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Induction of apoptosis by VB1 in breast cancer cells: The
role of reactive oxygen species and Bcl-2 family proteins
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Abstract. We have previously reported that the EVn-50
mixture of vitexins (lignan compounds) containing the purified
vitexin (neolignan) compound, 6-hydroxy-4(4-hydroxy-3-
methoxyphenyl)-3-hydroxymethyl-7-methoxy-3,4-dihydro-2-
naphthaldehyde, termed VBI, exhibits potent anticancer activity
through the induction of apoptosis in several types of cancer
cells, including MDA-MB-231 cells. However, the exact molecular
mechanisms by which VBI induces apoptosis in MDA-MB-231
cells have not yet been fully elucidated. In this study, to our
knowledge, we provide for the first time mechanistic evidence
that VBI1-induced apoptosis in the human breast cancer line,
MDA-MB-231, is associated with the generation of reactive
oxygen species (ROS), the activation of caspases and the
modulation of the expression of myeloid leukemia cell
differentiation protein 1 (Mcl-1), B cell lymphoma-2 (Bcl-2)
and Bcl-2-associated X (Bax) proteins. The silencing of Mcl-1
by RNA interference enhanced VBIl-induced apoptosis. In
addition, VBI did not induce ROS generation or apoptosis in
the immortalized non-cancerous breast cell line, MCF-10A. Our
findings reveal a novel mechanism underlying VBI-induced
apoptosis, and highlight VB1 as a promising candidate for the
therapy of human breast cancer.

Introduction

Lignans are a group of complex polyphenolic antioxidants
found in plants. Clinical studies have suggested that lignans
are one of the most promising classes of dietary agents with
regard to cancer prevention (1,2). In particular, lignans may
prevent hormone-dependent diseases, such as breast and
prostate cancer. Several lignans have been extensively inves-
tigated in pre-clinical tumor xenograft models, prospective
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and case-control epidemiological studies, as well as in some
clinical trials (2-4). Although no randomized clinical trial
data exist to date that support that lignans can reduce cancer
growth, there are several biomarker-based neoadjuvant trials,
indicating that the dietary intake of flaxseed lignan can inhibit
tumor cell proliferation and induce apoptosis (2,5). A previous
prospective cohort study indicated that a higher dietary intake
of lignan is associated with a reduced risk of hormone-depen-
dent breast cancer (6). We previously reported the isolation
of a unique class of lignan compounds termed vitexins,
from the seed of the Chinese herb, Vitex negundo (7). Our
previous study revealed that the purified vitexin compound,
VBI (neolignan), exerts potent cytotoxic effects and induces
apoptosis by decreasing the B cell lymphoma-2 (Bcl-2)/ Bcl-2-
associated X (Bax) protein ratio in a number of cancer cell
lines (7). However, the molecular mechanisms responsible for
the induced apoptosis by VBI in the human breast cancer cell
line, MDA-MB-231, were not fully elucidated.

Dysfunctions in apoptosis can result in the development
of cancer and in resistance to anticancer therapeutic agents.
Therefore, apoptosis is a mechanism that needs to be exploited
when developing novel chemotherapeutic drugs for cancer.
The mammary gland, similar to numerous other tissues,
expresses a number of proteins of the Bcl-2 family, including
Bcl-2, Bax, Bcl-2 homologous antagonist killer (Bak) and
Bcl-2-associated death promoter (Bad). Understanding
the role that Bcl-2 family members play in regulating the
survival of mammary epithelial cells is salient to both normal
mammary gland physiology and the development of novel
therapeutic approaches for breast cancer. The induced myeloid
leukemia cell differentiation protein 1 (Mcl-1) protein may be
an additional key determinant in the development of various
malignancies similar to other members of the anti-apoptotic
Bcl-2 protein family; Mcl-1 is expressed in a wide variety of
tissues and neoplastic cells (8-10). Mcl-1 has been described as
an early and transient survival factor, tightly regulated at the
transcriptional and post-transcriptional levels, which allows a
cell to either survive by activating other anti-apoptotic genes
or to undergo apoptosis (11).

Although lignans are generally considered as antioxidants,
they can also generate reactive oxygen species (ROS),depending
on their structure and molecular environment (12,13). ROS
play an important role in the intrinsic pathway of apoptosis. In
human leukemic cells, the accumulation of intracellular ROS
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led to a decrease in the mitochondrial transmembrane potential
(MTP/Ay,,), the release of cytochrome c, followed by the acti-
vation of the caspase cascade, and ultimately, to apoptosis (14).
A number of lignans exert direct and indirect pro-oxidant
effects by modulating the mitochondrial pathway (15,16). In
addition, Wang et al (16) reported that obtusilactone A (OA)
and (-)-sesamin act as both inhibitors of the human mitochon-
drial Lon protease and as DNA damage agents to activate the
DNA damage checkpoints and induce apoptosis in non-small
cell lung cancer (NSCLC) cells.

The present study was carried out to examine whether
VBI1 induces apoptosis in the human breast cancer line,
MDA-MB-231. We demonstrate that the VB1-mediated induc-
tion of apoptosis involves ROS generation, the downregulation
of Mcl-1/Bcl-2 and the upregulation of Bax in a dose-depen-
dent manner.

Materials and methods

Reagents. The lignan compound VBI (6-hydroxy-4-(4-hydroxy-
3-methoxyphenyl)-3-hydro-methyl-7-methoxy-3,4-dihydro-2-
naphthaldehyde) (Fig. 1) was purified from the vitexin mixture
EVn-50, extracted from the seeds of Vitex negundo, as previously
described (7). RPMI-1640 medium and fetal bovine serum
(FBS) were supplied by Gibco-BRL (Grand Island, NY, USA).
Trypan blue and propidium iodide (PI) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). N-acetylcysteine (NAC)
and dimethyl sulfoxide (DMSO) were obtained from Sigma-
Aldrich. Z-DEVD-fmk (caspase-3 specific inhibitor), and
Ac-LEHD-CHO (caspase-9 specific inhibitor) were obtained
from EMD Millipore Corp. (Billerica, MA, USA). Dichloro-
dihydrofuorescein diacetate (DCHF-DA) was purchased from
Molecular Probes Inc. (Eugene, OR, USA). Mouse anti-human
Mcl-1, anti-Bcl-2, anti-Bax and anti-f3-actin were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Horse-
radish peroxidase-conjugated anti-mouse immunoglobulins
were purchased from Cell Signaling Technology (Beverly, MA,
USA). The commercial anti-breast cancer agent, adriamycin
(ADM), was obtained from Sigma-Aldrich, and was used as a
positive control for the induction of apoptosis, whereas 0.1%
DMSO was used as a negative control.

Cell culture. The human breast cell lines, MDA-MB-231
(cancerous) and MCF-10A (immortalized, non-cancerous), were
obtained from the China Center for Type Culture Collection
(CCTCC, Wuhan, China). The cell lines were cultured in RPMI-
1640 supplemented with 10% FBS, 1% non-essential amino
acids, 100 U/ml penicillin and 0.1 mg/ml streptomycin, and
were incubated in a humidified atmosphere of 5% CO, at 37°C.

Cytotoxicity assay. A cytotoxicity assay based on the release
of lactate dehydrogenase (LDH) was conducted using a
cytotoxicity detection kit (Roche Diagnostics Ltd., Penzberg,
Germany) as previously described (17). Cells were treated for
48 h with various concentrations of VB1, EVn-50 or ADM.
Culture medium from each well was collected and transferred
into 96-well flat-bottom plates. LDH activity was determined
by adding equal volumes of the reaction mixture to each
well and incubating for up to 30 min. The absorbance of the
samples was measured at 490 nm using a microplate reader.

LIU et al: VB1 INDUCES APOPTOSIS IN BREAST CANCER CELLS

Figure 1. The chemical structure of VBI.

The experiment was repeated three times. Cytotoxicity was
calculated using the formula:

Experimental value -

Spontaneous LDH release

Cytotoxicity (%) = x100

Maximum LDH release -
Spontaneous LDH release

Trypan blue exclusion assay. The cells were treated with
various concentrations of VB1 or EVn-50 for 48 h. Trypan blue
exclusion assay was carried out as previously descrbibed (18).
Three independent experiments were carried out and cell
viability was calculated using the following formula:

o No. of cells in drug-treated group
Cell viability (%) = x100

No. of cells in control group

Flow cytometry (FCM) with PI staining. Cells were treated
with serum-free medium for 24 h as previously described (19),
followed by treatment with medium containing various
concentrations of the test agents for 48 h. The cells were
then collected and prepared as a single-cell suspension by
mechanical blowing with phosphate-buffered saline (PBS),
washed with cold PBS twice, fixed with 70% (v/v) alcohol at
4°C for 24 h, and stained with PI. Cell apoptosis was then
detected using a flow cytometer (FACS 420; BD Biosciences,
Franklin Lakes, NJ, USA).

DNA agarose gel electrophoresis. Cells were treated with
serum-free medium for 24 h as previously described (19),
followed by treatment with medium containing various concen-
trations of the test agents for 48 h. The cells were washed twice
with PBS and DNA was extracted using the Apoptotic DNA
Ladder detection kit (Bodataike Co., Beijing, China) following
the manufacturer's instructions. The extracted DNA was kept
at 4°C overnight. Subsequently, 8.5 ul of DNA were mixed with
1.5 pl of 6X buffer solution, electrophoresed at 40 V on a 20 g/1
agarose gel containing ethidium bromide and observed using
the DBT-08 gel image analysis system (GBOX EF; Syngene,
Cambridge, UK).

Caspase activity assay. MDA-MB-231 cells were plated at a
density of 2x10* cells/well in Nunc 96-well plates and cultured
overnight under 5% CO, at 37°C. The cells were treated with
the test agents for 48 h to induce apoptosis. Each experiment
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was performed in triplicate. Assays were performed using
a Caspase-3 or -9 Activity Assay kit (Beyotime Institute of
Biotechnology, Jiangsu, China) following the manufacturer's
instructions. Lysates were incubated at 37°C for 2 h. Thereafter,
the absorbance was measured at 405 nm in an enzyme-
labeling instrument (ELX-800; BioTek, Shanghai, China). For
the caspase inhibitor assay, cells were pre-treated with the
caspase-3-specific inhibitor, Z-DEVD-fmk (20 gmol/l), or the
caspase-9-specific inhibitor, Ac-LEHD-CHO (10 gmol/l), for
30 min prior to the addition of the test agents. Caspase activity
was expressed as a percentage of caspase activation relative to
the negative control.

Quantification of ROS . Intracellular ROS levels were measured
by FCM using the fluorescent probe, DCFH-DA, as previ-
ously described (19). Briefly, following treatment with various
concentrations of the test agents, the cells were incubated with
10 pmol/1 of DCFH-DA for 30 min at 37°C in the dark. The
cells were then washed with PBS and analyzed within 30 min
using a flow cytometer equipped with an air-cooled argon
laser tuned at 488 nm. The fluorescence signal corresponding
to DCFH-DA was collected with a 525-nm band pass filter. As
arule, 10,000 cells were counted for each sample.

RNA interference. siRNAs against Mcl-1 (5'-GAAACGCG
GUAAUCGGACUTT-3'), and a non-targeting scrambled
siRNA control were synthesized by GenePharma Co., Ltd.
(Shanghai, China). Cells were transfected with siRNAs using
DharmaFECT-1 (Dharmacon, Lafayette, CO, USA) as outlined
by the manufacturer. After 48 h, the transfection medium was
replaced with regular medium prior to further analysis. The
silencing of protein expression was confirmed by western blot
analysis. The distribution of the cells at the sub-Gl cell cycle
phase was analyzed using FCM.

Western blot analysis. Cell extracts were prepared in lysis buffer
containing 0.14 M NaCl, 0.4 M triethanolamine, 0.2% sodium
deoxycholate, 0.5% NP-40, 1 mmol/l phenylmethylsulfonyl
fluoride, 4.0 pg/ml aprotinin and 4.0 pg/ml leupeptin. The
amount of soluble proteins (Mcl-1/Bcl-2/Bax) was quantified
by modified Bradford analysis (Bio-Rad, Hercules, CA, USA).
Extracted protein samples (15 pg/sample) were separated by
SDS-PAGE, blotted onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, USA), and probed with anti-Mcl-1,
anti-Bcl-2, anti-Bax or anti-f-actin antibodies. Horseradish
peroxidase-conjugated anti-mouse immunoglobulins were
used for the secondary reactions. Reactive bands were visu-
alized by chemiluminescence using Tropix® CSPD as the
substrate (Invitrogen Life Technologies, Carlsbad, CA, USA).
Images were scanned using an Alphalmager 2200 scanner
and protein expression levels were quantified by densitom-
etry analysis with AlphaEaseFC software (both from Alpha
Innotech, San Leandro, CA, USA).

Statistical analysis. The results are reported as the means + stan-
dard deviation (SD). Typically, three samples were measured
for each experiment and all experiments were repeated at least
twice to ensure reproducibility. Statistical differences in the
data were assessed using a Student's t-test. A difference was
deemed statistically significant at a P<0.05.
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Results

Cytotoxic effect of VBI on MDA-MB-231 cells. Both the vitexin
mixture EVn-50 and the purified vitexin, VBI, have been
reported to inhibit proliferation and cell death in various types
of cancer cells (7). However, to our knowledge, the relative
cellular cytotoxicity and the dose effects have not been previ-
ously investigated for VBI in comparison to other compounds.
Therefore, we treated the breast cancer cell line, MDA-MB-
231, with VB1, EVn-50 and the commercial anti-breast cancer
agent ADM. Cell death was quantified by an LDH release
assay. While treatment with concentrations of VBI as low as
1.0 ymol/l caused marginal cell death (~11%), the compound
caused a significant and dose-dependent increase in cell death
at higher concentrations (Fig. 2A), with cell death reaching
~83% upon treatment with 8.0 gmol/l of VBI.

The trypan blue exclusion assay further revealed that VB1
acts as a potent cytotoxic agent in MDA-MB-231 cells, also in
a dose-dependent manner. VB1 markedly inhibited the growth
of MDA-MB-231 cells, in a similar manner to EVn-50 at the
same concentration levels (Fig. 2B). These results suggest
that both EVn-50 and VBI exert intense cytotoxic effects on
MDA-MB-231 cells.

Apoptotic effects of VBI on MDA-MB-231 cells. To determine
whether VBI induces apoptosis in human breast cancer cells,
the MDA-MB-231 cells were treated with increasing concen-
trations of VBI for 48 h. Apoptotic cell death was examined
by: i) estimating the cell population at the sub-Gl cell cycle
phase using FCM and PI staining to measure corresponding
DNA content and ii) observing DNA fragmentation in DNA
agarose gels. Fig. 3A illustrates that there is a dose-dependent
increase in the percentage of the sub-Gl cell population
(P<0.05), reaching 53.6+4.2% after 48 h of treatment with
8.0 ymol/l VBI. The potency of VB1 was found to be similar
to the mixture of lignan compounds, EVn-50. Furthermore,
treatment with 8.0 gmol/l VBI for 48 h resulted in the forma-
tion of DNA ladder-like profiles (Fig. 3B). Overall, these
results indicate that VBI1 effectively induces the apoptotic cell
death of MDA-MB-231 cells in a dose-dependent manner.

Caspase activation by VBI in MDA-MB-231 cells. To determine
whether caspases are involved in VBI1-induced apoptosis, we first
evaluated the activity of caspase-3 and -9 in the VB1-treated cells.
Treatment of the MDA-MB-231 cells with VBI induced a signif-
icant and progressive increase in the levels of active caspase-3
and -9 (Fig. 4). To determine whether VBI1-induced apoptosis is
mediated by the activation of caspases, we used a caspase-3-spe-
cific inhibitor (Z-DEVD-fmk) and a caspase-9-specific inhibitor
(Ac-LEHD-CHO). Z-DEVD-fmk and Z-LEHD-fmk prevented
the activation of caspase-3 (Fig. 4A) and caspase-9 (Fig. 4B),
respectively. Moreover, Fig. 4C illustrates that Z-DEVD-fmk
completely abrogated and Ac-LEHD-CHO partly attenuated the
VBl-induced accumulation of cells at the sub-G1 phase. These
data indicate that VB1-induced apoptosis is essentially depen-
dent on the activation of caspase-3 and -9 in MDA-MB-231 cells.

Effect of VBI on ROS generation in MDA-MB-231 cells. Since
oxidative damage appears to be associated with the anticancer
effects of lignans (20), we then examined the levels of intracel-
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Figure 2. Cytotoxicity of VB1 in MDA-MB-231 cells. (A) Following treat-
ment with various concentrations of VB1, EVn-50 or adriamycin (ADM) for
48 h, cell death percentage was assessed using a cytotoxicity detection kit
based on lactate dehydrogenase (LDH) release. (B) Following treatment with
various concentrations of VB1, EVn-50 or ADM for 48 h, cell viability was
assessed using a trypan blue exclusion assay. The number of viable cells after
treatment is expressed as a percentage, relative to the number of viable cells
from the vehicle control. Columns represent the mean values from three inde-
pendent experiments and bars standard deviation (SD). “P<0.05 and “P<0.01
vs. treatment with the negative control group, where cells were treated with
0.1% dimethyl sulfoxide (DMSO).

lular ROS in MDA-MB-231 cells following treatment with VBI,
using the oxidation-sensitive fluorescent probe, DCFH-DA,
which is oxidized to 2',7'-dichlorofluorescein (DCF) in the pres-
ence of ROS. As shown in Fig. 5A, treatment of the cells with
VBI increased the mean fluorescence intensity (MFI) of DCF
from 35.1+4.2 (at 4.0 ymol/l VBI) to 72.5+3.3 (at 8.0 gmol/l).
To investigate the potential link between the elevation of
intracellular ROS levels and apoptotic cell death in VBI1-treated
cells, MDA-MB-231 cells were pre-incubated with the anti-
oxidant, NAC (10 mmol/l), prior to treatment with EVn-50 and
VBI. VBI treatment failed to induce ROS generation in the
NAC-pre-treated MDA-MB-231 cells. The population of cells
at the sub-Gl cell cycle phase was reduced upon treatment with
EVn-50 or VBI in combination with NAC (Fig. 5B). These
findings provide evidence that apoptosis induced by VBI in
MDA-MB-231 cells is dependent upon the generation of ROS.

Effects of VBl on Mcl-1, Bcl-2 and Bax expression in
MDA-MB-23] cells. The Mcl-1 protein plays an important role
in the development of various malignancies and is expressed
in a wide variety of tissues and neoplastic cells (7-9). In addi-

LIU et al: VB1 INDUCES APOPTOSIS IN BREAST CANCER CELLS

A
70 -
B’E‘ 60 i
= 1
S 50
E L
3 40 -
§ 30 4
0 -
£ 20 -
® g |"‘| .
ol oen NS BH B9 N rT1., :
EVn-50(ug/ml) - - - - - 2 4 8
VBi(umoll) - - 2 4 8 - - -
ADM (umoll) - 02 - - - - - .
B
ADM (umoll) 00 01 00 00 00 0.0
EVn-50(ug/ml) 0.0 0.0 40 80 00 00
VB-1(pmoll) 00 00 00 00 40 80

2000 bp

1500 bp
750 bp

500 bp

200 bp

100 bp

Figure 3. VB1-induced apoptosis in MDA-MB-231 cells. (A) MDA-MB-231
cells were treated with the indicated concentrations of VB1, EVn-50 or adri-
amycin (ADM) for 48 h and were subsequently analyzed by flow cytometry.
Columns represent the mean values from three independent experiments
and bars standard deviations (SD). "P<0.05 and “P<0.01 vs. treatment with
the negative control group, where cells were treated with 0.1% dimethyl
sulfoxide (DMSO). (B) DNA agarose gel showing the formation of ladder-
like profiles in the DNA of MDA-MB-231 cells treated with the indicated
concentrations of VBI for 48 h.

tion to its anti-apoptotic effects, Mcl-1 has also been shown to
be involved in the regulation of cell cycle progression (21). In
addition, Bax and Bcl-2 proteins play crucial roles in apoptosis.
Thus, we examined the dose-dependent effects of VBI on the
protein levels of Mcl-1, Bax and Bcl-2 in MDA-MB-231 cells.
The expression of the three apoptosis-related proteins was
measured by western blot analysis. Treatment of cells with
VBI induced a decrease in Mcl-1 and Bcl-2 expression with a
concomitant increase in the protein level of Bax (Fig. 6A). This
resulted in a significant increase in the Bax/Bcl-2 and Bax/
Mcl-1 ratios (Fig. 6B and C), which are markers of apoptosis
induction.

Mcl-1 downregulation enhances VBI-induced apoptosis
in MDA-MB-231 cells. Cellular levels of Mcl-1 have been
reported to play an important role in the resistance of tumor
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Figure 4. Effects of VBI on caspase activity and cell cycle distribution in MDA-MB-231 cells. (A) Caspase-3 activity; (B) caspase-9 activity. MDA-MB-231
cells were treated with the indicated concentrations of VBI for 48 h and caspase-3 or -9 activities were assayed using corresponding Kits. Lysates were incubated
at 37°C for 2 h. Thereafter, the absorbance was measured at 405 nm in an enzyme-labeling instrument. In the caspase inhibitor assay, cells were pre-treated
with caspase-3 specific inhibitor (Z-DEVD-fmk, 20 gmol/l) or caspase-9 specific inhibitor (Ac-LEHD-CHO, 10 gmol/1) for 30 min prior to the addition of the
test agents. (C) MDA-MB-231 cells were treated with 8.0 zmol/l VBI1 or 8.0 yg/ml Evn-50 for 48 h in the absence or presence of 20 ymol/l Z-DEVD-fmk or
10 ymol/l Ac-LEHD-CHO. The distribution of cells at the sub-G1 phase was assessed using flow cytometry. Columns represent the mean values from three
independent experiments and bars standard deviations (SD)."P<0.05 and “P<0.01 vs. treatment with the negative control group, where cells were treated with
0.1% dimethyl sulfoxide (DMSO); “P<0.05 vs. treatment with the Z-DEVD-fmk plus VB1 or Evn-50 and the Ac-LEHD-CHO plus VBI or Evn-50 groups.
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Figure 5. VBI induces intracellular reactive oxygen species (ROS) accumulation in MDA-MB-231 cells. (A) MDA-MB-231 cells were treated with VB1 (4.0 or
8.0 umol/l) or Evn-50 (4.0 or 8.0 ug/ml) for 6 h. A total of 10 gmol/l of dichlorodihydrofuorescein diacetate (DCHF-DA) was added 30 min before collecting
cells. The mean fluorescent intensities (MFI) of 10,000 cells were analyzed with a flow cytometer. (B) Distribution of cells at the sub-G1 phase, as assessed by
flow cytometry. Columns represent the mean values from three independent experiments and bars standard deviations (SD). DCF, 2',7'-dichlorofluorescein; NAC,
N-acetylcysteine. "P<0.05 and “P<0.01 vs. treatment with the negative control group, where cells were treated with 0.1% dimethyl sulfoxide (DMSO); “P<0.05
and "P<0.01 vs. treatment with the NAC plus VBI or Evn-50 group.

cells to chemotherapeutic agents (22). To ascertain whether the  tion of the scrambled siRNA control did not modify Mcl-1
downregulation of this anti-apoptotic protein by EVn-50 and  protein expression. More importantly, the silencing of Mcl-1
VBI can induce apoptosis, we performed RNA interference  enhanced the VB1-induced apoptosis of MDA-MB-231 cells
experiments with siRNA oligonucleotides specific to Mcl-1 in  (Fig. 7B). These data suggest that the downregulation of the
MDA-MB-231 cells. The level of Mcl-1 was markedly reduced ~ Mcl-1 protein may be involved in the apoptotic effects of VB1
by the specific siRNA (Fig. 7A), whereas a similar concentra- on MDA-MB-231 cells.
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Figure 7. Effect of RNA interference on the protein levels of induced myeloid
leukemia cell differentiation protein 1 (Mcl-1) and on VBI-induced apoptosis
in MDA-MB-231 cells. (A) The level of Mcl-1 was markedly reduced by the
Mcl-1-specific siRNA, whereas a similar concentration of the scrambled
siRNA control did not modify Mcl-1 protein expression. (B) Silencing of
Mcl-1 enhanced VBIl-induced apoptosis. Cells were treated with the test
agents for 48 h in the absence or presence of Mcl-1 siRNA. Their distribution
at the sub-Gl phase was assessed using flow cytometry. Columns represent
the mean values from three independent experiments and bars standard devia-
tions (SD)."P<0.05 and “P<0.01 vs. treatment with the negative control group,
where cells were treated with 0.1% dimethyl sulfoxide (DMSO); P<0.05 vs.
treatment with the scrambled siRNA control group.

Effects of VBI on apoptosis and ROS generation in MCF-10A
cells. Since VBI1 induced apoptosis and ROS generation in
MDA-MB-231 cells, we then examined the effects of VBI1
treatment on the immortalized non-cancerous human breast
cell line, MCF-10A. The level of intracellular ROS in MCF-10A
cells was not altered in a significant manner upon 3 h of treat-
ment with any of the tested concentrations of VB1 (Fig. 8A).
Furthermore, VBI1 did not induce the accumulation of cells at
the sub-Gl phase (Fig. 8B). These findings suggest that VB1
specifically induces apoptotic cell death in the breast cancer
line, MDA-MB-231.

Discussion

A number of studies have suggested that lignans may be
helpful for cancer prevention and treatment, particularly in
the treatment of of breast malignancies (3,4). The lignan
compound, VBI, a vitexin purified from EVn-50, belongs to
a new class of neolignans. Our previous study demonstrated
that VBI1, the most abundant vitexin in the EVn-50 mixture,
exhibits potent cytotoxic effects on numerous cancer cell lines,
regulates the Bax/Bcl-2 protein ratio and induces apoptosis
in MDA-MB-231 cells (7). It has been recently reported that
treatment with lignans induces cancer cell apoptosis and is
related to the generation of ROS (20,23). In this study, we firstly
demonstrated that VBI1 potently induced the cytotoxicity of
MDA-MB-231 cells in a dose-dependent manner. The potency
of VBI was similar to that of EVn-50. Secondly, we demon-
strated that VBI induced the apoptosis of MDA-MB-231 cells,
accompanied by ROS generation. Finally, we demonstrated
that VBI induced a significant decrease in the expression of
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Figure 8. Effects of VB1 on generation of reactive oxygen species (ROS) and
on apoptosis in MCF-10A cells. (A) Cells were treated with the indicated
concentration of VB1 or EVn-50 for 12 h. A total of 10 gmol/I of dichlorodi-
hydrofuorescein diacetate (DCHF-DA) was added 30 min before collecting
cells. The mean fluorescent intensities (MFI) of 10,000 cells were analyzed
with a flow cytometer. (B) Cells were treated with the indicated concentration
of VBI or EVn-50 for 48 h and the distribution of cells at the sub-G1 phase
was analyzed by flow cytometry. Columns represent the mean values from
three independent experiments and bars standard deviations (SD).

Mcl-1 and Bcl-2 proteins with a concomitant increase in the
protein level of Bax.

ROS have been associated with carcinogenesis but also,
paradoxically, with mitochondrial-mediated cell death in
cancer cells. The accumulation of ROS is a well-documented
central event in mitochondrial-mediated apoptosis (23-25).
Intracellular ROS mediate multiple cellular responses,
including protein kinase activation (26), cell cycle progres-
sion (27), myeloid cell differentiation (28) and apoptotic and
necrotic cell death (29). The antioxidant properties of lignans
have been associated with their cardioprotective and neuropro-
tective properties (30), yet no compelling evidence exists to
date for a similar association with their preventive properties
in cancer. Indeed, the chemopreventive properties of lignans
may be due to the elimination of pre-cancerous cells owing
to their in vivo pro-oxidant properties. Bose er al (23) argued
that the lignan, dihydrobenzofuran, is a potential antitumor
agent, inducing G2/M arrest and apoptosis and involving the
generation of ROS. In the present study, we found that another
lignan compound, the vitexin VBI1, promotes the accumulation
of ROS in a concentration-dependent manner in MDA-MB-
231 cells. NAC is a well-known antioxidant agent, mainly
regarded as a ROS scavenger. NAC reduces ROS generation
and protects the cells from oxidative stress. It was previously
reported that arsenic trioxide-induced ROS generation is inhib-
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ited by NAC treatment (31). In this study, we showed that the
VBl-induced apoptosis of MDA-MB-231 cells is accompanied
by ROS generation. We used NAC as an antioxidant to further
investigate ROS generation induced by VB1. NAC treatment
significantly reduced ROS generation in combination with
either EVn-50 or VBI. These results indicate that the induction
of ROS may play a crucial role in VBI-induced apoptosis in the
MDA-MB-231 cell line.

A number of different members of the Bcl-2 protein family,
including Bcl-2, Bax, Bak and Bad are expressed in mammary
gland tissue, similar to numerous tissues. Different Bcl-2 family
members are commonly overexpressed or underexpressed in
human breast cancers. The downregulation of Bcl-2 in human
breast cancer cells has been associated with a good prognosis,
while decreased Bax expression has been linked to poor clinical
outcome. Understanding the role that Bcl-2 family members
play in regulating the survival of mammary epithelial cells is
salient for both the apprehension of the physiology of healthy
mammary gland tissue and the development of novel thera-
peutic approaches for breast cancer. We demonstrated that the
treatment of MDA-MB-231 cells with VBI induces a marked
decrease in Bcl-2 expression, with a concomitant increase in
the protein level of Bax, in agreement with a previous study on
MDA-MB-231 cells (7). In addition, a certain studies have indi-
cated that Mcl-1, similar to other members of the anti-apoptotic
Bcl-2 protein family, may play key roles in the development
of various malignancies and is expressed in a wide variety of
tissues and neoplastic cells (8-10). The anti-apoptotic activity
of Mcl-1 has been clearly established. However to date, only
limited information is available on the role that Mcl-1 plays
in the biology of solid tumors, and virtually no information
is available on its potential role in human solid tumors. Mcl-1
has been described as an early and transient survival factor,
tightly regulated at the transcriptional and post-transcriptional
levels, that allows a cell to either survive by activating other
anti-apoptotic genes or to undergo apoptosis (12). Since the over-
expression of anti-apoptotic proteins is an alternative means of
inhibiting apoptosis in neoplastic cells (32,33), we investigated
the effect of Mcl-1 expression on the human breast cancer cell
line, MDA-MB-231, following treatment with VB1. We demon-
strated that the downregulation of the Mcl-1 protein induces
apoptosis and enhances VB1-induced apoptotic cell death in the
MDA-MB-231 cells. Overall in this study, we demonstrate that
VB is a potent inducer of apoptosis by regulating the levels of
proteins related to this process. More importantly, our findings
indicate that VBI specifically induces apoptosis in the human
breast cancer cell line, MDA-MB-231, but not in the non-
cancerous line, MCF-10A, although the mechanisms underlying
this specificity remain unknown. Our findings suggest that VB1
is an antitumor agent with specific effects.

In conclusion, the present study demonstrates that VBI1
promotes the accumulation of intracellular ROS, resulting in
a substantial increase in the Bax/Bcl-2 and Bax/Mcl-1 ratios,
leading to apoptosis in the MDA-MB-231 human breast cancer
cells. Further investigations are required to provide evidence
for the in vivo potency of this potentially therapeutic agent in
human breast cancer cells e.g., by using a nude mouse model.
Our data highlight a new mechanism underlying VB1-induced
apoptosis, and suggest that VB1 may qualify as a highly effective
and promising candidate for the therapy of human breast cancer.
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