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Ellagic acid (EA) is able to inhibit the growth of several cancer cells; however, its effect on human ovarian carcinoma cells has
not yet been investigated. Ovarian carcinoma ES-2 and PA-1 cells were treated with EA (10∼100𝜇M) and assessed for viability,
cell cycle, apoptosis, anoikis, autophagy, and chemosensitivity to doxorubicin and their molecular mechanisms. EA inhibited cell
proliferation in a dose- and time-dependent manner by arresting both cell lines at the G1 phase of the cell cycle, which were from
elevating p53 and Cip1/p21 and decreasing cyclin D1 and E levels. EA also induced caspase-3-mediated apoptosis by increasing
the Bax : Bcl-2 ratio and restored anoikis in both cell lines. The enhancement of apoptosis and/or inhibition of autophagy in these
cells by EA assisted the chemotherapy efficacy. The results indicated that EA is a potential novel chemoprevention and treatment
assistant agent for human ovarian carcinoma.

1. Introduction

Ovarian carcinoma is the most lethal gynecological cancer
worldwide and the fifth most frequent cause of cancer
death from all types of cancer in USA women, although it
accounts for 3% to 4% of all cancer in women. Because of
the nonspecific or lack of symptoms of early stage ovarian
carcinoma, the majority of ovarian carcinoma patients are
diagnosed with advanced stage disease [1, 2]. Patients with
advanced stage ovarian carcinoma are treated with standard
therapy including cytoreductive surgery and combination
therapy. Approximately 75% of patients respond to the initial
treatment; however, these patients will suffer from disease
recurrence with fatal drug resistance [3]. Rapid relapse and
the development of drug-resistant disease are the major
challenges in ovarian carcinoma treatment. A novel strategy
for the treatment of ovarian carcinoma is needed.

Ellagic acid (EA) is a polyphenol compound widely
found in fruits such as berries, walnuts, pecans, pomegranate,
cranberries, and longan. It is well known to have a free radical
scavenging activity and has been approved in Japan as an
“existing food additive” for antioxidative purposes [4]. Recent
in vitro evidences revealed that 100𝜇M EA represented
little toxic effect on human normal cells [5, 6]. A 90-day
subchronic toxicity study further demonstrated that orally
feeding EA (9.4, 19.1, 39.1 g/kg b.w., resp.) could not induce
mortality or treatment-related clinical signs throughout the
experimental period on F344 rats [7], indicating the low tox-
icity of EA to mammalians. Furthermore, EA exhibits potent
anticancer and anticarcinogenesis activities towards breast,
colorectal, oral, prostate [5, 6, 8], pancreatic [9], bladder [10],
neuroblastoma [11], melanoma [12], and lymphoma cells [13].
However, there is no evidence regarding the effect of EA
on ovarian carcinoma. This study first provides cellular and
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molecular evidence for EA in terms of the inhibition of cell
proliferation, anchorage independency (anoikis resistance),
and inducing cell cycle arrest and apoptosis in two ovarian
carcinoma cell lines. We also identified a synergistic combi-
nation effect of EA and doxorubicin by regulating autophagy
and/or apoptosis. This study revealed the potential role of
this polyphenol in ovarian carcinoma chemotherapy and
chemoprevention.

2. Materials and Methods

2.1. Materials. Roswell Park Memorial Institute (RPMI)
media 1640, minimum essential medium (MEM), fetal
bovine serum (FBS), L-glutamine, trypsin, and antibiotics
were purchased from Gibco Ltd. (Paisley, UK). Ellagic acid
(EA), 3-(4,5-cimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT), proteinase inhibitor cocktail, sodiumortho-
vanadate, sodium fluoride, sodium pyrophosphate, Triton
X-100, ammonia persulfate, acridine orange, N,N,N󸀠,N󸀠-
tetramethylethylenediamine (TEMED), and Tween 20 were
obtained from Sigma (St. Louis, MO). Bicinchoninic acid
(BCA) protein assay reagent was purchased from Pierce
(Rockford, IL). Acrylamide was obtained from Bio-Rad
(Hercules, CA). Polyvinylidene fluoride (PVDF) membrane
(Immobilon-P) was obtained fromMillipore (Bedford, MA).
Mouse monoclonal anticaspase 3, B cell lymphoma 2 (Bcl-
2), cyclin A, cyclin D1, cyclin E, and cyclin B1 antibod-
ies were obtained from Zymed (San Francisco, CA). Goat
polyclonal anti-p53, Cip1/p21, poly[ADP-ribose] polymerase
(PARP) and Bcl-2 associated protein X (Bax) antibodies, and
goat anti-rabbit, anti-mouse, and rabbit anti-goat secondary
antibodies conjugated with horseradish peroxidase (HRP)
were purchased from R&D Systems (Minneapolis, MN). X-
ray film was obtained from Fuji (Tokyo, Japan). Annexin V
conjugated with FITC was obtained from Becton Dickinson
(Franklin Lakes, NJ).

2.2. Cell Lines. Human ovarian carcinoma cell lines ES-2, PA-
1, and lung fibroblast cell line MRC-5 were obtained from
the Bioresource Collection and Research Center, Taiwan. ES-
2 cells, which possess moderate resistance to doxorubicin,
were established from a poorly differentiated carcinoma of
the ovary taken from a black woman. ES-2 cells were cultured
in 90% RPMI medium 1640 supplemented with 10% heat-
inactivated FBS. PA-1 cells, established by culturing ascitic
fluid cells from a Caucasian female with ovarian carci-
noma, were cultured in 90% MEM medium supplemented
with 2mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1mM
nonessential amino acids, 1.0mM sodium pyruvate, and 10%
heat-inactivated FBS. MRC-5 were cultured in the same
medium as PA-1. All media used here were supplemented
with 25U/mL penicillin and 25𝜇g/mL streptomycin as the
antibiotics. The cells were incubated at 37∘C in a 95%
air/5%CO

2
andwater-saturated atmosphere. All experiments

were carried out on cell lines passaged 5–20 times.

2.3. Cell Proliferation Assay. Ovarian carcinoma cell lines
were plated at 100,000 cells in six-well tissue culture dishes.

After 18 h of culture, cells were treated with different con-
centrations of DMSO-dissolved EA (0, 10, 25, 50, 75, or 100
𝜇M) or chemotherapeutic drugs (doxorubicin, paraplatin,
and paclitaxel) or a combination of both drugs. At the various
time points, cells were collected by trypsinization and stained
with trypan blue, and the cell number in suspension was
counted in duplicate using a hemocytometer. The combina-
tion effect was calculated according to the equation described
by Kern et al. [14]. The expected value for cell survival, 𝑆exp,
was defined as the product of the survival observed for EA
alone and the survival observed for chemotherapeutic drug
alone as follows:

𝑆exp = 𝑆EA × 𝑆chemo-drug. (1)

The actual survival observed for the combination of EA and
chemotherapeutic drug was defined as 𝑆obs. A synergistic
ratio, 𝑅, was calculated as

𝑅 =

𝑆exp

𝑆obs
. (2)

Synergy was defined as any value of 𝑅 greater than unity.
Values of 𝑅 of 1.0 or less indicated an absence of synergy.

2.4. Anoikis. Two methods were used to assess the anoikis
of the ovarian carcinoma cells. First, we suspended ovarian
carcinoma cells (5 × 105 cells) and seeded them in a low
cell attachment six-well tissue culture dish (Costar no. 3471)
and then treated the cells with different concentrations
of EA. Two days after treatment, the formed cell clusters
were assessed under a microscope. The clustered cells were
scattered and the surviving cellswere stainedwith trypan blue
and counted under a microscope. The apoptotic cells were
assessed by staining cells with annexin V and analyzing by
flow cytometry, as described in Section 2.6. Second, ovarian
carcinoma cells were plated in soft agar for colony formation.
Briefly, a feeder layer of medium supplemented with 20%
serum and 0.6% agarose was plated in a 60mm tissue culture
dish and overlaid with a layer of 3000 cells in medium
with 20% serum and 0.3% agarose containing one of several
concentrations of EA. The dishes were incubated at 37∘C for
14 days. Colonies were stained with 2mg/mL MTT followed
by culturing at 37∘C for an additional 4 hours, and then the
colonies were counted using a stereomicroscope.

2.5. Cell Cycle Analysis. The cell cycle distribution of EA-
treated cells was measured by the DNA content in each cell
using flow cytometry as described byChung et al. [15]. Briefly,
treated cells were harvested by trypsinization, fixed in 70%
ethanol at −20∘C for at least 30min, and then stained with
propidium iodide solution (20𝜇g/mL propidium iodide and
10 𝜇g/mLRNaseA) at 37∘C in the dark for 30min.The stained
cells were examined by flow cytometry (FASCalibur, Becton
Dickinson) using FL-2A to score the DNA content of the
cells. The percentages of cells in the G1, S, and G2/M cell
cycle phases were determined using Modfit software (Verity
Software House, Inc., Topsham, ME).
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2.6. Apoptosis Analysis. Apoptosis measurement was carried
out using annexin V to label cell-surface phosphatidylser-
ine of apoptotic cells, as described in Chung et al. [15].
Briefly, treated cells were trypsinized and washed twice with
phosphate-buffered saline and then suspended in binding
buffer (10mM HEPES, pH 7.4, 140mM NaCl, and 2.5mM
CaCl
2
). Cells were stained with a final concentration of

2𝜇g/mL of annexin V conjugated with fluorescein isothio-
cyanate (FITC) at room temperature in the dark for 30min.
The stained cells were measured by a flow cytometry using
FL-1H as the parameter to monitor the apoptosis cells.
Untreated cells served as the negative control.

2.7. Autophagy. Autophagolysosome formation of EA-
treated ovarian carcinoma cells was assessed using acridine
orange staining of the cells and subsequent analysis under
a confocal fluorescence microscope and by flow cytometry,
essentially as described by Böck et al. [16]. Briefly, EA- or
doxorubicin-treated ovarian carcinoma cells were stained in
complete medium containing 1 𝜇g/mL acridine orange and
the autophagolysosomes were examined under a confocal
fluorescence microscope (Zeiss Observer Z1, Carl Zeiss
International, Germany) using a 488 nm wavelength laser as
the excitation light. Cells treated in the same manner were
also trypsinized and stained with 1 𝜇g/mL acridine orange
for 30min and then analyzed by flow cytometry using FL-3H
as the parameter to monitor the autophagolysosome change.

2.8. Immunoblotting. Cells were washed with ice-cold
phosphate-buffered saline and lysed in homogenization
buffer (10mM Tris-HCl at pH 7.4, 2mM EDTA, 1mM
EGTA, 50mM NaCl, 1% Triton X-100, 50mM NaF, 20mM
sodium pyrophosphate, 1mM sodium orthovanadate, and
1 : 100 proteinase inhibitor cocktail) on ice for 30min. After
centrifugation for 30min at 13,000 rpm at 4∘C to remove
insoluble materials, the protein concentration of the lysate
was determined using a BCA protein assay kit, and the
lysate was then separated using SDS-PAGE. The resolved
bands were electrotransferred to PVDF membranes using
a semidry blot apparatus (Bio-Rad). Immunoblotting was
performed by incubating PVDF membranes with 5% nonfat
milk in Tris-buffered saline supplemented with Tween 20
(TBST, 10mM Tris, pH 7.4, 150mM NaCl, 0.2% Tween 20)
for 1 h at room temperature to block the residue free protein
binding sites on PVDF. The membrane was incubated
with different primary antibodies in 3% non-fat milk in
TBST at 4∘C for 18 h. After repeated washing with TBST,
the membrane was incubated with secondary antibodies
conjugated with HRP. Immunoblots were developed using
enhanced chemiluminescence and the luminescence was
visualized on X-ray film or using a chemoluminescence
detection system (Bio-Rad).

2.9. Statistical Analysis. All data were averaged from three
independent experiments and are expressed as the means ±
standard deviation (SD) unless stated otherwise. Differences
between groups were calculated using Student’s unpaired 𝑡-
test. Dose-dependent effectwas calculated using simple linear

regression. 𝑃 < 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS version
12.0 (SPSS, Inc., Chicago, IL).

3. Results

3.1. Inhibition of Ovarian Carcinoma Cell Proliferation. As
shown in Figure 1, compared with untreated cells, survival
decreased in a dose-dependent and time-dependent manner
(𝑃 < 0.05) in both ovarian carcinoma cells. ES-2 cell growth
was significantly suppressed under greater than 25 𝜇M EA
treatment after 48 hours, with more than 60% inhibition,
although there was unremarkable change at 12 and 24 hours
(Figure 1(a)). PA-1 was more sensitive to EA. The cell prolif-
eration of PA-1 was suppressed under 25 𝜇M EA treatment
after 12 hours with 30% inhibition. More than 70% inhibition
at 10 𝜇M and 90% inhibition at 25𝜇M at 48 hours were
observed (Figure 1(b)). All the tested concentration of EA
except 100 𝜇M could not inhibit the growth of human lung
normal fibroblast cell line MRC-5 (Figure 1(c)).

3.2. G1 Phase Arrest. As shown in Figure 2, the distribution of
theG1 phase of the cell cycle gradually increased and the S and
G2/M phases concomitantly decreased at EA concentrations
greater than 10 𝜇M in ES-2 cells (Figure 2(a)) and 25 𝜇M
in PA-1 cells (Figure 2(b)) when compared with untreated
controls. To examine the protein mechanisms by which EA
induced G1 phase block in ovarian carcinoma cells, the levels
of cell-cycle-controlling proteins cyclin D1, E, A, and B1
and cyclin dependent protein kinase inhibitor Cip1/p21 and
tumor suppressor p53 were determined by immunoblotting.
As shown in Figure 2(c), untreated ES-2 expressed p53, and
the level of p53 was elevated under treatment with more than
25 𝜇M EA to 1.4- to 1.6-fold of the control level. Cip1/p21
levels were increased in ES-2 cells under treatment withmore
than 10𝜇M EA, whereas cyclin B1 levels were decreased in
a dose-dependent manner. Cyclin D1 levels were decreased
in ES-2 cells under treatment with more than 10𝜇M EA
whereas cyclin E decreased with more than 50 𝜇M EA. The
change in the cyclin A level of the EA-treated ES-2 cells was
unremarkable.The profile of the changes in cell cycle proteins
in EA-treated PA-1 was more dramatic than that in ES-2
cells. As shown in Figure 2(d), untreated PA-1 cells expressed
trace levels of p53, and the level elevated dramatically under
treatment with more than 25𝜇M EA to 2.53- to 11-fold of
the control level. Cip1/p21 levels were significantly expressed
under treatment with more than 25 𝜇M EA to 30.83- to
673.02-fold of control level, whereas cyclin D1, E, and B were
gradually decreased. Cyclin A showed no remarkable change.

3.3. Apoptotic Death. Phosphatidylserine translocation was
assessed to determine apoptosis in EA-treated ovarian car-
cinoma cells by staining with FITC-conjugated annexin
V. Annexin V-positive ES-2 cells increased under treat-
ment with more than 25 𝜇M EA (Figure 3(a); 𝑃 < 0.05),
whereas PA-1 cells increased under treatment with 10 𝜇MEA
(Figure 3(b)), compared with untreated cells. Procaspase 3
increased and Bcl-2 decreased under treatment with more
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Figure 1:The dose and time response of ovarian carcinoma cell lines
to ellagic acid (EA). A total of 100,000 ES-2 cells (a), PA-1 cells (b),
and MRC-5 cells (c) in 6-well plates were treated with increasing
concentrations of EA as indicated and then incubated at 37∘C for
12, 24, and 48 h. Viable cells were trypsinized, stained with trypan
blue, and counted under a microscope. Cell viability was expressed
as a percentage of untreated cells. Data are the average of three
independent experiments and expressed as means ± SD.

than 25 𝜇M EA in ES-2 cells and 10 𝜇M EA in PA-1 cells
(Figures 3(c) and 3(d)). The caspase 3 substrate PARP was
cleaved in both EA-treated ES-2 and PA-1 cells. Bax levels
were not changed remarkably. The Bax : Bcl-2 ratio was
increased under treatment with more than 25𝜇MEA in ES-2
cells and 10 𝜇M EA in PA-1 cells (Figures 3(e) and 3(f)).

3.4. Anoikis Induction. Resistance to anoikis, which is similar
to anchorage-independent growth, is the malignant phe-
notype of cancer cells closely correlated with the in vivo
tumorigenesis ability in nude mice [17]. The first assay was
carried out by seeding cells into low attachment tissue culture
dishes, in which the cells were difficult to attach to the bottom
of the plates, and living cells therefore form spheroid cell
clusters. In contrast to living cells, the dead cells dispersed
and became apoptotic. As shown in Figure 4(a), ES-2 and PA-
1 cells were significantly reduced cell clusters under treatment
with EA greater than 25 𝜇M and 10 𝜇M, respectively, whereas
untreated ES-2 and PA-1 cells underwent spheroid formation.
The survival rate of ES-2 cells in the suspension culture was
decreased to 82% and 65% of the control level, respectively,
under 10 𝜇M and 25 𝜇M EA treatment (Figure 4(b)). PA-
1 cells were more sensitive to EA treatment in suspension
culture, with 23% and 12% of the cells surviving under 10 𝜇M
and 25 𝜇MEA treatment.We also analyzed the apoptotic cells
in a suspension culture of these two cells and found that
ES-2 cells consisted of lesser cells in apoptosis, at 18%, 21%,
and 27% under 0, 10, and 25 𝜇M EA treatment. In contrast,
detached PA-1 cells showedmore apoptotic cells, at 57%, 71%,
and 86% under 0, 10, and 25𝜇M EA treatment (Figure 4(c)).
The other anchorage-independent growth assay was carried
out by suspending cells in soft agar. As shown in Figure 4(d),
the formation of colonies in soft agar was dramatically
decreased under treatment with more than 10𝜇M EA in PA-
1 cells whereas the colony formation of ES-2 cells gradually
decreased with increasing EA concentration.

3.5. Autophagy and Chemoassistant Effect. Autophagy, a
homeostatic, catabolic degradation process, prevents the
accumulation of damagedproteins or organisms.This process
could be triggered in cancer cells, recycling substances
and producing metabolic energy, which may facilitate rapid
tumor growth and chemoresistance [18]. We attempted to
analyze whether EA could influence this process and assess
the possible role in ovarian carcinoma cell chemoresis-
tance to doxorubicin. As shown in Figure 5(a), ES-2 cells,
with doxorubicin resistance, possessed some autophagolyso-
somes in their cytoplasm. The intensity and numbers of
autophagolysosomes were increased in doxorubicin-treated
ES-2 cells and decreased in EA-treated cells. Flow cytometry
analysis also showed that the FL-3 intensity of acridine
orange-stained ES-2 cells was in the range from 50 to 500
arbitrary units, with the mean value at 180. The mean value
was shifted to 300 when ES-2 cells were treated with 100 nM
doxorubicin for 24 hours. The mean value was shifted to 100
when ES-2 cells were treated with 25𝜇M EA (Figure 5(b)).
The autophage induction of PA-1 cells by doxorubicin was not
remarkable whereas EA-treated PA-1 cells showed suppressed
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Figure 2: Cell-cycle arrest in ovarian carcinoma cells by EA. EA-treated cells were incubated at 37∘C for 12 h and then fixed in 70% alcohol
and stained with propidium iodide then analyzed by flow cytometry, as described in Section 2. The same EA-treated cells were lysed and
the cell proteins were separated by SDS-PAGE then immunoblotted to show proteins as indicated with the beta-actin level as the loading
control. Protein levels were quantified using Image Lab software (Bio-Rad) according the density of each band on the immunoblotting image,
normalized to the reference band (𝛽-actin) and presented as the fold of the untreated control. The cell-cycle distribution and the changes in
cell-cycle-associated proteins of EA-treated ES-2 are shown in (a) and (c), respectively, and EA-treated PA-1 are shown in (b) and (d).The data
reported are the percentages of total cells from the averages of three independent experiments and are expressed as means ± SD. ∗𝑃 < 0.05.

autophagy (Figure 5(c)). Simultaneously treating ES-2 cells
with 100 nMdoxorubicin and 25 𝜇MEA for 24 hours resulted
in an unremarkable inhibition effect compared with 100 nM
doxorubicin treatment. Calculation of the combination index
showed an antagonistic effect (𝑅 = 0.796). When ES-2
cells were pretreated with 100 nM doxorubicin for 24 hours
and then treated with 25 𝜇M EA for another 24 hours, a
synergistic effect was found (𝑅 = 1.419; Figure 5(d)). A
synergistic effect of pretreatment with doxorubicin followed

by EA treatment was also found in PA-1 cells (Figure 5(e)).
Similar effects of pretreatment with paraplatin or paclitaxel
followed by EA treatment were also found in both ovarian
carcinoma cell lines (Figures 5(f), 5(g), 5(h), and 5(i)).

4. Discussion

In this study, we investigated the effects of EA treatment
on ES-2 and PA-1 ovarian carcinoma cells. EA inhibited
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Figure 3: EA-induced apoptosis in ovarian carcinoma cells. EA-treated cells were incubated at 37∘C for 12 h and stained with annexin
V conjugated with FITC and then analyzed by flow cytometry. Cell protein lysates from EA-treated cells were separated by SDS-PAGE,
transferred to PVDFmembranes, and immunoblotted to show proteins as indicated. Protein levels were quantified and normalized using the
density of the untreated control, and the Bax : Bcl-2 ratio was calculated. The apoptotic cells, the changes in apoptosis-associated proteins,
and the Bax : Bcl-2 ratio of EA-treated ES-2 are shown in (a), (c), and (e), respectively, and EA-treated PA-1 are shown in (b), (d), and (f). The
data reported are the averages of three independent experiments and are expressed as means ± SD. ∗𝑃 < 0.05.
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Figure 4: Anchorage-independent growth and anoikis in EA-treated ovarian carcinoma cells. Cells were cultured in methylcellulose-coated
6-well plates and treated with different concentrations of EA as indicated.The formed cell clusters were photographed under amicroscope (a).
The suspended cell clusters were scattered and stained with trypan blue. The surviving cells were counted using a haemocytometer (b). The
same scattered cells were stained with annexin V-FITC and then subjected to flow cytometry for apoptosis analysis (c). Cells were suspended
in soft agar and incubated with different concentrations of EA as indicated for 14 days for anchorage-independent growth in soft agar (d).
The data reported are the averages of three independent experiments and are expressed as means ± SD.

proliferation of these two cell lines in a dose- and time-
dependent manner. EA could not influence the growth of
normal cell line MRC-5 at less than 75 𝜇M EA treatment,
indicating that EA represents the selective inhibition effect
of cell growth on carcinoma cells. The inhibition effect of
EA on these two cells arose from cell cycle arrest at the
G1 phase, which was mechanistically associated with the
elevation of p53 and Cip1/p21 levels and the suppression of
cyclin D1 and E. EA also induced these two cells to apoptotic
death by upregulating the Bax : Bcl-2 ratio and caspase 3
activation. Anoikis of these two cancer cells was restored by

EA treatment. EA treatment suppressed autophagy and the
other effects described earlier were the possible mechanisms
to potentiate the sensitivity of ovarian carcinoma cells to
chemotherapeutic drug treatment. To the best of our knowl-
edge, this is the first direct evidence that EA can inhibit the
proliferation, malignant potential, and chemoresistance of
ovarian carcinoma cells.

EA can inhibit cell proliferation and cell cycle progres-
sion or induce apoptotic death of breast, colorectal, oral,
prostate [5, 6, 8], pancreatic [9], bladder [10], neuroblastoma
[11], melanoma [12], and lymphoma cells [13] by regulating
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Figure 5: Continued.
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Figure 5: Autophage-inhibiting effect and chemoassistance of EA. Cells were treated with or without EA or doxorubicin for 24 hours and
stained with acridine orange. The macrophagosomes of ES-2 cells were monitored under a confocal microscope using a 488 nm wavelength
light to stimulate fluorescence (a). The treated cells, stained with acridine orange, were subjected to flow cytometry, and the FL-3 intensity
was scored (b).The acridine orange-stained PA-1 cells were analyzed by flow cytometry (c). ES-2 cells were seeded in 6-well plates and treated
with EA, doxorubicin, or a simultaneous combination of these two drugs for 24 hours (Simultaneous), or pretreated with doxorubicin for
24 hours and then treated with EA for another 24 hours (Sequential). Cells were trypsinized, stained with trypan blue, and counted under a
hemocytometer (d). PA-1 cells were seeded in 6-well plates and pretreated with doxorubicin for 24 hours and then treated with EA for another
24 hours (e). ES-2 cells pretreated with paraplatin and paclitaxel following by EA were shown in (f) and (h), respectively. PA-1 cells pretreated
with paraplatin and paclitaxel following by EAwere shown in (g) and (i), respectively.The data reported are the averages of three independent
experiments and are expressed as means ± SD.

intracellular molecules that control cell growth and survival.
Mertens-Talcott and colleagues revealed that EA potentiated
the effect of quercetin on elevating the Cip1/p21 and p53
levels in Molt-4 leukemic lymphoma cells [19]. Li and
colleagues further reported that EA induced G1 phase arrest
and apoptosis by directly elevating the Cip1/p21 and p53

expression levels in a bladder cancer T24 cell line [10]. In
this study, we found that EA also promoted the expression
of these two tumor suppressors in both ES-2 and PA-1 cells.
Theoretically, damaged DNA of the cells could induce de
novo synthesis of tumor suppressor p53. The expressed p53
activates Cip1/p21 expression to perform repair of DNA
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damage or Bax expression to induce apoptotic death of
cells [10]. As our results presented herein, the p53 level was
gradually elevated by increasing the concentration of EA
treatment in both cell lines, indicating that EA may induce
DNA damage in these two ovarian carcinoma cells. The
elevation of the Cip1/p21 level in these two cell lines was
correlatedwith the change in the p53 level, and the expression
level of the apoptosis protein Bax was slightly suppressed in
EA-treated ovarian carcinoma cells.Thismay lead the ovarian
carcinoma cells to arrest at the G1 phase of the cell cycle and
facilitate the repair of DNA damage [20]. Other factors that
influence EA-treated ovarian carcinoma cells to be arrested
at the G1 phase may arise from the downregulation of
cyclins. Both EA-treated ovarian carcinoma cells possessed
decreasing levels of cyclin D1, E, and B1. Cyclin D1 and E
are two major regulators of CDK4/6 activity, which could
phosphorylate/inactivate retinoblastoma protein and activate
E2F transcriptional factor to trigger the expression of DNA
synthesis enzymes [21]. In this study, suppressed cyclin D1
and E levels by EA treatment were observed in both ovarian
carcinoma cells, indicating their possible role in EA-induced
G1 phase arrest. Cyclin B1, which associates with cdc2 and
leads cells to enter mitosis, was decreased in both EA-treated
ovarian carcinoma cells, similar to the result observed in
Caco-2 colorectal cancer cells [6]. Theoretically, decreasing
the cyclin B1 level leads cells to arrest at the G2/M phase of
the cell cycle [22]. However, our results did not adhere to
this theory. One recent report from Vuletic and colleagues
revealed that 13-cis-retinoic acid-treated HL-60 leukemia
cells exhibited G0/G1 arrest and decreased cyclin B1 [23].
One possible reason may be the high level of cyclin B1 in
G2/M phase cells, while G1 or S phase cells possess low levels
of cyclin B1 [24]. As the population of EA-treated ovarian
carcinoma cells was most in the G1 phase, the cyclin B1 level
may be diluted and gradually decreased by increasing the G1
phase cells. From these results, we conclude that the G1 phase
arrest of EA-treated ovarian carcinoma cells arises mainly
from upregulation of p53 and Cip1/p21 and the suppression
of cyclin D1 and E.

EA-treated ovarian carcinoma cells also showed early
apoptosis, exhibiting increasing annexin V-positive cells.The
main reasonmay be the suppression of the antiapoptosis pro-
tein Bcl-2 level by EA treatment. Bcl-2 expression was found
to be associated with the resistance of ovarian carcinoma to
chemotherapy drugs [25]. In our recent report, the ratio of
Bax : Bcl-2 proteins was found to be the determining factor
in transmitting the apoptosis signal, which finally triggered
caspase-3 activation [15]. The present study showed that the
Bcl-2 level gradually decreased as the concentration of EA
treatment increased in both ovarian carcinoma cells, and
the Bax : Bcl-2 ratio also increased, which was associated
with caspase 3 activation and the cleavage of caspase 3
substrate PARP and apoptotic induction. We could conclude
therefore that the inhibition of ovarian carcinoma cell prolif-
eration arose mainly from the combination effect of p53/p21-
mediated G1 phase arrest of the cell cycle and Bax/Bcl-2
ratio/caspase-3-induced apoptotic death.

Anchorage-independent growth is the ability by which
cells can survive under detached circumstances. Differenti-
ated epidermal cells are restricted in terms of this ability and
must attach to the basal membrane of epidermal tissues to
survive. Once the epidermal cells detach from the basalmem-
brane, they will be eliminated by apoptosis; this is specifically
named anoikis [26]. The acquisition of anchorage indepen-
dence is an important hallmark of malignant transformation
and is thought to be one of the critical factors in themetastasis
and dissemination of ovarian cancer [27]. Our previous study
revealed that suppression of anchorage-independent growth
was correlated with in vivo tumorigenesis of cancer cells
[17]. Overcoming the anchorage independence of cancer cells
is a promising strategy for cancer therapy [28]. Herein, we
found that ovarian carcinoma cells PA-1 and ES-2 treated
with EA lose their anchorage independence, which was
assessed by two different anchorage independence assays (see
Figure 4). However, a differing response in terms of anoikis
induction between these two cells to EA treatment was also
found. The numbers of PA-1 clusters and surviving cells were
dramatically decreased under 10 𝜇M EA treatment and the
cells showed anoikis. However, the same treatment could only
reduce the total cluster number and only partially restrict
the anchorage independence of ES-2 cells. ES-2 cells still
survived and formed clusters under 25𝜇MEA treatment, and
anoikis of ES-2 cells was lesser apparent than that of PA-
1 cells in the suspension culture. A similar result was also
found regarding clonogenic growth in the soft agar assay.
The colonies of PA-1 cells were dramatically decreased under
10 𝜇M EA treatment, while only the total number of colonies
of ES-2 cells was reduced under the same condition. The
different sensitivity of these two cells in terms of anoikis
induction to EA treatmentmay arise from some other cellular
andmolecular mechanisms, and this is an intriguing issue for
further investigation.

Autophagy is a homeostatic, catabolic process of lysoso-
mal degradation by which cells recycle damaged proteins and
organelles and provide energy and/or substance resources
for cell reconstruction and facilitating survival during stress
or starvation [16]. Tumor cells are capable of triggering
autophagy to respond to stress and facilitate tumor progres-
sion and confer resistance to anticancer treatment. Targeting
cytoprotective autophagy in cancers has the potential to
enhance the treatment efficacy [18]. Accordingly, we pro-
posed that the autophagy process may be part of the mech-
anism by which ES-2 cells resist chemotherapeutic drugs
such as doxorubicin, since pegylated liposomal doxorubicin
is an established treatment for relapsed ovarian cancer [29].
Since acridine orange is regarded as a lysosomotropic dye
that could accumulate in acidic vesicles in a pH-dependent
manner, the dye is used to detect autophagolysosome and
autophagy recently. At neutral pHs, acridine orange is a
weak base without charge that moves freely across biological
membrane and shows green fluorescence with excitation
light (488 nm). Within acidic vesicles, its protonated form
is trapped within the organelle, where its aggregates emit
bright red fluorescence [30]. Our results first demonstrated
that autophagolysosomes, stained with acridine orange, were
elevated in 24-hour 100 nM doxorubicin-treated ES-2 cells,
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of which the survival rate was 52.6%. The survival rate
of ES-2 was 34.7% after 48-hour100 nM doxorubicin treat-
ment. Compared with the survival rate was 48 hour-10 nM
doxorubicin-treated PA-1, of which was 23.8%, ES-2 cells
represented more resistant to doxorubicin treatment. The
autophagolysosomes decreased in only EA-treated ES-2 cells,
which indicated the autophagy-inhibiting effect of EA in ES-
2 cells. However, the combination effect of simultaneously
treating ES-2 cells with doxorubicin and EA was no addition
effect. Reactive oxygen species are involved in one of the
important cytotoxic mechanisms of doxorubicin towards
cancer cells [31]. EA possesses a potent antioxidation ability
and may counteract doxorubicin-induced reactive oxygen
species. We treated ES-2 cells with doxorubicin and EA
sequentially and found a synergistic effect in ES-2 cells. A
similar effect was also observed following sequential treat-
ment of PA-1 cells with doxorubicin and EA. Since paraplatin
and paclitaxel are the first line chemotherapeutic drugs to
ovarian carcinoma and the relapse ovarian carcinoma are
always resistant to these two agents. We also found the
synergistic effects of pretreatment of paraplatin or paclitaxel
followed by EA treatment in both ovarian carcinoma cells.
These results indicate that pretreatment of chemotherapeu-
tic drugs followed by EA treatment could overcome the
chemoresistance of ovarian carcinoma. We proposed that
the inhibition of autophagy or combination with apoptosis
may play a possible role in amelioration of drug resistance
by EA to ovarian carcinoma. The actual subcellular and
molecular mechanisms by which EA inhibits autophagy
assisting in overcoming drug resistance of ovarian carcinoma
is an intriguing issue for further investigation.

In conclusion, this study demonstrated that EA treatment
inhibits cell proliferation and malignant potential in two
ovarian carcinoma cells, ES-2 and PA-1. EA inhibited ovarian
carcinoma cells mainly through G1 phase arrest of the cell
cycle, through elevating the levels of p53 and Cip1/p21 and
suppressing the levels of cyclin D1 and E. EA also induced
apoptosis by inhibiting the Bcl-2 level and altering the
Bax : Bcl-2 ratio and activating caspase 3. EA potently ele-
vated anoikis in PA-1 cells; however, ES-2 cells appeared to be
less sensitive to EA-induced anoikis. The differing sensitivity
to anoikis induction may be the main reason for which PA-1
cells were more sensitive to EA treatment than ES-2 cells. EA
also inhibited autophagy of ES-2 cells and may be associated
with an assisting effect in the chemotherapeutic drug efficacy.
We found that EA treatment exhibited both antimalignance
and antichemoresistance properties in ovarian carcinoma cell
lines, suggesting its potential as a novel chemopreventive and
chemoassistant agent for ovarian cancer.
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