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Abstract. f-Elemene is a novel anticancer drug, which
was extracted from the ginger plant. However, the mech-
anism of action of f-elemene in non-small-cell lung
cancer (NSCLC) remains unknown. Here we show that
PB-elemene had differential inhibitory effects on cell
growth between NSCLC cell lines and lung fibroblast
and bronchial epithelial cell lines. In addition, S-elemene
was found to arrest NSCLC cells at G2-M phase, the
arrest being accompanied by decreases in the levels of
cyclin B1 and phospho-Cdc2 (Thr-161) and increases in
the levels of p27%! and phospho-Cdc2 (Tyr-15). More-
over, f-elemene reduced the expression of Cdc25C, which
dephosphorylates/activates Cdc2, but enhanced the ex-

pression of the checkpoint kinase, Chk2, which phospho-
rylates/inactivates Cdc25C. These findings suggest that
the effect of B-elemene on G2-M arrest in NSCLC cells
is mediated partly by a Chk2-dependent mechanism. We
also demonstrate that B-elemene triggered apoptosis in
NSCLC cells. Our results clearly show that f-elemene
induced caspase-3, -7 and -9 activities, decreased Bcl-2
expression, caused cytochrome c release and increased
the levels of cleaved caspase-9 and poly(ADP-ribose)
polymerase in NSCLC cells. These data indicate that the
effect of p-elemene on lung cancer cell death may be
through a mitochondrial release of the cytochrome c-me-
diated apoptotic pathway.
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Lung cancer remains the leading cause of mortality
among men and women in the United States, with 195,000
deaths every year. This exceeds the sum of the next three
leading causes of death due to breast, colon and prostate
cancers. There are over one million deaths due to malig-
nant tumors of the lung and 1.2 million new cases of
lung cancer occur worldwide annually, making it an epi-
demic disease [1-3]. Lung cancer is classified into four
major types, including squamous cell, adenocarcinoma,
large-cell or undifferentiated cell, and small-cell, from a
histological point of view. Non-small-cell lung cancer
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(NSCLC) comprises the first three types and accounts
for approximately 75-85% of all cases [4, 5]. Although
the best treatment for lung cancer is surgical resection,
few patients with lung cancer present with surgically re-
sectable disease and more than 75% of patients with
NSCLC prove to be potential candidates for chemother-
apy at some point during the course of their disease
because of the development of metastases [6]. The most
effective systemic chemotherapy for NSCLC is based on
cisplatin combinations, and for more than two decades,
platinum-based combinations have remained the standard
first-line chemotherapy for advanced NSCLC [7-9]. How-
ever, chemotherapy for NSCLC seems to have reached a
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plateau, and the current prognosis for most patients with
this disease remains poor, with an overall survival at 5
years of only 10-15% [7; 8; 10). Therefore, there is a
need to develop compounds that can effectively treat this
disease.

One candidate drug for this role is elemene. Elemene
(1-methyl-1-vinyl-2,4-diisopropenyl-cyclohexane), an ex-
tract from the ginger plant Rhizoma zeodaria, is a novel
anticancer drug. The extract of elemene is a mixture of
B-, &- and y-elemene, with B-elemene as the main com-
ponent (fig. 1), which accounts for 60~72% of the three
isoforms. B-Elemene has been effective in China in the
treatment of leukemia and carcinomas of the brain, breast,
liver and other tissues [11-13], and is now in application
for clinical studies in the United States. The major ad-
vantages of f-elemene as an anticancer drug are that (7) it
has a broad-spectrum antitumor effect in many types of
cancer, including drug-resistant tumors, (i7) it does not di-
rect multidrug resistance and can reverse the resistance to
other drugs and (iii) it has low toxicity and is therefore
well tolerated and accepted by cancer patients [12; 13].
The mechanism of action of S-elemene in cancers remains
unknown. Recent studies showed that B-elemene-inhib-
ited cell proliferation was correlated to G2-M phase arrest
in leukemia HL-60 and K562 cells [12, 13]. In addition,
P-elemene was found to trigger apoptosis in glioma SHG-
44 cells and leukemia K562 cells [11-13], and the apop-
tosis induced by f-elemene was associated with reduction
of Bcl-2 protein expression. However, the mechanisms
underlying G2-M arrest and apoptotic cell death triggered
by p-elemene are not elucidated.

The goal of the chemotherapy of human malignancies is
inhibition of cell proliferation and/or induction of cell
apoptosis, and although the primary intracellular targets
and the pharmacological mechanisms of action of the
anticancer drugs vary, drug-induced cell killing is, at least
partially, mediated by cell cycle arrest and apoptotic cell
death [14, 15]. The cell cycle is regulated by cyclins, cy-
clin-dependent kinases (CDKs) and cyclin-dependent
kinase inhibitors (CKIs) [16]. CDK activity is modulated
through three distinct mechanisms: by cyclin binding, by
positive and negative phosphorylation events and by in-
teraction with CKIs [17]. CDK1 (Cdc2) and cyclin B are
the two major players for control of the G2-M transition
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Figure 1. Chemical structure of B-elemene.
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in the cell cycle. Chk2 kinase also regulates G2-M transi-
tion by phosphorylating Cdc25C [18, 19], and the later
activates Cdc2 by removing phosphate from Thr-14 and
Tyr-15 on Cdc2 [20]. Cellular apoptosis is mediated
through two major pathways in response to different types
of stimuli, including genotoxic stresses and anticancer
drugs [21, 22]. One pathway is activated by the ligation of
death receptors, with the subsequently cleavage of cas-
pase-8 and activated caspase-3 by active caspase-8 [23].
The other apoptosis-mediating route, which is activated
by the majority of anticancer drugs, involves the release
of cytochrome ¢ from the mitochondria, which can trig-
ger the activation of cytosolic caspase-9 in the complex
with Apaf-1 in the presence of ATP [24; 25). Subse-
quently, effector caspases, such as caspase-3, are acti-
vated also, these take care of the execution phase of the
apoptotic process, causing the degradation of cellular pro-
teins and the disassembly of the cell [26). Thus caspases
play a vital role in the apoptotic process [27).

To date, little has been known about the effect and mech-
anism of fB-elemene in human NSCLC. Therefore, the
aims of the present study were to examine the antitumor
effect of B-elemene in human NSCLC cells and to deter-
mine the underlying mechanisms. We investigated whether
the regulation of cell cycle control and apoptosis is
involved in the mechanisms for the effect and activity
of f-elemene in the human lung carcinoma cells. Here we
report that f-elemene inhibits the growth of human
NSCLC cells and causes G2-M phase cell cycle arrest
and apoptosis in H460 cells, accompanied by marked
alterations in the expression of key G2-M phase and
apoptosis regulatory components.

Materials and methods

Chemicals and immunoreagents

(-) B-Elemenum (98% purity) was obtained from Yuanda
Pharmaceuticals (Dalian, China). Propidium iodide (PI),
RNase and glycine were purchased from Sigma-Aldrich
(St. Louis, Mo.). The primary antibodies against cyclin A,
cyclin B1, p27%r!, Cdc2, CDK2, Chk2, Cdc25C, cas-
pase 8, caspase-9, Bcl-2, cytochrome c, poly(ADP-ribose)
polymerase (PARP) and S-actin, and the secondary anti-
bodies HRP-conjugated goat anti-rabbit IgG, HRP-con-
jugated goat anti-mouse IgG, as well as nitrocellulose,
blotto, and the chemiluminescence luminal reagent were
all from Santa Cruz Biotechnology (Santa Cruz, Calif.).
Antibodies anti-phospho-Cdc2 (Thr-161), anti-phospho-
Cdc2 (Tyr-15), and anti-phospho-CDK2 (Thr-160) were
purchased from Cell Signaling Technology (Beverly,
Mass.). The CellTiter 96 Aqueous ONE Solution Cell
Proliferation Assay Kit was from Promega Corporation
(Madison, Wis.). Cell Death Detection ELISAP'VS and
TUNEL Label kits were obtained from Roche Diagnos-
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tics Corporation (Indianapolis, Ind.). The Vybrant Apop-
tosis Assay Kit was from Molecular Probes (Eugene,
Ore.). Cas-PASE-§, -9, -3, -7 and -10 Assay kits were ob-
tained from Geno Technology (St. Louis, Mo.), and the
Mitochondria Isolation Kit was purchased from Sigma-
Aldrich.

Cell culture and antiproliferative assay

The human NSCLC cell lines H460 and A549, the human
lung fibroblast cell line CCD-19Lu and the human
bronchial epithelial cell line NL20 were obtained from
the American Type Culture Collection (ATCC) (Manas-
sas, Va.). Cell culture medium RPMI-1640, fetal bovine
serum (FBS), penicillin-streptomycin-glutamine (x100)
and 0.25% trypsin-EDTA solution were purchased from
Invitrogen Corporation (Carlsbad, Calif.). The human
NSCLC cell line H460 and the human normal lung
fibroblast cell line CCD-19Lu were maintained in RPMI-
1640 as described previously [28], supplemented with
10% FBS, 50 IU/ml penicillin and 50 pg/ml strepto-
mycin, and grown at 37°C in a humidified atmosphere
with 5% CO,.

Cell viability or the effects of S-elemene on cell prolifer-
ation in human lung cancer cells, human lung fibroblast
cells and human bronchial epithelial cells were assessed
with an MTT-based colorimetric cell proliferation assay
kit following the manufacturer’s instructions (Promega).
In brief, 5 x 10° of H460, A549, CCD-19Lu and NL20
cells per well were evenly distributed and grown in 96-
well plates overnight, and cells were treated with various
concentrations of S-elemene (0, 20, 40, 60, 80, 100, 120,
140, 160, 180 and 200 pg/ml) and incubated for 24, 48 or
72 h. At the termination of incubation with f-elemene,
20 pl of CellTiter 96 Aqueous One Solution Reagent was
added to each well of a 96-well assay plate containing the
samples in 100 pl of culture medium and the plates were
incubated at 37°C, with a 5% CO, atmosphere for 14 h.
Then, the optical density at 590 nm was determined using
a 96-well plate reader (ThermoLabsystems, Chantily, Va.).
Proliferation rates were determined by calculating the
viable percentages of cells from the fB-elemene-treated
wells compared to those wells where no S-elemene was
added (100% control value).

Cell cycle analysis by flow Cytometry

H460 or CCD-19Lu cells were treated with various con-
centrations of S-elemene (0, 30, 40 and 50 pg/ml) and in-
cubated for 24 or 48 h. At the end of incubation, cells
were harvested by trypsinization, then washed with PBS
twice and fixed with 70% ethanol at —20 °C overnight,
and ethanol was removed by centrifuging the cells and
washing them once with PBS. The cells were then incu-
bated in 0.1% Triton X-100-containing 0.2 pg/ml RNase
A onice for 30 min, and then stained with PI dye. Finally,
the cells were analyzed for cell cycle perturbation using a
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FACSCalibur (Becton-Dickinson, San Diego, Calif.), and
the CellQuest Pro software (Becton-Dickinson) and the
ModFit LT software (Verity Software House, Topsham,
Maine) were used to determine the distribution of cells in
the various cell cycle compartments: sub-G1 (apoptotic
cells), G,, S and G,-M.

Cell death detection ELISA assay for apoptosis

This assay is based on the quantitative sandwich-enzyme-
immunoassay principle using mouse monoclonal anti-
bodies directed against DNA and histones. This ELISA
provides a quantitative in vitro determination of histone-
associated DNA fragments (mono- and oligonucleosomes)
in the cytoplasmic fraction of cell lysates, determined
photometrically at 405 nm. H460 cells (1 x 10%/well) were
evenly distributed and grown in 96-well plates overnight
and then treated with varying concentrations of f-elemene
(0, 30, 40 and 50 pg/ml) for 24 or 48 h. Cells were then
harvested and assayed for apoptosis using a Cell Death
Detection ELISA Kit (Roche Diagnostics) following the
manufacturer’s instructions.

The enrichment of mono- and oligonucleosomes released
into the cytoplasm was calculated as absorbance of sample
cells/absorbance of control cells. The enrichment factor
was used as a parameter of apoptosis and is shown on the
y-axis as mean = SD of three independent experiments.
The apoptotic index was calculated as an enrichment
factor, that is, the ratio of the result compared with the
control set arbitrarily at 1.0. Each experiment was per-
formed in triplicate, and means and standard deviations
were calculated.

TUNEL assay for apoptosis

For the terminal deoxynucleotidyltransferase-mediated
deoxy-UTP-fluorescein nick end-labeling (TUNEL) as-
say, the Apoptosis Cell Detection System (Roche Molec-
ular Biochemicals) was used to detect DNA fragmentation
as a marker of apoptotic cell death in situ in S-elemene-
treated lung cancer cells. In brief, H460 cells were treated
with 0, 30, 40 or 50 pg/ml of B-elemene, and harvested at
24 or 48 h following f-elemene treatment. The collected
cell pellets were processed into formalin-fixed paraffin-
embedded cell blocks. Sections of the cell blocks were
deparaffinized, washed three times with PBS, incubated
for 60 min at 37°C in a humidified atmosphere in the
dark with 50 pl of TUNEL reaction mixture containing
fluorescein-deoxy-UTP (TUNEL label) and terminal de-
oxynucleotidyltransferase (TUNEL enzyme), rinsed three
times with PBS, incubated with 50 pl Converter-AP in a
humidified chamber for 30 min at 37 °C, rinsed again
three times with PBS and incubated with 50 pl of sub-
strate solution at 25 °C in the dark for a period of time
adjusted for optimal staining. Finally, slides were rinsed
three times with PBS and mounted under a glass cover-
slip for analysis by light microscopy.
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Apoptosis assay by annexin V staining

To quantify apoptosis, H460 cells were stained with an-
nexin V and PI using a Vybrant Apoptosis Assay Kit
(Molecular Probes) following the step-by-step protocol
provided by the manufacturer. Briefly, 1 x 10° cells were
treated with 0, 30, 40 and 50 pg/ml of B-elemene, or
30 pg/ml of H,O, as a positive control for 24 or 48 h;
cells were then collected by trypsinization and washed
once with cold PBS. Cell pellets were resuspended in
100 pl 1 x annexin-binding buffer, 5 pl of FITC-annexin
V (component A), and 1 pl of the 100 pg/ml PI working
solution was added to each 100 pl of cell suspension. The
cells were incubated on ice for 1 h and washed with cold
PBS once again, resuspended in 300 pl of 1 X annexin-
binding buffer, and the stained cells were analyzed for
apoptosis by flow cytometry as soon as the staining fin-
ished.

Caspase activity assay

Caspase activities were assayed using CasPASE Apopto-
sis Assay kits (Geno Technology). In brief, 2 x 107 H460
cells were treated with 0, 30, 40 or 50 pg/ml of B-elemene
for 24 or 48 h, collected by trypsinization, washed once
with PBS, and cell pellets resuspended in 350 pl lysis
buffer. The cells were lysed by freeze and thaw five times.
The lysates were centrifuged at 12,000 rpm for 30 min at
4 °C. Supernatants were collected and used for measuring
caspase-8, -9, -3, -7 and -10 activities by ELISA-based
assay according to the manufacturer’s instructions. Cas-
pase-3, -7 and -10 activities were detected using the spe-
cific caspases fluorogenic substrate, DEVD peptide con-
jugated to 7-amino-4-trifluoromethyl coumarin (AFC).
Caspase-8 activity was detected using the specific cas-
pase-8 fluorogenic substrate, IETD-AFC, and caspase-9
activity was detected using the specific caspase-9 fluoro-
genic substrate, LEHD-AFC. Samples were read on a mi-
croplate reader at 405 nm (ThermoLabsystems, Chantily,
Va.).

Western blot analysis

H460 cells were treated with 0, 30, 40 or 50 pl/ml of B-ele-
mene. Following 24 or 48 h treatment with S-elemene,
cells were harvested and lysed with 200 pl RIPA lysis
buffer [S0 mM Tris-HCI (pH 7.4), 1.0% NP-40, 0.25%
Na-deoxycholate, 150 mM NaCl, 1| mM EDTA, 1 mM
aprotinin, 1 pg/ml PMSEF, leupeptin and pepstatin] and
the amount of protein was quantified by BCA assay. An
equal amount of protein from the control and the drug-
treated cells was boiled for 5 min in Laemmli’s buffer and
separated on 12% SDS-PAGE and the resolved gels were
blotted on nitrocellulose membrane. The transblots were
probed with primary antibodies against cyclin A, cyclin
B1, p274r!, Cdc2, CDK2, Chk2, Cdc25C, phospho-Cdc2,
phospho-CDK2, caspase-8, caspase-9, Bcl-2, cytochrome
c or PARP, followed by secondary HRP-conjugated anti-
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bodies. In all cases, blots were stripped using a stripping
buffer [62.5 mM Tris (pH 6.7), 2% SDS and 90 mM
2-mercaptoethanol] and reprobed with anti-actin for
loading controls. The signals were detected by enhanced
chemiluminescence.

Detection of cytochrome c release.

Cytosolic and mitochondrial extracts were prepared with
a Mitochondria Isolation Kit (Sigma-Aldrich) essentially
according to the manufacturer’s instructions. Briefly, fol-
lowing 0, 30, 40 or 50 pl/ml of B-elemene treatment and
incubation for 24 or 48 h, the cells were collected by
centrifugation. The cell pellets were washed twice with
cold PBS and resuspended in ice-cold buffer A (50 mM
HEPES, pH 7.5, I M mannitol, 350 mM sucrose, 5 mM
EGTA, 10 pg/ml leupeptin, 10 pg/ml aprotinin). The cells
were homogenized with a glass homogenizer. Nuclei
and intact cells were cleared by centrifugation at 600 g
for 10 min at 4 °C. The supernatant was centrifuged at
14,000 g for 20 min at 4 °C to pellet the mitochondrial
fraction. An aliquot of the resulting supernatant was used
as the soluble cytosolic fraction. The mitochondrial pellet
was washed once and then suspended in buffer A. Protein
extracts (equal amounts in the mitochondrial and cytoso-
lic fractions) were subjected to Western blot analysis with
an anti-cytochrome c antibody, as described above.

Statistical analysis of data

The quantitative experiments were analyzed by Student’s
t test. All the ps resulted from the use of two-sided tests
were considered significant when < 0.05.

Results

Differential inhibitory effects of S-elemene on cell
growth between the human NSCLC cell lines H460
and A549 and the human lung fibroblast cell line
CCD-19Lu and the human bronchial epithelial cell
line NL20

To understand the antitumor effects of S-elemene in lung
cancer as an initiative study, we first established whether
P-elemene inhibits lung cancer cell proliferation and
whether it has different effects on lung cancer and normal
lung cells. The human NSCLC cell lines H460 and A549
were used as models for human NSCLC in this study, and
the human lung fibroblast cell line CCD-19Lu and the
human bronchial epithelial cell line NL20 were used as
controls. The ability of S-elemene to inhibit cellular pro-
liferation was investigated in vitro using the MTT-based
colorimetric assay. As shown in figure 2, B-elemene
caused a dose-dependent inhibition of H460 and A549
cell proliferation with concentrations ranging from 20 to
140 pg/ml, at all three time points. f-Elemene had a half-
maximal (ICy,) inhibitory effect on H460 cell growth at
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Figure 2. B-Elemene differentially inhibited cell proliferation be-
tween human NSCLC H460 and A549 cells and human lung fibro-
blast CCD-19Lu and bronchial epithelial NL20 cells. H460, A549,
CCD-19Lu and NL20 cells (5 x 10° per well) were evenly distrib-
uted in 96-well plates and treated with different concentrations of
P-elemene for 24, 48 and 72 h (data at 24 and 72 h not shown). The
ability of B-elemene to inhibit cell proliferation was determined by
the MTT cell survival assay, as described in Materials and methods,
and cell viability values were expressed relative to those wells
where no f-elemene was added (100% control value). The results
represent the mean + SD of at least three independent experiments.

50, 46 and 42 pg/ml and on A549 cells at 61, 53 and
48 pg/ml at 24, 48 and 72 h, respectively, whereas the
ICses were 108, 100 and 98 pg/ml for the control lung
fibroblast CCD-19Lu cells, and 145, 132 and 126 pg/ml
for bronchial epithelial NL20 cells at 24, 48 and 72 h, re-
spectively (fig. 2, data at 24 and 72 h not shown), thus
showing a more than two-fold difference in ICs, values
between the lung cancer cells and the control cells. These
data indicate that S-elemene is much more potent at in-
hibiting the proliferation of human NSCLC H460 and
A549 cells than human fibroblast CCD-19Lu cells and
human bronchial epithelial NL20 cells.

B-Elemene induced cell cycle G2-M phase arrest

in human NSCLC H460 cells but not in human
fibroblast CCD-19Lu cells

Because f-elemene can effectively inhibit human NSCLC
cell growth (fig. 2), we reasoned that this inhibitory ac-
tivity may be attributable to its ability to interfere with the
cell cycle. We therefore analyzed cell cycle perturbation
after exposure of the lung carcinoma cells to -elemene.
For these experiments, we treated H460 cells with f-el-
emene at 30, 40 and 50 pg/ml, and treated CCD-19Lu
cells with 40 pg/ml B-elemene for 24 h, and performed
cell cycle analysis by flow cytometry. Figure 3 shows that
PB-elemene arrested H460 cells at the G2-M phase in a
concentration-dependent manner, and the cell population
in the S phase of the cell cycle was also increased in cells
treated with 40-50 pg/ml B-elemene; however, no signif-
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icant increases in G2-M and S phase cell populations
were observed in CCD-19Lu cells. Similar results were
observed when cells were treated for 48 h with S-elemene
(data not shown). Interestingly, when H460 cells were
treated with higher concentrations of S-elemene (50 pg/ml
and higher doses) for 2448 h, cell apoptosis was demon-
strated by sub-G1 profile analysis and FACSCalibur flow
cytometry (fig. 3). Altogether, the results suggest that the
inhibitory effect of p-elemene on proliferation of the
human NSCLC cells might be due, at least in part, to a
G2-M phase arrest of the cell cycle and apoptotic cell
death.

Effects of f-elemene on the levels and activity

of cell cycle G2-M regulatory proteins in human
NSCLC H460 cells

We showed that B-elemene arrested H460 cells at G2-M
and S phases of the cell cycle. To understand the underly-
ing mechanisms, we tested the effects of B-elemene on
the expression of selected molecular targets that regulate
the S and G2-M transition. The G2-M and S phases of the
cell cycle are known to be regulated by cyclin A, cyclin B,
Cdc2, CDK2 and CKIs, and the Cdc2 and CDK2 activi-
ties are modulated by cyclin B or cyclin A binding, by
positive and negative phosphorylation events, and by
interaction with CKIs [16, 17]. Activated Chk2 kinase
regulates G2-M transition by phosphorylating Cdc25C
[18, 19], or regulates S phase by phosphorylating Cdc25A
[29], and Cdc25C functions as a mitotic activator by de-
phosphorylating Cdc2 that forms a complex with cyclin
B1 and drives the cell from the G2 to M phase (20).
Therefore, we measured the protein levels of p27¢p!, cy-
clin A, cyclin B1, Cdc2, CDK2, Chk2 and Cdc25C in the
H460 cells treated with B-elemene. As seen in figures 4
and 5, the levels of cyclin A and cyclin B1 were decreased
and the levels of p27+?! were increased after exposure of
H460 cells to different concentrations of p-elemene. Our
results also showed that the protein levels of phospho-
Cdc2 (Thr-161), phospho-CDK2 (Thr-160), and Cdc25C
were reduced by B-elemene. However, the protein levels
of phospho-Cdc2 (Tyr-15) and Chk2 were increased and
the protein levels of Cdc2 and CDK2 remained unchanged.
These data support the hypothesis that -elemene modu-
lated the expression of cyclin A, cyclin B, Chk2, Cdc25C
and p27%r!and the phosphorylation of Cdc2 (Thr-161 or
Tyr-15) and CDK2 (Thr-160), and reduced the activities
of cyclin B1-Cdc2, cyclin A-Cdc2 and cyclin A-CDK2
complexes which lead to a cell cycle G2-M block in H460
cells.

B-Elemene triggered apoptosis in human

NSCLC H460 cells as determined by ELISA assay,
TUNEL assay, and annexin V staining

The major goal of cancer chemotherapy is to commit
tumor cells to apoptosis following exposure to anticancer



886 G. Wang et al.

Untreated (CCD-19)

subG1:0.36
G1: 81.1
S: 10.5

G2/M: 8.02

Untreated (H460)

subG1:0.63
G1:
S: 7.6

G2/M: 11.4

Cell Number

subG1:1.29
G1: 50.8
S: 24.4

G2/M: 23.9

Elemene40pg/ml (H460)

Elemene induces G2-M arrest and apoptosis in NSCLC

Elemene40ug/ml (CCD-19)

subG1:1.86
G1: 78.7
S: 10.9

G2/M: 8.51

Elemene30ug/ml (H460)

subG1:3.63
G1: 75.8
S: 5.24

G2/M: 15.9

Elemene50ug/ml (H460)

subG1:12.6
G1: 56.3
S: 17.3

G2/M: 13.7

DNA Content

Figure 3. B-Elemene blocked human NSCLC H460 cells at G2-M phase. H460 and CCD-19Lu cells were exposed to varying concentra-
tions of B-elemene (0, 30, 40 and 50 pg/ml) for 24 h. The cells were then harvested, stained, and the PI-labeled cells were analyzed for their
cell cycle status by flow cytometry as described in Materials and methods. The results show accumulation of the cells in the G2-M phase
and the development of a sub-G1 population in H460 cells, but not in CCD-19Lu cells. The data are representative of three separate ex-

periments.

agents [15], and our results from flow cytometry analysis
showed that B-elemene induced apoptosis in H460 cells
(fig. 3). Therefore, in this experiment we detected pB-el-
emene-induced apoptosis by ELISA-based assay, TUNEL
assay and annexin V staining in H460 cells to confirm the
above results. DNA fragmentation is an early and charac-
teristic event of apoptosis [30]. Our ELISA assay is based
on the quantitative sandwich-enzyme-immunoassay prin-
ciple using mouse monoclonal antibodies directed against
DNA and histones, and it provides a quantitative in vitro
determination of histone-associated DNA fragments [30,
31]. As seen in figure 6, after exposure to S-elemene at 40
or 50 pg/ml for 24 and 48 h, the apoptotic H460 cells
were significantly increased (P < 0.05).

The TUNEL technique is classically used to detect
apoptotic cells in culture [31, 32]. Here the induction of

apoptosis following p-elemene treatment was further
confirmed by the TUNEL assay. As can be seen, few
apoptotic cells were detected in the untreated control
cells (fig. 7). In contrast, apoptosis in the H460 cells
treated with S-elemene was increased as measured by the
TUNEL assay (fig. 7). Quantitative analysis of the sec-
tions revealed that S-elemene induced a significant in-
crease in apoptotic H460 cells at 24 and 48 h in a dose-
dependent manner, compared with the untreated controls
(fig. 7).

Phosphatidylserine (PS) translocation occurs early in
apoptosis when cell membrane integrity is still intact, and
annexin V can bind to PS with high affinity. Flow cyto-
metric analysis using FITC-labeled annexin V is there-
fore useful as a quantitative measure of early apoptosis
[33, 34]. p-Elemene-induced apoptosis analysis was per-
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Figure 4. Effects of B-elemene on the levels and activity of key
regulators of the cell cycle G2-M transition in human NSCLC
HA460 cells. H460 cells were treated with 0, 30, 40 or 50 pg/ml -
elemene for 2448 h. A total 50 pg of cell extract protein isolated
from p-elemene-treated H460 cells was subjected to Tris-glycine
gel electrophoresis and immunoblotted with anti-cyclin B1, Cdc2,
phospho-Cdc2 (Thr-161 or Tyr-15), Cdc25C and Chk2 antibodies,
or with a B-actin antibody as a control. Western blot data presented
are representative of three separate experiments.
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Figure 5. Effects of f-elemene on the levels and activity of cell cy-
cle regulatory proteins in human NSCLC H460 cells. H460 cells
were treated with f-elemene at 0, 30, 40 or 50 pg/ml for 24-48 h.
A total 50 pg of cell extract protein isolated from f-elemene-treated
H460 cells was subjected to Tris-glycine gel electrophoresis and
immunoblotted with anti-cyclin A, CDK2, phospho-CDK2 (Thr-
160) and p27%Pr! antibodies, or with a B-actin antibody as a control.
Western blot data presented are representative of those obtained
from three independent experiments.

B-Elemene (ug/ml)

Cyclin A
CDK2
CDKz_pThf-‘lGu

p27

B-actin

formed with annexin V/PI staining using the Vybrant
Apoptosis Assay Kit, and the results showed that p-el-
emene induced significant increases in apoptosis in
H460 cells in a good concentration-dependent fashion
(fig. 8). Together, the results from the above three inde-
pendent methods suggest that apoptosis may be a major
contributor to the biological efficacy of f-elemene in
human NSCLC cells.
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Figure 6. B-Elemene induced apoptosis in human NSCLC H460
cells as measured by ELISA assay. H460 cells were treated with f3-
elemene for 24 or 48 h at the indicated concentrations and cellular
apoptosis was determined with an ELISA-based cell death detection
kit as described in Materials and methods. The results are expressed
as the mean + SD of three independent experiments. *p < 0.05 ver-
sus untreated controls.

B-Elemene induced increases in caspases activities

in human NSCLC H460 cells

We showed that B-elemene induced apoptosis in H460
cells as determined by ELISA-based assay, TUNEL assay
and flow cytometry analysis. In mammalian cells, two
major apoptosis pathways have been proposed [32, 35,
36]. Caspases are the central executors of the apoptotic
process, especially caspase-3, -7 and -10, and caspase-8
and caspase-9 are considered markers for different path-
ways [27, 36, 37]. To understand the mechanism of
P-elemene-induced apoptosis and the apoptotic pathway
involved, we assessed the effects of B-elemene on the
activities of caspase-3, -7, -10, -8 and -9 by ELISA-
based assay. As shown in figure 9, the activities of cas-
pase-3, -7 and -10 (fig. 9C) and caspase-9 (fig. 9B) were
increased significantly following treatment of H460
cells with 40 and 50 pl/ml B-elemene for 24 and 48 h
(p <0.05). However, no significant changes in caspase-8
activity were detected in cells exposed to various con-
centrations of S-elemene (fig. 9A). These results suggest
that S-elemene may induce apoptosis in H460 cells via a
caspase-9-dependent pathway.

Effects of f-elemene on the levels and activity

of apoptosis regulatory proteins in human NSCLC
H460 cells

To further elucidate the mechanisms of f-elemene-in-
duced H460 cell apoptosis, we investigated the apoptosis
regulatory proteins in this model system. We chose to
study some key apoptosis targeting genes in this project.
For instance, PARP is an early marker of chemotherapy-
induced apoptosis [38]; caspase-8 and caspase-9 are the
marker genes for the extrinsic pathway and intrinsic path-
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Figure 7. f-Elemene induced apoptosis in human NSCLC H460
cells as assessed by TUNEL assay. H460 cells were treated with
P-elemene for 24 or 48 h at the indicated concentrations. Following
the treatment period, the cells were collected, processed into paraf-
fin-embedded cell blocks, sectioned at 5 pm and cell apoptosis was
determined with a TUNEL assay kit as described in Materials and
methods. Positive and negative staining were observed by light
microscopy. Apoptotic cells were counted, and reported as a per-
centage of the total cells present for evaluation (4). The results
are expressed as the mean + SD of three independent experiments.
*p < 0.05 versus untreated controls. (B) Under light microscopy,
apoptotic cells are stained brown or dark brown (indicated by
arrows). As can be seen, fS-elemene induced DNA fragmentation
consistent with apoptotic cell death in H460 cells, in a dose-depen-
dent manner.

way of apoptosis, respectively, and the release of cy-
tochrome c to the cytosol initiates caspase activation and
apoptotic cell death in the intrinsic apoptotic pathway
[24, 25], while Bcl-2 plays a critical role in regulation of
cytochrome c release from the mitochondrial intermem-
brane space into the cytosol [39-41]. H460 cells were
treated with various concentrations of -elemene as indi-
cated for 24-48 h, and Bcl-2, cytochrome c, and the
cleavages and protein levels of caspase-8, caspase-9 and
PARP were analyzed by Western blotting as described

Elemene induces G2-M arrest and apoptosis in NSCLC

in Materials and methods. Figure 10 shows that Bcl-2
expression was reduced, while the levels of cytochrome ¢
in the cytosol as well as the levels of cleaved caspase-9
and PARP were increased in a concentration-dependent
manner. Moreover, no significant changes in the levels of
procaspase-8 and procaspase-9 were measured. Taken to-
gether with our caspase data, these findings suggest that
B-elemene may induce apoptosis in human NSCLC H460
cells through a mitochondrial cytochrome c release-de-
pendent pathway.

Discussion

Elemene, an extract from the ginger plant R. zeodaria, is
a promising novel anticancer drug [11-13]. Although
elemene has been effective for the treatment of human
tumors and is currently pending approval by the Chinese
FDA (the State Food and Drug Administration) for clini-
cal use in China, the mechanisms underlying its antineo-
plastic activity are not understood. In the present study, we
used H460 and A549 cell lines as models for NSCLC and
found that B-elemene inhibited the growth of the human
NSCLC cells in vitro. The ICy, values of p-elemene for
H460 and A549 cells ranged from 42 to 61 pg/ml com-
pared to 98—145 pg/ml, the IC,ys for human lung fibro-
blast CCD-19Lu and human bronchial epithelial NL20
cells; i.e. there are twofold differences between the two
group IC;,s indicating that human lung carcinoma cells
are more sensitive to -elemene than lung fibroblast and
bronchial epithelial cells. These results are consistent with
the effects of elemene in several other types of human can-
cer cells [11-13]. In addition, our cell cycle analysis re-
vealed that S-elemene arrested NSCLC H460 cells at S
phase and G2-M phase. Furthermore, we demonstrated
that S-elemene induced apoptosis in this model system, as
assessed by four different methods. Together, these results
suggest that the inhibitory effect of -elemene on cell pro-
liferation in NSCLC is mediated through induction of cell
cycle arrest and apoptotic cell death.

The eukaryotic cell cycle is regulated via the sequential
activation and inactivation of CDKs that drive cell cycle
progression through the phosphorylation and dephospho-
rylation of regulatory proteins [42—44]. Cells pass through
several checkpoints as they proceed through the cell cycle,
and certain criteria must be met to pass each of these
checkpoints. In the G2 checkpoint, cyclin Bl regulates
cell cycle progression and provides substrate specific to
itspartner, CDK1 (Cdc2) [45]. The loss or deactivation of
either cyclin B1 or Cdc2 will block cellular progression
out of G2 [46]. The Cip/Kip family proteins including
p274r! act as inhibitors of Cdc2 [47, 48]. In this study, we
showed that although the levels of Cdc2 protein were not
changed in the H460 NSCLC cells treated with p-el-
emene, the levels of phospho-Cdc2 (Thr-161) and cyclin
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Figure 8. p-Elemene induced apoptosis in human NSCLC H460 cells as assayed by annexin V staining. H460 cells were exposed to
various concentrations of -elemene (0, 30, 40, and 50 pg/ml) and to 30 pg/ml H,O, for 24 or 48 h (data at 24 h not shown). The cells were
then harvested and stained using a Vybrant Apoptosis Assay Kit. Apoptosis was determined by flow cytometry for annexin-V-FITC and PI
dual labeling, as described in Materials and methods. Cytograms of annexin-V-FITC binding (abscissa) versus PI uptake (ordinate) show
three distinct populations: (i) viable cells (low FITC and low PI signal) in gate LL; (if) early apoptotic cells (high FITC and low PI signal) in
gate LR and (iii) cells that have lost membrane integrity as a result of very late apoptosis (high FITC and high PI signal) in gate UR. Per-
centages of apoptotic cells (gate LR and gate UR) are indicated on each cytogram. A representative of three separate experiments is shown.
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Figure 9. B-Elemene induced increases in caspase activities in hu-
man NSCLC H460 cells. H460 cells were treated with different
concentrations of S-elemene as indicated for 24 or 48 h. Caspase-8
(A4), caspase-9 (B), and caspase-3, -7 and -10 activities (C) were
measured by ELISA-based assay as described in Materials and
methods. The results are expressed as the mean + SD of three inde-
pendent experiments. *p < 0.05 versus untreated controls.
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Figure 10. Effects of f-elemene on the levels and activity of apop-
tosis regulatory proteins in human NSCLC H460 cells. H460 cells
were exposed to 0, 30, 40 or 50 pg/ml B-elemene for 2448 h. A
total 50 pg of cell extract protein isolated from f-elemene-treated
H460 cells was subjected to Tris-glycine gel electrophoresis and
immunoblotted with the antibodies against caspase-8, caspase-9,
Bcl-2, cytochrome ¢ or PARP. -Actin was used as a loading control.
Western blot data presented are representative of those obtained
from three separate experiments. M, mitochondrial cytochrome c; C,
cytosolic cytochrome c.

B1 protein were reduced, while the levels of phospho-
Cdc2 (Tyr-15) and p27%»! were increased, all these lead-
ing to decreased activity of the Cdc2-cyclin B1 complex.
These data suggest that the G2-M arrest by S-elemene in
our model is due to a decrease in Cdc2 phosphorylation
onThr-161 by CAK, an increase in Cdc2 phosphorylation
on Tyr-15 by Weel and Mytl, and a reduction in Cdc2
activity as a result of augmented p27%! expression. Ad-
ditionally, we found that fS-elemene reduced expression
of Cdc25C, which dephosphorylates/activates Cdc2, but
enhanced the expression of the checkpoint kinase, Chk2,
which phosphorylates/inactivates Cdc25C. These find-
ings suggest that the effect of B-elemene on G2-M arrest
in NSCLC cells may be mediated partly through a Chk2-
dependent mechanism.

Cyclin A is a key cell cycle regulator which starts to ac-
cumulate during the S phase of the cell cycle and is
abruptly destroyed before metaphase. It can activate two
different cyclin-dependent kinases (CDK1 and CDK2),
contributes to the control of cyclin B stability and func-
tions in both S phase and mitosis [49]. Cyclin A associ-
ates with CDK2 to drive cells through the S phase, and
CDK2-cyclin A phosphorylates a large number of target
proteins, including pRb, transcription factors and regula-
tors of transcription factors. Inhibition of CDK2-cyclin A
results in S phase arrest and apoptosis [50]. Cyclin A is
present throughout G2, and associates with Cdc2 (CDK1)



CMLS, Cell. Mol. Life Sci.  Vol. 62, 2005

during the transition from the G2 to M phase [50]. CDK2
is also highly regulated [51]. In addition to the depen-
dence on the association with cyclin, CDK2 requires ac-
tivating phosphorylation on Thr-160 by CAK, and CDK2
activity is inhibited by CDK inhibitors of the Cip/Kip
family, such as p27%r!, and by inhibitory phosphorylation
of CDK2 proteins by Weel and Mytl [50]. In the current
study, we observed that the levels of cyclin A protein and
CDK2 phophorylation on Thr-160 were dramatically re-
duced in H460 cells following exposure to various con-
centrations of -elemene, these alterations may contribute
to B-elemene-induced S and G2-M arrest in H460 NSCLC
cells.

Programmed cell death or apoptosis is mediated by differ-
ent mechanisms and regulated through multiple pathways.
One pathway depending on the ligation of death receptors
is activated through cleavage and activation of caspase-8,
and the other mitochondria-dependent apoptotic route
needs the cleavage and activation of caspase-9 [23-27].
Therefore, caspase-8 and caspase-9 serve as markers of
different pathways, and caspases are considered to be
the central executors of the apoptotic process, especially
caspase-3, -6 and -7 [27, 36, 37]. Bcl-2, an antiapoptotic
protein which prevents apoptosis by suppressing the re-
lease of the caspase-activating protein cytochrome ¢ from
mitochondria, can prevent the activation of caspases in
the effective stage of apoptosis [39—41]. Here, we showed
that B-elemene triggered the apoptosis of H460 cells, as
determined by sub-G1 profile analysis, cell death detec-
tion ELISA assay, TUNEL assay, annexin V staining and
Western blot analysis. The results of our experiments
clearly demonstrated that S-elemene induced increases in
caspase-9, caspase-3 and caspase-7 activities, decreased
Bcl-2 expression, caused cytochrome c release into the
cytosol from mitochondria and increased the protein
levels of cleaved caspase-9 and PARP in H460 cells.
These data indicate that the effect of S-elemene on cell
death may be mediated via a mitochondrial cytochrome ¢
release-dependent apoptotic pathway. Interestingly, cas-
pase-8 activity and protein level was also elevated by
P-elemene in our system,; therefore, the role of caspase-8
in the anticancer activity of S-elemene cannot be ruled
out at this point. Further investigation is necessary to de-
fine and clarify whether caspase-8 or a caspase-8-associ-
ated cell death signaling pathway is involved in the effect
and mechanism of action of B-elemene in human NSCLC
cells.

In this study, we showed that B-elemene blocked H460
cells at the G2-M phase and induced apoptosis with a de-
crease in Bcl-2 expression. However, the mechanism
accounting for the association of G2-M cell cycle arrest
with apoptosis is unclear. Recent evidence demonstrated
that Bcl-2 modulates CDK2 activation during apoptosis,
which links cell cycle control to apoptotic cell death [52].
Several studies suggest that G2-M phase cells proved
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more susceptible to death signals because stress response
kinases phosphorylate Bcl-2 during cell cycle progres-
sion as a physiologic process to inactivate Bcl-2 at G2-M
[53]. On the other hand, others suggest that Bcl-2 phos-
phorylation may be a signal to delay apoptosis in cells
arrested at the G2-M phase [54]. In our recent studies
using human ovarian carcinoma cells, we also found that
B-elemene induced both cell cycle G2-M arrest and apop-
tosis. However, the link of G2-M arrest to cell death by
Bcl-2, and the relationship between p-elemene-induced
G2-M arrest and p-elemene-induced apoptosis remain
elusive.

In conclusion, we provide here the first evidence that
P-elemene has differential inhibitory effects on cell
proliferation between human NSCLC cells and human
lung fibroblast and bronchial epithelial cells. Further-
more, we show that S-elemene-induced cell growth inhi-
bition in H460 cells is associated with cell cycle G2-M
arrest and apoptotic cell death. Our results obtained by
means of various biochemical assays and molecular and
cell biology assessments demonstrate that f-elemene
treatment of H460 cells causes marked changes in the
levels of key G2-M-regulating and apoptosis-modulating
proteins, including cyclin B1, Cdc2, Cdc25C, Chk2,
Bcl-2, cytochrome ¢, and cleaved caspase-9 and PARP,
suggesting that Chk2-mediated G2-M arrest and mito-
chondrial cytochrome c release-dependent apoptosis are
involved in the process. These observations clearly indi-
cate that the antiproliferative effect and antineoplastic
activity of B-elemene in human NSCLC cells are medi-
ated through induction of cell cycle arrest and apoptotic
cell death. Studies are under way to determine how
P-elemene transcriptionally downregulates the expres-
sion of cyclin A, cyclin B1, cdc25¢ and bcl-2 genes, how
P-elemene-induced G2-M arrest links to apoptosis, and
to elucidate the molecular basis for the signaling path-
ways by which f-elemene triggers cell cycle arrest and
apoptosis.
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