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a b s t r a c t

Emodin, an active natural anthraquinone derivative, is found in the roots and rhizomes of numerous Chi-
nese medicinal herbs and exhibits anticancer effects on many types of human cancer cell lines. The aim of
this study investigated that emodin induced apoptosis of human colon cancer cells (LS1034) in vitro and
inhibited tumor nude mice xenografts bearing LS1034 in vivo. In in vitro study, emodin induced cell mor-
phological changes, decreased the percentage of viability, induced G2/M phase arrest and increased ROS
and Ca2+ productions as well as loss of mitochondrial membrane potential (DWm) in LS1034 cells.
Emodin-triggered apoptosis was also confirmed by DAPI staining and these effects are concentration-
dependent. Western blot analysis indicated that the protein levels of cytochrome c, caspase-9 and the
ratio of Bax/Bcl-2 were increased in LS1034 cells after emodin exposure. Emodin induced the productions
of ROS and Ca2+ release, and altered anti- and pro-apoptotic proteins, leading to mitochondrial dysfunc-
tion and activations of caspase-9 and caspase-3 for causing cell apoptosis. In in vivo study, emodin
effectively suppressed tumor growth in tumor nude mice xenografts bearing LS1034. Overall, the potent
in vitro and in vivo antitumor activities of emodin suggest that it might be developed for treatment of
colon cancer in the future.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer is the major cause of death worldwide (Benson, 2007;
Slattery et al., 1998). In Taiwan, based on the reports in 2009 from
the Department of Health, ROC (Taiwan) indicated that 19.6
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individuals per 100,000 die annually from colorectal cancer. For
males and females, colon/rectum is the third leading sites among
all the primary sites in Taiwan. Numerous evidences have been
shown that colon cancer is largely associated with high-fat diet
and causatively linked to the increased production of colonic bile
acids (Chiu et al., 2003; Imray et al., 1992; Markowitz et al.,
2002). The current treatment modalities are inadequate; therefore,
the best strategy for chemotherapeutic agents is largely dependent
on their ability to trigger cell programmed death (apoptosis) in tu-
mor cells; therefore, novel inducers of apoptosis provide a new
therapeutic approach for anti-cancer design.

It is well known that apoptosis is a highly regulated molecular
mechanism for leading cells undergo programmed cell death and
through the extrinsic and the intrinsic pathways (Degterev et al.,
2003; Ziegler and Kung, 2008), and endoplasmic reticulum (ER)
stress (Nakagawa and Yuan, 2000). The extrinsic pathway is
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triggered by the interaction between specific ligands and surface
receptors of cells (Klein et al., 2005), the intrinsic pathway is trig-
gered by various stimuli (DNA damage, cellular distress, hypoxia
and cytotoxic agents), which act inside the cell (Degterev et al.,
2003).

Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone), one of ma-
jor anthraquinone isolated from the root of Rheum palmatum L., has
been shown present pharmacological function including anti-
inflammatory (Chang et al., 1996), hepatoprotective (Ding et al.,
2008), and anticancer activity (Yim et al., 1999). In anticancer func-
tion, numerous studies have indicated that emodin inhibits cell
growth in many types of human cancer cell lines (Chen et al.,
2002; Jing et al., 2002; Lai et al., 2009; Shieh et al., 2004; Srinivas
et al., 2003; Zhang et al., 1998). Emodin has been demonstrated
to regulate many gene expression associated with cell proliferation,
cell apoptosis, oncogenesis, DNA repair and cancer cell invasion and
metastasis (Cha et al., 2005; Huang et al., 2006; Kwak et al., 2006;
Lu et al., 2009; Muto et al., 2007; Shieh et al., 2004). Emodin is a
strong reactive oxygen species-producing agent (Jing et al., 2006)
and induction of DNA damage (Wang et al., 2006). Our previous
studies also showed that emodin affected the expression of cyto-
kines and functions of leukocytes from Sprague–Dawley rats (Yu
et al., 2006), and it induced apoptosis of human tongue squamous
cancer SCC-4 cells through reactive oxygen species and mitochon-
dria-dependent pathways (Lin et al., 2009). We also found that
emodin has cytotoxic and protective effects in rat C6 glioma cells
through the inductions of Mdr1a and nuclear factor kappa B expres-
sion (Kuo et al., 2009). There is no available information to show
emodin induced apoptosis in human colon cancer cells in vitro
and in vivo. Therefore, in the present study, we investigated the
effects of emodin on the LS1034 human colon cancer cells in vitro
and in vivo. Results indicated that emodin induced apoptosis in
LS1034 cells in vitro and suppressed tumor nude mice xenografts
bearing LS1034 in vivo.

2. Materials and methods

2.1. Chemicals and reagents

Emodin, propidium iodide (PI), Triton X-100, dimethyl sulfoxide (DMSO), N-ace-
tylcysteine (NAC) and trypan blue were obtained from Sigma–Aldrich Corp. (St.
Louis, MO, USA). RPMI 1640 medium, fetal bovine serum (FBS), L-glutamine penicil-
lin-strptomycin and Trypsin–EDTA were obtained from Gibco/Life Technologies
(Carlsbad, California, USA). Caspase-3, -8, -9 activity assay kits were bought from
OncoImmunin, Inc. (Gaithersburg, MD, USA). Caspase-3 inhibitor (Z-DEVD-FMK)
and caspase-9 inhibitor (Z-LEHD-FMK) were purchased from R&D systems (Minne-
apolis, MN, USA). The antibodies for caspase-9 and cytochrome c were purchased
from Cell Signaling Technology (Irvine, CA, USA) and these for Bax, Bcl-2, AIF, b-ac-
tin and complex IV were obtained from Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Secondary antibodies conjugated with horseradish peroxidase (HRP) were
bought from GE Healthcare (Piscataway, NJ, USA).

2.2. Cell culture

The human colon adenocarcinoma cell line (LS1034) was obtained from the
Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were
placed into 75 cm2 tissue culture flasks and grown at 37 �C under a humidified
5% CO2 atmosphere in RPMI 1640 medium with 2 mM L-glutamine, 10% FBS,
100 Units/ml penicillin and 100 lmg/ml streptomycin.

2.3. In vitro anticancer efficacy study

2.3.1. Cell morphological changes and viability of LS1034 cells by flow cytometry
LS1034 cells were seeded in 12-well plates at a density of 2 � 105 cells/well for

24 h. Cells were treated with various concentrations (0, 5, 10, 20, 30 and 50 lM) of
emodin, while only adding 1% DMSO (solvent) for the control regimen and grown at
37 �C, 5% CO2 and 95% air for 24 or 48 h. For morphological changes examination,
cells after emodin treatment were examined and photographed under a phase con-
trast microscope at 200� magnification. For cell viability, cells were harvested,
washed twice with phosphate-buffered saline (PBS), and re-suspended in PBS con-
taining PI (5 lg/ml) as described elsewhere (Chiang et al., 2011; Lu et al., 2010).
Cells were then determined the percentage of viability by a PI exclusion method
and analyzed with a flow cytometer (Becton–Dickinson, FACSCalibur, San Jose,
CA, USA) equipped with an argon ion laser for excitation at 488 nm wavelength
as cited previously (Lu et al., 2010). Also, cells were pretreated with a ROS scavenger
(NAC, 10 mM) for 2 h and then exposed to emodin for 24 h (Lu et al., 2010). After
treatment, cells were collected and measured the viability as described above.

2.3.2. Determinations for DNA content and sub-G1 (apoptotic cells) populations
Approximately 2 � 105 cells/well of LS1034 cells in 12-well plates with 0, 10,

20, 30, 40 and 50 lM of emodin were incubated for 24 and 48 h. The cells were
trypanized then harvested by centrifugation, washed with PBS and then were fixed
in 70% ethanol at �20 �C overnight. Cells then were re-suspended in PBS containing
40 lg/ml PI and 0.1 mg/ml RNase A and 0.1% Triton X-100 in a dark room for 30 min
at 37 �C, and analyzed by flow cytometry. Then the cell cycle distribution and sub-
G1 group (apoptosis) were determined as described previously (Huang et al., 2009).

2.3.3. DAPI (4,6-diamidino-2-phenylindole dihydrochloride) staining for apoptotic cells
LS1034 cells at a density of 1 � 105 cells/well were plated in 6-well plates for

24 h and exposed to emodin (0, 10, 20, 30, 40 and 50 lM) for 24 h before cells from
each treatment were isolated for DAPI staining as described previously (Chiang
et al., 2011; Lu et al., 2010). After staining, the cells were examined and photo-
graphed by using a fluorescence microscope.

2.3.4. Measurements of intracellular reactive oxygen species (ROS), the levels of
mitochondrial membrane potential (DWm) and Ca2+ generation by flow cytometry

Approximately 2 � 105 cells/well of LS1034 cells were placed in 12-well plates
and then were treated with or without 30 lM emodin for 1, 3, 6 12 or 24 h to mea-
sure the changes of ROS, DWm and Ca2+ levels. The cells were harvested, and then
were re-suspended in 500 ll of DCFH-DA (Molecular Probes/Life Technologies, Eu-
gene, OR, USA) (10 lM) for ROS, 500 ll of rhodamine 123 (1 lg/ml) (Molecular
Probes) for DWm and 500 ll for Fluo-3/AM (2.5 lg /ml, Molecular Probes) for
Ca2+. Cells then were incubated at 37 �C for 30 min and analyzed by flow cytometry
as previously described (Chiang et al., 2011; Ferlini and Scambia, 2007; Huang et al.,
2009; Lu et al., 2010).

2.3.5. Caspase-3 and -9 activities were assayed by flow cytometry and specific caspase
inhibitors pretreatment

Approximately 2 � 105 cells/well of LS1034 cells seeded in 12-well plates after
pretreatment with or without both of the caspase-3 inhibitor (Z-DEVD-FMK) and
caspase-9 inhibitor (Z-LEHD-FMK) for 2 h were incubated with emodin at the final
concentration of 30 lM for 0, 24 and 48 h. At the end of incubation, all cells from
each treatment were trypsinized and then were centrifuged, collected and washed
twice with PBS. All samples were re-suspended in 50 ll of 10 lM substrate solution
(PhiPhiLux-G1D1 for caspase-3 and CaspaLux9-M1D2 for caspase-9) (OncoImmunin,
Inc.) before being incubated at 37 �C for 60 min. All samples were washed twice by
PBS and analyzed by flow cytometry as previously described (Chiang et al., 2011;
Huang et al., 2009). Cell viability was determined in emodin-treated LS1034 cells
before exposure to both specific inhibitors as described elsewhere (Lu et al., 2010).

2.3.6. Protein preparation and Western blotting for examinations of the protein levels
associated with apoptosis of LS1034 cells

Approximately 5 � 105 cells/well of LS1034 cells were placed in 12-well plates
and then were exposed to 30 lM emodin for 0, 6, 12, 18 or 24 h. At the end of incu-
bation, cells were trypanized, harvested and were lysed in the PRO-PREPTM protein
extraction solution (iNtRON Biotechnology, Seongnam, Gyeonggi-Do, Korea). For
protein determination of each sample, the cell lysates (40 lg of each) were sepa-
rated by SDS–PAGE on a polyacrylamide gel followed by electrotransfer onto a PVDF
membrane (Immobilon-P; Millipore, Bedford, MA, USA). The blots were then incu-
bated with primary antibodies (1:1000 dilutions in blocking buffer) overnight at
4 �C. After being washed, secondary antibodies-conjugated with horseradish perox-
idase (HRP) were applied at a dilution of 1:20,000 in blocking buffer for 1 h at room
temperature. HRP-conjugated goat anti-rabbit or anti-mouse IgG (GE Healthcare,
Piscataway, NJ, USA) was used as a secondary antibody for enhanced chemilumi-
nescence (ECL Kit, Millipore, Billerica, MA, USA) as described previously (Huang
et al., 2009; Wu et al., 2010). The protein levels of cytosolic and mitochondrial cyto-
chrome c were carried out according to the manufacturer’s protocol (Mitochondria/
Cytosol Fractionation Kit, BioVision, Inc., Mountain View, CA, USA). Western blot-
ting for examining the effects of emodin on the levels of Bax, Bcl-2, AIF, caspase-
9, cytochrome c, b-actin and Complex IV were performed for emodin-treated
LS1034 cells in vitro (Chiang et al., 2011; Yang et al., 2009). Relative abundance of
each band was measured and evaluated by NIH ImageJ software.

2.3.7. RNA preparation and real-time polymerase chain reaction (PCR)
Approximately 1 � 106 cells/well of LS1034 cells were seeded in 6-well plates,

and then were treated with 30 lM emodin for 24 and 48 h. At the end of incubation,
cells were trypanized, harvested and washed twice with PBS. The total RNA from
each treatment was extracted from the LS1034 cells after co-treatment with
30 lM emodin for 24 and 48 h by using a Qiagen Neasy Mini Kit (Qiagen, Inc.,
Valencia, CA, USA) as described previously (Chiang et al., 2011; Yu et al., 2011). High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA)
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was used for reverse transcription at 42 �C with 30 min and then add SYBR Green
PCR Master Mix was added, Finally, Applied Biosystems 7300 Real-Time PCR system
was performed to analyze the products by CT method (Ji et al., 2009). The DNA se-
quence of primers evaluated by using the Primer Express Software was described in
Table 1.

2.4. In vivo antitumor efficacy study

2.4.1. BALB/c nu/nu mice
Thirty male athymic BALB/c nu/nu mice at the age of 6–8 weeks were obtained

from the National Laboratory Animal Center (Taipei, Taiwan) and the animals were
maintained in the Laboratory Animal Center of China Medical University and taken
care as the institutional guidelines (Affidavit of Approval of Animal Use Protocol,
No. 97-25-N) of Institutional Animal Care and Use Committee (IACUC) of China
Medical University (Taichung, Taiwan).

2.4.2. Animals’ treatment
The LS1034 cells (6 � 106 cells/mouse) were subcutaneously injected into the

flanks of BALB/c nu/nu mice. After tumor cell inoculation, the tumor size from each
animal was measured using calipers every 3 days and calculated as previously re-
ports as V = L �W2/2 (where V is the volume, L is the length and W is the width)
with the final measurement taken for 39 days. When the tumor volume in each ani-
mal was close to 200 mm3, then emodin treatment was started. Animals in each
group were intraperitoneally injected with vehicle (1% DMSO) only, fluorouracil
(5-FU) and emodin, respectively, once every 3 days at the volume of 50 ll. The
whole experimental protocol was summarized in Fig. 7A. These animals with tu-
mors were randomly divided into 3 groups. Each group contains 10 animals. Group
I is the control group that was treated with vehicle (1% DMSO) only. Group II: each
animal was treated with 5-FU (33 mg/kg) (Cusack et al., 2006). Group III: each ani-
mal was treated with emodin (40 mg/kg) (Cha et al., 2005; Chun-Guang et al., 2010;
Huang et al., 2008). At the end of the experiment (39th day after cell inoculation),
all animals from each group were anaesthetized by CO2 and sacrificed. Tumors from
each mouse were removed, measured and weighed individually as described previ-
ously (Ho et al., 2009; Su et al., 2010). Relative tumor weight (g) and inhibition rate
(%) were calculated and data are expressed as mean ± S.D. (n = 10).

2.5. Statistical analysis

The difference between the emodin-treated and control groups were analyzed
by Student’s t-test, a probability of p < 0.05 being considered significant. In-vivo
study, data are presented the mean ± SD (n = 10) and a value of p less than 0.05 indi-
cates significantly different between the treated groups and analyzed by using one-
way ANOVA followed by Dunnett’s test.
3. Results

3.1. In vitro antitumor efficacy study

3.1.1. Effects of emodin on cell morphological changes and viability in
LS1034 cells

Increasing the concentration of emodin and/or time of incuba-
tion led to increase the cell morphological changes, including cell
shrinkage and blebbing (Fig. 1A) after 24-h exposure and to de-
crease the percentage of viable cells (Fig. 1B) for 24 and 48 h. Treat-
ment of emodin led to more cell changed the morphology and also
floated on the well compared to the control. Emodin at 50 lM sig-
nificantly decreased by almost 80% the viable cells and the 50% of
the viable cells were detected by the treatment of 30 lM emodin
with 48-h incubation (Fig. 1B).
Table 1
The DNA sequence was evaluated using the Primer Express software in LS1034 cells
after emodin for 24 and 48-h exposure.

Primer name Primer sequence

Homo caspase-3-F CAGTGGAGGCCGACTTCTTG
Homo caspase-3-R TGGCACAAAGCGACTGGAT
Homo caspase-9-F TGTCCTACTCTACTTTCCCAGGTTTT
Homo caspase-9-R GTGAGCCCACTGCTCAAAGAT
Homo GAPDH-F ACACCCACTCCTCCACCTTT
Homo GAPDH-R TAGCCAAATTCGTTGTCATACC

Casapse, cysteine aspartate-specific protease; glyceraldehydes-3-phosphate dehy-
drogenase. Each assay was conducted at least triplicate to ensure reproducibility.
3.1.2. Effects of emodin on cell cycle arrest and apoptosis in LS1034
cells

The results from flow cytometric analysis shown in Fig. 2A and
B indicated that LS1034 cells after treatment with various concen-
trations of emodin for 24 or 48 h increased the percentage of cells
in G0/G1 by concentration-dependent (Fig. 2A and B) that indi-
cated that emodin induced G0/G1 phase arrest. Moreover, the
sub-G1 group (apoptosis) also appeared in the DNA content.
Fig. 2A and B showed that when the concentration of emodin up
to 30 lM caused about 30% apoptosis for a 48-h exposure which
is the highest apoptosis occur in examined concentrations in
LS1034 cells.

3.1.3. Effects of emodin on chromatin condensation and apoptosis in
LS1034 cells

In order to further confirmed the induction of apoptosis by
emodin in LS1034 cells, it was performed by flow cytometry and
fluorescence photomicrographs of LS1034 cells stained with PI
and DAPI, respectively, after treatment with 10–50 lM of emodin
for 24 h. Results indicated that emodin at 20–50 lM induced a sig-
nificant increase of sub-G1 population (apoptosis) (Fig. 3C) and
condensations of nucleus (a characteristics of apoptosis) (Fig. 3D
and E) in LS1034 cells and this effect is a concentration-dependent
manner.

3.1.4. Effects of emodin on the levels of ROS, DWm and Ca2+ in LS1034
cells

It is well known that ROS production in cells may contribute to
mitochondrial damage that may facilitate the further release of
ROS into the cytoplasm (Lee et al., 2001). Investigating the possibil-
ity that the emodin-induced apoptosis in LS1034 cells could be re-
lated to contributions from the mitochondrial pathway, cells were
treated with 30 lM emodin for the indicated periods of time. The
results shown in Fig. 3A–C indicated that emodin treatment in-
duced significant productions of ROS (Fig. 3A) and Ca2+ (Fig. 3C) re-
lease, and disruption of DWm (Fig. 3B) in LS1034 cells. As shown in
Fig. 3C, both specific inhibitors significantly increased the cell via-
bility in comparison to emodin treatment alone LS1034 cells.

3.1.5. Effects of emodin on the activities of caspase-3 and -9 of LS1034
cells

To evaluate the effects of emodin on the activities of caspase-3
and -9 in LS1034 cells, we used flow cytometric analysis to deter-
mine the caspase activity in emodin-treated LS1034 cells. The re-
sults as can be seen in Fig. 4A indicated that emodin significantly
promoted caspase-3 and -9 activities in a time-dependent manner
in LS1304 cells. To investigate if emodin induces cell death through
the intrinsic apoptotic signaling, cells were pretreated individually
with inhibitors of caspase-3 (Z-DEVD-FMK) and caspase-9 (Z-
LEHD-FMK) before 30 lM emodin for a 24-h treatment. Fig. 4B
indicates that both specific inhibitors significantly increased the
cell viability in comparison to emodin treatment alone LS1034
cells.

3.1.6. Western blotting for examining the levels of proteins associated
with apoptosis in LS1034 cells

To confirm that the effect of emodin induced cell death in
LS1034 cells as noted in flow cytometric assays was due to apopto-
sis, LS1034 cells were cultured for 0, 6, 12, 24, and 48 h with or
without 30 lM emodin treatment. Cells were harvested from each
treatment and then were lysed and total proteins from each sam-
ple were prepared for Western blotting analysis for apoptosis-
associated proteins expression. The results from Western blots
are shown in Fig. 5A and B and indicated that the levels of Bax,
caspase-9, cytosolic cytochrome c and AIF were increased and



Fig. 1. Emodin induced cells’ morphological changes and decreased the total viable
LS1034 human colon cancer cells. Cells were incubated with or without 0, 10, 20,
30, and 50 lM of emodin for 24 h or 48 h, and then were examined and
photographed by a phase-contrast microscope (A) and were harvested for deter-
mination the percentage of viable cells by flow cytometry (B) as described in
Section 2. Data represents mean ± S.D. of three experiments. ⁄p < 0.05 was signif-
icantly different from the control sample (0 lM emodin).
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the level of Bcl-2 was decreased, which led to cell apoptosis in
emodin-treated LS1034 cells.
3.1.7. Effects of emodin on the mRNA expressions of caspase-3 and -9
in LS1034 cells

After 30 lM emodin treatment in LS1034 cells for 0, 24 and 48-
h incubation, cells were collected and total RNA from each sample
were isolated and then real-time PCR was used for gene expression
of the mRNA levels of caspase-3 and -9. The gene levels of caspase-
3 and caspase-9 elevated at 24- and 48-h exposure when compared
with the control sample as can be seen in Fig. 6.
Fig. 2. Emodin changed the DNA content and induced apoptosis in LS1034 cells.
Cells were incubated with or without 0, 10, 20, 30, 40 or 50 lM of emodin for 24
and 48 h, and then were harvested for determination the distribution of cell cycle
for 24 h-treatment (A), sub-G1 phase (apoptosis) (B) and DNA content of apoptotic
in emodin-treated LS1034 cells for 48-h exposure (C) by flow cytometry. DAPI
staining (D) and quantitied results (E) were expressed as described in Section 2.
Data represents mean ± S.D. of three experiments. ⁄p < 0.05 shows significantly
different from the control sample (0 lM emodin).
3.1.8. In vivo antitumor efficacy study
The results from in vitro experiments indicated that emodin in-

duced cytotoxic effects in LS1034 cells through the G0/G1 phase ar-
rest and induction of apoptosis. Herein, we investigated whether or
not emodin affected the xenografts colon tumor in vivo. Thus, we
further examined the effects of emodin on in vivo tumor growth
for 39 days in a LS1034 tumor xenograft model in vivo. Mice after
exposure to 5-FU (33 mg/kg) were acted as a positive control. Tumor
size in the vehicle control group increased four folds over a period of
5 weeks when compared to the 15th day after cell inoculation. Emo-
din (40 mg/kg) treatment once every 3 days resulted in a decrease of
tumor weight (Fig. 7C) and tumor volume (Fig. 7D), and respective



Fig. 3. Emodin affected the levels of productions of reactive oxygen species (ROS), mitochondrial membrane potential (DWm) and Ca2+ in LS1034 cells. Cells were treated with
30 lM emodin for various time periods (1, 3, 6, 12 or 24 h), and then were collected. Cells were stained with DCFH-DA for ROS production (A), rhodamine 123 for the DWm

level (B) and Fluo-3/AM for Ca2+ level (C) and determined by flow cytometry as described in Section 2.⁄p < 0.05, significantly different between control and emodin-treated
groups.
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solid tumor (Fig. 7A) in comparison to the control group. The inhibi-
tion rate of LS10345 xenografts tumor was shown that 46% T/C (the
treated-group (T) over control (C) tumor volume ratio � 100%)
(Table 2) when compared with the control group.
4. Discussion

Emodin has been isolated from various Chinese medicinal
plants such as Rheum palmatum L. and it has been shown to present
biological function including anticancer activities in many human
cancer cells. In the present investigation, we observed that emodin
inhibited the growth of human colon cancer cells (LS1034) in vitro
through the G0/G1 phase arrest and induction of apoptosis. The
molecular mechanism of emodin induced cell apoptosis through
the increase the ROS and Ca2+ production and induced mitochon-
drial dysfunction (loss of the DWm level) which also caused by
the changes of ratio of Bxa/Bcl-2. Furthermore, in the present stud-
ies, we also found that emodin inhibited the LS1034 tumor xeno-
graft mice in vivo.

Herein, we found that emodin induced cell morphological
changes and decreased the percentage of viable LS1034 cells and
these effects are a concentration-dependent manner (Fig. 1A and
B) which is in agreement with other reports showed that emodin
induced cytotoxic effects in human prostate cancer LNCaP cells
(Yu et al., 2008). Results from flow cytometric assay also showed
that emodin promoted G0/G1 phase arrest and induced sub-G1
phase in cell cycle distribution of LS1034 cells (Fig. 2A and B)
which is in agreement with previous report addressing anticancer
effects in human prostate cancer cells (Yu et al., 2008).

It is well documented that apoptosis is a programmed and phys-
iological mode of cell death. The characters of apoptosis including
cell morphological change and extensive DNA fragmentation and
apoptotic body, which are triggered by apoptosis-inducing signal
and the frequency and time of appearance of which depend on
the cell line (Arends et al., 1990; Bortner et al., 1995). If the cells
did not go through apoptosis which may promote survival and
accumulation of cells to form tumor (Hoeppner et al., 1996). There-
fore, it was suggested that apoptosis has become a target for elim-
inating cancer cells (Hong and Sporn, 1997; Kelloff et al., 2000). To
examine the effects of emodin on apoptosis in LS1034 colon cancer
cells in vitro, flow cytometric assay and DAPI staining were used to
study the sub-G1 phase of cell cycle, morphological changes and
DNA condensation, respectively (Fig. 2C and D). Our results indicate



Fig. 4. Emodin stimulated caspase-3, -8 and -9 activities and altered viability after
pre-incubation with specific inhibitors in LS1034 cells. (A) Cells were treated with
30 lM emodin for 24 and 48 h, and then were collected for determining activities of
caspase-3 and -9 by using PhiPhiLux™-G1D2 and CaspaLux™9-M1D2 Kits
(OncoImmunin, Inc.) as described in Section 2. (B) Cells were incubated with
30 lM emodin for 24 h before exposure in presence and absence of the specific
inhibitors of caspase-3 (Z-DEVD-FMK) and caspase-9 (Z-LEHD-FMK) for 2 h to
measure the viability in LS1034 cells. Data represents mean ± S.D. of three
experiments. ⁄p < 0.05 shows significant difference compared with the control
group.

Fig. 5. Emodin affected the apoptosis-associated protein levels on LS1034 cells.
Cells were incubated with or without 30 lM emodin for 0, 6, 12, 24 and 48 h, and
the cells were collected for Western blotting as described in Section 2. (A) The
protein levels of Bax, Bcl-2, AIF and caspase-9 were shown and (B) the fractionate
cytosolic (top) and mitochondrial (bottom) cellular cytochrome c protein were
performed. The use of b-actin and complex IV are as an internal control,
respectively.

Fig. 6. Emodin enhanced the mRNA gene expression of caspase-3 and -9 in LS1034
cells. Cells were treated with or without 30 lM emodin for 24 and 48 h, and then
cells were harvested for isolation of total RNA then for real-time PCR to examine the
gene expression of caspase-3 and -9 as described in Materials and Methods. Data
represents mean ± S.D. of three experiments. ⁄p < 0.05 and ⁄⁄⁄p < 0.001 were
considered significant when compared with the control sample.

Table 2
Representative LS1034 xenograft tumor weight and rate of inhibition (%) after
intraperitoneal injected with emodin and 5-FU.

Treatment dosage Tumor weight (g) Inhibition rate (%)

5-FU 33 mg/kg 0.51 ± 0.026 46.47
Control 0.95 ± 0.126 –
Emodin 40 mg/kg 0.55 ± 0.240 42.32
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that emodin induced LS1034 cell apoptosis, in good agreement with
the DAPI staining results showing apoptosis in human prostate can-
cer cells treated with emodin (Yu et al., 2008). Results from DAPI
staining (Fig. 2D and E) showed that the nuclear morphology chan-
ged dramatically after emodin treatment. These observations indi-
cated that the nuclear morphology change s and DNA damages
occurred in the cell apoptotic process of LS1034 cells. Alternatively,
we found that emodin induced production of ROS for causing cell
apoptosis in LS1034 cells (Fig. 3A). N-acetylcysteine (NAC, a ROS
scavenger) can decrease emodin-induced cell death when com-
pared with emodin-treated cells alone (Fig. 4C) and this result is
in agreement with several other reports (Chang et al., 2011; Su
et al., 2005; Wang et al., 2011).

It is reported that apoptosis can be divided into mitochondria-
dependent and -independent pathways. Furthermore, it was re-
ported that if the loss of the outer mitochondrial membrane integrity
and the release of cytochrome c from the mitochondria to the cytosol
of cells after exposed stimulator then the cells are committed to
apoptosis (Di Giovanni et al., 2001; Lee et al., 2001). In the present
study, our results already showed that emodin decreased the levels



Fig. 7. Emodin suppressed tumor nude mice xenografts bearing LS1034. (A) The
whole in vivo experimental protocol was summarized. (B) Illustration of a
representative tumor after treatment with emodin and control. (C) The effect of
emodin and 5-FU tumor weight and (D) the effect of emodin and 5-FU on tumor
size. Data presented are the mean ± S.D. (n = 10) at 15–39 days post-tumor
implantation and the groups were compared and analyzed by using one-way
ANOVA followed by Dunnett’s test. ⁄p < 0.05, significantly different.
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of DWm of LS1034 cells (Fig. 3B) and this effect is time-dependent.
Alternatively, the activities of caspase-3 and -9 (Fig. 4A) were stim-
ulated, and the gene expression levels of caspase-3 and caspase-9
(Fig. 6) were also promoted in emodin-treated LS1034 cells. We
also used caspase-3 and -9 specific inhibitors (Z-DEVD-FMK and
Z-LEHD-FMK, respectively) to confirm this signaling in this investi-
gation (Fig. 4B). However, emodin did not affect gene expression
level of caspse-8 in LS1034 cells (data not shown). Thus, we suggest
that emodin-induced apoptosis in LS1034 cells may be mediated
through a mitochondria-dependent pathway.

In order to investigate the possible molecular signal pathway of
apoptosis in LS1034 cells after exposure to emodin, Western blot-
ting analysis was used for examining the apoptotic protein levels,
which indicated that anti-apoptotic Bcl-2 significantly decrease
in comparison to control cells (p < 0.05) and pro-apoptotic Bax
was significantly increase in comparison to control cells
(p < 0.05) (Fig. 5A) which led to the decrease the ratio of Bax/Bcl-
2 then caused mitochondrial dysfunction then induced apoptosis.
It was reported that Bax/Bcl-2 ratio indicates whether and how a
cell will respond to an apoptotic signal (Yang et al., 2010). Our re-
sults showed that the Bcl-2/Bax ratio therefore decreased with
increasing emodin concentration. This decrease may contribute
to the activation of caspase-3 and induction of apoptosis via the
mitochondrial apoptosis pathway.

The results from the in vivo experiment (LS1034 tumor xeno-
graft mice model) showed that the tumor grew faster in DMSO
control group; however, slower in 5-FU and emodin-treated
groups. Both the tumor volumes and weights in the 5-FU and emo-
din-treated groups were significantly smaller than those in the
DMSO group following 39 days.

In conclusion, we found that emodin induced cell death through
promoting the cell cycle arrest and apoptosis in human colon can-
cer LS1034 cells in vitro and in vivo. Thus, we proposed that emodin
treatment results primarily in caspase-dependent death, a mecha-
nism eliciting much current interest with respect to its therapeutic
potential in colon cancer in the future. Furthermore, emodin inhib-
ited tumor nude mice xenografts bearing LS1034 in vivo. These
findings may aid in the understanding of the mode of actions of
the emodin and provide a theoretical basis for the therapeutic
use of this compound in further investigations.
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