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p-elemene reverses the drug resistance of lung cancer
AS549/DDP cells via the mitochondrial apoptosis pathway
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Abstract. -elemene (B-ELE) is a new anticancer drug
extracted from Curcuma zedoaria Roscoe and has been
widely used to treat malignant tumors. Recent studies have
demonstrated that B-ELE reverses the drug resistance of
tumor cells. To explore the possible mechanisms of action
of B-ELE, we investigated its effects on cisplatin-resistant
human lung adenocarcinoma A549/DDP cells. The effects
of B-ELE on the growth of A549/DDP cells in vitro were
determined by MTT assay. Apoptosis was assessed by
fluorescence microscopy with Hoechst 33258 staining and
flow cytometry with Annexin V-FITC/PI double staining.
Mitochondrial membrane potential was assessed using JC-1
fluorescence probe and laser confocal scanning microscopy,
and intracellular reactive oxygen species levels were measured
by 2',7'-dichlorofluorescein-diacetate staining and flow cytom-
etry. Cytosolic glutathione content was determined using GSH
kits. The expression of cytochrome c, caspase-3, procaspase-3
and the Bcl-2 family proteins was assessed by western blot-
ting. The results demonstrated that B-ELE inhibited the
proliferation of A549/DDP cells in a time- and dose-depen-
dent manner. Furthermore, B-ELE enhanced the sensitivity of
AS549/DDP cells to cisplatin and reversed the drug resistance
of A549/DDP cells. Consistent with a role in activating apop-
tosis, B-ELE decreased mitochondrial membrane potential,
increased intracellular reactive oxygen species concentration
and decreased the cytoplasmic glutathione levels in a time-
and dose-dependent manner. The combination of B-ELE and
cisplatin enhanced the protein expression of cytochrome c,
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caspase-3 and Bad, and reduced protein levels of Bcl-2 and
procaspase-3 in the A549/DDP lung cancer cells. These results
define a pathway of procaspase-3-p-ELE function that involves
decreased mitochondrial membrane potential, leading to
apoptosis triggered by the release of cytochrome c into the
cytoplasm and the modulation of apoptosis-related genes.
The reversal of drug resistance of the A549/DDP cell line by
B-ELE may be derived from its effect in inducing apoptosis.

Introduction

Lung cancer is generally diagnosed too late to be operable,
and consequently, chemotherapy provides the main treatment
option for most lung cancer patients (1-3). Furthermore, drug
resistance of lung cancer to chemotherapeutic drugs is one
of the important causes of the failure of chemotherapy (4,5).
p-elemene (B-ELE) is a new anticancer drug extracted from
Curcuma zedoaria Roscoe, know as zedoary, that includes
a, B,y and & forms. B-ELE accounts for the main antitumor
effect (6,7). p-ELE injection has been widely used to treat a
variety of malignancies including lung cancer (8), liver cancer
(9), malignant tumors of the digestive tract (10) and bladder
cancer (11). Recently studies have shown that 3-ELE reverses
the drug resistance of tumor cells (7,12,13). To explore the
mechanisms of action of 3-ELE, we examined the effects of
B-ELE on the cisplatin (DDP)-resistant human lung adeno-
carcinoma cell line A549/DDP. Our results define a pathway
of B-ELE function involving the regulation of mitochondrial
membrane potential and apoptosis signaling proteins leading
to the reversal of drug resistance.

Materials and methods

Reagents and equipment. The cisplatin-sensitive human lung
adenocarcinoma cell line, A549, and its cisplatin-resistant
derivative, A549/DDP, were purchased from the China
Military Medical Science Academy of the PLA (Beijing,
China). Cisplatin (DDP) (Yunnan Biological Pharmaceutical
Co., Ltd.; batch number: 090202); $-elemene injection (Dalian
Jingang Pharmaceutical Co., Ltd., batch number: 081152);
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mouse monoclonal anti-human antibodies against cyto-
chrome c, caspase-3, Bcl-2, Bad and (-actin; and horseradish
peroxidase-labeled rabbit anti-mouse IgG were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
2'7'-Dichlorofluorescein diacetate (DCFH-DA) fluorescence
probe was purchased from Invitrogen (Carlsbad, CA, USA).
Propidium iodide (PI), ECL chemiluminescence reagent Kkits,
Hoechst 33342 staining reagent, MTT cell proliferation assay
kits, dimethyl sulfoxide (DMSO), RPMI-1640 culture medium,
cyclosporine A and Ac-DEVD-CHO were from Sigma (St.
Louis, MO, USA). The Annexin V-FLUOS staining kit was
purchased from Roche Diagnostics (Indianapolis, IN, USA).
JC-1 mitochondrial membrane potential kits were purchased
from Nanjing KeyGen Development Co., Ltd. (Nanjing,
China). The GSH/GSSG detection kits were purchased from
Jiangsu Pik Wan Biotechnology Research Institute (Jiangsu,
China). Equipment used included FACSCalibur flow cytom-
eter (Becton-Dickinson), Tcs SP2 laser scanning confocal
microscope (Leica), spectrophotometer (Eppendorf), elec-
trophoresis and transfer film equipment (Bio-Rad), Olympus
IX71 fluorescence microscope (Olympus), AE31/CCIS
inverted microscope (Moltic Co., Ltd.) and 5804R low speed
centrifuge (Eppendorf). B-ELE and DDP were diluted with
both RPMI-1640 and 10% fetal bovine serum (FBS) medium
to various working concentrations when used.

Cell culture. Human lung adenocarcinoma A549 and A549/
DDP cells (final concentration of 2 yg/ml DDP to maintain
drug resistance) were cultured in RPMI-1640 medium supple-
mented with 10% FBS, 100 U/ml penicillin and 100 mg/1
streptomycin in an atmosphere of 5% CO, at 37°C. The A549/
DDP cells were cultured for one week in the medium without
DDP prior to experimentation. Exponentially growing cells
were used in all experiments.

Drug sensitivity assay. The sensitivity of cells to drugs was
determined using the MTT assay. Briefly, cells were plated in
triplicate in 96-well plates at a density of 5x10° cells/well for
the drug sensitivity assays. Cells were treated with 0.25,0.5, 1,
2,4,8,16 or 32 ug/ml of DDP for 24 h, 20 ul MTT dye (5 mg/
ml) was added at 37°C for 4 h, and then the culture medium was
removed and 150 ul of DMSO per well was added with oscil-
lation for 10 min. Spectrometric absorbance at 570 nm was
measured by using a microplate reader (reference wavelength
630 nm). The experiment was repeated 3 times to generate a
growth curve. The proliferation rate (%) was determined by
calculating the value of the experimental group/the value of
the control group x 100%.

MTT cytotoxicity assay. A5S49/DDP cells were plated in trip-
licate in 96-well plates at a density of 5x10° cells/well. After
cells adhered to the plates, a final concentration of 10, 20, 40
or 80 ug/ml B-ELE was added to the experimental groups, and
the same amount of drug dissolution medium was added to
the control group. MTT assay was used to determine B-ELE
cytotoxicity as previously described. The cell proliferation
inhibition rate was calculated as 1 - the proliferation rate (%).
The 50% inhibitory concentration (ICs,) was calculated by
linear regression, and the fold of drug resistance was calcu-
lated as ICs, of resistant cells/ICs, of sensitive cells.
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For assessing the B-ELE-mediated reversal of A549/
DDP cell drug resistance, the control group was treated with
varying final concentrations of DDP (0.25-32 ug/ml), and the
experimental group was additionally treated with 20 ug/ml
B-ELE. After 24 h, MTT solution was added, and the absor-
bance was measured as described above. The fold of reversal
was calculated as the IC, value in the absence of B-ELE to
that in the presence of -ELE.

Apoptosis assay. A549/DDP cells were cultured in 2 pg/
ml DDP to maintain drug resistance, and B-ELE was added
at 20 or 40 pg/ml to the experimental group. After 24 h,
the cells were collected by centrifugation for Hoechst and
Annexin V-FITC staining. For Hoechst staining, nuclei were
stained with DNA fluorescent dye and observed under a fluo-
rescence microscope. For Annexin V-FITC staining, the cell
pellet was re-suspended in 100 ul binding buffer containing
10 mM HEPES/NaOH, 140 mM NaCl, 5 mM CaCl, (pH 74),
supplemented with 5 yl Annexin V-FITC and 5 pl PI. After the
incubation period (30 min at 37°C in the dark), an additional
400 pl of binding buffer was added and Annexin V-FITC/
PI staining was analyzed within 1 h by flow cytometry. The
fluorescence intensity (green FLI-H and red FL2-H) was
measured on the FACSCalibur flow cytometer. CellQuest Pro
software was used for acquisition and analysis of data.

Assessment of mitochondrial membrane potential (A¥m)
by JC-1 assay and laser confocal fluorescence microscopy.
A549/DDP cells were plated in triplicate in 96-well plates at
a density of 1x10° cells/well. The control group was plated in
2 pg/ml DDP, and an additional 40 pg/ml B-ELE was added
to the experimental group. Cells were cultured for 0, 6, 12 or
24 h in serum-free culture medium, and then 10 mg/1 JC-1 dye
was added and cells were incubated at 37°C for 15 min. Cells
were centrifuged, and the excess waste dye was aspirated.
Cells were then photographed under a laser confocal micro-
scope, and JC-1 monomer (green fluorescence) was detected
at an excitation wavelength of 488 nm (emission wavelength
530 nm), while JC-1 polymer (red fluorescence) was detected
at an excitation wavelength of 535 nm (emission wavelength
590 nm). Ten fields were randomly selected for calculation
of the average fluorescence intensity (Leica, LCS Universal
Imaging software). The red fluorescence/green fluorescence
optical density ratio indicated the mitochondrial A¥m levels,
while a decrease in the optical density ratio represented mito-
chondrial A¥m decrease.

Assessment of intracellular reactive oxygen species (ROS)
and the level of glutathione (GSH). In order to assess
intracellular ROS levels, A549/DDP cells were plated in
triplicate in 96-well plates at a density of 5x10° cells/well
with 2 ug/ml DDP and 0, 20 or 40 ug/ml B-ELE for 24 h.
Cells were collected, incubated with 5 uM DCF-DA probe
at 37°C for 20 min in serum-free medium, and washed 3
times, and the fluorescence intensity at a 488-nm excitation
wavelength and 525-nm emission wavelength was detected
by flow cytometry. DCFH-DA itself has no fluorescence and
can freely pass through the cell membrane. After entering
the cell, 2',7'-dichlorofluorescein (DCFH) is oxidized by
the superoxide anion and hydrogen peroxide to fluorescent
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Figure 1. Growth inhibitory effects of different concentrations of DDP on
A549 and A549/DDP cells. Cell viability, as assessed by MTT assay, was
determined 24 h after exposure of A549 or A549/DDP cells to increasing
concentrations of cisplatin (DDP). Results represent the average of triplicate
wells and are representative of three independent experiments.

2" 7'-dichlorofluorescein (DCF). The level of DCF reflects the
level of intracellular ROS expression.

At the same time, we measured GSH according to the
manufacturer's instructions. We measured total glutathione
(GSSG + GSH) content, and then subtracted the amount of
GSH in the sample to calculate the GSSG content. The ratio
of GSH/(GSSG + GSH) was used as a measure of GSH.
The principle of this assay is as follows: GSH reacts with
5'-dinitrobenzene acid (DTNB) to form GSSG and stable
5-mercapto-2-nitrobenzene acid (TNB); GSSG is reduced
by GSSG reductase and NADPH, releasing additional TNB
(yellow color), which can be detected by spectrophotometry
(maximum absorbance wavelength 412 nm). The amount of
TNB is proportional to the GSH released in the samples. All
experiments were repeated 3 times.

Western blot analysis of cytochrome c, caspase-3 and Bcl-2
expression. A549/DDP cells were plated in triplicate in
96-well plates at a density of 5x10° cells/well with 2 pg/ml
DDP plus 0, 20 or 40 ug/ml B-ELE. Cells were then collected
in lysis buffer and incubated on ice for 15 min. The lysates
were centrifuged at 4°C for 10 min, and 50 pg of protein was
eletrophoresed by 12% SDS-PAGE and transferred to poly-
vinyl difluoride ethylene membranes. The membranes were
then blocked with 5% skim milk for 2 h, washed in TBST, and
incubated with mouse anti-human cytochrome ¢ (1:800 dilu-
tion), caspase-3 (1:1,000 dilution), Bcl-2 (1:1,000 dilution), Bad
(1:1,000 dilution), procaspase-3 (1:1,000 dilution) or B-actin
(1:2,000 dilution). HRP-labeled secondary antibodies (1:2,000
dilution) were added for 2 h at room temperature, followed
by ECL chemiluminescence. For assessment of the effects of
cyclosporine and Ac-DEVD-CHO, cells were divided into 4
groups (each with 2 yg/ml DDP to maintain drug resistance):
control group; 40 pug/ml B-ELE treatment group; 40 pg/ml
B-ELE + Ac-DEVD-CHO (50 gmol/l) treatment group; and
40 ug/ml B-ELE + cyclosporine A (2 ymol/l) treatment group.
Caspase-3 expression and cleavage were assessed by western
blot analysis as described above.

Statistical analysis. Statistical analysis was performed using
SPSS 13.5 and Origin 8.5 software. Statistical data represent
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Figure 2. Time- and dose-dependent growth inhibitory effects of B-ELE on
A549/DDP cells. Cell viability, as assessed by MTT assay, was determined
at a range of times after A549/DDP cells were exposed to increasing con-
centrations of cisplatin (DDP). Viability was normalized to 100% at time
zero. Results represent the average of triplicate wells and are representative
of three independent experiments.

mean + SD and were determined using single factor analysis
of variance. Comparisons between two groups were performed
using a Student's t-test or x? test. P<0.05 was considered to
indicate a statistically significant result.

Results

Determination of A549 and A549/DDP cell drug sensitivity.
To verify the differential sensitivity of A549 and its derivative
cell line, A549/DDP, to DDP (cisplatin), cells were exposed to
a gradient of DDP concentrations for 24 h, and cell viability
was assessed by MTT assay. Results showed that the concen-
tration of DDP required to inhibit the proliferation of A549
cells (IC5,=5.73+£2.11 pug/ml) was lower than the concentra-
tion needed to inhibit the proliferation of A549/DDP cells
(IC5y=15.34+1.05 pg/ml) (Fig. 1). The difference in ICy, was
statistically significant (t=2.3571, P<0.01), confirming that the
A549/DDP cells were DDP-resistant.

Effects of B-ELE on A549/DDP cell toxicity. To assess the
effects of B-ELE on A549/DDP cells, we performed MTT
assays over a range of doses and times. Results showed that
B-ELE inhibited A549/DDP cell growth in dose-dependent
manner (Fig. 2; 20 vs. 40 ug/ml B-ELE: ¥’=2.6249, P<0.05 at
24 h; ¥*=2.1449, P<0.05 at 48 h). This effect was also partially
time-dependent, depending on (3-ELE dose (24 vs. 48 h for
20 pg/ml B-ELE: ¥*=27.4632, P>0.05; for 40 pg/ml B-ELE:
¥?=2.4136, P<0.05). Based on these results, we selected
20 ug/ml ELE treatment for 24 h as the optimum concentra-
tion and time that ELE reverses the drug resistance of A549/
DDP cells.

B-ELE reverses drug resistance of A549/DDP cells. To
determine whether B-ELE can reverse the drug resistance
of A549/DDP cells, we exposed cells for 24 h to a range of
doses of DDP in the absence or presence of 20 pg/ml -ELE.
The B-ELE-treated cells showed increased sensitivity to
DDP at all concentrations (Fig. 3; P<0.05). Furthermore, the
IC;, value of the experimental group (4.15+0.89 ug/ml) was
significantly lower than the ICs, value of the control group
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Figure 3. Effect of B-ELE on DDP-mediated inhibition of A549/DDP cell
proliferation. Proliferation inhibition rate (the percentage in decrease of the
initial number of cells) was determined by MTT assays 24 h after exposure
to either a range of concentrations of DDP (control group) or 20 pg/ml B-ELE
plus a range of concentrations of DDP (experimental group). The values cor-
responding to this graph and the associated statistical analysis are provided
in Table I. Results represent the average of three experiments performed in
triplicate.

(15.46+1.23 pg/ml) (t=1.4321, P<0.01), with the drug resistance
ratio reversed 3.73+0.38-fold (Table I and Fig. 3). The results
indicate that B-ELE enhances the sensitivity of A549/DDP
cells to DDP.

B-ELE increases levels of A549/DDP cell apoptosis. To
determine whether the enhanced sensitivity to DDP conferred
by B-ELE is related to increased levels of apoptosis, we
performed Hoechst 33342 fluorescent staining following
B-ELE treatment. Results showed that upon treatment with 20
and 40 ug/ml B-ELE for 24 h, A549/DDP cell nuclei became
progressively smaller with more dense granular chromatin
staining, which suggests typical morphological changes
of apoptosis (Fig. 4A). We verified these findings by flow
cytometry following Annexin V-FITC/PI staining. Our results
demonstrated a dose-dependent increase in the apoptosis rate
for cells treated with 20 and 40 pg/ml B-ELE as compared to
the control, which was apparent for cells in early apoptosis
(17.61+0.10 and 37.80+0.12% vs. 5.73+0.09%, respectively)
and cells in middle-late apoptosis (18.9+0.11 and 32.4+0.13
vs. 17.3+0.11%, respectively). The differences between
these values were statistically significant (P<0.05) (Fig 4B).
Collectively, these results suggest that -ELE increases the
levels of apoptosis in A549/DDP cells.

B-ELE decreases the mitochondrial membrane potential
of A549/DDP cells. During apoptosis, the mitochondrial
membrane potential decreases (14,15). As an additional verifi-
cation of the effects of -ELE, we assessed the mitochondrial
membrane potential of A549/DDP cells before and after a 6-,
12- and 24-h drug treatment. Most of the control cells were
stained red by JC-1 assay, indicating an intact cell membrane,
with clearly visible nuclei. In contrast, cells treated with 20
or 40 pug/ml B-ELE showed increasing amounts of green
fluorescence, cell rupture and cell content outflow, suggesting
a decline in the mitochondrial A¥m. The effect was more
obvious for the 40 ug/ml B-ELE group, which showed clear
pyknosis (Fig. 5A). Analysis of the red/green fluorescent light
density ratio showed that the decrease was time-dependent
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Table 1. Effect of B-ELE in reversing the drug resistance of
A549/DDP cells (n=3, mean + SD).

Cell proliferation inhibition rate (%)

DDP (xg/ml) Control group Experimental group
0.25 6.35+1.03 16.79+1.85*
0.5 9.88+0.99 24.2040.13*
1 15.89+0.46 30.14+£0.47*
2 17.55+1.35 39.64+0.09
4 28.11+£0.65 49.34+0.05*
8 37.21+£1.45 65.37+1.05*
16 55.96+2.03 78.21+£0.79*
32 80.44+0.77 94.85+0.91*

*P<0.05 vs. control group (A549/DDP cells treated with different
concentrations of DDP). Experimental group, B-ELE (20 pg/ml)
combined with different concentrations of DDP.

and was statistically significant for the 20 and 40 yg/ml ELE
groups (6 h: ¥?=2.2447, P<0.05, %*>=2.0256, P<0.05; 12 h:
¥*=2.0143, P<0.05, x*=1.3121, P<0.01; 24 h: %*=1.3084, P<0.01,
¥*=1.0034, P<0.01) (Fig. 5B).

B-ELE increases levels of reactive oxygen species (ROS)
generation and glutathione (GSH) release in A549/DDP cells.
The generation of ROS and decline in intracellular GSH levels
are also associated with apotosis (16,17). To examine the ROS
levels, we performed a DCF assay following treatment with
B-ELE for 24 h. Results showed a statistical increase in DCF
fluorescence intensity (x*=3.2443, P<0.05; ¥*=2.1254, P<0.05,
respectively) in the cells treated with 20 or 40 pg/ml -ELE.
These results suggest that the content of ROS was increased
by B-ELE treatment (Fig. 6A). Further assessment of GSH
levels showed that the GSH/(GSSG + GSH) ratio decreased,
suggesting a dose-dependent decrease in GSH content
(x*=2.8437, P<0.05; %*=2.1244, P<0.05) (Fig. 6B). These
results suggest that B-ELE activates a pathway of apoptosis
that involves both the generation of ROS and decline in intra-
cellular GSH.

B-ELE activates apoptosis in A549/DDP cells through a
pathway involving caspase-3 activation, modulation of Bcl-2
family protein expression and cytochrome c release. Apoptosis
may be accompanied by the cleavage of procaspase-3 to active
caspase-3, the modulation of Bcl-2 family protein expres-
sion and the release of cytochrome ¢ (18-20). To assess the
effects of B-ELE on these signaling pathways, we performed
western blotting of A549/DDP cells following a 24-h treat-
ment. Compared with the control group, cells treated with 20
and 40 pg/ml B-ELE had 0.75- and 0.48-fold less procaspase-3
(%*=3.8782, P<0.05; ¥*=3.9644, P<0.05, respectively), while a
1.39- and 1.72-fold increase was noted in cleaved caspase-3
(x*=2.1134, P<0.05; *=2.3516, P<0.05, respectively) (Fig. 7).
This indicates a shift from inactive to active caspase-3. Cells
treated with 20 and 40 ug/ml B-ELE also had 0.55-0.33-fold
less of the anti-apoptotic Bel-2 (%*=3.9442, P<0.05; ¥*=4.0142,
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Figure 4. B-ELE induces cellular morphological features of apoptosis. (A) A549/DDP cells were exposed to 0, 20 and 40 ug/ml B-ELE for 24 h, and then
were stained with Hoechst. The small nuclei and condensed granular blue chromatin staining noted in the 3-ELE-treated cells represent typical apop-
totic morphology (fluorescence staining, x400). (B) The levels of apoptosis in A549/DDP cells exposed to 0, 20 and 40 pug/ml B-ELE were determined by
Annexin V-FITC/PI staining. Cells positive for Annexin V-FITC alone represent early apoptotic cells, while cells positive for staining with both chromagens
represent middle to late apoptotic cells. Results are representative of three experiments.
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Figure 5. 3-ELE induces an increase in the mitochondrial membrane potential
of A549/DDP cells. (A) Mitochondrial membrane potential was measured by
laser confocal scanning microscopy for cells exposed to 0, 20 or 40 pg/ml
B-ELE (x400). Red represents resting cells, while green represents cells with
decreased membrane potential. (B) The ratio of red/green was compared at
different times of exposure to 3-ELE. Values are standardized to 100% in the
untreated cells and represent the average + SD of triplicate wells. Results are
representative of three independent experiments. "P<0.05 vs. control group.

P<0.05) and 1.51-1.82-fold more of the pro-apoptotic Bad
protein (x*=1.9641, P<0.05; x*=1.8746, P<0.05). In addition,
a 1.43- and 1.63-fold increase in cytoplasmic cytochrome c
levels (x*=1.9642, P<0.05; %*=1.7692, P<0.05) was also consis-
tent with increased apoptosis. These results suggest that f-ELE
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Figure 6. 3-ELE promotes an increase in the ROS concentration and decrease
in the GSH level in A549/DDP cells. (A) The mean DCF fluorescence inten-
sity is shown as a measure of ROS activity 24 h after exposure of A549/DDP
cells to 0, 20 or 40 ug/ml B-ELE. (B) GSH levels are shown 24 h after expo-
sure of A549/DDP cells to 0, 20 or 40 ug/ml B-ELE. Values represent the
average + SD of triplicate wells and are representative of three independent
experiments. "P<0.05 vs. control group.

damages the mitochondrial membrane, leading to the release
of mitochondrial cytochrome c to the cytoplasm, which also
leads to the activation of caspase-3 and modulation of Bcl-2
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Figure 8. Cyclosporine A and Ac-DEVD-CHO inhibit caspase-3 protein expression in 3-ELE-treated A549/DDP cells. (A) Representative western blots are
shown for A549/DDP cells exposed for 24 h to 40 ug/ml B-ELE alone or in combination with cyclosporine A or Ac-DEVD-CHO. -actin is shown as a loading
control. (B) The mean + SD intensity (grey value) of the western blot bands were determined from 3 independent experiments for the treatments in panel A.
Results are standardized to 1 as assigned to the untreated control cells. "P<0.05 vs. control group, *P<0.05 vs. 40 ug/ml B-ELE group.

family proteins to activate an apoptotic pathway that reverses
drug resistance.

Cyclosporine A and Ac-DEVD-CHO inhibit 3-ELE-induced
apoptosis in A549/DDP cells. To further understand the role
of the mitochondrial membrane and apoptotic pathways in
the reversal of multidrug resistance, we treated A549/DDP
cells with 40 ug/ml B-ELE for 24 h in combination with
the mitochondrial membrane permeability transition pore
blocking agent cyclosporine A and the caspase-3 inhibitor
Ac-DEVD-CHO. Results showed that the addition of either
cyclosporine A or Ac-DEVD-CHO activated a 1.72+0.13%
increase in the B-ELE-treated group compared with the
control group; 0.68+0.14-fold for B-ELE cells + cyclospo-
rine A vs. B-ELE group; 1.35+0.15-fold for B-ELE cells +

Ac-DEVD-CHO vs. 3-ELE group. The decrease in f-ELE
activation by cyclosporine A and Ac-DEVD-CHO was statisti-
cally significant (P<0.05) (Fig. 8). These results indicate that
the mitochondrial membrane integrity and caspase-3 activa-
tion play an important role in f-ELE-induced A549/DDP cell
apoptosis.

Discussion

Apoptosis is a form of programmed cell death that occurs
naturally to maintain homeostasis, but can be circumvented
by cancer cells (21). Researchers originally thought that apop-
tosis occurs primarily in response to nuclear changes (22);
however, it is now acknowledged that the mitochondrion is the
apoptosis control center (23,24). We used the JC-1 fluorescent
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probe detection method to assess changes in the mitochondrial
membrane potential following B-ELE treatment.

Our results indicated that B-ELE caused pyknosis, cell
rupture and outflow of contents. Further analysis revealed that
the effects were time- and dose-dependent and were accompa-
nied by a decrease in the mitochondrial membrane potential.
Decline in the membrane AWm is a hallmark of apoptosis
initiation and is indicative of membrane damage. Therefore,
these results indicate that B-ELE reverses drug resistance in
A549/DDP cells by inducing damage to the mitochondrial
membrane and decreasing membrane potential.

Mitochondria are the ‘energy processing plants’ of biology.
Failure or inhibition of the respiratory electron transport
chain leads to increased mitochondrial ROS, an activated
oxygen free radical that attacks the mitochondrial membrane
and decreases mitochondrial AWm, resulting in increased
permeability (25). We demonstrated that the decreased
mitochondrial membrane potential in A549/DDP cells was
accompanied by increased ROS, suggesting a pathway of
apoptosis induced by B-ELE. We also observed a decrease
in intracellular GST levels. GST is the scavenger of oxygen
free radicals that removes intracellular ROS that accumulates
during cellular injury (26). Therefore, our results indicate
that B-ELE reverses A549/DDP cell drug resistance through
increased ROS contents in cells which leads to a reduced intra-
cellular GSH content. These intracellular mediators, in turn,
cause further aggravation of the damage to the mitochondrial
membrane, resulting in further progression towards apoptosis.
This cycle is consistent with the results of Yang et al (27) who
demonstrated that application of fucoidan to the hepatocellular
carcinoma cell line SMMC-7721 activated an increase in ROS,
a decreased in GSH, mitochondrial membrane depolarization,
and the induction of apoptosis.

A decline in mitochondrial membrane potential (AWm)
and increase in permeability is also associated with cyto-
chrome c. Cytochrome c is released and activation of caspase
cascade ensues. Caspase-3 is irreversibly activated through
cleavage of procaspase-3, resulting in the activation of an
apoptotic program. Cytochrome c released to the cytoplasmic
is mediated by Bcl-2 family proteins on the outer mitochon-
drial membrane. The Bcl-2 family of proteins includes both
anti-apoptotic (Bcl-2, Bcl-xL) and pro-apoptotic (Bax, Bad)
proteins. Cytochrome c¢ is located in the mitochondrial
intermembrane space, so it cannot normally be detected
in the cytoplasm. When the structure of the mitochondrial
membrane is damaged, particularly the mitochondrial
permeability transition pore (PTP) between the outer and
inner membranes, mitochondrial membrane permeability
increases, cytochrome c is released into the cytoplasm across
the membrane, which leads to depolarization, change in
mitochondrial membrane permeability and caspase-3 activa-
tion; thus, cytochrome c is one of the key factors in apoptosis
signal transduction. However, the release of cytochrome c is
modulated by effects of the Bcl-2 family proteins on PTP on
the mitochondrial membrane. A decrease in anti-apoptotic
Bcl-2 family proteins (such as Bcl-2, Bcl-xL) and an increase
in pro-apoptotic proteins (e.g., Bax, Bad) further promote the
release of cytochrome c into the cytoplasm, triggering the
caspase cascade and inducing increased apoptosis (28-35). We
demonstrated that B-ELE promotes a dose-dependent increase
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in cytoplasmic cytochrome c, transition of caspase-3 to its
active form, a decrease in the expression of anti-apoptotic
Bcl-2, and an increase in pro-apoptotic Bad. Therefore, our
results suggest a pathway of apoptosis activated by 3-ELE that
involves characteristic mitochondrial changes. Further study
demonstrated that caspase-3 expression was reduced by the
addition of either the mitochondrial PTP inhibitor cyclospo-
rine A or caspase-3 inhibitor Ac-DEVD-CHO. These results
verify the relationship between mitochondrial permeability
and caspase-3 activation in this pathway. In summary, our
results demonstrated that B-ELE reverses A549/DDP cell drug
resistance via cytochrome c release, caspase activation and
modulation of the expression of Bcl-2 family proteins. These
results provide a mechanism for B-ELE that may explain its
ability to overcome drug resistance and could be useful in the
treatment of drug-resistance cancers.
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