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Anthraquinones have been shown to induce apoptosis in different types of tumor cells, but the
mechanisms of danthron-induced cytotoxicity and apoptosis in human gastric cancer cells have not been
adequately explored. This study investigated the roles of caspase cascades, ROS, DNA damage,
mitochondrial disruption, and Bax and Bcl-2 proteins in danthron-induced apoptosis of SNU-1 human
gastric cancer cells, a commonly used cell culture system for in vitro studies. Cells were incubated with
different concentrations of danthron in a time- and/or dose-dependent manner. Cell morphological changes
(shrinkage and rounding) were examined by a phase-contrast microscope, whereas cell viability and
apoptotic populations were determined by flow cytometric analysis using propidium iodide (PI) and annexin
V-FITC staining. The fluorescent DAPI nucleic acid stain and Comet assay were applied to detect
danthron-induced chromatin condensation (an apoptotic characteristic) and DNA damage. Increasing the
levels of caspase-3, -8, and -9 activities was involved in danthron-induced apoptosis, and they could be
attenuated by inhibitors of specific caspases, indicating that danthron triggered the caspase-dependent
apoptotic pathway. Further studies with flow cytometric analyses indicated that cellular levels of ROS,
cytosolic Ca2+, and mitochondrial permeability transition (MPT) pore opening were increased, but the
level of mitochondrial membrane potential (∆Ψm) was decreased. Also, the ratio of Bax/Bcl-2 levels
and other proapoptotic proteins associated with modulating the ∆Ψm were up-regulated. Apoptotic signaling
was also stimulated after exposure to danthron and determined by Western blotting and real-time PCR
analyses. In summary, it is suggested that danthron-induced apoptotic cell death was involved in
mitochondrial depolarization, which led to release of cytochrome c, apoptosis-inducing factor (AIF), and
endonuclease G (Endo G) and caused the activation of caspase-9 and -3 in SNU-1 human gastric cancer
cells.

Introduction

Gastric cancer continues to be a major health problem

worldwide (1, 2), and current systemic therapies for gastric

cancer are often limited by their short-term efficacy due to the

side effects (3, 4). There are growing interests in the treatment

of cancers by using naturally occurring compounds with

chemopreventive and chemotherapeutic properties (5-7). It is

well-known that anticancer properties of these natural herbal

compounds can be mediated through different mechanisms.

These mechanisms include carcinogen metabolism, induction

of DNA damage, immune responses, suppression of cell cycle

progression, and/or induction of apoptosis (8-10). The best

strategy for killing cancer cells is through the induction of

apoptosis. It has been widely reported that cancer cell death/

apoptosis could be considered a convergence point of all

antineoplastic therapies, and bioactive phytochemicals have

direct proapoptotic effects (11, 12).

Danthron (1,8-dihydroxyanthraquinone), a naturally occurring

component, was isolated from the root and rhizome of Rheum

* Author to whom correspondence should be addressed (phone +886-
4-2205-3366, ext 2161; fax +886-4-2205-3764; e-mail jgchung@
mail.cmu.edu.tw).

† National Chung Hsing University.
‡ Department of Pharmacology, China Medical University.
§ Technology and Science Institute of Northern Taiwan.
# Department of Surgery, China Medical University Hospital.
⊥ Department of Nutrition, China Medical University.
2 School of Chinese Medicine, China Medical University.
X Department of Internal Medicine, China Medical University Hospital.
[ Department of Parasitology, China Medical University.
1 School of Pharmacy, China Medical University.
4 Department of Biological Science and Technology, China Medical

University.
b Asia University.

Chem. Res. Toxicol. 2011, 24, 20–2920

10.1021/tx100248s  2011 American Chemical Society
Published on Web 12/02/2010



palmatum L. (Polygonaceae; Chinese name, Da Huang), a plant

used medicinally for a long time (13-16). Danthron treatment

may, in part, reduce neurotoxicity related to �-amyloid protein

(17). It was also reported that after daily oral administration of

danthron to melanosis coli in the guinea pig large intestine, there

was a transient and dose-related wave of apoptosis of the colonic

surface epithelial cells (18). Moreover, danthron induced the

genotoxic potency in L5178Y mouse lymphoma cells (19) and

intestinal tumors in rats (20). Danthron also inhibited human

immunodeficiency virus type 1 (HIV-1) integrase (21) and

suppressed metastatic activity in B16-F10 murine melanoma

cells (22). Our previous studies have shown that danthron could

induce apoptosis and inhibit the migration and invasion in GBM

8401 human brain glioblastoma multiforms cells (23, 24).

However, there is no study addressing danthron-induced apo-

ptosis in human gastric cancer cells.

The aim of this study was to examine the hypothesis that

danthron affected the cytotoxic and apoptotic responses on

SNU-1 human gastric cancer cells in vitro. Herein, we also

explored the roles of caspase cascades, ROS, DNA damage,

mitochondrial dysfunction, and the level of Bax/Bcl-2 ratio in

danthron-induced apoptosis of SNU-1 human stomach cancer

cells.

Experimental Procedures

Chemicals and Reagents. Danthron, DMSO,1 PI, NAC, and
Triton X-100 were obtained from Sigma-Aldrich Corp. (St. Louis,
MO).Fetalbovineserum(FBS),L-glutamine,penicillin-streptomycin,
and trypsin-EDTA were obtained from Invitrogen Life Technolo-
gies (Carlsbad, CA). The fluorescent probes DAPI, H2DCF-DA,
Indo 1/AM, and DiOC6(3) and a MitoProbe Transition Pore Assay
Kit were purchased from Invitrogen. A Mitochondria/Cytosol
Fractionation Kit was obtained from BioVision, Inc. (Mountain
View, CA). Caspase substrate reagent kits (PhiPhiLux-G1D2,

CaspaLux8-L1D2, and CaspaLux9-M1D2) were bought from On-
coImmunin, Inc. (Gaithersburg, MD). The inhibitors of caspases
were purchased from R&D Systems (Minneapolis, MN). All
primary and secondary antibodies were obtained from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA).

Cell Culture. The SNU-1 human gastric cancer cell line was
obtained from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). Cells were cultured in RPMI 1640
medium (Invitrogen) supplemented with 10% FBS, 2 mM L-
glutamine, 100 units/mL penicillin, and 100 µg/mL streptomycin
under a humidified 5% CO2/95% air atmosphere and grown at 37
°C and 1 atm in an incubator (25).

Determinations of Cell Morphology, Cell Viability, and
Apoptosis. Cells (2 × 105 cells/well) grown in 12-well plates were
treated with DMSO alone (0.1% in medium served as a vehicle
control) and different concentrations of danthron (25, 50, 75, 100,
and 150 µM). After danthron treatment for 24, 48, and 72 h, cells
were photographed under a phase-contrast microscope before being
harvested. For viability determination by the PI exclusion method,
cells were stained with PI (5 µg/mL) and analyzed with a flow
cytometer (Becton Dickinson FACSCalibur, Franklin Lakes, NJ)
equipped with an argon ion laser at 488 nm wavelength as
previously described (26). Cells (1 × 105 cells/mL) were incubated
in the presence of 75 µM danthron for 3, 6, and 12 h, and apoptotic
cells were stained with annexin V following the manufacturer’s

protocol (Annexin V-FITC Apoptosis Detection Kit, BD Pharm-
ingen, San Diego, CA). Subsequently, cells were analyzed by flow
cytometry and BD CellQuest Pro software under the examination
of FL1 channel for FITC and FL2 detector for PI as described
elsewhere (27, 28).

Assessments of DAPI Staining, Comet Assay, and DNA
Gel Electrophoresis. Cells (1 × 105 cells/mL) in 12-well plates
were exposed to 0, 25, 50, 75, 100, and 150 µM danthron for
48 h. Cells were then stained with DAPI (10 µg/mL) after
fixation in 4% formaldehyde (Sigma-Aldrich Corp.) and pho-
tographed using a fluorescence microscope as previously de-
scribed (29, 30). For Comet assay, cells were harvested and then
DNA damage was determined as described elsewhere (27, 31).
Comet tails were acquired by using CometScore software (Tritek
Corp, Sumerduck, VA). Comet tail length was calculated,
quantified, and expressed (fold of control) in mean ( SD (n )

3). Approximately 1 × 106 cells per dish were incubated with
75 µM danthron for different intervals of time. Cells were
harvested from each sample, and the DNA was isolated for DNA
agarose gel electrophoresis. After ethidium bromide (Invitrogen)
was used for staining the DNA, the gel was photographed under
UV light as previously described (32).

Assays of ROS Production, Cytosolic Ca2+ Levels, ∆Ψm,
and MPT Pores. Cells (1 × 105 cells/mL) were seeded in 12-well
plates and treated with 75 µM danthron for 1, 3, 6, 12, 24, 48, or
72 h. Cells were harvested, washed twice, and resuspended in the
ROS indicator H2DCF-DA (10 µM), Ca2+ probe Indo 1/AM (3 µg/
mL), and the ∆Ψm fluorochrome DiOC6(3) (1 µmol/L) at 37 °C
for 30 min. Flow cytometric analyses were used to detect the
influences on the levels of ROS, cytosolic Ca2+, and ∆Ψm,
respectively, as described elsewhere (31). The MitoProbe Transition
Pore Assay Kit (Invitrogen) was applied to study the opening of
MPT pores in danthron-treated SNU-1 cells. When calcein/AM
entered the cytoplasm after esterase hydrolysis, calcein distribution
was observed in mitochondria and cytosol, and then cobalt chloride
(CoCl2) was added to quench cytosolic fluorescence calcein. The
procedures were performed according to the instructions provided
by the manufacturer (32, 33).

Detection of Caspase-3, -8, and -9 Activity and Specific
Caspase Inhibitors Pretreatment. Approximately 2 × 105 cells/
mL were pretreated with or without the caspase-3 inhibitor (Z-
DEVD-FMK), caspase-8 inhibitor (Z-IETD-FMK), caspase-9 in-
hibitor (Z-LEHD-FMK), and a general caspase inhibitor (Z-VAD-
FMK) for 3 h before cells were exposed to 75 µM danthron for
24 h. Cells were harvested for determining the caspase-3, -8, and
-9 activities according to the manufacturer’s guidelines (PhiPhiLux
G1D2, CaspaLux 8-L1D2, and CaspaLux 9-M1D2 kits) (31) and the
viability of danthron-treated SNU-1 cells as described elsewhere
(27).

Protein Expression and Subcellular Fractions for Western
Blotting Analysis. Approximately 5 × 106 cells were treated with
75 µM danthron for 0, 6, 12, 24, 48, and 72 h. The total proteins
from each treatment group were collected, and the levels of
apoptosis-modulating proteins were determined as described
elsewhere (32). The levels of apoptotic proteins are associated
with mitochondrial regulations, a hallmark of endoplasmic
reticulum (ER) stress and caspase cascades. Equal amounts of
protein (40 µg) from each sample were separated by 10-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene difluoride mem-
branes by using an iBot Dry Blotting System (Invitrogen). The
level of cytochrome c in the mitochondria and cytosol was
isolated according to the manufacturer’s protocol (Mitochondria/
Cytosol Fractionation Kit). Cells after treatment with 75 µM
danthron were harvested, disrupted, and then centrifuged to
isolate cytosolic and mitochondrial fractions, which underwent
further examinations by Western blotting analysis as previously
described (29, 32). The relative abundance of each band was
quantified by using ImageJ software (version 1.43, NIH, USA)
for Windows (34).

1 Abbreviations: AIF, apoptosis-inducing factor; Bax, Bcl-2-associated
X protein; Bcl-2, B-cell lymphoma 2; DAPI, 4,6-diamidino-2-phenylindole
dihydrochloride; ∆Ψm, mitochondrial membrane potential; DiOC6(3), 3,3′-
dihexyloxacarbocyanine iodide; DMSO, dimethyl sulfoxide; Endo G,
endonuclease G; FITC, fluorescein isothiocyanate; GST, glutathione trans-
ferases; H2DCF-DA, 2′,7′-dichlorofluorescin diacetate; MPT, mitochondrial
permeability transition; NAC, N-acetyl-L-cysteine; PI, propidium iodide;
SOD, superoxide dismutases.
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Levels of mRNA Expression and Real-Time PCR. Cells (5 ×

106 cells) were incubated with 75 µM danthron for 24 and 48 h
before total RNA was extracted by using the Qiagen RNeasy Mini
Kit (Qiagen, inc, Valencia, CA) as previously described (35). RNA
sample was then reverse-transcribed for 30 min at 42 °C with a

High Capacity cDNA Reverse Transcription Kit according to the
standard protocol of the supplier (Applied Biosystems, Carlsbad,
CA). Quantitative PCR was performed by the following conditions:
2 min at 50 °C, 10 min at 95 °C, and 40 cycles of 15 s at 95 °C,
1 min at 60 °C using 1 µL of the cDNA reverse-transcribed as
described above, 2× SYBR Green PCR Master Mix (Applied
Biosystems), and 200 nM forward and reverse primers as shown
in Table 1. Each assay was run on an Applied Biosystems 7300
Real-Time PCR system in triplicate, and fold changes in expression
were derived using the comparative CT method (27, 35).

Immunofluorescence Staining and Confocal Laser
Scanning Microscopy. Cells (5 × 104 cells/well) were plated in
4-well chamber slides and incubated with 75 µM danthron for 24 h.
Then cells were fixed in 4% formaldehyde for 15 min and
permeabilized with 0.1% Triton-X 100 for 30 min with blocking
of nonspecific binding sites using 2% bovine serum albumin (BSA)
as described elsewhere (31). Fixed cells were incubated with the
primary antibodies to cytochrome c, AIF, and Endo G (1:100
dilution) overnight and then exposed to the secondary antibody
(FITC-conjugated goat anti-mouse IgG at 1:100 dilution) (green
fluorescence) at 37 °C for 2 h. Mitochondria and nuclei were
counterstained individually with MitoTracker Red CMXRos (In-
vitrogen) and PI, respectively (red fluorescence). Photomicrographs
were obtained using a Leica TCS SP2 confocal spectral microscope
(31).

Statistical Analysis. All data were expressed as the mean (

standard deviation (SD) and performed in triplicate. Statistical
analyses were performed using the statistical software SPSS 14.0

Table 1. Primer Sequences for Real-Time PCRa

primer name primer sequence (5′-3′)

caspase-3 sense, CAGTGGAGGCCGACTTCTTG
antisense, TGGCACAAAGCGACTGGAT

caspase-8 sense, GGATGGCCACTGTGAATAACTG
antisense, TCGAGGACATCGCTCTCTCA

caspase-9 sense, TGTCCTACTCTACTTTCCCAGGTTTT
antisense, GTGAGCCCACTGCTCAAAGAT

AIF sense, GGGAGGACTACGGCAAAGGT
antisense, CTTCCTTGCTATTGGCATTCG

Endo G sense, GTACCAGGTCATCGGCAAGAA
antisense, CGTAGGTGCGGAGCTCAATT

GAPDH sense, ACACCCACTCCTCCACCTTT
antisense, TAGCCAAATTCGTTGTCATACC

a Casapse, cysteine aspartate-specific protease; AIF, apoptosis-
inducing factor; Endo G, endonuclease G; GAPDH, glyceraldehydes-3-
phosphate dehydrogenase. Each assay was conducted at least in
triplicate to ensure reproducibility.

Figure 1. Danthron induced morphological changes and decreased the viability in SNU-1 human gastric cancer cells. Cells were treated with
various concentrations of danthron and then were investigated for the cells’ morphological changes such as shrinkage and rounding (A), which
were photographed at a magnification of 100×. The symbol v reveals the shrinkage and rounding of apoptotic cells. The percentage of viable cells
(B) was determined by flow cytometric analysis as described under Experimental Procedures. Data are presented as mean ( SD (n ) 3). a, p <

0.05, is significantly different compared with the DMSO-treated control; b, c, d, and e, p < 0.05, are significantly different with 25, 50, 75, and 100
µM danthron treatment, respectively, by one-way ANOVA followed by Bonferroni’s test for multiple comparisons.
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(SPSS Inc., Chicago, IL). One-way ANOVA was used to examine
the significance of differences in measured variables between control
and treated groups followed by Bonferroni’s multiple-comparison
test or Student’s t test. Differences among groups were considered
to be statistically significant when p was <0.05.

Results

Cytotoxicity and Reduction of Viability in SNU-1 Cells

after Danthron Treatment. The potential cytotoxic effects of

danthron on SNU-1 cells were investigated for morphological

Figure 2. Danthron induced apoptotic cell death in SNU-1 cells. Cells were exposed to 75 µM danthron for 3, 6, and 12 h and then were investigated
for the percentage of apoptotic cells as described under Experimental Procedures. The representative profile from flow cytometric analysis is shown,
and apoptotic cells were evaluated by annexin V/PI staining. The effect of 0.3% hydrogen peroxide (H2O2) treatment is that it is a positive control
group. Values shown are representative experiment in triplicate with similar results.

Figure 3. Danthron caused DNA damage and apoptosis. Cells were grown in the presence of different concentrations of danthron for 48 h, and then
DNA was isolated from examined cells for Comet assay (A), DAPI staining (B), and DNA gel electrophoresis (C) as described under Experimental
Procedures. The arrow (v) shows chromatin condensation and higher fluorescence intensity in apoptotic cells when compared to the control group.
The images were observed and captured using a fluorescent microscope (100×). FI indicates the fluorescence intensity (fold of control), and each
value is the mean ( SD of three experiments. a, p < 0.05, is significantly different compared with control; b and c, p < 0.05, reveal significant
difference compared with 75 and 100 µM danthron treatment, respectively (one-way ANOVA followed by Bonferroni’s test for multiple comparisons).

Danthron-Induced Apoptosis Chem. Res. Toxicol., Vol. 24, No. 1, 2011 23



changes and cell viability by the phase-contrast microscope and

PI exclusion method. Figure 1A shows that SNU-1 cells treated

with danthron were subjected to dose-dependent morphological

changes such as shrinkage and rounding. Danthron decreased

the percentage of viable cells (Figure 1B), and the approximate

IC50 value was 75 µM after 48 h of treatment. Therefore, we

investigated whether danthron could be related to apoptotic cell

death. The results from flow cytometric assay reveal that

danthron-induced apoptotic cells (annexin V-FITC positive and

PI negative) increased when compared to the control group

(Figure 2). However, danthron had no significant effect on cell

viability in normal cell lines (Supporting Information Figure

S1). Normal cell lines included rat embryo aortic smooth muscle

cell line (A10), normal fetal osteoblast cell line (hFOB), and

normal hepatocyte cell line (Chang liver).

Danthron Induced DNA Damage and Chromatin

Condensation. To investigate danthron-induced apoptotic cell

death through DNA damage, cells were treated with danthron

before analyses with Comet assay, DAPI staining, and DNA

gel electrophoresis. Figure 3 reveals that danthron induced

SNU-1 cells to undergo dose-dependent DNA damage (Figure

3A), chromatin condensation (an apoptotic characteristic)

(Figure 3B), and DNA fragmentation (Figure 3C).

Danthron Promoted ROS Production, Cytosolic Ca2+

Release, Loss of ∆Ψm, and MPT Pore Opening. The aim was

to determine whether danthron-induced DNA damage and

apoptosis are involved in these crucial factors in SNU-1 cells.

Figure 4 shows that danthron promoted the amount of ROS

(Figure 4A), cytosolic Ca2+ production (Figure 4B), and opening

of the MPT pore (Figure 4D), but depolarized the level of ∆Ψm

(Figure 4C) in SNU-1 cells.

Danthron Attenuated Percentage of Viable Cells via

Caspase Cascades-Dependent Pathways. Table 2 indicates that

danthron-induced apoptosis was mediated by stimulating caspase-

3, -8, and -9 activities. To investigate if danthron induced

apoptosis through the caspase cascades-dependent pathway, cells

were individually pretreated with inhibitors of caspase-3, -8,

and -9 and a general caspase inhibitor before 75 µM danthron

treatment for 24 h. Figure 5 shows that these specific inhibitors

significantly suppressed the caspase activities (Figure 5A) and

increased the cell viability (Figure 5B) in danthron-treated

SNU-1 cells. Cells were also pretreated with Z-VAD-FMK (a

general caspase inhibitor) to protect against danthon-induced

apoptotic cell death (Figure 5C). These results suggest that the

activation of caspases-3, -8, and -9 might be involved in

danthron-induced apoptosis in SNU-1 cells.

Danthron Altered Abundance of Apoptosis-Associated

Protein and mRNA Expression. To further evaluate the

possible signaling pathways for danthron-induced apoptosis,

cells were treated with 75 µM danthron for various periods of

time. Figure 6 indicates that danthron increased the protein levels

of Bcl-XS, Bax, and Bid (Figure 6A), cytochrome c, Smac/

Diablo, cIAP-2, AIF, and Endo G (Figure 6B), Fas/CD95, Fas

Figure 4. Danthron promoted ROS production, cytosolic Ca2+ release, loss of ∆Ψm, and MPT pore opening in SNU-1 cells. Cells were incubated
with 75 µM danthron for various periods of time and then were harvested for examining the ROS generation (A) and cytosolic Ca2+ release (B)
and for determining the levels of ∆Ψm (C) and MPT pore (D) as described under Experimental Procedures. The results are shown as mean ( SD
(n ) 3). a, p < 0.05, is significantly different compared to control; b, c, d, and e represent significant difference (p < 0.05) compared with 75 µM
danthron treatment for 3, 6, 12, and 24 h, respectively, by one-way ANOVA followed by Bonferroni’s test for multiple comparisons.

Table 2. Determinations of Caspase-3, -8, and -9 Activitya

danthron (75 µM)
time of incubation (h)

% of total cells

caspase-3 caspase-8 caspase-9

0 1.44 ( 6.12 3.04 ( 1.94 3.69 ( 5.41
6 5.56 ( 5.88
12 17.98 ( 3.91* 14.21 ( 2.96*
24 32.76 ( 1.38* 36.92 ( 2.34* 20.89 ( 4.01*
48 49.56 ( 0.98* 44.56 ( 1.34* 17.89 ( 1.68*
72 48.64 ( 0.51* 49.29 ( 0.50* 23.78 ( 3.71*

a Danthron induced the activations of caspases-3, -8, and -9 in SNU-1
cells. The zero hour was defined as untreated control. Cells were treated
with 75 µM danthron for indicated periods of time and then harvested
for examining the caspase-3, -8, and -9 activity as described under
Experimental Procedures. The values are means ( SD (n ) 3). *, p <

0.05, using one-way ANOVA test followed by Student’s t test as
compared with 0 h treatment in the presence of danthron exposure.
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Ligand, TRAIL (Figure 6C), GRP78, GADD153, and ATF-6R

(Figure 6D), caspases-9, -8, -3, and -7 (Figure 6E), and GST-3

(Figure 6F), but decreased the protein levels of Bcl-2 and

Bcl-XL (Figure 6A), cIAP-1, Survivin, and XIAP (Figure 6B)

and SOD (Cu/Zn) and SOD (Mn) (Figure 6F). Figure 6G shows

that the level of cytosolic cytochrome c was up-regulated in

comparison to the cytosolic control sample. We also found that

danthron promoted gene expressions of caspase-3, caspase-8,

and caspase-9, AIF, and Endo G (Figure 6H) in SNU-1 cells.

On the basis of these results, we suggest that danthron-induced

apoptosis is mediated through induction of the death receptor,

mitochondria, and caspase-3, -8, and -9 multiple signaling

pathways.

Danthron Stimulated Translocations of Apoptotic

Relative Proteins from Mitochondria. Cells were treated or

not with 75 µM danthron for 24 h before being stained by the

antibodies of cytychrome c, AIF, and Endo G, respectively. The

results in Figure 7 from confocal microscopy indicate the exp-

ressions of cytochrome c, AIF, and Endo G in danthron-treated

SNU-1 cells. Danthron enhanced cytochrome c release from

the mitochondria to the cytosol (Figure 7A) and stimulated

mitochondria release of AIF (Figure 7B) and Endo G (Figure

7C) to the nuclei when compared to the control sample.

Discussion

Natural products have long been used to prevent and treat

diseases, including cancer (36, 37). Danthron is one of the

components of R. palmatum L. (Polygonaceae), which has been

used historically as a traditional Chinese herbal medicine. Mori

et al. suggest that danthron has carcinogenicity and may induce

liver and intestinal tumors at high-dose (0.2 and 1%) treatment

(20, 38, 39). In our preliminary study, BALB/c nu/nu mice were

treated with 1.4 and 4.2 mg/kg of danthron by intraperitoneal

(ip) injection and 1.4 and 7 mg/kg oral (po) gavage for 30 days.

All animals were evaluated by clinical chemistry and immune

modulation analyses such as BUN, creatinine, glucose, albumin,

LDH, total protein, sGOT, sGPT, CD3, CD19, CD11b, and

Mac-3 to monitor the danthron-related toxicity. Our results,

which can be seen in Supporting Information Figure S2 and

Tables S1 and S2, indicate that no significant differences were

noted when compared to the control (normal mice). Importantly,

the nude mice after exposure to danthron were shown to have

no adverse effect levels of renal, hepatic, and immune response.

We selected doses of 1.4, 4.2, and 7 mg/kg danthron according

to the results at IC50 value from our in vitro study in SNU-1

cells. Therefore, our results provide important and powerful

evidence that a lower concentration (<7 mg/kg) of danthron may

not influence the animals.

Danthron, an anthraquinone derivative from rhubarb root (Da

Huang), bound noncovalently to DNA and inhibited topoi-

somerase II activity in L5178Y mouse lymphoma cells (19). In

our study, we investigated whether danthron exhibited cytotoxic

and proapoptotic effects on SNU-1 human gastric cancer cells.

This is the first report on danthron-induced apoptosis in SNU-1

cells in which the roles of caspase cascades, ROS production,

and mitochondrial dysfunction were explored. The present

results were consistent with our previous studies in GBM 8401

cells, indicating that danthron possesses anticancer activities in

vitro (23, 24). In this study, the mechanism of danthron-induced

cell death in SNU-1 cells was investigated by addressing the

induction of apoptosis. Apoptotic induction in tumor cells is

considered to be very useful in the management, therapy, and

prevention of cancer (5, 40).

Apoptosis is a gene-regulated phenomenon induced by many

chemotherapeutic agents in cancer treatment (41, 42) and the

characters of apoptosis including chromatin condensation, cell

and nuclear shrinkage, membrane blebbing, and oligonucleo-

somal DNA fragmentation (43, 44). In our study, apoptotic cell

death was determined according to three different methods:

detection of annexin V positive population, expression of DAPI

staining, and Bax/Bcl-2 ratio. It is well-documented that DNA

fragmentation, after staining with a quantitative DNA-binding

Figure 5. Danthron reduced the percentage of viable cells via a caspase
cascade-dependent signaling pathway. SNU-1 cells were pretreated in
the presence or absence of the specific inhibitors of caspases-3, -8, -9
and a general caspase inhibitor for 3 h and then were treated with 75
µM danthron for 24 h. Cells were harvested for determining the
activities of caspases-3, -8, -9 (A), the percentage of viable cells (B),
and apoptotic cell death (C) as described under Experimental Proce-
dures. Columns, mean (n ) 3); bars, SD. a, p < 0.05, is significantly
different compared with control; b, p < 0.05, shows significant
difference compared with 75 µM danthron treatment group by one-
way ANOVA followed by Bonferroni’s multiple-comparison test.
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dye such as PI, will cause cells that have lost DNA to take up

less stain and appear to the left of the G1 peak in cell cycle

distribution by flow cytometric analysis (45). Our results showed

that danthron induced a sub-G1 population, which is also

confirmed by annexin V staining. This study indicated that

danthron induced apoptotic cell death and promoted G0/G1

phase arrest of cell cycle progression (data not shown) in SNU-1

cells.

Figure 6. Danthron induced cell death through the effects of apoptosis-related protein and mRNA levels. SNU-1 cells were exposed to 75 µM
danthron for various periods of time and harvested for examining the protein levels as shown in panels A-F; the cytochrome c in cytosol and
mitochondria fraction were determined (G) as described under Experimental Procedures. The results from real-time PCR analysis for apoptosis-
associated mRNA expressions are shown in panel H. Each experiment was done with triple sets: a, p < 0.05, shows significant difference compared
with 0 h treatment; b, p < 0.05, is significantly different compared to danthron treatment for 24 h by one-way ANOVA followed by Bonferroni’s
multiple-comparison test.
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It is reported that the activation of caspase cascades appears

to be directly responsible for many agents to induce apoptosis

in many types of cancer cells (46). In this study, reductions of

caspase cascades with specific inhibitors could block danthron-

induced apoptosis in SNU-1 cells (Figure 5). Results showed

that the activations of caspase cascades (Table 2) and some

proapoptotic factors (AIF and Endo G) (Figure 7B.C) may be

also involved in danthron-treated SNU-1 cells. Cells exposed

to danthron led to loss of ∆Ψm and release of cytochrome c,

AIF, and Endo G. These factors indicated that danthron-induced

apoptosis was through mitochondria- and caspase-dependent

responses.

The Bcl-2 family, such as pro-apoptotic (Bid, Bax, and Bcl-

XS) and anti-apoptotic (Bcl-2 and Bcl-XL), proteins play important

roles in agent-induced apoptosis in cancer cells (47, 48). Our

results indicated that danthron increased the levels of Bid, Bax,

and Bcl-XS (Figure 6A) and decreased the levels of Bcl-2 and

Bcl-XL (Figure 6A). The level of Bax expression is an important

determining index of apoptotic cell death, which also confirms

that the mitochondrial signaling pathway is involved in dan-

thron-induced apoptosis in SNU-1 cells. Once activated, Bax

is inserted into the mitochondrial membrane to cause the

dysfunction of mitochondria to decrease membrane permeability

(43, 49), leading to the formation of the MPT pore (50). Our

Figure 7. Danthron stimulated the release of apoptosis-associated proteins from mitochondria in SNU-1 cells. Cells (5 × 104 cells/well) plated on
4-well chamber slides were treated without or with 75 µM danthron for 24 h. For observing the distributions of cytochrome c, AIF, and Endo G
in SNU-1 cells, cells were individually stained with anti-cytochrome c (A), anti-AIF (B), and anti-Endo G (C) antibodies, and then FITC-labeled
secondary antibodies were used (green fluorescence). Mitochondria and nuclei were counterstained with MitoTracker Red CMXRos and PI, respectively
(red color). The images were detected by using a confocal laser scanning microscope as described iunder Experimental Procedures. Scale bar ) 40
µm.
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data revealed that danthron depolarized the ∆Ψm (Figure 4C)

and stimulated the opening of the MPT pores (Figure 4D) in

SNU-1 cells. The MPT pore is accompanied by mitochondrial

depolarization, matrix swelling, release of cytochrome c, activa-

tion of caspase cascades, and cleavage of downstream death

effector proteins and ultimately results in apoptosis (41, 51).

In conclusion, the present study offers a novel insight into

the cytotoxicity and apoptosis of danthron in a human gastric

cancer cell line (SNU-1). ROS affected and promoted a hallmark

of several ER stress-related proteins, such as GADD153,

GRP78, and ATF-6R. When cytosolic Ca2+ was released, Bax/

Bcl-2 triggered the apoptotic process through MPT pores.

Danthron increased the release of mitochondrial cytochrome c

and the activities of caspases-9 and -3. Also, the protein levels

of XIAP, cIAP, and survivin were down-regulated and contrib-

uted to the activation of caspase-3, leading to cell apoptosis.

Additionally, it also stimulated release of AIF and Endo G from

mitochondria and trafficking to the nuclei. The addition of

danthron treatment is attributed to enhanced levels of Fas/Fas

ligand or TRAIL and active caspase-8 signaling. Danthron-

induced apoptosis seems to involve DNA damage by affecting

ROS production and alterations of SOD or GST. The schematic

of the proposed signaling pathways can be seen in the Table of

Contents graphic.
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