/ml) for 24 h resulted in marked cell death but this effect
was significantly less in GSPs-treated Bax siRNA transfected

cells, as was evident from the morphology of the cells under
microscope (Figure 4B). The percentage of apoptotic cells
under identical conditions in different treatment groups
were quantitatively analyzed using FACS. Treatment of 4T1
cells with GSPs at the dose of 20 and 40 mg/ml along with the
control siRNA for 24 h resulted in 10 and 40% apoptosis,
respectively, whereas GSPs-induced apoptosis in Bax
siRNA transfected cells was significantly blocked (P < 0.001)
(Figure 4C). These data further confirm our observation that
GSPs-induced apoptosis in 4T1 cells may be mediated through
the overexpression of pro-apoptotic protein Bax, which may
have resulted in high Bax:Bcl-2 ratio.

Fig. 3. In vitro treatment of 4T1 cells with GSPs results in a
dose-dependent reduction in the expression of the anti-apoptotic protein
Bcl-2 (A) while increasing the expression of the pro-apoptotic protein,
Bax (B) after 24 and 48 h of treatment. Treatment of 4T1 cells with GSPs
significantly increased the Bax:Bcl-2 protein ratio (C) which is expressed
as the mean ± SD from three independent experiments. ¶P < 0.05;
†P < 0.01 and �P < 0.001. GSPs also induced the release of cytochrome c
from mitochondria (D) and increased the expression of Apaf-1 (E) in 4T1
cells, as demonstrated by western blot analysis. A representative blot is
shown from three independent experiments with identical observations, and
equivalent protein loading was confirmed by probing stripped blots for
b-actin as shown. The relative intensity of each band after normalization
for b-actin is shown under each blot.

Fig. 4. GSPs-induced apoptosis is blocked by knockdown of Bax in
4T1 cells. Cells were transfected with Bax siRNA to knockdown the Bax
expression (A). Treatment of 4T1 cells with GSPs (20 or 40 mg/ml) for
24 h resulted in induction of apoptosis in control siRNA treated cells but
GSPs-induced apoptosis was blocked in Bax siRNA transfected cells.
Morphological changes indicating the apoptosis in 4T1 cells (Panel B).
Representative pictures are shown from three independent experiments (B).
The percentage of apoptosis in different treatment groups was determined
using FACS as detailed in Materials and methods (C). Data are presented
in terms of percent apoptotic cells as a mean ± SD from three independent
experiments. �P < 0.001; significant blocking of apoptosis versus non-Bax
siRNA transfected 4T1 cells.
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GSPs induce caspase 3 activation and PARP cleavage in
4T1 cells

We also examined the effect of GSPs on the activation of
caspase 3 and PARP proteins. As shown in Figure 5, treatment
with GSPs induced the cleavage of caspase 3 (Panel A) and
PARP (Panel B) in a dose-dependently manner when observed
at 24 and 48 h of treatment. The cleavage of caspase 3 and
PARP support the evidence that the induction of apoptosis of
4T1 cells by GSPs is mediated through activation of the cas-
pase 3 pathways and via disruption of mitochondrial function.
To further check whether activation of caspases is involved
in the apoptosis of 4T1 cells induced by GSPs, we utilized
the pan-caspase inhibitor, Z-VAD-FMK. The 4T1 cells were

treated with GSPs (40 and 60 mg/ml) with and without the pan-
caspase inhibitor, Z-VAD-FMK (80 mmol/l) and the numbers
of apoptotic cells were analyzed by flow cytometry after 48 h
(Figure 5, Panel C). We found that GSPs-induced apoptosis of
4T1 cells was blocked by 65 and 45% at the doses of 40 and
60 mg/ml, respectively, by the treatment of Z-VAD-FMK. The
GSPs were still able to induce apoptosis of some 4T1 cells in
the presence of inhibitor. After subtraction of the number of
control cells, treated with Z-VAD-FMK but not GSPs, that
underwent apoptosis, an estimated 10% of cells were capable
of undergoing apoptosis in the presence of the inhibitor when
treated with 40 mg/ml of GSPs, and 26% of cells when treated
with 60 mg/ml of GSPs. To confirm that the concentration of
pan-caspase inhibitor used (80 mmol/l) was able to completely
inhibit the activity of caspases, we treated the cells with GSPs
with and without Z-VAD-FMK for 48 h and then determined
caspase 3 activity using a colorimetric assay. This experiment
indicated that treatment of 4T1 cells with GSPs resulted in
increased activation of caspase 3, which was inhibited on
treated with pan-caspase inhibitor (Figure 5, Panel D), and
confirmed that at a dose of 80 mmol/l which had been selected
in pre-trial experiments, Z-VAD-FMK resulted in >90%
inhibition of caspase activation. Taken together, these results
suggested that the apoptosis of 4T1 cells induced by GSPs is
mediated primarily by caspase-dependent pathways, but that
caspase-independent pathways also play a role.

Dietary GSPs inhibit in vivo growth of 4T1 breast tumor cells
in Balb/c mice

In order to examine the applicability of in vitro observations in
in vivo system, we determined the effect of dietary GSPs on the
growth of 4T1 cells in immunocompetent Balb/c mice. High-
risk (1 · 106 4T1 cells) and low-risk (1 · 104 4T1 cells) tumor
models were employed in this study, as described in Materials
and methods section. After subcutaneous inoculation of the
tumor cells, it was observed that growth of the tumors in
terms of tumor volume was inhibited in the animals fed
GSPs as compared to the growth of the tumors in the mice
that were not fed GSPs (Figure 6). In the high-risk control
group in which 1 · 106 4T1 tumor cells were inoculated in
mice that were not fed GSPs, tumor growth was observed on
Day 3. The first recordable tumor growth was delayed by
3 days in mice inoculated with 1 · 106 4T1 cells and that were
fed a diet supplemented with 0.2 or 0.5% GSPs (Figure 6, Panel
A). In the low-risk group in which the mice were inoculated
subcutaneously with 1 · 104 tumor cells (Panel B), tumor
growth first observed on Day 12. In those animals fed 0.2
and 0.5% GSPs tumor growth started on Days 12 and 19,
respectively. Thus, dietary 0.5% GSPs resulted in a delay of
7 days in tumor appearance.

Measurement of tumor volume at regular intervals indicated
that dietary GSPs also inhibited tumor development. In the
high-risk groups (Figure 6, Panel A), administration of 0.2
and 0.5% GSP resulted in a 30% (P < 0.05) and 52%
(P < 0.01) inhibition in tumor volume, respectively, when
analyzed at the termination of the experiment. Similarly, diet-
ary GSPs, 0.2 and 0.5%, significantly inhibited tumor growth
in the low-risk group by 42 and 60% (P < 0.005), respectively,
at Day 36 when the tumor yield was maximal in the low-risk
group of mice that were not fed GSPs (Figure 6, Panel B).
Finally, the wet weight of the tumors was measured in the
high-risk groups at the termination of the experiment, and it
was found that the weight of the tumors in the high-risk mice

Fig. 5. In vitro treatment of 4T1 cells with GSPs increases the cleavage of
caspase 3 and PARP. 4T1 cells were treated with varying concentrations of
GSPs (0, 20, 40, 60 and 80 mg/ml) for 24 and 48 h, thereafter cells were
harvested and samples were prepared to analyze the cleavage of caspase 3
(A) and PARP (B) using western blotting, as detailed in the Materials and
methods. Equal loading of samples was confirmed by b-actin and a
representative blot is shown from three independent experiments with
almost identical observations. (C) The effect of GSPs (40 and 60 mg/ml) on
apoptosis of 4T1 cells was determined after 48 h treatment in the absence
or presence of 80 mmol/l of the pan-caspase inhibitor (Z-VAD-FMK).
The inhibitor was added to the cells 2 h prior to the addition of GSPs.
Percent apoptotic cells in different treatment groups, as shown in the figure,
were analyzed by flow cytometry as detailed in Materials and methods.
The number of apoptotic cells in the different treatment groups is as the
mean ± SD from three independent experiments. (D) The activity of
caspase 3 in cell lysates from different treatment groups was determined
using a colorimetric protease assay (the ApoTarget Kit). Absorbance as a
measure of caspase 3 activity is reported as the mean ± SD of three
independent experiments. C, control (non-GSP); CI, pan-caspase inhibitor.
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was reduced by 21% in mice fed 0.2% GSPs and was reduced
significantly by 49% (P < 0.01) in mice fed 0.5% after 36 days
when compared to mice not fed GSPs, as shown in Figure 6,
Panel C.

The in vivo tumor experiments also indicated that dietary
administration of GSPs increased the survival time of the
tumor-bearing animals. In the high-risk control group that

were not fed GSPs, the first death was observed on Day 27
and all animals had died by Day 32 after inoculation of the
tumor cells. Administration of 0.2% GSPs in the diet did not
significantly alter the survival time of the high-risk group of
mice compared to the control group. A significant chemopro-
tective effect was observed in the animals fed 0.5% GSPs,
however, the average survival period of the mice being
increased by 6 days. In the low-risk groups, dietary GSPs
resulted in an enhancement in the mean survival period
which was of 47.5 days compared with 36 days in the mice
that were not fed GSPs. Importantly, there was no significant
difference in body weight of the mice and diet consumption/
mouse in between various treatment groups (data not shown).

Dietary GSPs inhibit in vivo metastasis of the tumor cells from
the primary tumor site to the lungs of Balb/c mice

As 4T1 breast tumor cells have been shown to metastasize
within 2 weeks (16–18) from primary tumor site to distant
organs, two separate time points were selected to examine
the chemotherapeutic effect of GSPs on metastasis, i.e.
Days 16 and 30 post-tumor cell inoculation. The mice were
subcutaneously inoculated with the 4T1 tumor cells (1 · 106)
in two separate experiments. After 16 and 30 days mice were
sacrificed and lungs were examined. It was observed that meta-
stasis has already been occurred at Day 16 which was suppor-
ted by the presence of 4 ± 1 metastatic nodules/mouse on the
surface of the lungs, whereas the degree of metastasis was
significantly higher after 32 days of tumor cells inoculation
which was evident by the presence of 38 ± 6 metastatic
nodules/mouse on the lungs (Figure 7, Table I). The size of
the metastatic lung nodules was also larger after 32 days of
tumor cell inoculation compared to 16 days of tumor cells
inoculation. Chemoprotective effect of dietary GSPs was sim-
ultaneously evaluated and it was observed that dietary GSPs at
the level of 0.2 and 0.5% could not delay the metastasis but
significantly inhibited the metastasis of tumor cells from the
primary site to the lungs in terms of the number and growth of
the tumor nodules on the lungs. Administration of 0.2% GSPs
in the diet did not prevent significantly the metastasis of tumor
cells in terms of number of tumor nodules and their size from
the primary tumor site to the lungs after 16 days of the treat-
ment. However, the growth of the metastatic tumor nodules
was significantly inhibited (27%, P < 0.05) after 32 days of the
treatment compared to non-GSPs-fed mice (Table I). The
administration of 0.5% GSPs resulted in a significant reduction
in the number of metastatic tumor nodules or lesions by 45%
(P < 0.01) after 16 days and 42% (P < 0.01) reduction being
observed after 30 days. As compared with the size of the
metastatic lesions in the animals that did not receive GSPs,
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Fig. 6. Dietary GSPs (0.2 and 0.5%, w/w) inhibit the growth of tumors
in vivo (A and B), and increase the survival period of the tumor-bearing
Balb/c mice. Mice were inoculated subcutaneously on the shaved right
flank with either 1 · 106 (high-risk group, A) or 1 · 104 (low-risk group,
B) 4T1 cells, as detailed in the Materials and methods. Experiments were
performed for 36 days (A) and 50 days (B). Tumor volumes were recorded
on a regular basis to determine the chemotherapeutic effect of GSPs on
4T1 tumor growth. (C) At the termination of the experiment in the
high-risk group, the tumor mass was dissected out from each mouse and
the wet weight recorded. �P < 0.01; significant difference versus mice not
fed GSPs.

Fig. 7. Dietary GSPs (0.5%, w/w) inhibit metastasis of tumor cells from
the primary tumor site to the lungs in the high-risk group of mice.
Representative photographs of lungs are shown from each treatment group.
Whitish tumor lesions can be seen on the surface of the lungs. The lungs
were dissected out at the termination of the experiment.
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the size of the metastatic lung nodules was reduced signific-
antly after treatment with 0.5% of GSPs for 16 and 30 days by
55% (P < 0.01) and 40% (P < 0.01), respectively (Table I).
Representative pictures of the lungs of animals in the different
treatment groups are shown in Figure 7 to illustrate the number
and size of the metastatic lung nodules.

Dietary GSPs increase the expression of pro-apoptotic
protein Bax and the ratio of Bax:Bcl-2 proteins in 4T1
tumors in Balb/c mice

The effect of dietary GSPs on the expression of pro-apoptotic
and anti-apoptotic proteins involved in disruption of mitochon-
drial pathway of 4T1 tumor cells in vivo was analyzed as
described for the tumor cells grown in vitro. This study was
conducted using tumor tissues from the high-risk group of mice
which were inoculated subcutaneously with 1 · 106 4T1 cells.
As shown in Figure 8, western blot analysis revealed that
dietary GSPs downregulated the expression of the anti-
apoptotic protein Bcl-2 (Panel A) while increasing the expres-
sion of the pro-apoptotic protein Bax (Panel B) in the 4T1
tumors in comparison to the expression of these proteins in
the tumors grown in mice that were not fed GSPs. The signi-
ficant increase in the ratio of Bax:Bcl-2 proteins (Panel C;
P < 0.001) in the tumors grown in vivo in mice fed GSPs
indicates the susceptibility of 4T1 tumor cells to apoptosis,
and this may be the reason that tumor growth was inhibited in
the Balb/c mice that were fed GSPs.

Dietary GSPs increase the release of cytochrome c, induce the
expression of Apaf-1 and result in the activation of caspase 3
in 4T1 tumors in Balb/c mice

The in vitro studies indicated that treatment of 4T1 cells with
GSPs induces apoptosis that is associated with disruption of the
mitochondrial pathway. Therefore, we examined whether
inhibition of tumor growth by dietary GSPs in vivo is associ-
ated with the induction of apoptosis and disruption of mito-
chondrial pathway. As shown in Figure 8, western blot analysis
indicated that the supplementation of GSPs in the diet resulted
in higher levels of cytochrome c (Panel D), induction of Apaf-1
(Panel E) and activation (cleavage) of caspase 3 (Panel F) in
the tumor samples. As shown in Figure 8 (Panel F), the level of
cleaved caspase 3 in the tumors was markedly higher in mice
fed GSPs than in tumors from mice not fed GSPs. The basal
levels of caspase 3 in the normal age- and sex-matched mouse

skin were not detectable using this technique as the antibodies
used only recognize cleaved caspase 3. These observations
suggest that dietary GSPs inhibit tumor growth through the
induction of apoptosis mediated through caspase 3 activation
and the mitochondrial pathway in the 4T1 tumor cells. The
administration of GSPs alone did not affect the expression of
pro-apoptotic or anti-apoptotic proteins in mouse skin
(Figure 8).

Discussion

The in vitro studies presented here indicate that treatment of
4T1 cells with GSPs results in a dose-dependent inhibition of
cell viability and proliferation together with induction of apop-
tosis. It is known that apoptosis plays a crucial role in elim-
inating the mutated neoplastic and hyperproliferating cells
from the system, and therefore may be considered as a pro-
tective mechanism against cancer progression. To gain insight
into the protective mechanism controlling the apoptosis
induced by GSPs, we looked at the levels of several compon-
ents of the known apoptosis pathways. Apoptosis is governed
by a complex network of anti-apoptotic and pro-apoptotic
effector molecules. The proteins of the Bcl-2 family play an
important role in apoptosis and are considered as a target for
anticancer therapy (28,29). Bcl-2 protein functions as a sup-
pressor of apoptosis while Bax is a pro-apoptotic protein of the
Bcl-2 family (27,30). Bax normally acts as a sensor of cellular
damage and stress. In response to significant damage or stress
Bax relocates to the mitochondrial surface and disrupts the
normal functioning of the anti-apoptotic Bcl-2 protein (24).
Bax can form transmembrane pores across the outer mitochon-
drial membrane, which leads to loss of membrane potential
(24) and efflux of cytochrome c and the apoptosis inducing
factors. Cytochrome c together with Apaf-1 and ATP forms a
complex with pro-caspase 9 (apoptosome) and finally leading
to the activation of caspase 3 (25). In this scheme of events,
anti-apoptotic molecules, such as Bcl-2, act to prevent mito-
chondrial pore formation. When Bax heterodimerizes with
Bcl-2 or Bcl-xl it blocks the anti-apoptotic effects of Bcl-2
or Bcl-xl (31,32). Studies have shown that the ratio of Bax to
Bcl-2 proteins increases during apoptosis (22,30). In line with
these observations, we found that treatment of 4T1 cells with
GSPs in vitro decreases the expression of Bcl-2 (Figure 3,

Table I. Effect of dietary GSPs on the metastasis of 4T1 tumor cells from primary tumor site to lungs in Balb/c micea

Treatment groups After 16 days After 30 days

No. of metastatic
lung nodules/mouse

Diameter of metastatic
lung nodules (mm)

No. of metastatic
lung nodules/mouse

Diameter of metastatic
lung nodules (mm)

Control (GSPs 0.0%) — — — —
GSPs (0.5%) alone — — — —
4T1 + GSPs (0.0%) 4.0 ± 1.0 1.1 ± 0.2 38 ± 6 3.0 ± 0.5
4T1 + GSPs (0.2%) 3.5 ± 0.5 (13)b 0.9 ± 0.2 (18) 31 ± 6 (18) 2.2 ± 0.5 (27)c

4T1 + GSPs (0.5%) 2.2 ± 0.5 (45)d 0.5 ± 0.2 (55)d 22 ± 5 (42)d 1.8 ± 0.5 (40)d

aOne million 4T1 cells were inoculated on the shaved right flank of the mouse and considered as a high-risk group. Mice were sacrificed on Days 16 and
30 after tumor cell inoculation and tumor cell metastasis was recorded. For determination of lung metastasis, the lungs were removed and the number
and size of the lung nodules were determined using a dissection microscope; n ¼ 10.
bThe data in parentheses indicate the percent inhibition on GSPs treatment.
cSignificant versus non-GSPs-fed and 4T1 cells inoculated group, P < 0.05.
dSignificant versus non-GSPs-fed and 4T1 cells inoculated group, P < 0.01.
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Panel A) while increasing the expression of Bax (Figure 3,
Panel B) indicating that the increased ratio of Bax:Bcl-2
proteins might be responsible for the induction of apoptosis
by GSPs in 4T1 cells. The role of increased expression of Bax
by GSPs in induction of apoptosis was further confirmed by
knockdown of Bax from the 4T1 cells. It was observed that
GSPs-induced apoptosis in 4T1 cells was blocked when these
cells were transfected with Bax siRNA (Figure 4). These data
further confirm the role of Bax or increased ratio of Bax/Bcl-2

in GSPs-induced apoptosis in highly metastatic breast cancer
4T1 cells.

In our in vitro system, GSPs caused a dose- and time-
dependent increase in levels of cytochrome c, the adaptor
Apaf-1 and cleaved caspase 3 (Figures 3 and 5). As activated
caspase 3 is the key executioner of apoptosis, and activated
caspase 3 cleaves intracellular proteins vital to cell survival
and growth, such as PARP, it has been used as an important
marker of apoptosis (33,34). Our data demonstrate that cleav-
age of caspase 3 and PARP are prominent after treatment of
4T1 cells with GSPs (Figure 5) and therefore suggest a role for
caspase 3 and PARP activation in the apoptosis induced by
GSPs in 4T1 cells. The involvement of caspase 3 activation in
the apoptosis induced by GSPs in 4T1 cells was further con-
firmed using the inhibitor of caspases. Thus, the in vitro data
provide strong evidence that GSPs mediate apoptosis in
4T1 cells via the mitochondrial disruption pathway and
activation of caspase 3.

Our in vivo study conducted in immunocompetent Balb/c
mice indicates clearly that dietary GSPs (0.2 and 0.5%, w/v)
significantly inhibit the growth of tumors formed on subcuta-
neous inoculation of viable 4T1 breast cancer cells (Figure 6,
Panels A and B). The survival period of the tumor-bearing
mice also was increased by 6–7 days with administration
of the dietary GSPs (0.5%, w/w). In contrast to the present
breast cancer model, the treatment of GSP in diet at a very
low concentration (0.002%, w/w) was able to inhibit
azoxymethane-induced colonic pre-neoplastic aberrant crypt
foci formation in F344 rats (35). The variation in the effective
doses of GSPs may be dependent on the model used.

The highly metastatic nature of 4T1 cells is well docu-
mented (16–18). These cells can metastasize from the primary
tumor site to distant sites, such as the lymph nodes, lungs, and
livers, while the primary tumor is in place (33), and death in
recipient animals can occur owing to metastasis rather than the
primary tumor (33). We found that dietary GSPs inhibited
metastasis of 4T1 cells from the primary tumor site to the
lungs as determined by counting the number and size of the
metastatic tumor nodules in lungs (Figure 7 and Table I), and
this may be the reason that the mice fed GSPs survived longer
than the mice not fed GSPs.

We further examined the mechanisms of inhibition of tumor
growth associated with the administration of dietary GSPs in
the in vivo mouse model to determine if they were similar to
those observed using the in vitro model. We observed that
dietary GSPs resulted in decreased expression of the anti-
apoptotic protein Bcl-2 while increasing the expression of
Bax, cytochrome c, Apaf-1 and activation of caspase 3 in
the 4T1 tumors as compared to tumors from mice that were
not given GSPs in the diet. As cleaved caspase 3 is considered
as a key executioner of apoptosis, the present in vivo data
further confirm that GSPs induce apoptosis in tumor cells
through disruption of mitochondrial pathways and activation
of caspase 3 which may be responsible for the inhibition of
tumor growth and subsequent inhibition of metastasis.

In summary, the in vitro and in vivo findings of our study
suggest that GSPs induce apoptosis, and inhibit tumor growth
and metastasis of highly metastatic breast cancer cells through
disruption of mitochondrial pathway and increased activation
of caspase 3. The outcome of this study holds promise for
further in vitro and in vivo molecular target-oriented studies to
examine the chemoprotective efficacy of GSPs. Additionally,

Fig. 8. Dietary GSPs (0.5%, w/w) downregulate the expression of the
anti-apoptotic protein Bcl-2 (A) and upregulate pro-apoptotic protein Bax
(B) in 4T1 cells grown as tumors in Balb/c mice from inoculation of
1 · 106 viable cells. The ratio of Bax:Bcl-2 protein expression was
determined by comparing the relative intensities of protein bands and
shown as the mean ± SD (C). Administration of GSPs also induces the
release of cytochrome c from mitochondria (D), induction of Apaf-1
(E) and increases the activation (cleavage) of caspase 3 (F) in the 4T1
tumors. Skin and tumor lysates were prepared for western blot analysis as
detailed in the Materials and methods. Western blot analyses were repeated
using skin or tumor samples from each individual mouse, thus tumors and
skin lysates were prepared separately from 10 animals in each group.
A representative blot is shown from 10 independent experiments with
identical results. The mean of relative intensities of each band after
normalization for the levels of b-actin are shown under each blot.�P < 0.001 versus control tumors from mice that were not treated with
GSPs. ND, not detectable.
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these studies underscore the necessity for further studies on the
bioavailability of GSPs in in vivo system.
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