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Among 13 different cell lines, gossypol (GOS) showed the most
potent cytotoxic effect against human colorectal carcinoma cells
including HT29, COLO205, COLO320HSR and COLO320DM
cells according to an MTT assay. The cytotoxic effect of GOS was
mediated by its induction of apoptosis as characterized by the
occurrence of DNA ladders, apoptotic bodies and chromosome
condensation in both COLO205 and HT29 cells. Activation of cas-
pase 3, 6, 8 and 9, but not caspase 1, accompanied by the appear-
ance of cleaved fragments of PARP (85 kDa), and caspase 3 (p17/
p15), was identified in GOS-treated cells. Decreases in Bcl-xL and
phosphorylated Bad proteins were found in GOS-treated cells.
GOS induction of ROS production was detected by in vitro plas-
mid digestion, and an increase in the intracellular peroxide level
was observed in GOS-treated COLO205 cells by the DCHF-DA
assay. Antioxidants including N-acetyl-L-cysteine (NAC), catalase
(CAT), tempol (TEM) and melatonin (MEL), but not allopurinol
(ALL), pyrrolidine dithiocarbamate (PDTC) or diphenylene iodo-
nium (DPI), significantly inhibited GOS-induced Reactive oxygen
species (ROS) production through blocking the occurrence of apo-
ptosis. GOS induced mitochondrial dysfunction characterized by
a loss of the mitochondria membrane potential via DiOC6 stain-
ing, and the release of cytochrome c (Cyt c) and apoptosis-induc-
ing factor (AIF) from mitochondria to the cytoplasm was
observed. Removing mitochondria by ethidium bromide (EtBr)
treatment significantly reduced the apoptotic effect of GOS in
COLO205 cells. Furthermore, an intraperitoneal injection of
GOS or gossypol acetic acid (GAA) significantly reduced the
growth of colorectal carcinoma induced by a subcutaneous injec-
tion of COLO205 cells in nude mice. Results of the present study
provide the first evidences demonstrating the in vitro and in vivo
antitumor effects of GOS via an ROS-dependent mitochondrial
apoptosis in colorectal carcinoma.
' 2007 Wiley-Liss, Inc.
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Gossypol (GOS) is a polyphenolic compound isolated from cot-
ton seeds, and has been successfully used as a male contraceptive
drug for many years.1 Several proposed clinical applications of
GOS have been reported including antiviral, antimalarial and antitu-
mor effects.2–4 Recent observations have suggested the antiprolifer-
ative and antimetastatic activities of GOS in several tumor cells
including leukemia cells, colon carcinoma cells, glioma cells and
prostate carcinoma cells.5,6 The clinical research of GOS has shown
that GOS inhibits the metastasis of adrenal carcinoma, malignant
glioma and breast carcinoma.7–9 However, information on the mo-
lecular mechanism of GOS-induced antitumor effect is still limited.

Both cell cycle arrest and cell death have been reported in
GOS-treated cells, and several previous studies indicated that
GOS-induced cell death occurs through apoptosis.3,5 In rat sper-
matocytes, GOS-induced apoptosis is mediated by the biphasic
induction of c-Myc protein in accordance with stimulation of c-fos
gene expression.10 Tseng et al. suggested that GOS-induced apo-
ptotic DNA fragmentation in spermatocytes was correlated with
the blocking of protein kinase C (PKC) activity.11 In addition to
spermatocytes, GOS has been shown to inhibit DNA synthesis and
induce DNA breaks or DNA fragmentation in tumor cells in vitro.

GOS has been demonstrated to block the binding of Bcl-2 and
Bcl-XL to pro-apoptotic Bcl-2 family proteins such as Bim and
Bad via interacting with their BH3 domain.3,12 In human A549
lung alveolar lung cancer cells, an increase in the Fas/FasL apo-
ptotic pathway, but not the p53-p21 pathway, was involved in
GOS-induced apoptosis.13 Another important benefit of GOS is its
safety and stimulatory apoptotic effect on drug resistant cancer
cells. Oliver et al. indicated that GOS acts directly on mitochon-
dria to overcome Bcl-2 and Bcl-XL-induced apoptosis resistance.12

Xu et al. indicated that GOS induces tumor regression via enhanc-
ing the response to radiation therapy in human prostate cancer.6

Hu et al. indicated that milk derived from GOS-treated cows
exhibited antineoplastic activity.14 These data suggest that GOS is
an effective antitumor agent with developmental potential.

Mitochondria are important organelles in apoptosis induction,
and mitochondria which become permeable and release apoptotic
protein cytochrome c (Cyt c) or apoptosis-inducing factor (AIF)
from the mitochondrial intermembrane to the cytosol have been
identified in apoptosis.15,16 Release of Cyt c from mitochondria
can activate caspase 9, which in turn activates executioner caspase
3 via cleavage induction. Some substrates for caspase 3 such as
poly(ADP-ribose) polymerase are cleaved, leading to apoptosis.17

Several studies have indicated that reactive oxygen species (ROS)
may mediate apoptosis induction, and many stimuli such as tumor
necrosis factor-a, and etoposide induce apoptosis induce apoptosis
via stimulating ROS production.18,19 Hou et al. indicated that
GOS induces apoptosis through an ROS-independent mitochon-
dria pathway in human leukemia HL-60 cells.20 However, the
roles of ROS and mitochondria in GOS-induced apoptosis are still
undefined.

In the present study, we found that GOS preferentially induced
cell death in colorectal carcinoma cells (COLO205, HT29,
COLO320HSR and COLO320DM), but was less sensitive in embry-
onic NIH3T3 fibroblasts, macrophages (RAW264.7 and J774A.1),
human leukemia cells (HL60 and Jurkat), epidermoid A431 cells,
HaCaT keratinocytes and glioma cells C6. GOS-induced apoptosis
via an ROS-dependent mitochondria pathway was identified in
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human colorectal carcinoma cells. Furthermore, the in vivo anticolor-
ectal carcinoma effect of GOS was investigated.

Material and methods

Cell culture

The HT29, COLO205, COLO320HSR, COLO320DM, HL-60,
Jurkat, RAW264.7, J774A.1, NIH3T3, A431, HaCaT, glioma C6
and MCF-7 cell lines were obtained from American Type Culture
Collection (ATCC; Rockville, MD). COLO205-X cells were
primary-cultured cells from tumor tissues elicited by injecting
COLO205 cells into nude mice. HT29, COLO205,
COLO320HSR, COLO320DM and HL-60 cells were grown in
RPMI1640 containing 10% heat-inactivated fetal bovine serum
(FBS); Jurkat, RAW264.7, J774A.1, NIH3T3, A431, HaCaT, Gli-
oma C6 and MCF-7 cells were grown in DMEM containing 10%
heat-inactivated FBS (fetal bovine serum), and were maintained at
37�C in a humidified incubator containing 5% CO2. All cultured
reagents were purchased from Gibco/BRL (Grand Island, NY).

Chemicals

GOS and gossypol acetic acid (GAA) were purchased from
Sigma Chemical (St. Louis, MO). For in vitro study, GOS and
GAA are dissolved in DMSO at the stock dose of 10 mM. For
in vivo study, GOS and GAA are dissolved in 20% DMSO at the
dose of 100 mg/ml, and dilution of GOS and GAA to working
doses (5 and 10 mg/kg) was performed by adding sterilized PBS.
The colorigenic synthetic peptide substrates, Ac-DEVD-pNA, Ac-
YVAD-pNA, Ac-IETD-pNA, Ac-VEID-pNA and Ac-LEHD-pNA
and the protease inhibitors, Z-VAD-FMK, Ac-DEVD-FMK, Ac-
YVAD-FMK, Ac-VEID-FMK, Ac-IETD-FMK and Ac-LEHD-
FMK were purchased from Calbiochem (La Jolla, CA). Dichloro-
dihydrofluorescein diacetate (DCHF-DA) and DiOC6(3) were
obtained from Molecular Probe (Eugene, OR). Propidium iodide
(PI), N-acetyl-L-cysteine (NAC), catalase (CAT), allopurinol
(ALL), pyrrolidine dithiocarbamate (PDTC), diphenylene iodo-
nium (DPI), tempol (TEM), melatonin (MEL) and other chemicals
were obtained from Sigma Chemical (St. Louis, MO). NAC was
dissolved in PBS, followed by adjustment of the pH value to 7.0
by adding 1 M NaOH. The stock concentration of NAC is 500
mM and sterilized by 0.22 lM filtration. Antibodies for Western
blotting including antiAIF, anticaspase 6, anticaspase 8 and
anticaspase 9 were obtained from Cell Signaling Technology
(Danvers, MA). AntiPARP and anticaspase 3 were obtained from
IMGENEX Corporation (San Diego, CA). Antibodies for cyto-
chrome c, Bcl-2 family proteins and a-tubulin were purchased
from Santa Cruz Biotech (Santa Cruz, CA).

Cell viability

Cell viability was assessed by MTT staining as described by Ko
et al.21 Cells were plated at a density of 1 3 106 cells/well in 24-
well plates for 24 hr, and treated with different concentration of
GOS for 24 hr. At the end of treatment, 30 ll of the tetrazolium
compound, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) and 270 ll of fresh RPMI medium were added for
4 hr at 37�C. The formazan crystals were dissolved by DMSO,
and the absorbance at a wavelength of 600 nm was recorded using
an ELISA plate reader.

DNA fragmentation assay

Cells (106/ml) under different treatments were collected,
washed with PBS twice, then lysed in 100 ll of lysis buffer (50
mM Tris (pH 8.0), 10 mM ethylenediaminetetraacetic acid
(EDTA), 0.5% sodium sarkosinate and 1 mg/ml proteinase K) for
3 hr at 56�C and then treated with 0.5 mg/ml RNase A for another
hour at 56�C. DNA was extracted with phenol/chloroform/isoamyl
alcohol (25/24/1 v/v) before loading. An equal amount of DNA (1
lg/lane) derived from each sample was mixed with loading buffer
(50 mM Tris, 10 mM EDTA, 1% (w/w) low-melting-point agarose

and 0.025% (w/w) bromophenol blue) and loaded onto a pre-sol-
idified 2% agarose gel containing 0.1 lg/ml ethidium bromide
(EtBr). The agarose gels were run at 50 V for 90 min in TBE
buffer, then observed and photographed under UV light.

Western blotting

Total cellular proteins (30 lg) derived from cells under different
treatments were prepared, and separated on 8% SDS-polyacryl-
amide mini gels for PARP detection and 12% for SDS-polyacryl-
amide mini gels for caspase 3, Bcl-2 family proteins and a-tubulin
detection. Expression of the indicated protein was visualized by
incubating with the colorimetric substrates, nitro blue tetrazolium
(NBT) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP), as
described in our previous paper.22

Release of cytochrome c and AIF from mitochondria
in GOS-treated cells

Untreated and drug-treated cells were harvested by centrifuga-
tion at 1,000g for 5 min at 4�C. The cells pellets were washed
once with ice-cold PBS and resuspended in 5 volumes of 20 mM
HEPES-KOH (pH 7.5), 10 mM KCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF and 250 mM su-
crose. Cells were homogenized and centrifuged at 750g for 10 min
at 4�C. The supernatants were then centrifuged at 10,000g for
15 min at 4�C. The pellets were lysed with 0.1 ml of lysis buffer con-
sisting of 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA,
0.15 M NaCl, 5 lg/ml aprotinin, 5 lg/ml leupeptin, 0.5 mM
PMSF, 2 mM sodium orthovanadate and 1% SDS. The lysed solu-
tion was used for identifying mitochondrial Cyt c by immunoblot-
ting. The supernatants were centrifuged at 100,000g for 15 min at
4�C, and the obtained supernatants were used for identification of
cytosolic cytochrome c by immunoblotting.

Analysis of ROS production

The endogenous ROS level was detected by flow cytometry
using DCHF-DA.23 DCHF-DA is a stable fluorescent ROS-sensi-
tive compound, which readily diffuses into cells. DCHF-DA is
hydrolyzed by esterase to form DCHF within cells, which is oxi-
dized by hydrogen peroxide or low-molecular-weight peroxides to
produce the fluorescent compound 20,70-dichlorofluorescein
(DCF). In the present study, COLO205 cells were treated with
GOS (5 lM) for 1 hr, followed by staining with DCHF-DA (100
lM) for an additional 30 min. Green fluorescence in cells under
different treatments was analyzed by flow cytometry analysis.

Analysis of respective caspases activity

Ac-DEVD-pNA for caspase 3, Ac-YVAD-pNA for caspase 1,
Ac-VEID-pNA for caspase 6, Ac-IETD-pNA for caspase 8 and
Ac-LEHD-pNA for caspase 9 were used as colorimetric substrates
for the indicated caspases. Briefly, cells under different treatments
were collected and suspended in lysis buffer (50 mM Tris-HCl
(pH 7.4), 1 mM EDTA and 10 mM ethyleneglycoltetraacetic acid)
for protein extraction. Cell lysates (50 lg) were incubated with
100 lM of the indicated colorimetric substrates at 37�C for 1 hr,
and the activity of each caspase was detected by measuring the
release of pNA colorimetric materials at a wavelength of 405 nm.

Ethidium bromide treatment of COLO205 cells

Mitochondria were impaired in COLO205 (EtBr-205) cells by
culturing cells in routine growth medium supplemented with a
dose of EtBr (50 ng/ml) with pyruvate (1 mM) and uridine (50 pg/
ml) for 4 weeks.24,25 Cells were assayed for NADH-ferricyanide
reductase activity and cyanide-sensitive oxygen uptake to confirm
the loss of mitochondrial function.

Measurement of the mitochondrial membrane potential

COLO205 cells under different treatments were incubated with
40 nM DiOC6(3) for 15 min at 37�C, followed by washing with
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ice-cold PBS, after which the cell pellets were collected. Pellets
were suspended in 500 ll of PBS, and the fluorescent intensities
of cells were analyzed by flow cytometry (FACScan, Becton
Dickinson, San Jose, CA), at respective wavelengths for excitation
and emission of 484 and 500 nm.

In vivo antitumor effect of gossypol

Male BALB/c-nu mice were purchased from the National Labo-
ratory Animal Center of Taiwan. The mice were maintained under
Specific Pathogen-Free (SPF) conditions, and supplied with steri-
lized food and water. The COLO205 cells (5 3 106/0.2 ml) were
subcutaneously injected into the flanks of BALB/c-nu mice (4–6
weeks old, 16–20 g in body weight). Once the tumor had reached
a volume of 200 mm3, the mice were randomly divided randomly
into five groups, with twelve mice in each group. GOS and GAA
stock solutions were prepared at the dose of 100 mg/ml in 20%
DMSO, and diluted to the injection doses (5 and 10 mg/kg) by
adding PBS. Mice were injected intra-peritoneally (i.p.) with GOS
and GAA once a day in 14 consecutive days. At the end of the
experiment, the tumors were excised and weighed.

Flow cytometry analysis

COLO205 cells under different treatments were trypsinized,
washed with ice-cold PBS, and then fixed in 70% ethanol at
–20�C for 1 hr. After fixation, cells were washed twice, followed
by incubation in 0.5 ml of 0.5% Triton X-100/PBS containing
RNase A (1 mg/ml) at 37�C for 30 min. Cells were stained with
0.5 ml of 50 mg/ml propidium iodide for 10 min, and the DNA
content of cells was quantified by FACScan flow cytometry
(Becton Dickenson).

Plasmid digestion assay

pBR322 plasmid DNA was used to examine the ROS-producing
and scavenging activities of GOS. To analyze the ROS-producing
activity of GOS, pBR322 plasmid DNA (0.25 lg) was incubated
with different concentrations (25–200 lM) of GOS for 30 min.
When detecting the ROS-scavenging activity of GOS and GAA,
pBR322 plasmid DNA (0.25 lg) was incubated with different con-
centrations (25–200 lM) of GOS or GAA in the presence of ROS-
producing components (H2O2 plus Fe

12) for 30 min. At the end of
both reactions, samples were incubated with 53 tracking dye (40
mM EDTA, 0.05% bromophenol blue and 50 % glycerol) to stop
the reaction, and the conformation of pBR322 plasmid DNA was
analyzed by agarose electrophoresis via EtBr staining, and visual-
ized under UV transilluminator.17

Statistical analysis

Values are expressed as the mean 6 S.E. A significant differ-
ence from the respective controls for each experimental test condi-
tion was assayed using Student’s t-test for each paired experiment.
A p-value of < 0.01 or < 0.05 was regarded as indicating a signifi-
cant difference.

Results

GOS effectively reduces the viability of colorectal
carcinoma cells via induction of apoptosis

The chemical structure of GOS has been shown in the upper
panel of Figure 1a. Thirteen carcinoma cell lines, including HT29,
COLO205, COLO320HSR, COLO320DM, HL-60, Jurkat, RAW
264.7, J774A.1, NIH3T3, A431, HaCaT, Glioma C6 and MCF-7,
were used to examine the cytotoxic effect of GOS. Results of the
MTT assay showed that GOS exhibited dose-dependent cytotoxic-
ity in all tested cell lines, and the IC50 values of GOS in HT29,
COLO205, COLO320HSR, COLO320DM, HL-60, Jurkat,
RAW264.7, J774A.1, NIH3T3, A431, HaCaT, Glioma C6 and
MCF-7 cells were 5.3, 3.2, 7.5, 3.4, 9.6, 9.5, 12.5, >20, 20.5, >20,
>20, 7.3 and 9.2 lM (Lower panel; Fig. 1a). This indicates that
colorectal carcinoma cells COLO205, HT29, COLO320HSR and

COLO320DM were more sensitive to GOS treatment than other
tested cells. These data suggest that GOS exhibits quite-specific
cytotoxic effects in colorectal carcinoma cells. To identify if the
GOS-induced reduction in viability of colorectal carcinoma cell
occurs via apoptosis, both HT29 and COLO205 cells were treated
with GOS (5 lM) for different times, and the integrity of DNA
and apoptotic morphology were examined by DNA electrophore-
sis and microscopic observations, respectively. Results of the mi-
croscopic observation showed that GOS (5 lM) induced the
occurrence of apoptotic bodies in both COLO205 and HT29 cells
(data not shown). Data of the MTT assay showed that GOS time-
dependently reduced the viability of COLO205 and HT29 cells
(Fig. 1b). Results of DNA electrophoresis showed that GOS
stimulated DNA fragmentation in a dose-dependent manner (Fig.
1c), and GOS at a dose of 5 lM time-dependently induced DNA
fragmentations in both cells (Fig. 1d). GOS showed no effect on
the integrity of DNA in either NIH3T3 or HaCaT cells (Fig. 1e).
These results support GOS reducing the viability of colorectal car-
cinoma cells via apoptosis induction.

Activation of caspase 3, 6, 8 and 9 enzymes is involved in
GOS-induced apoptosis in human colorectal carcinoma cells

It is important to investigate if activation of caspases is essential
for GOS-induced apoptosis. Several specific peptidyl substrates
for the indicated caspases including caspase 1 substrate Ac-
YVAD-pNA, caspase 3 substrate Ac-DEVD-pNA, caspase 6 sub-
strate Ac-VEID-pNA, caspase 8 substrate Ac-IETD-pNA and cas-
pase 9 substrate Ac-LEHD-pNA were used in the study. Results of
Figures 2a and 2b show that the enzyme activities of caspase 3, 6,
8 and 9, but not caspase 1, were increased in a time-dependent
manner in both COLO205 and HT29 cells. COLO205-X was cul-
tured from tumors elicited by a subcutaneous (s.c.) injection of
COLO205 cells in nude mice, and our study showed that
COLO205-X cells possess more-effective migration ability and
higher MMP-2 production than those in COLO205 cells.26 GOS
treatment significantly decreased the viability of COLO205-X
cells in accordance with the induction of DNA fragmentation, and
the IC50 value was <10 lM (data not shown). Time-dependent
increases in the enzyme activities of the respective caspase 3, 6, 8
and 9 were also identified in GOS-treated COLO205-X cells (Fig.
2c). To identify if the activation of caspase 3, 6, 8 and 9 enzyme is
essential for GOS-induced apoptosis, the specific peptidyl inhibi-
tors of the indicated caspases were applied in the present study.
The addition of Z-VAD-FMK (a broad caspases’ inhibitor), Ac-
DEVD-FMK (an inhibitor of caspase 3-like protease), and Ac-
VEID-FMK (an inhibitor of caspase 6-like protease) fully pre-
vented COLO205 and HT29 cells from GOS-induced DNA frag-
mentation and cytotoxicity in COLO205 cells according to DNA
electrophoresis and the MTT assay, respectively (Figs. 2d and 2e).
However, both Ac-IETD-FMK (an inhibitor of caspase 8-like pro-
tease) and Ac-LEHD-FMK (an inhibitor of caspase 9-like prote-
ase) respectively attenuated but did not fully block GOS-induced
DNA ladder formation and cytotoxicity in COLO205 cells. A
complete prevention of GOS-induced DNA ladder formation and
cytotoxicity was observed in Ac-IETD-FMK plus Ac-LEHD-
FMK-treated COLO205 cells (Figs. 2d and 2e). These data sug-
gested that GOS-induced apoptosis occurs through activation of
caspase 3, 6, 8 and 9 in colorectal carcinoma cells.

Involvement of ROS production upstream of caspase activation
in GOS-treated colorectal carcinoma cells

In vitro plasmid digestion provides an effective method to ana-
lyze the prooxidant and antioxidant effect of chemicals. In the
presence of ROS production, plasmid DNA is damaged and con-
version of the plasmid conformation from a supercoiled form (SC)
to an open circle (OC) occurs. To analyze if GOS possesses the
ability to scavenge ROS production, supercoiled pBR322 plasmid
DNA was incubated with H2O2 and Fe12 (H2O2/Fe

12) with or
without different doses (25, 50, 100 and 200 lM) of GOS or GAA
for 30 min, and the conformation of the plasmid DNA was ana-
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lyzed by agarose electrophoresis. In the control group, the confor-
mation of pBR322 plasmid is kept in SC form (C). As illustrated
in Figure 3a, H2O2/Fe

12 addition induced the conversion of plas-
mid from SC to OC (1), and neither GOS nor GAA, at the doses
form 25 to 200 lM, exhibited a preventive effect against the
H2O2/Fe

12-induced SC-to-OC conformational changes. Interest-
ingly, GOS and GAA alone dose-dependently induced the conver-
sion of plasmid DNA from SC to OC conformation (Fig. 3b). This
suggests that GOS exhibits ROS-producing activity in vitro.
Furthermore, application of antioxidants including NAC, CAT,
TEM and MEL significantly reduced the cytotoxicity induced by
GOS according to the MTT assay (Fig. 3c). Attenuation of GOS-
induced DNA ladders was also identified in NAC-, CAT-, TEM-
and MEL-treated COLO205 cells (Fig. 3d). We further examined
if GOS induces ROS production in COLO205 cells by the DCHF-
DA assay. Data from the DCHF-DA assay showed that an increase
in the intracellular peroxide level was detected in GOS-treated
COLO205 cells, and the addition of NAC, CAT, or TEM signifi-

cantly suppressed the peroxide level induced by GOS (Fig. 3e).
The protein expression of caspases, PARP and Bcl-2 family pro-
teins in GOS-treated COLO205 cells with or without NAC and
TEM treatment was analyzed by Western blotting using specific
antibodies in the present study. As illustrated in Figure 3f, GOS-
induced increases in cleaved PARP and caspase 3 protein, and
decreases in pro-caspase 3, 6, 8 and 9 protein expressions in
COLO205 cells, and these were blocked by the addition of NAC
and TEM. As with Western blotting, a decrease in the Bcl-xL
protein and an increase in phosphorylated Bad protein were
detected in GOS-treated COLO205 cells, and both events were pre-
vented by the addition of NAC and TEM (Fig. 3f). Allopurinol
(ALL; a xanthine oxidase inhibitor), PDTC, and DPI (an NADPH
oxidase inhibitor) produced no inhibitory effects on GOS-induced
apoptotic events or ROS production in GOS-treated COLO205
cells. The protein expression of pro-apoptotic Bax, and antiapop-
totic Bag (Bcl-2-associated antideath gene) was not affected by
GOS treatment in COLO205 cells. These data supported ROS pro-

FIGURE 1 – GOS effectively reduced the viability of colorectal carcinoma cells via apoptosis induction. (a) The chemical structure of GOS has
been shown in the upper panel. The cytotoxic effects of GOS on different carcinoma cells were detected by the MTT assay. Each cell line (1 3 106

cells/well) was plated into 24-well plates for 24 hr and then treated with different concentrations of GOS (2.5, 5, 10 and 20 lM) for a further 24 hr.
MTT was added into the medium at the end of incubation for a further 4 hr. The viability of cells was detected by the MTT assay through measuring
the absorbance at a wavelength of 600 nm. Each value is presented as the mean 6 S.E. of three independent experiments. (b) GOS time-dependently
reduced the viability of COLO205 and HT29 cells according to the MTT assay. HT29 and COLO205 cells were plated into 24-well plates for 24 hr
and then treated with GOS (5 lM) for different times. MTT was added at the end of the indicated times and incubated for a further 4 hr. Each value is
presented as the mean 6 S.E. of three independent experiments. **p < 0.01 significantly different from the control group as analyzed by Student’s
t-test. (c) GOS dose-dependently induced DNA ladder formation in HT29 and COLO205 cells. HT29 and COLO205 cells were treated with different
concentrations (0, 5, 10, 20 and 40 lM) of GOS for 24 hr and the integrity of DNA was analyzed by agarose electrophoresis through staining with
EtBr. (d) GOS time-dependently induced DNA ladders in HT29 and COLO205 cells. Both cell lines were treated with GOS (5 lM) for different times
(0, 6, 12 and 24 hr), and the integrity of DNA under different treatments was analyzed as described in (c). (e) No significant DNA ladder was observed
in GOS-treated NIH3T3 or HaCaT cells. NIH3T3 and HaCaT cells were treated with different concentrations (0, 1.25, 2.5, 5, 10 and 20 lM) of GOS
for 24 hr, and the integrity of DNA was analyzed as described in (c).
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duction participating in GOS-induced apoptosis and being located
upstream of caspase activation in colorectal carcinoma cells.

Mitochondria are targets for GOS-induced apoptosis
in colorectal carcinoma cells

We further examined the effect of GOS on the mitochondrial
function of colorectal carcinoma cells. As both AIF and Cyt c are
mitochondrial proteins, we investigated if GOS treatment induces
the translocation of AIF and Cyt c from mitochondria to the cyto-
plasm. As illustrated in Figure 4a, a time-dependent release of
AIF and Cyt c proteins from mitochondria to the cytosol was iden-
tified in GOS-treated COLO205 cells by Western blotting (Fig.
4a). Translocation of the AIF and Cyt c protein from mitochondria
to the cytosol was inhibited by the addition of antioxidants, NAC
and TEM (Fig. 4b). In addition, the mitochondrial membrane
potential was detected by flow cytometry using DiOC6(3) as a flu-
orescent dye. The mitochondrial membrane potential in normal
cells is located between 20 and 200 DiOC6 fluorescent units (X-
axis), therefore the cells located below 20 DiOC6 fluorescent units
(M1) are described as the cells with losses of mitochondrial mem-
brane potential. Data of Figure 4c show that a decrease in the

mitochondrial membrane potential was detected in GOS-treated
COLO205 cells, which was blocked by the addition of the antioxi-
dants, NAC, TEM and CAT. These data suggest that GOS-induced
apoptosis is mediated by reducing the mitochondrial membrane
potential through stimulating ROS production. As described in the
section of Materials and Methods, a low dose of EtBr treatment
for a long time results in mitochondrial dysfunction by impairing
mitochondrial DNA (mtDNA). Therefore, COLO205 cells without
mitochondria (EtBr-COLO205) were established in the present
study via low-dose of EtBr (50 ng/ml) treatment for 4 weeks, and
the apoptotic effect of GOS in parental COLO205 and EtBr-205
cells were examined in the present study. Results of the MTT
assay showed that GOS was less effective in EtBr-COLO205 cells
than in parental COLO205 cells, and the IC50 values of GOS in
COLO205 and EtBr-COLO205 cells were 0.98 and 8.14 lM,
respectively (Fig. 4d). In the same part of the experiments, data
from the DNA fragmentation assay showed that GOS-induced
DNA ladders were detected in COLO205 cells but not observed in
EtBr-205 cells (Fig. 4f). Results for DCHF-DA showed that an
increase in the intracellular peroxide level was detected in GOS-
treated COLO205 cells, but not in EtBr-205 cells (Fig. 4e). Asso-
ciation of Fas and Fas ligand (Fas L) are thought to induce apopto-

FIGURE 2 – Activation of caspases is involved in GOS-induced apoptosis in human colorectal carcinoma cells. (a) Induction of the enzyme activ-
ities of caspase 3, 6, 8 and 9 but not caspase 1 enzyme activity in GOS-treated COLO205 cells. Cells were treated with GOS (5 lM) for different time
points, and the indicated enzyme activities of caspase 1, 3, 6, 8 and 9 were detected using specific colorimetric substrates as described in the section of
‘‘Materials and Methods.’’ Each value is presented as the mean 6 SE of three independent experiments. (b) As described in (a), the indicated caspase
activity induced by GOS in HT29 cells was analyzed. (c) As described in (a), the indicated caspase activity in GOS-treated COLO205-X cells was ana-
lyzed. (d) Differential protective effects of inhibitors of indicated caspases on GOS-induced apoptosis. COLO205 cells were treated with 50 or 100
lM of Ac-YVAD-FMK, Ac-DEVD-FMK, Ac-VEID-FMK, Ac-IETD-FMK, Ac-LEHD-FMK, or Z-VAD-FMK for 3 hr followed by GOS (5 lM) for
a further 24 hr. The viability of cells under different treatments was examined by the MTT assay. *p < 0.05, **p < 0.01 significantly different from
the control group as analyzed by Student’s t-test. (e) As described in (d), COLO205 cells were treated with 100 lM of Ac-YVAD-FMK, Ac-DEVD-
FMK, Ac-VEID-FMK, Ac-IETD-FMK, Ac-LEHD-FMK, or Ac-VAD-FMK for 3 hr followed by GOS (5 lM) for a further 24 hr. The DNA fragmen-
tation analysis was performed by 1.8% agarose electrophoresis.
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sis through an mitochondria-independent processes. To investigate
if EtBr treatment specifically affects mitochondrial function, the
DX2 antihuman Fas antibody was used in the present study to
mimic the role of Fas L, and Griffith et al. have shown that cross-
linking with DX2 delivers an apoptotic signal in cells.27 As illus-
trated in Figure 4g, application of DX2 antihuman Fas antibody
induces DNA ladder formation in both COLO205 and EtBr-205
cells (Fig. 4g). It indicates that EtBr treatment may not inter-
fere mitochondria-independent apoptotic pathway elicited by Fas

activation. These data provide evidences to indicate a mitochon-
dria-dependent apoptosis by GOS in colorectal carcinoma cells.

In vivo anticolorectal carcinoma effect of GOS in nude mice

The in vivo anticolorectal carcinoma effect of GOS is still unde-
fined. In previous studies, we established an in vivo nude mice
model to screen for effective anticolorectal carcinoma agents.23

Nude mice were subcutaneously injected with COLO205 cells

FIGURE 3 – GOS stimulation of ROS production in COLO205 cells. (a) GOS did not reduce the H2O2/Fe
12-induced ROS production by the

in vitro plasmid digestion assay. As described in the section of ‘‘Materials and Methods,’’ pBR322 plasmid was treated with indicated doses (25, 50,
100 and 200 lM) of GOS or GAA in the presence of H2O2/Fe

12 for 30 min, and the conformation of the pBR322 plasmid DNA was analyzed by
agarose electrophoresis. SC, super-coiled form; OC, open circle form; 1, H2O2/Fe

12-treatment alone. (b) GOS and GAA alone induced the conver-
sion of plasmid DNA from the SC to the OC form. As described in (a), pBR322 plasmid DNA was incubated with the indicated doses (25, 50, 100
and 200 lM) of GOS or GAA without H2O2/Fe

12 for 30 min, and the conformational change of the pBR322 plasmid DNA was analyzed. (c) NAC,
CAT, TEM and MEL, but not ALL, PDTC, or DPI, inhibited GOS-induced cytotoxic effects in COLO205 cells. Cells were treated with different
doses of NAC (a: 5 mM; b: 10 mM), CAT (c: 200 U/ml; d: 400 U/ml), TEM (e: 2.5 lM; f: 5 lM), MEL (g: 50 lM; h: 100 lM), ALL (i: 50 lM; j:
100 lM), PDTC (k: 20 lM; l: 40 lM) or DPI (m: 2.5 lM; n: 5 lM) for 1 hr followed by GOS (5 lM) treatment for a further 24 hr, and the viability
of cells was analyzed by the MTT assay. Each value is presented as the mean 6 S.E. of three independent experiments. *p < 0.05 and **p < 0.01
significantly different from the control as analyzed by Student’s t-test. (d) NAC, CAT, TEM and MEL addition attenuated GOS-induced DNA ladder
formation in COLO205 cells. As described in (c), COLO205 cells were treated with NAC (10 mM), CAT (400 U/ml), TEM (5 lM), MEL (100
lM), ALL (100 lM), PDTC (40 lM) or DPI (5 lM) for 1 hr followed by GOS (5 lM) treatment for further 24 hr, and the integrity of DNA was ana-
lyzed by agarose electrophoresis as described in the section of ‘‘Material and Methods.’’ (e) An increase in the intracellular peroxide level was
observed in GOS-treated COLO205 cells. Cells were treated with GOS (5 lM) for 1 hr in the presence or absence of a prior 1-hr incubation with
NAC (10 mM), CAT (400 U/ml) and TEM (5 lM). DCHF-DA was added into each sample for 30 min, and the DCF fluorescence intensity in cells
was detected by flow cytometry analysis. Each value is presented as the mean6 S.E. of three independent experiments. **p < 0.01 significantly dif-
ferent from the control as analyzed by Student’s t-test. (e) Alternative expression of caspases and Bcl-2 family protein in GOS-treated COLO205
cells. Cells were treated with different concentrations of NAC (5 and 10 mM) or TEM (2.5 and 5 lM) for 1 hr followed by GOS (5 lM) treatment
for a further 24 hr. Expression of pro-caspases, cleavage of PARP and Bcl-2 family proteins such as Bcl-xL, Bax, Bad and Bag were detected by
western blotting.
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followed by an i.p. injection of GOS or GAA (5 or 10 mg/kg)
when the tumor volume had reached 200 mm3. Results in Figure
5a showed that GAA possessed significant apoptosis-inducing ac-
tivity in both COLO205 and HT29 cells, and DNA ladders
induced by GAA were detected in time- and dose-dependent man-
ners in both cells. The respective IC50 values of GAA in
COLO205 cells and HT29 cells were 3.4 and 5.1 lM, respectively.
Results of the in vivo study showed that both GOS and GAA sig-
nificantly reduced tumor growth in nude mice elicited by an s.c.

injection of COLO205 cells, compared with the vehicle-treated
groups. GAA, at a dose of 5 mg/kg, showed more-significant
reduction on the growth of tumors than GOS (Figs. 5b and 5c).

Discussion

Although apoptosis induced by GOS was previously proposed,
we provide additional scientific evidence indicating that induction

FIGURE 4 – The GOS-induced apoptosis through a mitochondrial pathway. (a) GOS time-dependently induced the translocation of the mitochon-
drial proteins AIF and cytochrome c (Cyt c), to the cytosol. COLO205 cells were treated with GOS (5 lM) for different times (3, 6, 12 and 24 hr),
and the cytosolic and heavy membrane fractions were prepared. The expressions of AIF and Cyt c protein in both fractions were detected by West-
ern Blotting. (b) NAC and TEM inhibited the GOS-induced AIF and Cyt c protein translocation in COLO205 cells. Cells were treated with different
concentrations of NAC (5 and 10 mM) or TEM (2.5 and 5 lM) for 1 hr followed by GOS (5 lM) treatment for a further 24 hr. The release of AIF
and Cyt c protein from mitochondria to the cytosol was analyzed by Western blotting. (c) NAC, CAT and TEM significantly reduced the loss of the
mitochondrial membrane potential (MMP, DWm) induced by GOS. COLO205 cells were treated with NAC, CAT, or TEM for 1 hr followed by
GOS (5 lM) treatment for a further 12 hr. At the end of treatment, DiOC6(3) was added to the culture medium for a further 30 min. The fluores-
cence intensity of DiOC6(3) in cells was analyzed by flow cytometry. (Upper panel) A representative of data of the flow cytometric analysis;
(Lower panel) Quantification of M1 values from three-independent experiments was performed, and results are expressed as the mean 6 S.E. **p
< 0.01 significantly different from the control as analyzed by Student’s t-test. (d) EtBr-treated COLO205 cells (EtBr-205; mitochondria-depleted,
p0 cells) possessed resistance to GOS-induced cytotoxicity, compared with parental COLO205 cells. EtBr-205 and parental COLO205 cells were
treated with different doses of GOS (1.25, 2.5, 5 and 10 lM) for 24 hr, and the viability of cells was measured by the MTT assay. **p < 0.01 sig-
nificantly different from the control as analyzed by Student’s t-test. (e) GOS did not induce ROS production in EtBr-205 cells according to the
DCHF-DA assay. Both parental COLO205 and EtBr-205 cells were incubated with different doses (5 and 10 lM) of GOS for 1 hr, followed by
DCHF-DA addition for 30 min. The DCF fluorescence intensity in cells was detected by flow cytometry analysis. (Left panel) A representative of
data of the flow cytometric analysis; (Right panel) Values of M1 derived from three-independent experiments were analyzed, and results are pre-
sented as the mean 6 S.E. **p < 0.01 significantly different from the control as analyzed by Student’s t-test. (f) GOS (5 lM) did not induce DNA
ladders in ErBr-205 cells. Both parental COLO205 and EtBr-205 cells were incubated with different doses (1.3, 2.5, 5 and 10 lM) for 24 hr, and
the integrity of DNA was analyzed. (g) The addition of DX2 antihuman Fas antibody induced DNA ladder formation in both COLO205 and EtBr-
205 cells. Both cells were treated with DX2 antihuman Fas antibody (2 and 4 lg/ml) for 24 hr, and the integrity of DNA was analyzed.
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of ROS production is an important event in GOS-induced apopto-
sis and that it is located upstream of mitochondrial dysfunction
and caspase activation. This suggests that the antitumor effect of
GOS is mediated by the induction of apoptosis via an ROS-de-
pendent mitochondrial pathway in colorectal carcinoma cells.

GOS has been shown to reduce the viability of different tumor
cells including leukemia, fibrosarcoma, breast cancer, colon
carcinoma, cervical cancer, glioma and melanoma.28–30 Mego
indicated that GOS was a potential telomerase inhibitor, and pos-
ited that the use of GOS with other anticancer chemotherapeutics
could lead to an effective therapy for human tumors.31 Ligueros
et al. suggested that modulation of cell cycle progression was
involved in GOS-induced growth inhibition.32 In prostate cancers,
GOS inhibited the growth of prostate cancer cells by arresting
cells in the G0/G1 phase.33 However, a low response of GOS
against malignant glioma34 and a negligible antitumor effect
against refractory metastatic breast cancer were reported.35 Data
of the present study show that colorectal carcinoma cells
expressed higher sensitivity to GOS treatment than others includ-
ing HL-60, Jurkat, RAW264.7, J774A.1, NIH3T3, A431, HaCaT,
Glioma C6 and MCF-7 cells. COLO205 and HT29 cells respec-
tively belong to poorly and modest/well differentiated colorectal
carcinoma cells with different p53 status. The p53 in HT29 cells
has been shown to be a mutated protein with a mutation at codon

273,36 and that in COLO205 is proposed to be functional without
mutation.37 Van Poznak et al. proposed that GOS-induced apopto-
sis was not associated with the regulation of p53,35 and Zhang
et al. indicated that no change in p53 protein was observed in
GOS-treated HT29 cells.5 Data of the present study also found
that GOS induced apoptosis in both HT29 and COLO205 cells. It
is possible that GOS-induced apoptosis was not affected by intra-
cellular p53 status. In addition to p53, Bcl-2 family proteins have
been reported to be associated with the mitochondrial membrane
potential and caspases activation during apoptosis. The results of
the present study indicate that GOS treatment can down-regulate
Bcl-xL protein, and up-regulate phospho-Bad protein expression in
COLO205 cells. These results are consistent with previous obser-
vations in which a decrease in Bcl-xL and an increase in phospho-
Bad protein have been shown in GOS-treated HT29 cells.5

Mitochondria are involved in the apoptosis signal transduction
pathway. Release of Cyt c and AIF from mitochondria to the cyto-
sol, followed by induction of caspase 9-dependent activation of
caspase 3, has been identified in the process of mitochondria-
dependent apoptosis. Bcl-2 family proteins have been shown to be
involved in modulation of mitochondrial membrane potentials
(MMPs), and loss of MMPs via decreasing antiapoptotic Bcl-2
family proteins such as Bcl-XL with or without increasing pro-
apoptotic Bcl-2 family proteins Bax and Bad has been identified

FIGURE 5 – GOS and GAA suppression of tumor growth in nude mice elicited by a subcutaneous injection of COLO205 cells. (a) (Left panel)
GAA dose-dependently induced DNA ladders in HT29 and COLO205 cells. Both cell lines were treated with different concentrations (5, 10, 20
and 40 lM) of GAA for 24 hr and the integrity of DNA was analyzed. (Right panel) GAA time-dependently induced DNA ladders in HT29 and
COLO205 cells. Both cell lines were treated with GAA (5 lM) for different times (0, 6, 12 and 24 hr), and the integrity of DNA in both cell lines
was analyzed. (b) GOS and GAA reduced tumor growth in vivo. The protocol of in vivo study has been described in the section of Materials and
Methods. GOS and GAA (5 and 10 mg/kg) were intraperitoneally injected once a day for 14 consecutive days. Representatives of nude mice
derived from the vehicle (CON), GOS- (10 mg/ml) and GAA- (10 mg/kg)-treated groups are shown. At the end of the experiment, tumors were
excised from the nude mice under different treatments, and representatives of isolated tumors from the control-, GOS-, and GAA-treated groups
are shown (Upper panel). (Lower panel) The mean value of tumor weight in each group was measured at the end of the experiment, and results
are expressed as the means 6 S.E. **p < 0.01 indicates significant differences from the control group; ##p < 0.01 indicates significant differen-
ces between indicated groups, as analyzed by Student’s t-test.
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in mitochondria-dependent apoptosis. Kitada et al. suggested that
GOS is able to directly bind and antagonize their antiapoptotic
effects of Bcl-2 family proteins such as Bcl-xL.

38 In the present
study, a decrease in Bcl-xL and an increase in phospho-Bad protein
expression were detected in GOS-treated cells, and EtBr-treated
COLO205 cells expressed resistance to GOS-induced apoptosis
through a reduction in ROS production. It was confirmed that both
caspase 9 activation and AIF/Cyt c release happened after GOS
treatment. These results suggest GOS-induces apoptosis of color-
ectal carcinoma cells is through the mitochondrial pathway.
Another apoptotic pathway characterized by activation of the
death receptor (Fas/CD95/APO-1) and caspase 8 has also been
examined in the present study. Activation of caspase 8 enzyme ac-
tivity with a decrease in the pro-caspase 8 protein was detected in
GOS-treated colorectal carcinoma cells, and it was prevented by
the antioxidants NAC and TEM. Application of Ac-IETD-FMK
(an inhibitor of caspase 8) significantly but not fully inhibited
GOS-induced cytotoxic effect in COLO205 cells. That is, GOS

might bind to some death receptors or induce the expression of
death ligand such as Fas ligand, which in turn to activate the death
receptor signaling transduction pathway. Furthermore, a complete
protection of COLO205 cells from GOS-induced apoptosis was
observed in the condition with Ac-IETD-FMK plus Ac-LEHD-
FMK (an inhibitor of caspase 9-like protease) treatment. This sug-
gests that at least two apoptotic pathways including mitochondral-
dependent and death receptors-dependent pathways are involved
in GOS-induced apoptosis.

ROS act as secondary messengers in apoptosis induced by anti-
cancer and chemopreventive agents. ROS generation can cause
the loss of MMP, and induce apoptosis by releasing pro-apoptotic
proteins such as AIF and Cyt c from mitochondria to the cytosol.
Hou et al. indicated that GOS-induced apoptosis in human promy-
elocytic leukemia cells occurs through an ROS-independent mito-
chondrial pathway.20 In this study, induction of intracellular ROS
was detected by DCHF-DA, and chemical antioxidants signifi-
cantly suppressed GOS-induced apoptosis in accordance with
reducing ROS production and preventing the loss of the MMPs.
GOS-induced mitochondrial events such as the release of Cyt c
and AIF to the cytosol, decreasing Bcl-XL, and increasing phos-
phor-Bad protein expression were blocked by the antioxidants
NAC and TEM. These data suggest that GOS-induced apoptosis
occurs through elevation of intracellular ROS production, which is
located upstream of mitochondrial dysfunction. Tentative antico-
lorectal carcinoma mechanism induced by GOS was proposed in
the present study (Fig. 6).

Natural GOS is a racemic mixture of two enantiomers, (1)GOS
and (2)GOS, and previous studies indicated that (2) GOS is more
effective in suppressing cell proliferation and inducing apoptosis
than (1) GOS in pancreatic cancer cells.39 Several GOS metabo-
lites, such as apogossypol hexaacetate, and gossypolone have been
identified, and GOS exhibited more-potent antitumor activity than
its metabolites.40–42 GAA, a complex consisting of equimolar
quantities of GOS and acetic acid, was used in the study to com-
pare its antitumor effects with those of GOS. Data from the vitro
and in vivo studies showed that both GOS and GAA are effective
in apoptosis induction and tumor growth inhibition in colorectal
carcinoma cells. GAA at a dose of 5 mg/kg expressed more potent
inhibition on in vivo tumor growth than did GOS. The reason why
GAA performed a more-effective antitumor effect than GOS in
vivo is still unclear. Lambert et al. have shown that acetylation
may increase the in vitro biological potency of (2)-epigallocate-
chin-3-gallate (EGCG), and enhance the bioavailability of EGCG
in vivo.43 Haspel et al. indicated that serum protein prevented the
antiproliferative effect of GOS in vitro.44 It suggests that acetyla-
tion and reducing serum binding may be another prospective area
in GOS related pre-clinical research.
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