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Abstract. Cisplatin-based combination treatment is the
most effective systemic chemotherapy for bladder cancer;
however, resistance to cisplatin remains a significant
problem in the treatment of this disease. 3-Elemene is a new
natural compound that blocks cell-cycle progression and has
a broad spectrum of antitumor activity. This study was
conducted to explore the potential of [-elemene as a
chemosensitizer for enhancing the therapeutic efficacy and
potency of cisplatin in bladder cancer and other solid
carcinomas. [3-Elemene not only markedly inhibited cell
growth and proliferation but also substantially increased
cisplatin cytotoxicity towards human bladder cancer 5637
and T-24 cells. Similarly, B-elemene also enhanced cisplatin
sensitivity and augmented cisplatin cytotoxicity in small-cell
lung cancer and carcinomas of the brain, breast, cervix,
ovary, and colorectal tract in vitro, with dose-modifying
factors ranging from 5 to 124. 3-Elemene-enhanced cisplatin
cytotoxicity was associated with increased apoptotic cell
death, as determined by DNA fragmentation, and increased
activities of caspase-3, -7, -8, -9, and -10 in bladder cancer
cell lines. Collectively, these results suggest that f3-elemene
augments the antitumor activity of cisplatin in human
bladder cancer by enhancing the induction of cellular
apoptosis via a caspase-dependent mechanism. Cisplatin
combined with 3-elemene as a chemosensitizer warrants
further pre-clinical therapeutic studies and may be useful for
the treatment of cisplatin-resistant bladder cancer and other
types of carcinomas.
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Urinary bladder cancer is the second most common
malignant urological tumor, following prostate carcinoma, in
the United States (1). During the past 30 years, there has
been slow yet steady progress in the development of novel
chemotherapeutic strategies for the management of advanced
and metastatic bladder cancer (2-4). Nevertheless, current
chemotherapy confers only a modest survival benefit on
patients with bladder cancer; metastatic disease remains
essentially incurable, with only a small number of patients
achieving long-term disease control. Typical combination
regimens such as cyclophosphamide-doxorubicin-cisplatin
and methotrexate-cisplatin produce increased toxicity
without a significant improvement in survival compared with
single-agent therapy (2, 3, 5, 6). Recently, several novel
compounds have been shown to be active against bladder
carcinoma and have been tested in combination
chemotherapy trials. The combination of methotrexate,
vinblastine, doxorubicin, and cisplatin (MVAC) is considered
the gold standard for treatment of metastatic bladder cancer,
with response rates of 40-72% and median survival times of
12-13 months (7-12). However, in a recent long-term study,
only 3.7% of patients randomized to MVAC were alive and
continuously disease-free for six years (3, 12). The MVAC
regimen is also associated with considerable treatment-
related toxicity. The development of more effective and less
toxic therapeutic regimens for patients with bladder cancer
is vital. Combination therapy is gaining attention as an
effective approach for enhancing efficacy and minimizing
systemic toxicity of chemotherapeutic agents (2, 3, 10, 12).

Elemene (1-methyl-1-vinyl-2 4-di-isopropenyl-cyclohexane)
has been extracted from numerous plants and has been
identified in more than 50 different medicinal herbs and
plants. In China, B-elemene (Figure 1), the main active
component of elemene, has been used effectively in the
treatment of hyperplastic and proliferative disorders, including
prostatic hypertrophy, hysteromyoma, and neoplasms; the
State Food and Drug Administration of China has approved
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Figure 1. The chemical structure of -elemene.

one of its formulations (85% [-elemene) for the treatment of
primary and secondary brain tumors and other carcinomas
(13-17). The major advantages of [3-elemene as an anticancer
agent are that it has antitumor activity toward a broad
spectrum of cancer types, it is associated with a low level of
toxicity, and it is well-tolerated by patients with cancer (13-
17). Our recent studies have demonstrated that 3-elemene
exhibits strong inhibitory activity as a single agent and
augments the cytotoxic efficacy and potency of cisplatin in
ovarian cancer, non-small cell lung cancer, and other tumor
cell types (18-28). However, the effect of 3-elemene on human
bladder cancer and the interaction of f3-elemene and cisplatin
as a chemotherapeutic regimen for bladder cancer remain to
be determined.

This study was conducted to explore the possibility of
using f-elemene as an agent to sensitize cancer cells to
cisplatin. We found that (3-elemene not only inhibited cell
proliferation but also enhanced cisplatin-induced cell
apoptosis in the human bladder cancer cell lines 5637 and T-
24. Moreover, 3-elemene enhanced cisplatin sensitivity and
increased cisplatin cytotoxicity in carcinomas of the brain,
breast, cervix, colorectum, lung, and ovary in vitro. Our
results suggest that the novel combination therapy of f-
elemene and cisplatin may be beneficial for patients with
bladder cancer and other tumor types.

Materials and Methods

Chemicals and reagents. RPMI-1640 culture medium, fetal bovine
serum (FBS), penicillin-streptomycin-glutamine, and 0.25% trypsin-
EDTA solution were obtained from Invitrogen Corp., Life
Technologies (Carlsbad, CA, USA). (-)-p-Elemene (98% purity)
was from Dalian Yuanda Pharmaceutical Co. (Dalian, China).
Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO, USA).
CellTiter 96 Aqueous ONE Solution Cell Proliferation Assay was
from Promega Corp. (Madison, WI, USA), Cell Death Detection
ELISAPLUS was from Roche Diagnostics Corp. (Indianapolis, IN,
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USA), and the Cas-PASE™ -9, -3, -7, -10 assay kits were from Geno
Technology (St. Louis, MO, USA).

Cells and cell culture. The two human bladder cancer cell lines
5637 and T-24 were obtained from the American Type Culture
Collection (ATCC) (Manassas, VA, USA). Two human brain
glioblastoma cell lines, one human small cell lung cancer cell line,
one human ovarian carcinoma cell line, one human colorectal
adenocarcinoma cell line, two human cervical carcinoma cell lines,
and two human breast cancer cell lines (all listed in Table I) were
also purchased from the ATCC. All human carcinoma cell lines were
grown in RPMI-1640 supplemented with 10% FBS, 50 1U/ml
penicillin, and 50 pg/ml streptomycin, at 37°C in a humidified
atmosphere with 5% CO,.

Growth inhibition assay. The antiproliferative effects of (3-elemene,
cisplatin-alone, and cisplatin plus B-elemene were assessed using a
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)-
based assay (Promega Corp.) according to the manufacturer’s
instructions. In brief, 5637, T-24, or other carcinoma cells were evenly
distributed in 96-well plates (5x103 cells/well), grown overnight, and
then treated with different concentrations of [3-elemene (0, 20, 40, 60,
80, 100, 120, 140, 160, 180, and 200 pg/ml), or cisplatin (0, 1.0, 2.0,
4.0, 8.0, 16.0, 32.0, 64.0, 128.0, 256.0, and 512.0 pM), or a
combination of cisplatin (at the concentrations shown above) plus [3-
elemene (40 pg/ml) for 24, 48, and 72 h. After incubation, 20 pl of
CellTiter 96 Aqueous One Solution reagent were added to each well
of the assay plates containing the treated and untreated cells in 100 pl
of culture medium, and the plates were incubated at 37°C and 5%
CO, for 1-4 h. The optical density at 590 nm was determined using a
96-well plate reader. Proliferation rates were calculated from the
optical densities of the drug-treated cells relative to the optical density
of cells with no added drug (control value, 100%).

Cell death detection using enzyme-linked immunosorbent assay
(ELISA) for apoptosis. 5637 or T-24 cells were evenly distributed in
96-well plates (1x104 cells/well), grown overnight, and then treated
with different concentrations of 3-elemene (0, 40, 60, and 80 ug/ml),
or cisplatin (0, 4.0, 8.0, and 16.0 uM), or cisplatin (0, 4.0, 8.0, and
16.0 uM) plus B-elemene (40 pg/ml) for 24 and 48 h. The cells were
harvested and assayed for apoptosis using a Cell Death Detection
ELISA kit (Roche) following the manufacturer’s instructions. This
quantitative sandwich enzyme immunoassay uses mouse monoclonal
antibodies against DNA and histones for the spectrophotometric
quantitation of histone-associated DNA fragments (mono- and
oligonucleosomes) in the cytoplasmic fractions of cell lysates.

Caspase activity assay. The caspase activities were assayed using a
CasPASE™ apoptosis assay kit (Geno Technology), according to the
manufacturer’s instructions. In brief, T-24 cells (2x107) were treated
with B-elemene (0, 40, 60, and 80 pg/ml), or cisplatin (0, 4.0, 8.0,
and 16.0 pM), or cisplatin (0, 4.0, 8.0, and 16.0 uM) plus P-elemene
(40 ug/ml) for 24 and 48 h. The cells were collected by
trypsinization, washed once with phosphate-buffered saline (PBS),
collected by centrifugation, suspended in 350 pl of lysis buffer, and
lysed by five separate freeze-thaw cycles. The lysates were clarified
by centrifugation at 13,000 xg for 30 min at 4°C, and the caspase-9,
caspase-8, and caspase-3/7/10 activities in the supernatants were
measured using a CasPASE™ apoptosis assay kit and specific
fluorogenic substrates: Asp-Glu-Val-Asp (DEVD) peptide conjugated
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Table 1. 3-Elemene increases cisplatin cytotoxicity and enhances cisplatin sensitivity in human cancer cells, as determined by the MTT assay.

Cancer cell line IC5) of cisplatin IC5 of cisplatin with 3-elemene DMF
(M) (uM)
A-172 brain glioblastoma 240 0.25 96
U-87MG brain glioblastoma 10.0 1.8 5.6
NCI-H69 small cell lung cancer 8.0 1.5 53
MCAS ovarian carcinoma 38.0 6.5 58
HelLa cervical adenocarcinoma 27.5 3.0 9.2
ME-180 cervical carcinoma 32.0 3.8 8.4
COLO 205 colorectal adenocarcinoma 32.0 35 9.1
MCF-7 breast adenocarcinoma 28.0 0.38 73.7
T47D breast carcinoma 31.0 0.25 124

IC5: Half maximal inhibitory concentration, defined as the concentration of 3-elemene or cisplatin needed for 50% inhibition of cell growth and
proliferation; DMF: dose-modifying factor, defined as the ICs for cisplatin without [3-elemene divided by the ICs(, for cisplatin with 3-elemene, i.e.
DMF=ICjy, (cisplatin) + ICs (cisplatin + -elemene); MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

to 7-amino-4-trifluoromethylcoumarin (AFC) for caspase-3/7/10
activities; Leu-Glu-Thr-Asp (LETD)-AFC for caspase-8 activity; and
Leu-Glu-His-Asp (LEHD)-AFC for caspase-9 activity. The
absorbance at 490 nm was determined using a microplate reader.

Statistical data analysis. All quantitative values are presented as
means+SD. Data were statistically analyzed using two-way analysis
of variance (ANOVA) for comparison among groups. Student’s #-
test was used to analyze the statistical significance of differences
between untreated controls and drug-treated groups. All p-values
were determined using a two-sided test, and p-values <0.05 were
considered to indicate significance.

Results

[B-Elemene inhibits cell growth and proliferation and promotes
cisplatin-induced cytotoxicity in human bladder cancer and
other types of cancer cells. To investigate the effect of f3-
elemene on bladder cancer cell growth, the dose—response and
time course of P-elemene inhibition of the growth of the
human bladder cancer cell lines 5637 and T-24 were
characterized in vitro using the MTT assay. B-Elemene at
concentrations of 20 to 160 pg/ml caused dose-dependent
inhibition of the growth and proliferation of both 5637 and T-
24 cells at 24, 48, and 72 h (Figure 2A; data at 48 and 72 h
not shown). The half-maximal inhibitory concentration (ICs)
values of P-elemene at 24, 48, and 72 h were 85, 78, and
72 pg/ml, respectively, for 5637 cells and 76, 72, and 67
pg/ml, respectively, for the T-24 cells (Figure 2A). The values
did not differ significantly between the two cell lines (p>0.05),
indicating a general antitumor activity of 3-elemene towards
human bladder cancer cells in vitro.

Next, we tested the combined effect of P-elemene and
cisplatin on bladder cancer cell growth, using the MTT
assay. The 5637 and T-24 cells were exposed to different
concentrations of cisplatin, either alone or in combination
with B-elemene, as indicated for 24, 48, and 72 h, and the

inhibition of cell growth was measured in vitro. Cisplatin at
concentrations of 0.5 to 256.0 pM caused a dose-dependent
inhibition of 5637 and T-24 cell proliferation at all three time
points tested (Figure 2B; data at 48 and 72 h not shown). The
IC4 values of cisplatin for 5637 cells were 52.0, 36.0, and
20.0 uM at 24, 48, and 72 h, respectively. When cisplatin
was combined with (-elemene (40 pg/ml), the ICs, values
of cisplatin for the same cell line decreased significantly to
7.0,4.0,and 2.5 uM at 24, 48, and 72 h, respectively (Figure
2B; p<0.05). Similarly, the IC5 values of cisplatin for T-24
cells were 112.0, 68.0, and 36.0 uM at 24, 48, and 72 h,
respectively, and decreased significantly to 12.0, 7.0, and 4.0
uM at 24, 48, and 72 h, respectively, when cisplatin was
combined with 3-elemene at 40 ug/ml (Figure 2B; p<0.05).
These results indicate that $-elemene significantly sensitizes
bladder cancer cells to cisplatin-induced growth suppression
and proliferation inhibition in our model system.

We have previously shown that [-elemene enhances
cisplatin activity in prostate cancer cells and non-small cell
lung cancer cells (20, 21, 27). To further explore the
spectrum of cancer cells inhibited by the interaction of [3-
elemene with cisplatin, we used the MTT assay to examine
the effect of 3-elemene on the in vitro cisplatin cytotoxicity
in six other types of human carcinoma cells: two breast
carcinoma lines, two brain tumor lines, two cervical
carcinoma lines, one colorectal carcinoma line, one ovarian
carcinoma line, and one small-cell lung cancer line. As
shown in Table I, B-elemene enhanced cisplatin sensitivity
and augmented cisplatin antitumor activity in all examined
cancer cell lines. The dose-modifying factors (DMFs) ranged
from 5.3 to 9.2 in colorectal, cervical, ovarian, and small-cell
lung cancer cells, and from 73.7 to 124 in breast and brain
carcinoma cells (Table I). These data suggest that 3-elemene
increases cisplatin antitumor activity across a broad spectrum
of solid carcinoma types.
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pB-Elemene triggers apoptosis and enhances cisplatin-
induced apoptotic cell death in human bladder cancer cells.
The ability of cancer chemotherapeutic agents to induce cell-
cycle arrest and apoptosis is an important determinant of
their therapeutic efficacy. To determine whether the
inhibition of bladder cancer cell growth by p-elemene
(Figure 2) is attributable to its ability to induce apoptosis, we
treated 5637 and T-24 cells with $-elemene at 0, 40, 60, and
80 pg/ml for 24 and 48 h, followed by ELISA-based
quantitation of histone-associated DNA fragments, which
suggest DNA degradation and apoptosis (29). B-Elemene at
60 and 80 pg/ml markedly enhanced DNA fragmentation,
indicating an increased induction of apoptosis in bladder
cancer cells at both 24 and 48 h (Figure 3A).

The major goal of cancer chemotherapy is to commit cancer
cells to apoptosis following exposure to antitumor agents (30-
32). We assessed whether (3-elemene promoted cisplatin-
induced apoptosis in T-24 cells based on cytoplasmic histone-
associated DNA fragments. As shown in Figure 3B, -elemene
and cisplatin, in combination, markedly induced apoptosis
compared with cisplatin alone in our model system, suggesting
that $-elemene strongly promotes cisplatin-induced apoptotic
cell death in human bladder cancer cells.

pB-Elemene activates caspases and augments cisplatin-
increased caspase activities in human bladder cancer cells.
Caspases are the central executors of the apoptotic process;
in particular, caspase-3, caspase-8, and caspase-9 are markers
of apoptotic pathways (31-34). To investigate the possible
mechanisms by which [-elemene triggers apoptosis and
promotes cisplatin-induced apoptosis in human bladder
cancer T-24 cells (Figure 3), we examined the effects of [3-
elemene and cisplatin on the activities of caspase-3/7/10,
caspase-8, and caspase-9, using an ELISA-based assay. In T-
24 cells at both 24 and 48 h, $-elemene (40 pg/ml) not only
significantly induced the activities of caspase-8 (Figure 4A),
caspase-9 (Figure 4C), and caspase-3/7/10 (Figure 4E) but
also remarkably augmented the cisplatin-induced activities
of caspase-8 (Figure 4B), caspase-9 (Figure 4D) and
caspase-3/7/10 (Figure 4F), compared with the activities in
the presence of cisplatin alone. These results indicate that [3-
elemene triggers apoptosis and promotes cisplatin-induced
apoptotic cell death in human bladder cancer T-24 cells via
caspase-dependent apoptotic pathways.

Discussion

Bladder cancer is the second most common malignant
urological tumor, following prostate carcinoma, in the United
States (1). Chemotherapy has been used to treat bladder
cancer for nearly 50 years. Although several novel
compounds have been shown to be active against transitional
cell carcinoma and are now being tested in combination
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chemotherapy trials, cisplatin remains one of the most active
‘standard’ single-agents and the mainstay of typical
combination regimens against bladder cancer (2-4, 7-11, 35).
However, cisplatin is highly toxic, and its efficacy and
effectiveness are limited owing to the development of drug
resistance in tumor cells. Thus, the development of new and
effective agents to overcome platinum chemoresistance in
bladder carcinoma continues to have high priority.

B-Elemene, originally derived from plants, has been
recently investigated as a new anticancer agent (13-17). In
the present study, we demonstrated that B-elemene inhibited
the growth and proliferation of human bladder cancer 5637
and T-24 cells in a concentration-dependent manner. These
results are consistent with previous findings that B-elemene
is a potent inhibitor of several types of solid tumor, but has
only moderate effects on normal and non-cancerous cells
(18-28). In addition, we showed that 3-elemene enhanced
cisplatin sensitivity and increased cisplatin cytotoxicity in
bladder cancer and carcinomas of the brain, breast, cervix,
colorectum, lung, and ovary in vitro, with dose-modifying
factors ranging from 5 to 124. In recent studies, 3-elemene
augmented cisplatin activity in prostate and ovarian
carcinoma and non-small cell lung cancer cells (19, 21, 22,
26, 28). The present study broadens the spectrum of this
effect to include bladder, brain, breast, cervical, colorectal,
and small-cell lung carcinomas. Most importantly, this study
demonstrates that lower doses of cisplatin can be used when
administered in combination with f-elemene, and this may
result in lower clinical toxicity.

The main goal of chemotherapy for human malignancies
is the inhibition of cell proliferation and induction of cell
apoptosis. Apoptosis is an important process in tissue
homeostasis and a key cytotoxic mechanism of anticancer
therapies. It is controlled by many factors that interact in a
complex web of regulation. In mammalian cells, two major
apoptosis pathways have been proposed: an extrinsic
pathway, which involves signal transduction through cell-
surface death receptors, and an intrinsic pathway, which is
triggered by various stressors such as ultraviolet radiation or
chemical agents. It is generally accepted that most human
malignancies, including bladder cancer, have aberrations or
defects in initiating or executing the apoptotic pathways;
therefore, targeting the regulation of apoptosis represents an
important pharmacological strategy for the development of
chemotherapeutic agents (30-33). In the present study, [3-
elemene dose-dependently triggered bladder cancer cell
apoptosis and remarkably promoted cisplatin-induced DNA
fragmentation, consistent with apoptotic cell death, in both
bladder cancer cell lines. These observations indicate that the
induction of apoptosis by P-elemene and cisplatin may
account for their antitumor activity in bladder cancer.

Caspases are cysteine proteases that mediate apoptotic cell
death in a variety of cellular systems and are integral to the two
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Figure 2. f-Elemene inhibits cell proliferation and promotes
cisplatin—induced cytotoxicity in human bladder cancer cells, as
determined by MTT assay. 5637 or T-24 cells were evenly distributed in
96-well plates (5x103 cells/well) and treated for 24, 48, and 72 h with
[-elemene (Ele)-alone (A), cisplatin (Cis)-alone, or cisplatin at the
indicated concentrations plus 40 ug/ml of B-elemene (B). Data at 48
and 72 h are not shown. The inhibition of cell growth was determined by
the MTT assay, as described in the Materials and Methods. Cell
viability is expressed relative to that of cells in wells with no added drug
(untreated control value, 100%). The results represent the means+SD of
at least three independent experiments. p<0.05 for the cisplatin group
vs. cisplatin + [3-elemene group of corresponding cell line. MTT: 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

major apoptotic pathways (intrinsic and extrinsic). To date, 14
distinct mammalian caspases have been identified and classified
as initiator or effector caspases. Various apoptotic signals
activate the initiator caspases (caspase-2, -8, -9 and -10), which
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Figure 3. B-Elemene triggers apoptosis and significantly enhances
cisplatin-induced apoptosis of human bladder cancer cells, as assessed
by a DNA fragmentation assay. 5637 or T-24 cells were treated with [3-
elemene (Ele)-alone (A), cisplatin (Cis)-alone, or cisplatin plus B-
elemene (40 ug/ml) (B) for 24 and 48 h. Cellular apoptosis was
determined based on DNA fragmentation detected with an ELISA-based
cell death detection kit, as described in the Materials and Methods. The
results are expressed as the means+SD of six independent experiments.
(A) (-Elemene-alone treatment. *p<0.05 vs. untreated control of
corresponding cell line at the respective time points. (B) Cisplatin-alone
and cisplatin + [-elemene treatments. *p<0.05 vs. untreated control of
corresponding time point and vs. cisplatin alone at the respective
concentrations. ELISA: enzyme-linked immunosorbent assay.

are cleaved and subsequently activate downstream effector
caspases. The effector caspases (caspase-3, -6 and -7) target
specific cellular protein substrates in a series of proteolytic
events. Thus, caspases play vital roles in the apoptotic process,
and caspase-8 and caspase-9 are regarded as markers of
different apoptotic pathways (32-34). Increasing evidence
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demonstrates that caspase cascades, especially via caspse-3, -7,
-8 and -9, are involved in the execution of apoptosis in cancer
cells in response to diverse stimuli, including therapeutic agents.
Therefore, pharmacological manipulation or genetic targeting
of caspases is a potential therapeutic strategy (31, 32, 36, 37).
The current study showed that [-elemene increased the
activities of caspase-8, caspase-9, and caspase-3/7/10, and also
promoted cisplatin-induced activation of caspase-8, caspase-9,
and caspase-3/7/10 activities in our model system. These results
suggest that [-elemene triggers apoptosis and promotes
cisplatin-induced apoptotic cell death through caspase-mediated
apoptotic pathways in human bladder carcinoma cells.
Altogether, the findings in this study clearly demonstrate
that P-elemene not only suppresses the growth and
proliferation of human bladder cancer cells, but also
augments the antitumor efficacy and potency of cisplatin in
carcinomas of the bladder, brain, breast, cervix, colorectum,
lung, and ovary in vitro, with dose-modifying factors ranging
from 5 to 124. The increased cisplatin cytotoxicity caused by
concomitant 3-elemene administration was associated with
increased apoptotic cell death mediated through caspase-
dependent apoptotic pathways in bladder cancer cells. The
broad antitumor spectrum of P-elemene makes it an ideal
candidate for combination therapy with platinum to treat
many different types of cancer. This work provides a rationale
for pre-clinical therapeutic studies of cisplatin in combination
with B-elemene in in vivo animal models and suggests that
combining cisplatin with B-elemene as a chemosensitizer or
adjuvant may be potentially useful for the treatment of
chemoresistant bladder cancer and other types of carcinomas.
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