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a b s t r a c t

The molecular mechanisms and the possible effects of a recombinant buckwheat trypsin inhibitor (rBTI)
on the induction of apoptosis in the human solid tumor cells (EC9706, HepG2 and HeLa) were inves-
tigated. An MTT assay showed that rBTI could specifically inhibit the growth of solid tumor cells in a
dose- and time-dependent manner. Analysis by flow cytometry indicated that the apoptosis of several
eywords:
BTI
poptosis
itochondrial transmembrane potential

ytochrome c

tumor cells increased after treatment with rBTI in range of 6.25–50 �g/ml. DNA electrophoresis anal-
ysis showed the ‘DNA ladder’, typical of apoptosis. rBTI-induced apoptosis was shown to involve Bax
and Bak up-regulation, Bcl-2 and Bcl-xl down-regulation, release of cytochrome c from the mitochon-
dria to the cytosol, activation of caspase-3 and -9 and disruption of the mitochondrial transmembrane
potential (� m). The z-DEVD-fmk caspase-3 inhibitor significantly inhibited rBTI-induced apoptosis. We
concluded that rBTI can induce the apoptosis in several types of human solid tumor cells and promotes

tocho
aspase apoptosis through the mi

. Introduction

Apoptosis is a cell-initiated death course that is controlled
y changes in gene expression and activation, and is one of the
mportant mechanisms in maintaining the stability of an organ-
sm. It is quite significant in embryogenesis, development of organs
nd maintaining healthy organisms (Lockshin and Zakeri, 2004;
shkenazi and Dixit, 1998; Green and Reed, 1998). At the same

ime, it plays a very important role in the development and treat-
ent of cancer. It has been well established that apoptosis is tightly

egulated by a set of genes that promote either apoptosis or cell
urvival. Although a number of stimuli appear to trigger apoptosis,
here are two major signaling pathways of apoptosis: the extrinsic
athway, which acts through ligand-mediated activation of death
eceptors on the cell surface, and the intrinsic pathway, which acts
hrough the mitochondria. Mitochondria play a critical role in the
egulation of various apoptotic processes including drug-induced
poptosis. Both the extrinsic and the intrinsic pathways lead to the
aspase cascade, activating a series of caspases, which then leads

o cell death (Khosravi-Far and Esposti, 2004; Jacotot et al., 1999;

ang, 2001).
Protease inhibitors are widely distributed in nature, found in

any kinds of animals, plants and microorganisms. In particu-

∗ Corresponding author. Tel.: +86 351 7019371; fax: +86 351 7011499.
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ndrial apoptotic pathway.
© 2009 Elsevier Ireland Ltd. All rights reserved.

lar, serine protease inhibitors from plants are well-known defense
compounds that also regulate endogenous proteases. These pro-
teins that are expressed in developing seeds are assumed to play
an important role in inhibiting trypsin and chymotrypsin of exter-
nal origin. Two major serine protease inhibitors, Kunitz inhibitors
and Bowman–Birk inhibitors (BBIs), have been extensively stud-
ied in plants (Ryan, 1990). They play key regulatory roles in many
biological processes, including the blood coagulation system, the
complement cascade, apoptosis and the hormone processing path-
ways (Azzouz et al., 2005; Enari et al., 1995; Inoue et al., 2005). In
recent years, it has been found that proteinase inhibitors can induce
apoptosis of cancer cells in vitro; therefore, proteinase inhibitors
have been receiving attention as potential anti-cancer agents. It has
been reported that the Bowman–Birk family of inhibitors, obtained
from soybeans and other legumes, are potentially nutritionally rel-
evant anti-carcinogens, particularly with respect to colon cancer
(Gladysheva et al., 2001; Foehr et al., 1999). The manufacture and
application of proteinase inhibitors in anti-carcinogens treatments
have also made good progress, and have taken an important role in
curing malignant tumors. At the present time, research in the area of
recombinant proteinase inhibitors as anti-neoplastic medical treat-
ments is still not evident. Very little is known about recombinant

proteinase inhibitor anti-carcinogens drug.

Buckwheat (Fagopyrum Esculentum Moench) is a crop grown
for the floury endosperm of its seeds (achenes), with world-
wide cultivation, especially in Asia, Russia, Europe, North America,
and Australia. Buckwheat contains a rich supply of amino acids,

http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:zhwang@sxu.edu.cn
dx.doi.org/10.1016/j.toxlet.2009.05.018


y Lette

a
v
D
h
i
e
e
o
1
w
(

a
w
(
a
a
i
a
i
a
r
e
e
o
c
r
t
a
H
t
r

2

2

c
C
p
w
D
t
z
C
(
C
S

2

M
j
l
P
C
I
1
a

2

L
a
m
7
1
f
(
t

Y.-Y. Li et al. / Toxicolog

bundant vitamins B1 and B2, dietary fiber, proteins, minerals and
itamin P (Skrabanja et al., 2001; Park et al., 1997; Pomeranz, 1983).
ue to its unique chemical and bio-activity properties, buckwheat
as many uses in food products and medicine. Several protease

nhibitors from buckwheat seeds have been reported (Belozersky
t al., 1995). Among them, a buckwheat inhibitor (BWI)-1 protein
xtracted from common buckwheat seeds with a molecular weight
f 7.7 kDa is a potato inhibitor I family member (Dunaevsky et al.,
997). It was found that BWI-1 and BWI-2a extracted from buck-
heat seeds could inhibit T-acute lymphoblastic leukemia cells

Park and Ohba, 2004).
However, very little is known about the molecular mechanisms

nd the toxicity of protease inhibitors from buckwheat. Previously,
e made high purity recombinant buckwheat trypsin inhibitor

rBTI) by cloning, expression and one-step affinity purification (Li et
l., 2006; Zhang et al., 2007). A homology analysis showed that the
mino acid sequence of rBTI obtained in our laboratory is totally
dentical to that of BWI-1, and its molecular size and inhibitory
ctivity are similar to those of BBIs. The analysis of inhibitory activ-
ty showed that the rBTI could strongly inhibit trypsin in specific
ctivity assays. In addition, this primary investigation indicated that
BTI can induce apoptosis in the human leukemia K562 cells (Wang
t al., 2007), but was much less toxic to normal human periph-
ral blood mononuclear cells (PBMCs). However, the mechanism
f rBTI-induced apoptosis and its effect on other kinds of cancer
ells are poorly understood. To further evaluate the feasibility of
BTI as an inducer of apoptosis and to explore its potential applica-
ion as an anti-cancer agent, the effects of rBTI on the induction of
poptosis of the human solid tumor cell lines (EC9706, HepG2 and
eLa) were investigated in this study. Additionally, we focused on

he molecular mechanisms and the possible pathways involved in
BTI-induced apoptosis of tumor cells.

. Materials and methods

.1. Chemicals and reagents

RPMI 1640 was purchased from Gibco Life Technologies (NY, USA). Fetal
alf serum (FCS) was purchased from the Institute of Hematology (Hang Zhou,
hina). MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
urchased from Sigma (St Louis, MO, USA). Annexin V-FITC Apoptosis Detection Kit
as obtained from Pharmingen-Becton Dickinson (San Diego, CA, USA). Apoptosis
NA Ladder Detection Kit, cytochrome c Releasing Apoptosis Assay Kit, Mitocap-

ure Mitochondrial apoptosis detection kit, Caspases Colorimetric Assay Kit, and
-DEVD-fmk (caspase-3 inhibitor) were purchased from BioVision (Mountain View,
A, USA). An enhanced chemiluminescence (ECL) kit was purchased from Amersham
GE Healthcare, UK). Classical Total RNA Isolation Kit was from Bio Basic Inc. (Ontario,
anada). Antibodies against Bcl-2, Bcl-XL, Bax, Bak, and actin were purchased from
anta Cruz Biotechnology, Inc. (CA, USA).

.2. Cell lines and culture

The human esophagus cancer cell line EC9706 (was kindly presented by Prof.
ing-rong Wang of Institute of Tumor, Chinese Academy Medical of Sciences, Bei-

ing, China), the human hepatoma cell line HepG2, human cervical carcinoma cell
ine HeLa, human embryonic kidney cell strain HEK 293 (were kindly presented by
rof. Quan Chen of Institute of Zoology of the Chinese Academy of Sciences, Beijing,
hina), and human normal liver cell strain HL-7702 (was kindly presented by China

nstitute for Radiation Protection) were cultured in RPMI 1640 medium containing
0% (v/v) heat-inactivated FCS with 8 U/ml gentamycin sulfate, 15 mM HEPES and in
humidified 5% CO2 atmosphere.

.3. Cell growth inhibition assay

Recombinant buckwheat trypsin inhibitor (rBTI) was obtained according to our
ab’s protocol (Zhang et al., 2007). Human carcinoma cell lines (EC9706, HepG2,
nd HeLa), human embryonic kidney cells HEK 293, (which are considered to have

ore normal characteristics than cancer cells), and human normal liver cells HL-

702 were plated in 96-well microtiter plates at a density of 1 × 106 cells/ml in
00 �l of the complete RPMI-1640 medium. After cells were permitted to adhere
or different time points, fresh medium, containing various concentrations of rBTI
6.25–100 �g/ml), BTI (nature buckwheat trypsin inhibitor at 12.5–100 �g/ml), or
he mutant R, D-rBTI (12.5–100 �g/ml) was applied for indicated times. Cells were
rs 189 (2009) 166–175 167

incubated at 37 ◦C in 20 �l of MTT (5 mg/ml) for 4 h. After the medium and MTT
were removed, 150 �l of DMSO was added to each well, and then placed on a plate
shaker for 5 min at room temperature. For each well, absorbance at 570 nm was
measured using a microtiter plate ELISA reader (Bio-Rad model 550). Cell survival
rate was calculated as the percentage of MTT inhibition as follows: Percentage of
survival = (mean experimental absorbance/mean control absorbance) × 100%.

2.4. Staining of apoptotic cells with DAPI

After treatment with 50 �g/ml rBTI at 37 ◦C for 24 h, cells were washed with
0.1 mol/L PBS (pH 7.2) and re-suspended in the fixation solution (4% paraformalde-
hyde) for about 10 min. 100 �l of cell suspension (1 × 106 ml−1) was stained with
5 �l of DAPI (2 �g/ml) for 10 min. Apoptotic cells were evaluated by fluorescence
microscopy.

2.5. Flow cytometric analysis of cell apoptosis

The flow cytometric analysis of annexin V-PITC and PI-stained cells was per-
formed using the Apoptosis Detection Kit according to the manufacturer’s protocol.
After 1 × 106 cells were treated with designated concentrations of rBTI (0 �g/ml
(control), 12.5–100 �g/ml), cells were collected and washed twice with PBS. After
the cells were centrifuged at 2000 × g for 5 min, they were re-suspended in 500 �l
of binding buffer, containing 5 �l of fluorescence-conjugated annexin V, and 2.5 �l
of PI, and incubated for 30 min in the dark at room temperature. Following this,
the cells were analyzed by flow cytometry (Elite ESP, Coulter, USA) using Cell Quest
software (Darzynkiewicz et al., 1992).

2.6. DNA fragmentation analysis

DNA fragmentation analysis was performed using an Apoptosis Ladder Detection
Kit. After incubation with the designated concentrations of rBTI (0 �g/ml (control),
12.5–100 �g/ml), 1 × 107 cancer cells were harvested by pipetting and rinsing with
ice-cold PBS. The cell pellets were re-suspended in 100 �l of lysis buffer, incu-
bated for 10 min at 37 ◦C, and centrifuged at 5000 × g for 10 min. Genomic DNA was
extracted via the kit’s manufacturer’s protocol. The DNA was then electrophoresed
in a 1.5% agarose gel and stained with ethidium bromide. The gel was visualized and
photographed under ultraviolet light.

2.7. Measurement of mitochondrial transmembrane potential (MMP,� m)

We next investigated the changes in MMP using the Mitocapture Apoptosis
Detection kit. The kit utilizes Mitocapture, a cationic dye that fluoresces differently
in healthy vs. apoptotic cells by fluorescence microscopy using a band-pass filter or
analyzed by flow cytometry using FITC channel for green monomers and PI channel
for red aggregates. With normal mitochondrial function, MMP is high and the red
fluorescence is predominant. However, when there is mitochondrial injury, MMP is
reduced, leading to an increase in green fluorescence. Briefly, after being treated with
50 �g/ml rBTI for the indicated amounts of time, cells were collected and washed
twice with PBS. Cells were then incubated with 1 �l/ml of Mitocapture in warm
PBS for 15 min at 37 ◦C, then washed and re-suspended in PBS. Fluorescence was
analyzed by fluorescence microscopy using a band-pass filter or by flow cytometry
using the FITC channel for green monomers and the PI channel for red aggregates.

2.8. Preparation for cytosolic and mitochondrial fractions

After treatment with 50 �g/ml of rBTI for indicated times, EC9706 cells were pre-
pared for staining using the cytochrome c Releasing Apoptosis Assay kit according to
the manufacturer’s protocol. Briefly, 1.0 × 106 cells were pelleted and washed once
with ice-cold PBS. Cells were resuspended in Cytosol extraction buffer mix contain-
ing DTT and protease inhibitors, and incubated on ice for 10 min. The lysates were
then subjected to centrifugation at 700 × g for 10 min at 4 ◦C and the supernatants
were centrifuged again at 10,000 × g for 30 min at 4 ◦C. These supernatants were
collected as cytosolic fractions, and the pellets were resuspended in mitochondrial
extraction buffer mix containing DTT and protease inhibitors for 10 s and used as
mitochondrial fractions.

2.9. Western blot analysis

To prepare the whole-cell extract, cells were washed twice with cold PBS, lysed
in cold RIPA extraction buffer (1 × PBS, 0.5% deoxycholic acid sodium salt, 1% Triton
X-100, 0.1% SDS, 1 mM PMSF, 1% leupeptin, and 1% aprotinin) for 30 min on ice. The
lysates were centrifuged at 12,000 × g for 10 min at 4 ◦C, the supernatants collected
and protein concentration determined by Bradford’s method. Proteins were sepa-
rated by 12% SDS–polyacrylamide gel electrophoresis (20 �g lane) and electroblotted

onto nitrocellulose membrane. Membranes were incubated in blocking solution
consisting of 5% non-fat milk in TBST (10 mM Tris–HCl (pH 8.0), 150 mM NaCl,
and 0.1% Tween-20) for 1 h, then immunoblotted with the primary antibody rabbit
anti-Bcl-2 antibody, Bax antibody, Bcl-XL antibody, Bim antibody, cytochrome c anti-
body, and actin antibody, and subsequently by a secondary anti-rabbit IgG antibody
conjugated with horseradish peroxidase. Bands were detected using an ECL
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nhanced Chemiluminescence Detection Kit according to the manufacture’s pro-
ocol.

.10. Reverse transcription-PCR

Total RNA in the cells after being treated with 50 �g/ml rBTI for 24 h was
xtracted using a Classical Total RNA Isolation Kit according to the manufacturer’s
nstructions. The reverse transcription reaction was performed using oligo (dT)
nd AMV-RT reverse transcription enzyme (5 U/�l). The newly synthesized cDNA
as amplified by PCR. The following primer pairs were used: for Bcl-2 primers,

′-GGAGGATTGTGGCCTTCTTTGAG-3′ (forward), 5′-TATGCACCCAGAGTGATGCAGGC-
′ (reverse); for Bcl-xl primers, 5′-GGAGCTGGTGGTTGACTTTCT-3′

forward), 5′-CCGGAAGAGTTCATTCACTAC-3′ (reverse); for Bax primers, 5′-
GAACTGGACAACAACATGGAGC-3′ (forward), 5′-GGTCTTGGATCCAGACAAACAGC-3′

reverse); for Bak primers, 5′-TGAAAAATGGCTTCGGGGCAAGGC-3′ (forward),
′-TCATGATTTGAAGAATCTTCGTACC-3′ (reverse); for GAPDH, as an internal control,

′-GTCAACGGATTTGGTCGTATT-3′ (forward) and 5′-AGTCTTCTGGGTGGCAGTGAT-3′

reverse). Amplification cycles were: 94 ◦C for 5 min, then 30 cycles at 94 ◦C for 30 s,
ifferent temperature for 30 s (GAPDH for 45 ◦C; Bax and Bak for 49 ◦C; Bcl-2 for 56 ◦C,
cl-xl for 61 ◦C), 72 ◦C for 60 s, followed by 72 ◦C for 5 min. The amplified products
ere electrophoresed on 1.5% agarose gels, and PCR fragments were visualized by

thidium bromide staining. The gel was photographed under ultraviolet light.

ig. 1. Effects of rBTI treatment on the growth of EC9706, HepG2, and HeLa cells (A–C)
0 �g/ml. (D) Effects of rBTI treatment on EC9706, HepG2, HeLa, HEK 293, and HL-7702 ce
E) Effects of BTI, rBTI and R, D-rBTI treatment on EC9706 cells. Cells were incubated with
iven as mean ± SEM of five independent experiments. *P < 0.05 compared with untreated
rs 189 (2009) 166–175

2.11. Determination of caspase activity

Caspases activities were determined by colorimetric assays using caspase-3,
caspase-8, and caspase-9 activation kits according to the manufacturer’s pro-
tocol. After treated with designated concentrations of rBTI (0 �g/ml (control),
6.25–50 �g/ml), cell lysates were prepared by incubating 2 × 106 cells/ml in cell lysis
buffer for 10 min on ice. Lysates were centrifuged at 10,000 × g for 1 min. The super-
natants (cytosolic extract) were collected and protein concentration was determined
by the Bradford’s method using BSA as a standard. 100–200 �g protein (cellular
extracts) was diluted in 50 �l cell lysis buffer for each assay. Cellular extracts were
then incubated in 96-well microtiter plates with 5 �l of the 4 mM p-nitroanilide
(pNA) substrates, DEVD-pNA (caspase-3 activity), IETD-pNA (caspase-8 activity), or
LEHD-pNA (caspase-9 activity), for 2 h at 37 ◦C. Caspase activity was measured by
cleavage of the above substrates to free pNA. Free pNA (cleaved substrates) was
measured by absorbance at 405 nm in a microtiter plate reader. Relative caspase-3,
caspase-8, or caspase-9 activity was calculated as a ratio the absorbance of treated
cells to untreated cells.
2.12. Statistical analysis of data

Data were presented as mean ± SEM. Statistical analysis was carried out by
ANOVA followed by a Dunnett t-test, P < 0.05 was considered statistically significant.

. Cells were incubated for different time periods. Concentration of rBTI is 25 and
lls. Cells were incubated with various concentrations of rBTI (0–50 �g/ml) for 36 h.
various concentrations of BTI, rBTI or R, D-rBTI (0–50 �g/ml) for 36 h. Values were
cells.
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Fig. 2. Observation of EC9706, HepG2, HeLa, and HL-7702 cell morphology after rBTI
treatment under a fluorescence microscope (400×). Microphotographs were shown
as representative results from three independent experiments. (A, C, E, G) Untreated
cells (control) showing diffusely stained intact nuclei. (B, D, F, H) After cells were
treated with 50 �g/ml rBTI for 24 h, many cells demonstrated chromatin conden-
Y.-Y. Li et al. / Toxicolog

ll the figures shown in this article were obtained from at least three independent
xperiments.

. Results

.1. Inhibitory effect of rBTI on human solid tumor cells

To investigate the effects of rBTI on the viability and apopto-
is of solid tumor cells, we assayed dose responsiveness or time
ependencies as determined by MTT. After cells were incubated
eparately with the target protein at 37 ◦C, the absorbance was
easured using a microtiter plate reader at 570 nm. The effects

n human esophagus cancer cells are shown in Fig. 1A and D,
here the cells were treated with either 25 �g/ml or 50 �g/ml rBTI

or 6 h, 12 h, 24 h, 36 h, or 48 h or different concentrations of rBTI
0–50 �g/ml) for 36 h. The results showed that rBTI could obviously
nhibit the growth of EC9706 cells in a dose-dependent manner at
ll concentration levels, and that rBTI at 25 and 50 �g/ml could
nhibit the growth of EC9706 cells in a time-dependent manner

ithin 6–48 h of exposure. EC9706 cell growth was inhibited by
2.15 ± 3.7% at the 50 �g/ml level in all samples. The effects of
BTI on HepG2 human liver carcinoma cells (Fig. 1B and D), and
eLa human cervical adenocarcinoma cells (Fig. 1C and D) are

hown. Cells were treated with either 25 �g/ml or 50 �g/ml rBTI
or 6–60 h or various concentrations of rBTI (0–50 �g/ml) for 36 h.
BTI inhibited the survival of HepG2 and HeLa cells in a dose- and
ime-dependent manner. After cells treatment with 50 �g/ml rBTI,
epG2 cell growth was inhibited by 48.97 ± 4.6%, and HeLa cell
rowth was inhibited by 43.66 ± 3.0%.

As shown in Fig. 1D, the inhibition rates against growth in
C9706, HepG2, and HeLa cells at the low concentration level
f 12.5 �g/ml rBTI, were 25.9 ± 2.4%, 16.9 ± 2.7%, and 12.3 ± 2.5%,
espectively. As the treatment dose increased, the inhibitory effect
n EC9706 was higher than on any of the other cancer cell line.
o test cytotoxicity of rBTI in normal cells, we added rBTI to
uman embryonic kidney cells HEK293 and human normal liver
ell line HL-7702. In contrast, the rate of growth inhibition of human
EK293 cells and human normal liver cells HL-7702 were not more

han 11.2 ± 2.4% and 10.6 ± 1.8%, respectively, even at 50 �g/ml rBTI.
hus, rBTI seemed to have lower toxicity against normal cells than
gainst cancer cells. Furthermore, comparison of the effects of rBTI
n EC9706 cells with those of the positive control (BTI isolated
rom buckwheat seeds extract natural trypsin inhibitor) showed
hat rBTI and BTI inhibited the growth of EC9706 cells equivalently.
he negative control (R, D-rBTI, with a mutated active site) showed
nly minimal growth inhibition (Fig. 1E). In EC9706 cells, when
he concentration was 50 �g/ml, the growth inhibition of rBTI was
9.3 ± 5.8%; BTI was 50.1 ± 3.9%, while mutant (R, D-rBTI) was only
1.0 ± 3.0%. These results revealed that rBTI is highly toxic to EC9706
ancer cells. Together, these data indicated that rBTI inhibited the
urvival of three solid tumor cell lines, the strongest inhibition being
n EC9706 cells.

.2. rBTI induces apoptosis in human solid tumor cells

To define whether rBTI-mediated growth inhibition of several
ancer cell lines (EC9706, HepG2 and HeLa) is associated with apop-
osis, we used DAPI to investigate the changes in the cells’ nuclei.
s clearly shown in Fig. 2A–I, normal cells (control cells without

reatment) showed homogeneous staining of their nuclei, the per-
entages of apoptotic cells were not more than 6.5%. In contrast,

hen cells were treated with rBTI (50 �g/ml for 24 h), apoptotic

ells showed irregular staining of their nuclei because of chromatin
ondensation and nuclear fragmentation. The apoptosis percent-
ges were 66%, 32.9%, and 55.6%, respectively. Meanwhile, we
nvestigated human normal liver cells HL-7702 with treatment rBTI.
sation, nuclei fragmentation and apoptotic body formation (arrows). (I) Shows the
percentages of apoptotic cells. Values were given as mean ± SEM of three indepen-
dent experiments. *P < 0.05 compared with untreated cells.

In contrast, no features of apoptosis and necrosis were observed in

HL-7702 cells (Fig. 2G–I), the percentages of apoptotic cells were
not more than 11.3%.

Simultaneous staining with annexin V-PITC and PI distinguished
between healthy, early apoptotic, late apoptotic and dead cells.
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fter 24 h of treatment with or without different concentrations
f rBTI, apoptosis in human EC9706, HepG2, HeLa, and HL-7702
ells was analyzed by flow cytometry (Fig. 3A–D). Fig. 3A shows the
ercentages of apoptotic cells that were undergoing early apop-
osis and late apoptosis (includes dead cells). EC9706 cells were

ig. 3. Flow cytometric analysis of EC9706, HepG2, HeLa, and HL-7702 cells treated with
as determined by three independent experiments. Cells (1 × 106) were treated with or w
uffer, containing 5 �l of fluorescence-conjugated annexin V and 2.5 �l of PI and then inc
sing flow cytometry.
rs 189 (2009) 166–175
6.2% when the cells were not treated with rBTI (control group),
but 12.5%, 26.9%, 30.1%, 66.0%, and 80.8%, when cells were treated
with 6.25 �g/ml, 12.5 �g/ml, 25 �g/ml, 50 �g/ml, or 100 �g/ml rBTI,
respectively. It is important to note that when the concentration
of rBTI reached 100 �g/ml, most of the EC9706 cells were apop-

rBTI (6.25–100 �g/ml) for 24 h (A–D). The percentage of cells undergoing apoptosis
ithout rBTI, washed with 50 mM cold PBS (pH 7.6), suspended in 100 �l of binding

ubated for 15 min at 37 ◦C. The induction of apoptosis by rBTI in cells was analyzed
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Fig. 3.
otic or dead; the remaining living cells were only 15.1%. These
esults demonstrate that rBTI can induce the apoptosis of EC9706
ells in a dose-dependent manner. Fig. 3B shows the percentages of
poptotic cells that were undergoing early apoptosis and late apop-
nued).
tosis (includes dead cells). Untreated, (control group), HepG2 cells
were 5.6%, in early and late apoptosis, respectively. When the cells
were treated with 6.25 �g/ml, 12.5 �g/ml, 25 �g/ml, 50 �g/ml, or
100 �g/ml rBTI, the apoptosis percentages were 14.2%, 27.8%, 34.0%,
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Fig. 4. The fragmented DNA was extracted and analyzed on a 1.5% agarose gel in apoptotic EC9706, HepG2, and HeLa cells treated with rBTI. (A) Lane 1: untreated cells;
L 4 h, re
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anes 2–4: the cells were treated with 12.5 �g/ml, 25 �g/ml, or 50 �g/ml rBTI for 2
: the cells were treated with 25 �g/ml or 50 �g/ml rBTI for 24 h, respectively. (C)
espectively; Lane 4: untreated cells. The results were representative of three indep

5.6%, and 62.5%, respectively. It is important to note that when
he concentration of rBTI reached 100 �g/ml, most of the HepG2
ells were apoptotic or dead; the remaining living cells were only
6.5%. These results demonstrate that rBTI can induce the apopto-
is of HepG2 cells in a dose-dependent manner. The same analysis

as performed on HeLa cells. Fig. 3C shows that the percentages
f apoptotic (early and late apoptosis) cells were 6.3% when the
eLa cells were not treated with rBTI (control group), but were
3.1%, 24.6%, 28.8%, 32.9%, and 35.2%, when the cells were treated
ith 6.25 �g/ml, 12.5 �g/ml, 25 �g/ml, 50 �g/ml, or 100 �g/ml rBTI,

ig. 5. Effect of rBTI on the changes in mitochondrial membrane potential. Cells were tre
o the cells, and incubated at 37 ◦C in CO2 incubator for 15–20 min. Cells were analyzed i
f cells. Cells with normal mitochondria predominantly display the left-red fluorescence
ere shown as representative results from three independent experiments.
spectively; Mr: 100 bp DNA Ladder Marker. (B) Lane 1: untreated cells. Lanes 2 and
1–3: the cells were treated with 50 �g/ml, 25 �g/ml, or 12.5 �g/ml rBTI for 24 h,

t experiments with similar results.

respectively. Of note is that most of HeLa cells were in the early or
late stages of apoptosis, and relatively few cells were dead. In con-
clusion, EC9706 cells had a greater apoptotic response than HepG2
or HeLa cells under the same concentration and duration of rBTI
treatment. In contrast, the percentages of apoptotic (early and late

apoptosis) were not more than 16.3% in HL-7702 cells from 6.25 to
100 �g/ml rBTI (Fig. 3D), suggesting that rBTI is much less toxic to
normal cells. This result is in agreement with the data obtained by
the MTT assay, and suggests that rBTI treatment of EC9706, HepG2,
and HeLa cells showed a remarkable induction of apoptosis.

ated with 50 �g/ml rBTI for the indicated amounts of time, Mitocapture was added
mmediately by flow cytometry. x-Axis is the fluorescence intensity, y-axis number
intensity, and apoptotic cells (the right of the green fluorescence intensity). Graphs
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Fig. 6. The mitochondria were involved in rBTI-induced apoptosis. rBTI induced
release of cytochrome c from mitochondria to the cytoplasm. EC9706 cells were
exposed to 50 �g/ml rBTI for 0–24 h, after which cytosolic and mitochondrial frac-

was a significant increase in caspase-9 and -3 activities after 24 h,
which increased with the increasing concentration of rBTI. There
was an initial 18.9% increase in caspase-3 activity after treatment
with 6.25 �g/ml rBTI and an 80.3% increase after treatment with
50 �g/ml rBTI. Caspase-9 showed an initial 17.3% increase after

Fig. 7. Effect of rBTI-treated EC9706 cells on the expression levels of the Bcl-2 family
Y.-Y. Li et al. / Toxicolog

.3. DNA electrophoresis shows that rBTI induced a DNA ladder
haracteristic of apoptosis

DNA was cut into nucleosomes using DNase during metaphase.
00 base pairs or the integral DNA fragments were obtained. The
NA of apoptotic cells presented as a regular ladder in 1.5% agarose
el, which is typical of cells undergoing apoptosis (Herrmann et
l., 1994; Nagata, 2000). For further confirmation of the effects of
BTI on the apoptosis of solid tumor cells, cells were treated with
arious concentrations of rBTI (12.5–50 �g/ml) for 24 h, and DNA
ragmentation was investigated. Compared to untreated cells (con-
rol), rBTI treatment led to the appearance of ladder-like strips in
he three solid tumor cell lines (Fig. 4A–C). EC9706 cells, HepG2
ells, and HeLa cells showed significantly increased DNA fragmen-
ation after treatment with 50 �g/ml rBTI for 24 h. Together, these
ata indicated that rBTI-induced apoptosis in EC9706, HepG2, and
eLa cells.

.4. Mitochondrial transmembrane depolarization during
BTI-induced apoptosis

Mitochondria play a central role in regulating cell death and sur-
ival. Mitochondrial permeability changes during apoptosis are an
mportant event because they lead to collapse of the mitochon-
rial transmembrane electrochemical gradient, then cytochrome
is released into the cytoplasm (Wei et al., 2001; Kroemer and
eed, 2000). To determine the involvement of the mitochondrial
ediated pathway in the rBTI-induced apoptosis of tumor cells,
e investigated the changes in MMP (� m) using the MitoCapture
poptosis Detection kit. After rBTI treatment of EC9706 cells, the
itochondrial membrane potential dye, analyzed by flow cytom-

try showed that resulted in a rapid dissipation of � m in a
ime-dependent manner (Fig. 5). Detection under a fluorescence

icroscope (abbreviated) showed the same changes in � m. A
ollapse of the� m was detected as indicated by loss of red fluo-
escence as early as 2 h after 50 �g/ml of rBTI treatment. This change
eached maximum 12 h after rBTI treatment.

.5. rBTI induces release of cytochrome c from the mitochondria
o the cytosol

Cytochrome c release from mitochondria is a critical step in
he apoptotic cascade as this activates downstream caspases.
ytochrome c is located in the space between the inner and outer
itochondrial membranes. An apoptotic stimulus, such as a change

n MMP, triggers the release of cytochrome c from the mitochondria
nto the cytosol where it binds to Apaf-1. The cytochrome c/Apaf-
complex activates caspase-9, which then activates caspase-3 and
ther downstream caspases (Liu et al., 1996; Li et al., 1997). To exam-
ne the release of cytochrome c in rBTI treated EC9706 cells, used

estern blotting of both the cytosolic and mitochondrial fractions.
C9706 cells were treated with 50 �g/ml rBTI for the indicated
mounts of time, and then the mitochondria and cytoplasm of cells
ere extracted and analyzed via SDS–PAGE electrophoresis, and
estern blotting. As shown in Fig. 6, the first increase in cytochrome

levels occurred in the cytosolic fraction and was observed 3 h after
BTI treatment, followed by significant increase in cytochrome c
evels in the cytosol in a time-dependent manner, along with a
oncurrent decrease in mitochondrial cytochrome c, suggesting the
nvolvement of mitochondria in rBTI-induced apoptosis.
.6. Effect of rBTI on the Bcl-2 family

In order to determine whether Bcl-2 family proteins were
nvolved in the apoptotic process induced by rBTI, Bcl-2 family anti-
poptotic gene, including Bcl-2 and Bcl-xl and pro-apoptotic gene,
tions were prepared as described in Section 2. The levels of cytochrome c in these
fractions were examined by Western blot. In a parallel gel of cytosolic fraction, �-
actin was used as a loading control. The experiments were repeated three times with
similar results.

including Bax and Bak, were detected by RT-PCR after 50 �g/ml rBTI
treatment for 24 h. As shown in Fig. 7A, Bcl-2 and Bcl-xl mRNA were
decreased, Bax and Bak mRNA were increased, while GAPDH mRNA
(as an internal control) was not changed. Next, we investigated
apoptosis-related protein expression in EC9706 cells by Western
blot. As shown in Fig. 7B, treatment with rBTI increased the expres-
sion level of Bax and Bak proteins and inhibited the expression level
of Bcl-2 and Bcl-xl proteins.

3.7. rBTI induces activation of caspase-9 and caspase-3

The caspase family of proteins, which is comprised of aspartate-
specific cystein proteases, also plays a critical role in regulating
apoptosis. The key components of the biochemical pathways of
caspase activation have recently been elucidated (Stennicke and
Salvesen, 1998). In particular, caspase-3 is one of the key executers
of apoptosis, as it is either partially or totally responsible for the pro-
teolytic cleavage of many key proteins. To confirm whether caspases
are activated after cytochrome c release we measured the changes
in caspase-9, -8, and -3 activity in EC9706 cells after rBTI treatment.
As shown in Fig. 8A, a dose-dependent increase in the activity of
caspase-9 and caspase-3 was observed in rBTI treated cells. There
proteins (A) RT-PCR for Bcl-2 family genes mRNA expressed in rBTI-treated EC9706
cells. Total RNA was extracted from cells with Total RNA Isolation Kit. The mRNA
expression of Bcl-2, Bcl-xl, Bak, and Bax were analyzed by RT-PCR in EC9706 cells
treated with 50 �g/ml rBTI for 24 h. (B) Western blot assay for the expression of Bcl-
2 family proteins. The experiments were repeated three times with similar results.
Lane 1: control EC9706 cells; Lane 2: EC9706 cells treated with 50 �g/ml rBTI.
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Fig. 8. Caspase (-3, -8, and -9) activities were determined using caspase colorimetric
assay kits. (A) EC9706 cells were treated by rBTI (0–50 �g/ml) for 24 h. (B) Effects of
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aspase inhibitor, z-DEVD-fmk, on rBTI-induced apoptosis detected by annexin V-
taining. Apoptotic cells were determined 24 h after treatment with rBTI (50 �g/ml)
n the presence (+) or (−) of z-DEVD-fmk. Values were given as mean ± SEM of three
ndependent experiments. *P < 0.05 compared with untreated cells.

reatment with 6.25 �g/ml rBTI and a 71.8% increase in activity after
reatment with 50 �g/ml rBTI. However, the activity of caspase-8
as only slightly increased. To further define the role of caspase

n rBTI-induced apoptosis, we used a general and potent inhibitor
f caspase-3, z-DEVD-fmk. Cells were pretreated with 10 �M of z-
EVD-fmk 2 h before rBTI treatment. Apoptosis was detected 24 h
fter treatment. As shown in Fig. 8B, z-DEVD-fmk pretreatment sig-
ificantly inhibited activity of caspase-3, attenuated rBTI-induced
poptosis. These findings suggest that rBTI-induced apoptosis in
C9706 cells was correlated with the activation of caspase-3.

. Discussion

The death rate of cancer is only inferior to that cardiovascular
isease. Although great progress has been made in the treatment
f some cancers, the mortality of the majority of patients with solid
umors has not declined in the past 20 years; this is in part due to the
omparatively low numbers of anti-tumor drugs. There has been
uch research to find new and effective drugs for the treatment

f various tumors. Recent interest has been focused on protease
nhibitors due to their unique role as pro-apoptotic proteins, and
hey are now being developed into targeted anti-tumor polymeric
gents (Malkowicz et al., 2003).

Buckwheat is commonly used in food products and medicine
ue to its unique chemical and bio-active components. In a previous
tudy, we showed that a recombinant buckwheat trypsin inhibitor

rBTI) induced apoptosis in K562 leukemic cells. It is still not used in
linic cancer treatment because its mechanism and effect on other
inds of cancers are poorly understood. In this paper, we found that
BTI had a significant inhibitory effect on the growth of three solid
umor cell lines. EC9706 cells exhibited a greater growth inhibitory
rs 189 (2009) 166–175

response as compared with HepG2 and HeLa cells. Additionally, rBTI
was less cytotoxic to human embryonic kidney cell HEK293 and
human normal liver cell HL-7702 than to the cancer cell lines. An
inactive mutant of rBTI (R, D-rBTI) could not induce the apoptosis of
EC9706 cells when given at the same concentration as normal rBTI
(12.5–50 �g/ml). The results also demonstrate that rBTI-induced
apoptosis in the solid tumor cells (EC9706, HepG2 and HeLa) in a
dose- and time-dependent manner.

The appearance of nuclear condensation and apoptotic bodies
is universal characteristics of cells undergoing apoptosis. Flu-
orescence microscopy of cells stained with DAPI showed that
the rBTI-treated EC9706, HepG2, HeLa cells had chromatin con-
densation and nuclear fragmentation. Quantification of apoptosis
via annexin V and PI staining demonstrated that EC9706 cells
were highly sensitive to rBTI. When the concentration of rBTI
reached 50 �g/ml, the apoptosis of EC9706 cells was almost 50%;
at 100 �g/ml, most of the EC9706 cells were dead. Together, these
data indicate that rBTI possesses anticancer properties against sev-
eral types of human solid tumor cells. This may have potential
applications in the prevention and treatment of certain tumors.

Apoptosis, one of the most fundamental biological processes in
eukaryotes is a well-defined cell-death process, in which individ-
ual cells die by activating intrinsic ‘suicide’ mechanisms (Huang
and Strasser, 2000). Apoptosis, which is caused by a variety of
insults, is thought to have a key role in killing cancer cells. A
large number of studies confirm that almost all apoptosis stim-
ulating factors can cause structural damage and mitochondrial
dysfunction (Marchetti et al., 1996). Mitochondrial transmembrane
potential (MMP, � m) and mitochondrial permeability changes
during apoptosis play an important role in the process (Newmeyer
and Ferguson-Miller, 2003). The mitochondria-mediated intrinsic
apoptotic pathway is controlled by the members of the Bcl-2 fam-
ily. The Bcl-2 family consists of pro-apoptotic and anti-apoptotic
members (Nakazawa et al., 2003). During apoptosis, Bcl-2 fam-
ily pro-apoptotic proteins, including Bim, Bax, Bak and Bid, can
translocate to the outer membrane of mitochondria, promote the
release of pro-apoptotic factors and induce apoptosis. Bcl-2 family
anti-apoptotic proteins, including Bcl-2 and Bcl-XL, located in mito-
chondria, inhibit the release of pro-apoptotic factors and prevent
apoptosis. When interacting with activated pro-apoptotic proteins,
the anti-apoptotic proteins lose inhibiting ability of pro-apoptotic
factors’ release, and again promote apoptosis. Alteration in the
levels of anti- and pro-apoptotic Bcl-2 family proteins influences
apoptosis (Yang et al., 2006). It causes the loss of mitochondrial
membrane potential (� m), release of cytochrome c from the mito-
chondrial intermembrane space toward the cytosol and proteolytic
activation of caspase-9 and caspase-3 (Li et al., 1997; Bossy-Wetzel
and Green, 1999).

In this experiment, we investigated the changes in MMP in order
to confirm the involvement of the mitochondrial signaling pathway
during rBTI-induced apoptosis. Our results demonstrate that treat-
ment with rBTI dramatically induced loss of� m in EC9706 cells.
We also examined the release of cytochrome c from the mitochon-
dria to the cytosol, a prerequisite step for activation of caspase-9
in the mitochondrial apoptosis pathway. Indeed, the levels of
cytochrome c in the cytosolic fractions were significantly increased
by rBTI treatment in a time-dependent manner, and occurred con-
currently with a decrease in mitochondrial cytochrome c. rBTI
increased the level of the pro-apoptotic proteins Bax and Bak,
decreased the level of the anti-apoptotic proteins Bcl-2 and Bcl-
xl. The result indicated that rBTI-induced apoptosis in EC9706 cells

by modulating Bcl-2 family proteins activity. Taken together, these
data suggest the involvement of mitochondria in rBTI-induced
apoptosis.

Activation of the family of caspases is known as a crucial mech-
anism for the induction of apoptosis. Caspases participate in a
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Yang, S.H., Chien, C.M., Lu, M.C., Lin, Y.H., Hu, X.W., Lin, S.R., 2006. Up-regulation of
Bax and endonuclease G, and down-modulation of Bcl-XL involved in cardiotoxin
Y.-Y. Li et al. / Toxicolog

ascade that is triggered in response to pro-apoptotic signals and
ulminates in the cleavage of a set of proteins, ultimately result-
ng in disassembly of the cell (Cohen, 1997; Salvesen and Dixit,
997). Caspase-3 is one of the essential proteases in apoptosis,
nd is activated by caspase-9. Caspase-9 is considered the initiator
aspase involved in the mitochondria-initiated intrinsic apoptotic
athway. Caspase-8 is considered the mediate signal transduction
ownstream of death receptors located on the plasma membrane. A
olorimetric activity assay confirmed that rBTI-inducted apoptosis
ould cause the activation of caspase-3 and caspase-9 in dose-
ependent manner in tumor cells, while caspase-8 was slightly
ctivated. More specifically, blockage of apoptosis by the caspase-3
pecific inhibitor z-DEVD-fmk significantly inhibited rBTI-induced
poptosis indicates that rBTI-induced apoptosis is mediated by the
nitiator caspase involved in the mitochondria-initiated intrinsic
poptotic pathway.

In summary, the potential anticancer activity of rBTI against
uman solid tumor cells (EC9706, HepG2 and HeLa) was investi-
ated. rBTI exhibited a strong inhibitory effect on the growth of
C9706, HepG2, HeLa cells in vitro, the greatest effect on EC9706
ells. The anticancer activity of rBTI could be attributed, in part,
o its induction of apoptosis in cancer cells by involving Bax and
ak up-regulation, Bcl-2 and Bcl-xl down-regulation, causing mito-
hondrial release of cytochrome c into the cytosol, loss in� m and
aspase-3 activation. The rBTI anti-tumor effects reported here are
aluable, and further investigation may contribute to making rBTI
valuable anti-cancer drug.
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