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Abstract: Introduction: Adult T-cell leukemia (ATL) is an aggressive form of malignancy caused by human T-
cell lymphotropic virus 1 (HTLV-1). Currently, there is no effective treatment for ATL. Thymoquinone has
been reported to have anti-cancer properties.
Objective: The aim of this study is to investigatthe effects of TQ on proliferation, apoptosis induction and the
underlying mechanism of action in both HTLV-1 positive (C91-PL and HuT-102) and HTLV-1 negative (CEM
and Jurkat) malignant T-lymphocytes.
Materials and methods: Cells were incubated with different thymoquinone concentrations for 24h. Cell cytotox-
ARTICLE HISTORY icity was assayed using the CytoTox 96" Non-Radioactive Cytotoxicity Assay Kit. Cell proliferation was deter-
- mined using CellTiter 96° Non-Radioactive Cell Proliferation. Cell cycle analysis was performed by staining
ﬁ:if;‘ézd]j?;%%?;ﬁ with propidium iodide. Apoptosis was assessed using cell death ELISA kit. The effect of TQ on p53, p21, Bcl-2
Accepted: August 23,2017 protein expression was determined using Western blot analysis while TGF mRNA expression was determined
DOI- by RT-PCR.
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Results: At non-cytotoxic concentrations of TQ, it resulted in the inhibition of proliferation in a dose dependent

manner. Flow cytometric analysis revealed a shift in the cell cycle distribution to the PreG; phase which is a
marker of apoptosis. Also TQ increase DNA fragmentation. TQ mediated its anti-proliferative effect and apop-
tosis induction by an up-regulation of TGFB1, p53 and p21 and a down-regulation of TGF-a and Bcl-2a.

Conclusion: Thymoquinone presents antiproliferative and proapoptotic effects in ATL cells. For this reason,
further research is required to investigate its possible application in the treatment of ATL.

Keywords: Thymoquinone, HTLV-1, ATL, TGF family, p53, p21 and Bcl-2a.

1. INTRODUCTION HTLV-1 by 40%-60%, especially among immune-compromised
patients [S]. Published data, showed that organ transplant as well as
intravenous drug use increases the risk of transmission of HTLV-1
[6, 7]. Most important routes of transmission of the virus are linked
to immigrants, sex workers, and intravenous injection drug users
[8]. HTLV-1 has been shown to transform normal human peripheral
blood by cell to cell contact based on both in vitro and in vivo data
[9]. HTLV-1 genome encodes two viral regulatory proteins Tax and
HTLV-1 basic zipper protein (HBZ) which are thought to play an
indispensable role in the oncogenic process of Adult T-cell leuke-

HTLV-1 is a retrovirus that is transmitted by the exchange of
bodily fluids, including the following: breast milk, blood, semen
and blood. The rate of transmission by breast feeding accounts for
20% and is dependent proviral load as well as the levels of maternal
antibodies present. Transplacental passage has also been implicated
with the transmission of the virus and is less common accounting
for around 5% chance of transmission [1-3]. The sexual transmis-
sion of HTLV-1 is positively correlated with the proviral load [4].

Transfusion has been indicated to increase the risk of acquiring mia (ATL) [10]

As conventional therapy and surgical approaches have not been
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stration of pharmacologic agent or chemical constituent of natural
diet [12].

Thymoquinone (TQ) is the predominant bioactive compound
present in the black seed oil (Nigella Sativa) [13]. TQ suppresses
cell tumor growth through the interference with the cell cycle dis-
tribution and by the initiation of cellular apoptotic machinery [14,
15]. Based on published data, it was shown that inhibition of prolif-
eration and cell cycle arrest may be induced by TGF-f and p53 via
the transcription of p21, a regulator of cell cycle [16]. However,
promoting tumor growth can be induced by TGF-a and Bcl-2a. In
this study, we evaluated the in vitro effects of TQ on proliferation,
apoptosis induction and its underlying mechanism of action using
both HTLV-1 positive and negative malignant T-Lymphocytes.

2. MATERIALS AND METHODS

2.1. Cell Lines

Two HTLV-1 positive (HuT-102 and C91-PL) and two HTLV
negative (CEM and Jurkat) T-cell lines were used. The four cell
lines were grown in complete RPMI 1640 medium supplemented
with 25 mM Hepes, 10 %(vol/vol) Fetal Bovine Serum (Gibco-
BRL, Paisley, Scotland), and 100 units/L of Penicillin, 100 pg/l of
Streptomycin (Gibco-BRL, Paisley, Scotland) in a humidified incu-
bator (95% air and 5% CO,) at 37°C. Cells were split at 4:1 ratio
once every three days.

2.2. Treatment

The test compound thymoquinone (TQ) was kindly provided by
Dr. Peter Crooks (Univ. of Kentucky, USA). A 10 mg/ml solution
of TQ was prepared by dissolving the TQ powder in methanol and
concentrations ranging between 20-300 uM were used. The volume
of methanol used on the cells for treatment did not exceed 1%, be-
cause of its toxicity to cells. The control received the same concen-
tration of methanol as that found in the TQ solution. For experi-
ments, all cell lines used were grown in the presence of different
concentrations of TQ for 24hours.

2.3. Cell Cytotoxicity, Proliferation, DNA Fragmentation and
Cycle Analysis

®

Cell cytotoxicity was assayed using the CytoTox 96~ Non-
Radioactive Cytotoxicity Assay Kit. CellTiter 96" Non-Radioactive
Cell Proliferation assay was used to study proliferation (Promega,
Madison, WI, USA). An ELISA kit (Roche molecular biochemi-
cals, Mannheim, Germany) was used to detect the cytosolic histone-
associated DNA fragments to assess apoptosis. All assays were
performed according to the manufacturer’s instructions. Finally,
cell cycle analysis was done as prescribed earlier [17].

Cells were grown in the presence and absence of various con-
centrations of TQ for a 24h period for all the experiments that fol-
lowed.

2.4. Protein Extraction and Western Blot Analysis

Total cellular proteins were extracted using RIPA Buffer (50
mM Tris-HCL, pH 7.5, 150 mM NaCl, 1% Nonidet P40, 0.5% so-
dium deoxycholate, 4% protease inhibitors and 1% photsphatase
inhibitors). After centrifugation at 10,000 g and 4 °C for 10 minutes,
the protein concentration on the supernatant was performed by us-
ing DC Bio-Rad protein assay kit (Bio-Rad Labaratories, Hercules,
CA, USA) and 30 pg were loaded onto 10% SDS-polyacrylamide
gel. The primary antibodies used for immunoblotting were: Bel-2a
(N-19), p53 (FL-393), p21 (F-5) obtained from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA). In order to ensure equal
protein loading the GAPDH antibody (20-33) from Sigma Chemi-
cal Co. was used. Later, the membranes were probed with horserad-
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ish peroxidase-conjugated secondary antibody (Bio-Rad, Hercules,
CA, USA). The detection of the protein bands was done with en-
hanced chemilumenesence system according to the manufacturer’s
instructions (Amersham Pharmacia Biotech, NJ, USA).

2.5. mRNA Extraction and RT-PCR

Total RNA was isolated using the SV Total RNA isolation Kit
(Promega, Madison, WI, USA) following the manufacturer’s in-
struction. Total RNA was transcribed to cDNA by reverse tran-
scription using 10U of avian myeloblastosis reverse transcriptase
(Promega, Madison, WI, USA), oligo(dT)17, primer (50pM),
0.2mM each of deoxynucleotide triphosphate (dATP, dGTP, dCTP,
and dTTP; Promega, Madison, WI, USA) reaction buffer (50mM
Tris-HCI, pH 8.3, 50mM KCI, 10mM MgCl,, 0.5mM spermidine,
10mM dithiothreitol) in a total volume of 50 pl for 60 min at 42°C.
Polymerase Chain Reaction (PCR) was used to amplify cDNA us-
ing specific oligonucleotide primers (TGFa; TGFB1 and TGFfB2) to
detect the target cDNAs [18]. A 10 pl of the PCR product was sepa-
rated using gel electrophoresis on a 3% (W/V) agarose gels which
were stained with ethidium bromide. The Molecular Analyst/PC
image analysis software (BioRad Laboratories, Hercules, and CA,
USA) was used to evaluate the intensity of the luminescent bands.
The results were expressed as relative densitometric units and nor-
malized to the values of the phosphoribosomal protein mRNA used
as an internal control. The control PCR was conducted using RNA
samples which were not exposed to reverse transcription to investi-
gate whether or not any amplified fragment(s) corresponding to
genomic DNA is detected

2.6. Statistical Analyses

All experiments were done in triplicates. For cytotoxicity, pro-
liferation and ELISA, the reported data represents the averages
of three experiments and the bars represent standard deviation. The
t-test was used to compare the means among the sets of data.
Significant differences were considered significant at p'< 0.05 and
p <0.01.

3. RESULTS
3.1. Effect of TQ on Cell Cytotoxicity and Proliferation

Determining the non-cytotoxic TQ concentrations is an essen-
tial step before evaluating its antiproliferative effects on ATL cells.
The results showed a dose-dependent effect of TQ on both HTLV-1
negative (Fig. 1A) and positive cells (Fig. 1B) and inhibition was
determined as percent of control. The results showed that TQ had
no cytotoxic effects on these cell lines when applied at concentra-
tions lower than 100 uM.TQ inhibited cell proliferation in a dose
dependant manner with IC50 values ranges from around 50 to 60
uM for all cell lines (Fig. 1C,D). For all subsequent experiments
three doses were used in addition the control (20, 60 and 100uM).

3.2. Effect of TQ on Cell Cycle

To determine whether TQ affected cell cycle progression, cell
lines were treated with or without 20 uM or 60uM or 100uM for
24h. Then, cells were subjected to flow cytometry analysis of DNA
staining. Fig. (1) showed that TQ treatment led to a significant in-
crease in pre-G; phase in C91-PL (32.4% for 60 uMvs. 2.74% for
control), HuT-102 (16.9% for 60 pMvs. 2.31% for control) and
Jurkat (11.61% for 60 uMvs. 1.11% for control) cells for 24h.
While, TQ treatment had less effect on CEM cell cycle arrest
(17.99% for 60 uM vs. 9.12% for control) for 24h.

3.3. Effect of TQ on DNA Fragmentation

We have previously demonstrated that TQ increased pre-Gl
cell population which is a characteristic of apoptotic cells. To con-
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Fig. (1). Effect of TQ on cell cycle progression in HTLV-1 negative and positive cells. Cells were treated with or without TQ. The distribution of the
four leukemic cells in the different cell cycle phases 24h after the treatment with TQ is represented. The results were representative of three independent
experiments.
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Fig. (2). Effect of TQ on cell cytotoxicity and proliferation. The effect of TQ on cytotoxicity (A, B) and proliferation (C,D) of HTLV-1 infected cells (B, D)
and non-infected (A, C) HuT-102 (a,b) are presented. Each value is the mean £ SD deduced of three separate experiments done in triplicate. *: p<0.05, **:
p<0.01.

firm that TQ induced apoptosis, we quantified DNA fragmentation pared to the control for 24h. Confirmed to previous findings, results
by ELISA. Fig. (2) showed that TQ induce significantly DNA indicated that TQ treatment had less effect on CEM apoptosis in-
fragmentation in HuT-102, C91-PL and Jurkat at 100uM as com- duction.
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Fig. (3). Effect of TQ on antiproliferative and proapoptotic protein expressions. Western blot analysis of p53, p21, and Bcl-2a proteins expression in the
HTLV-1 positive (C91-PL, HuT-102) and negative cell lines (CEM, Jurkat) treated with different concentrations of TQ for 24h. GAPDH has been used as a
control to ensure equal loading. The immunoblots represent the typical results obtained in three independent experiments. (300x300 DPT).
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Fig. (4). Effect of TQ on TGF mRNA expression. 24h after exposure to TQ(0, 20, 60 and 100uM), the expression of TGF o, B 1 and B2 was determined
using RT-PCR in the four cell lines used. The results showed represent the typical gels obtained in three independent experiments. The data, represented below
the gel, are expressed as relative densitometric units normalized to the values of the phosphoribosomal protein mRNA used as an internal control. (300x300 DPT).

3.4. Effect of TQ on Antiproliferative and Proapoptotic Protein
Expressions

We have shown that TQ induced cell cycle arrest and apoptosis.
So, we first examined the levels of cell cycle and apoptosis regula-
tory proteins in all cell lines (Fig. 3). Western Blot analysis showed
that TQ enhanced expression of p53 and p21 implicated in cell
cycle arrest and apoptosis initiation in all cell lines. In contrast, the
protein expression of Bcl-2a, an anti-apoptotic protein, was down-
regulated. These results revealed that TQ induce cell cycle arrest
and apoptosis by increasing expression of pro-apoptotic protein
(p53 and p21) and decreased the expression of anti-apoptotic pro-
tein (Bcl-2a).

3.5. Effect of TQ on TGF mRNA Expression

TGF-B is well known as a key tumor suppressor which induce
p21 a regulator of G1 phase of the cell cycle, contributing to cell
cycle arrest [19]. To investigate whether TQ affects TFG-f activity,
we analyzed the TGF- mRNA expression for all cell lines by RT-
PCR at 24h. As shown in Figs. (4, 5), TQ up-regulatedTGF-B1 in

both negative and positive HTLV-1 cell lines but didn't have any
effect on TGF-B2 activity. While, TGF-0, a protein implicated on
tumor growth was down-regulated in all the cells lines. These find-
ings indicated that TQ induces tumor suppressor protein and inhibit
protein implicated in tumor growth.

4. DISCUSSION

HTLV-1 is the causative virus for ATL with high incidence
rates among of HTLV-1carriers [20]. ATL has a very poor progno-
sis due to its resistance to many chemical agents [21]. In an effort to
develop novel complementary chemotherapeutic agents with less
harmful side-effects to treat cancer, natural products have been
investigated [22, 23]. In the present study, we evaluated the anti-
cancer activity and the underlying mechanism of TQ, which is a
potential chemo-preventive and chemotherapeutic compound pre-
sent in the essential oil of the black seed [24], against HTLV-1
positive cell lines C91-PL and Hut-102 and HTLV-1 negative cell
lines CEM and Jurkat malignant T-lymphocyte. Previous studies
showed that thymoquinone had an antiproliferative effect against
acute myelogenesis leukemia in U937 cell lines [25].TQ inhibited
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Fig. (5). Effect of TQ on TGF mRNA expression. 24h after exposure to TQ (0, 20, 60 and 100uM), the expression of TGF o, B 1 and f2 was determined
using RT-PCR in the four cell lines used. The results showed represent the typical gels obtained in three independent experiments. The data, represented below
the gel, are expressed as relative densitometric units normalized to the values of the phosphoribosomal protein mRNA used as an internal control.

proliferation in a dose dependent manner with ICs, values ranging
from 50 to 60 uM for all the cell lines tested. However, CEM and
HuT-102 showed similar responses to cell proliferation being less
effective than the other two cell lines, Jurkat and C91-PL. This
phenomenon may be attributed to the differences in the genetic
composition in these cells and not likely due to virus-specific effect.
The data showed also that TQ is 1.5 times more toxic to Jurkat than
HuT-102 cells after 24h of treatment. It has been reported that TQ
inhibited proliferation through cell cycle arrest and modulation of
apoptosis signaling [26]. This is in agreement with published data
which showed that TQ induce cell cycle arrest in G; phase [27].
This study found that TQ induced a pre-G; cell cycle arrest in both
HTLV-1 negative and positive cells. The results further indicate
that TQ acts on the checkpoint between pre G, and Gy/G,, thus
decreasing cell proliferation and leading to cell cycle arrest. As pre-
G is a marker of apoptosis, this study investigated the effect of TQ
on apoptosis induction.

Apoptosis induction is a hallmark of cancer treatment and the
most frequently observed mechanism of TQ-mediated cell death.
Apoptosis pathways activate endonucleases leading to DNA frag-
mentation [28]. This present study demonstrated that TQ induced
apoptotic cell death associated with DNA fragmentation in all cell
lines. Similarly, published studies indicated that TQ induced apop-
tosis in different cancer cell lines including Leukemia cells [29, 30].
Cell division and programmed cell death are influenced both by
some cell cycle regulators such as p53 and p21 which induce apop-
tosis and Bcl-2 which inhibit apoptosis induction [31]. A correla-
tion was observed between the increase in p53 levels and the activa-
tion of the Tax gene which in turn stimulates the expression of sev-
eral cellular genes as well as its conjugate viral Long Terminal
Repeats (LTR) [32]. p53 is the most commonly mutated gene in
human tumors and it is thought to play an important role in the
prevention of cancer. p53 provides more time for the occurrence of
DNA repair by delaying the cell cycle and this is how it comes to
be known as the protector of the genome. Not to mention the role of
p53 in stimulating apoptosis in damaged cells preventing those cells
from becoming carcinogenic. A post-transcriptional mechanism that
stabilizes p53 is thought to play a role in its up-regulation when
damage to the DNA of the cells occurs [33]. p53 lies upstream of
Bcl-2a and p21 and its up-regulation leads to the down-regulation
of Bcl-2a and the up-regulation of p21. pS3 could also cause the
activation of p21, a regulatory protein which can cause cell cycle
arrest. p21 can also be activated by p53 independent mechanisms.
The disruption of p21 causes a shift in pS3-dependent responses
from growth to apoptosis [34]. p21 contributes to drug-induced
tumor suppression being an inhibitor of cell proliferation. p21 may

be both anti and pro-apoptotic. In our results, it acted as a pro-
apoptotic agent. p21 is also a universal CDKI of CDKs 2, 4 and 6
and is the main cause of cell cycle arrest at the pre G phase [35] .
External stress stimulates Bcl-2a, a prototypic anti-apoptotic pro-
tein which is responsible for the regulation of the process of pro-
grammed cell death. The resistance to the apoptotic effects of
chemo- and radiotherapy is thought to be conferred by the over-
expression of Bcl-2a. The method of action of Bcl-2a is by the
prevention of release of cytochrome ¢ from the mitochondria,
which is a major pathway for apoptosis [36].

This study demonstrated that TQ up-regulated the expression of
p53 and p21 and down-regulated Bel-20.This in agreement with
what has been published by others which demonstrated that TQ
induced apoptosis via increasing the levels of expression of p53 and
p21 and inhibition of anti-apoptotic Bcl-2 protein in human colorec-
tal cancer cells [27].

TGF- B1 plays a role as a pro-apoptotic protein [37]. It is now
known that the expression of TGF-B1 inhibits T and B cell prolif-
eration [38]. TGF-B2 has a role in mediating apoptosis in cells and
regulating apoptosis-associated proteins Bcl-xL and Bcl-2a in vivo
[39]. TGF- B2 has a suppressive effect on interleukin-2 dependent
T-cell growth [40]. Studies demonstrated that treatment of leukemic
cells with TGF-B can induce cell cycle arrest and apoptotic process
accompanied by Bcl-2 down-regulated [38]. In this study, we show
for first time that TQ up-regulated TGF-B1 but didn't have any ef-
fect on TGF-B2 activity in all cell lines. TGF-a is confirmed to have
an anti-proliferative effects on cells [41]. This finding documents
that TQ down-regulated TGF-a in all cell lines for the first time.

CONCLUSION

Based on the above, this study indicated that TQ inhibited cell
proliferation in both HTLV-1 negative(CEM and Jurkat) and posi-
tive(C91-PL and HuT-102) malignant T-lymphocytic cells by caus-
ing cell cycle arrest and apoptosis. These phenomena mainly occur
through up- regulation of pro-apoptotic protein p53, p21 and TGF-
B1 and down-regulation of anti-apoptotic protein Bcl-2 o and TGF-
o. Thus, these results offer a potential mechanism for TQ-induced
cell cycle arrest and apoptosis.
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Anethole Inhibits the Proliferation of Human Prostate Cancer Cells via Induction of
Cell Cycle Arrest and Apoptosis
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Abstract: Background: Prostate cancer-associated mortality is increasing at an alarming rate, which highlights
the inevitability for unearthing novel agent for the management of this disease. Anethole, a major constituent of
Foeniculum vulgare (fennel) essential oil, is widely used in folk medicine; it possesses anti-oxidant, anti-
inflammatory, anti-proliferative and tumoricidal potentialities.

Objective: The current research was conducted to assess the impact of anethole on prostate cancer cell line, PC-
3, and to delineate the molecular mechanism of action.

ARTICLE HISTORY Methods: To achieve this aim, the growth-inhibitory effect of anethole was evaluated by MTT assay. Apoptotic
death and cell cycle analyses were assessed by flow cytometry and alterations in gene expression were investi-

gated by qPCR and Western blot analyses.
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Accepted: July 17, 2017 Results: The observations indicated that anethole inhibited proliferation, clonal growth and migration of PC-3

DOI: cells. It also suppressed growth of PC-3 derived cancer stem cells (tumorspheres). Pro-apoptotic potential of

10.2174/1871520617666170725165717 anethole was accompanied by generation of ROS, permeabilization of the mitochondrial and lysosomal mem-
branes, activation of caspase-3 and -9, DNA damage, PARP cleavage and induction of Bax/Bcl-2 protein ratio.
Further, anethole induced G2/M phase arrest, downregulation of cyclins D1, CDK-4 and c-Myc proteins and
upregulation of p21 and p27. Anethole suppressed nuclear localization of NF-xB protein and downregulated
transcription of NF-xB-dependent genes.

Conclusion: Overall, the above findings highlight the effectiveness of anethole as a potential candidate for

prostate cancer therapy.

Keywords: Prostate cancer, apoptosis, oxidative stress, DNA damage, cell cycle, anethole.

1. INTRODUCTION

Prostate cancer is the second most commonly diagnosed malig-
nancy and one of the most recognized reasons for cancer-related
mortalities in men [1]. This cancer usually presents as androgen-
dependent phenotype, which initially responds to androgen ablation
treatment [2]. Conversely, the disease gradually advances from an
androgen responsive to an androgen-unresponsive state leading to
castration-resilient prostate cancer, which is a fatal type of the dis-
ease [3]. Nowadays, no effective remedies are available to treat this
disease since convenient chemotherapies pose high toxicity to nor-
mal tissues in patients and lack efficacy to entirely eradicate the
androgen-independent prostate cancer cells that can endure stress of
androgen deprivation strategies [4]. In addition, after potentially
curative surgery, metastatic disease frequently develops [5, 6].
Therefore, there is an imperative prerequisite for the identification
of novel chemotherapeutics to manage prostate cancer disease.

Apoptosis is a programmed cell death inherent in each cell of
body to control normal growth [7]. However, prostate cancer cells
(as well as most other cancers) develop mechanisms to evade nor-
mal apoptotic cell death [8]. Therefore, searching for bioactive
agent possessing efficacy to prompt apoptosis in prostate cancer
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cells could be an effective strategy to manage this disease (as well
as other cancer phenotypes). Nonetheless, the challenge would be to
pinpoint an effective phytochemical agent, with minimal side ef-
fects and maximal efficacy to target several molecular targets im-
plicated in the process of carcinogenesis. To this end, the herbal
remedies are recently gaining momentum for management of can-
cer and many research groups are striving in this field of science

[91.

Anethole [1-methoxy-4-(1-propenyl) benzene] is the most bio-
active compound present in essential oil of Foeniculum vulgare, a
medicinal herb, known as fennel, native to Mediterranean area [10].
Anethole has been used as an important ingredient of herbal medi-
cines for hundreds of years and as a flavoring substance [11]. Be-
cause of its extensive use, many research groups investigated its
biological properties, and they found anethole is non-genotoxic,
non-carcinogenic and reasonably safe agent [11, 12]. A long list of
studies was conducted with anethole and its analogues to investi-
gate their anti-cancer properties using in vitro and in vivo models,
and convincingly these studies established that anethole holds che-
mopreventive activities. For instance, a recent study confirmed that
anethole suppressed survival and induced apoptosis in human breast
cancer MCF-7 and MDA-MB-231 cells through the down-
regulation of the transcriptional activity of NF-xB and up-regulated
expression of the onco-suppressor protein p53 [13]. Furthermore,
anethole has been found too to possess anti-metastatic activities,
where it inhibited adhesion and invasion of the highly-metastatic
human fibrosarcoma tumor cells, HT-1080, via modulating activi-
ties of multiple molecular targets. These include downregulation of

© 2018 Bentham Science Publishers
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matrix metalloproteinase-2, -9 and urokinase plasminogen activator
expression levels as well as suppression of AKT, ERK, p38 and
NF-«B phosphorylation [14]. In vivo studies showed anethole re-
tarded growth of Ehrlich ascites tumour in mice [15]. In addition,
earlier studies demonstrated that an anethole derivative, anethole
trithione, significantly inhibited effects of azoxymethane-induced
colon [16] and DMBA-induced mammary cancers in rats [17].
Other anethole derivative, Anethole dithiolethione, decreased pro-
gression of the premalignant lesions (bronchial dysplasia) in smok-
ers in randomized phase IIb trial study [18].

Other lines of evidences supporting anti-cancer activity of
anethole could be concluded from its property being an anti-
inflammatory agent. In the past decade, a growing list of studies
strongly correlated inflammation with cancer, where chronic and
persistent inflammations have been found to contribute and predis-
pose to genesis of cancers. Consistent with this correlation, anti-
cancer agents have been found to possess anti-inflammatory poten-
tials [19-21]. At molecular levels, recent evidences indicate an NF-
kB, transcription factor, is the actual molecular bridge that links
inflammation conditions with tumor progression, where several
genes that manage inflammation and carcinogenesis are under NF-
xB control [22]. Importantly, it has been found that anethole has a
potential to block activation of NF-xB stimulated by a wide array of
inflammatory agents [23] and to hamper the production of pro-
inflammatory cytokines [24, 25]. Therefore these studies permit the
conclusion anethole has anti-inflammatory and anticancer effects.

Despite the various studies performed to investigate the bio-
logical activities of anethole, to date its effect on prostate cells has
not been addressed. The aim of this work was to investigate
anethole's impact on viability of prostate cancer PC-3 cells and to
define the molecular mechanism of action.

2. MATERIALS AND METHODS
2.1. Cell Culture

The PC-3, HepG2, MCF-7 and OEC (non-neoplastic human
epithelial cells) cell lines were purchased from KFMRC, King Ab-
dulaziz University, Jeddah Saudi Arabia. The cells were cultured in
DMEM (Promega) supplemented with 10% fetal bovine serum (FBS,
Promega) and 1% penicillin-streptomycin antibiotics (Promega)
and maintained at 37° C in a a humidified atmosphere of 95% air
and 5% CO, [26-29].

2.2. Cell Proliferation And Anchorage-Independent Cell
Growth Assays

The anethole’s effect on the proliferative ability of the cells was
achieved by using MTT Cell Proliferation Assay Kit (Cayman
Chemicals) following vendor’s recommendations and as previously
detailed [26]. Briefly, cells (10 x 10%/well) were cultured in 96-well
culture plates for 24 h. Then, the cells were incubated with the
specified concentrations of anethole for 24, 48, and 72 h. In all
treatments, anethole (Trans-anethole, CAS Number 4180-23-8,
Sigma-Aldrich) was dissolved in dimeythyl sulfoxide [DMSO;
0.2% (v/v)] and the control cells were incubated with vehicle
(DMSO, 0.2%). At the end of each experiment, the MTT was added
for 3-4 h, formazan crystals were dissolved in DMSO and absor-
bance was recorded at 570 nm with a micro-plate reader (BioTek
Synergy). The anethole effect on cell proliferation/survival was
measured as percent cell viability, where vehicle-treated cells (con-
trol) were set arbitrarily as 100% viable.

Clonogenic assay (colony formation) assay was essentially
performed as detailed elsewhere [26-29]; preliminary experimenta-
tions dedicated on optimization of cell number for this assay, and in
following experiments 1000 cells/well were used. Briefly, cells
(1000/well) were cultured in six-well plates in triplicate for 24 h.
Then, the cells were incubated with the displayed concentrations of
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anethole for 12 days, to allow each living cell to proliferate and
form colony. At the end, the colonies were washed with cold phos-
phate buffer saline (PBS), fixed with 10% formalin-buftered saline
for 30 min at ambient temperature, stained with 1% Giemsa stain
and visualized.

2.3. Scratch Wound Healing Assay

For this experiment, PC-3 cells (200 x 10*/well) were cultured
in six-well plates; after overnight incubation, each monolayer was
scratched with a yellow pipette tip to make a straight wound area of
the same width. Then, monolayers were washed with PBS to get rid
of the floating cells and incubated with complete fresh medium
containing the displayed concentrations of anethole for 72 h. Im-
ages of wound healing were captured at indicated times after
wounding using phase contrast microscopy.

2.4. Culture Of PC-3-Derived Prostaspheres

Emerging line of evidence confirmed that a monolayer culture
of PC-3 has an ability to initiate tumorsphere formation [30-32].
For this experiment, the adherent PC-3 cells were harvested and
carefully washed three times to remove traces of serum. Then the
cells (20 x 10 /mL) were cultured in serum-free DMEM/F12 sup-
plemented with 20 ng/ml human EGF, 10 ng/ml human bFGF, 2%
B27 and 1% N2 supplement (Invitrogen) in six-well ultra-low-
attachment plate (Corning). The cells were passaged every 3—5 until
the end of the experiment. Two weeks later, the tumorspheres were
harvested, gently centrifuged, incubated with Accutase (Sigma) to
make single-cell suspension and re-suspended in serum-free media
for tumorspheres reformation. For colony formation assay of PC-3
prostaspheres, the tumorspheres were cultured (single cell/well) in
96-well ultra-low-attachment plate (Corning), incubated for 24 h,
and then treated with specified concentrations of anethole for 12
days. Spheres were replenished with media as in the original seed-
ing every two to three days. After 12 days of treatment, the tumor-
spheres were visualized using phase contrast microscope (Leica,
Germany). To assess cell viability of prostaspheres, the isolated
prostaspheres (10 x 10*/well) were cultured in 96-well ultra-low-
attachment plate (Corning) for 24 h. Then, cells were incubated
with the dispalyed concentrations of anethole for 72 h and cell pro-
liferation/survival of prostaspheres was evaluated using MTT assay
as detailed above.

2.5. Morphological Assays

The cellular, nuclear and morphological apoptosis related
modifications were examined using Giemsa, acridine orange
(AO)/ethidium bromide (EtBr)(Sigma-Aldrich) staining as previ-
ously detailed [26]. Briefly, PC-3 cells were cultured in 96-well
culture plates and treated with anethole as mentioned above. For
Giemsa staining, cells were washed with PBS, fixed with 10 %
formalin-buffered saline for 30 min at ambient temperature, stained
with 1% Giemsa stain and visualized under phase contrast micro-
scope (Leica, Germany). For AO/EtBr staining, cells were washed
with PBS and labelled with AO/EtBr for 15 min at 37° C, re-
washed with PBS to remove excess stain and visualized under fluo-
rescence microscope (Leica, Germany).

2.6. Annexin V-FITC Assay For Assessment Of Apoptosis

Anethole-induced apoptosis in PC-3 cells was assessed by flow
cytometry as described elsewhere [26]. Briefly, PC-3 cells (300 x
10%) were cultured in 25 cm? culture flasks for 24 h; then cells were
incubated with the displayed concentrations of anethole for 24 h.
The cells were then trypsinized, harvested, washed in PBS, centri-
fuged and the pellets were resuspended in 500 pL 1X binding
buffer contained in Annexin V-FITC Apoptosis Detection Kit
(Sigma). Then, cells were labelled with Annexin V-FITC (5 pl) and
propidium iodide (10 pl), incubated for 15 min in the dark at ambi-
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ent temperature and subjected to analysis utilizing flow cytometry,
NovoCyte™ Flow Cytometer (Acea).

2.7. Cell Cycle Analysis

Briefly, PC-3 cells (300 x 10%) were cultured in 25 cm? culture
flasks for 24 h; then cells were incubated with the displayed con-
centrations of anethole for 24 h. The cells were then trypsinized,
collected, washed with cold PBS and pelleted; the pellets were then
fixed in 2 mL of ice-cold 70 % ethanol at 4 °C for 24 h. Next, the
cell suspensions were centrifuged and the pellets were resuspended
in 1000 pL of PBS, RNase A was added to a final concentration of
10 pg/mL and samples were kept overnight. Next, the cells were
incubated with propidium iodide (20 pg/mL final concentration) for
30 min at 4 °C in the dark and finally subjected to flow cytometry
analysis using NovoCyte™ Flow Cytometer (Acea).

2.8. Measurement of Mitochondrial and Lysosomal Memebrane
Permeabilization

Mitochondrial membrane potential (Aym) was assessed using
Mitochondrial Membrane Potential Assay Kit (Cayman Chemicals),
following vendor’s recommendations. Briefly, PC-3 cells were
cultured in 96-well culture plates and treated with anethole for 24
hours as mentioned above. Then, the cells were labelled with a
cytofluorimeteric JC-1 dye contained in the assaying kit for 30
minutes and washed with wash buffer following the vendor’s rec-
ommendations. Labelled cells were photographed using fluores-
cence microscope (Leica, Germany). For quantitative analyses,
fluorescence intensity of the cell was evaluated using a micro-plate
reader (BioTek Synergy) with excitation at 535/20 nm and emission
at 595/20 nm.

For lysosomal membrane permeabilization (LMP), PC-3 cells
were grown in 96-well culture plates and incubated with anethole
for 24 hours as mentioned above. Then, cells were washed, labelled
with AO for 15 min at 37° C, re-washed with PBS and photo-
graphed using fluorescence microscope (Leica, Germany). For
quantitative analyses, fluorescence intensity of the cell was meas-
ured using a micro-plate reader (BioTek Synergy) with excitation at
485/20 nm and emission at 528/20 nm.

2.9. Determination of ROS Production

PC-3 cells were grown in 96-well culture plates and incubated
with anethole for 24 hours as mentioned above. Then, cells were
washed, labelled with 10 uM DCFH-DA (Cayman Chemicals) for
30 min at 37°C in the dark and fluorescence intensity of the cell was
measured using a micro-plate reader (BioTek Synergy) with excita-
tion at 485/20 nm and emission at 528/20 nm. The cells were also
photographed using fluorescence microscope (Leica, Germany).

2.10. Single-Cell Gel Electrophoresis (Comet Assay)

Anethole-induced DNA damage was evaluated by comet assay
utilizing OxiSelect™ Comet Assay Kit (Cell Biolabs, Inc). Briefly,
PC-3 cells were cultured in six-well culture plates and treated with
anethole for 24 hours as mentioned above. Then, the cells were
harvested and resuspended in ice-cold PBS (100 x 10° cells/mL).
Next, cells (~10 x 10%) in a volume of 75 pL of 0.5% (w/v) low
melting-point agarose were pipetted onto the OxiSelect™ Comet
Slides. Then, the slides were kept at 4°C in the dark for 15 minutes
before being immersed in a tank filled with pre-chilled lysis buffer
for 60 min at 4°C in the dark. Following removal of lysis buffer, the
slides were dipped in pre-chilled alkaline solution for 2 h at 4°C in
the dark. Then, the slides were immersed in a horizontal electropho-
resis tank filled with cold alkaline electrophoresis buffer and elec-
trophoresed for 20 minutes at 300 mA. The slides were then washed
with pre-chilled DI H,O, fixed with cold ethanol (70%) for 5 min-
utes before being air dried. Once the agarose got completely dry,
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diluted Vista Green DNA Dye (100 pL/well) were added for 15 min
at ambient temperature. Then, the slides were visualized by epifluo-
rescence microscopy (Leica, Germany) using a FITC filter.

2.11. DNA Fragmentation Assay

Briefly, PC-3 cells were cultured in six-well culture plates and
incubated with anethole for 48 h as mentioned above. Next, cells
were collected, washed in PBS and centrifuged; then genomic DNA
was extracted, electrophoresed, stained with EtBr, and visualized as
previously detailed [26-29].

2.12. Caspase Activity Assays

Activities of caspases-3, -9 and -8 activities were measured
utilizing the Caspase-Glo™ 3/7, Caspase-Glo® 9 and Caspase-Glo®™
8 Assay Kkits, respectively (Promega). The PC-3 cells were cultured
in 96-well plates and incubated with the specified concentrations of
anethole for 12 h. Then, activities of Caspases were evaluated ac-
cording the vendor’s recommendations. Briefly, the cells were la-
belled with 100 pL of the assay reagents, shaked at 300-500 rpm for
3 h. Then, the generated luminescent signals of the samples were
determined utilizing plate-reading luminometer (BioTek Synergy).

2.13. Quantitative RT-PCR

Briefly, PC-3 cells were cultured in six-well plates, incubated
with the displayed concentrations of anethole for 24 h as men-
tioned. Next, the floating and attached cells were harvested, washed
with PBS and pelleted. Then, RNA extraction and reverse transcrip-
tion-PCR were performed as detailed elsewher [27].

2.14. Western Blot Analysis

Briefly, PC-3 cells were cultured in six-well plates and incu-
bated with the displayed concentrations of anethole for 24 h as
mentioned above. Next, the cells were harvested, washed in PBS
and pelleted by centrifugation. Then, preparation of whole and nu-
clear protein lysates, polyacrylamide gel electrophoresis, im-
munoblotting and detection of desired proteins were were per-
formed as detailed elsewher [26-29].

2.15. Statistical Analysis

All experiments were carried out in triplicate for several times
and the results were displayed as mean + standard deviation (SD).
The statistical significance of results was determined by Student’s t-
test using GraphPad Prism 6 program, and a p value of less than
0.05 was considered statistically significant. in all experiments,
asterisks *, *¥*, *** and *** represent statistical significance of p <
0.05, p <0.01, p <0.001 and p < 0.0001, respectively, as compared
to that of control.

3. RESULTS

3.1. Anethole Inhibits Proliferation, Clonogenicity and Migra-
tion of PC-3 Cells

To assess the effects of anethole on the proliferation of PC-3
cells, the cells were treated with increasing concentrations (00, 25,
50, 100, 250, 500, 750 and 1000 uM) of anethole for 24, 48 and 72
h, then cell viability was evaluated by using MTT assay. The results
depicted in Fig. (1A) demonstrate that anethole treatments dose-
dependently inhibited proliferation of the PC-3 cells. The anti-
proliferative potential of anethole was evident as early as 24 hours
of treatment and was accumulating over time, as the ICsy values for
growth inhibition of PC-3 cells were around 250, 80 and 50 pM
anethole for 24, 48, and 72 h, respectively. To investigate whether
anethole can retain its anti-proliferative potential in the contexts of
other cancer cell lines, the above experiments were repeated using
human breast and hepatocellular carcinoma cell lines, MCF-7 and
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Fig. (1). Anethole inhibits proliferation, clonogenicity and migration of PC-3 cells. (A-D) The indicated cell lines were incubated with the displayed concentra-
tions of anethole and time intervals; then cell viabilities were assessed by MTT. (E) colony formation assay of PC-3 cells treated with anethole. The PC-3 cells
were incuabted with the displayed concentrations of anethole for 12 days and visualized (magnification: 5x). (F) The growing colonies displayed in Panel E
were counted and the colony forming potential in each experiment is presented as percent of control (set 100%). (G) Wound healing assay showing the inhibi-
tory effect of anethole on PC-3 migration for 24, 48 and 72 h. The wound gaps were visualized using an inverted phase-contrast microscopy at displayed time
intervals. Lower panel displays graphical quantification of the diameter of the wound closure evaluated over periods of experiment.

HepG2, respectively. The results indicated anethole could also sup-
press proliferation of MCF-7 and HepG2 in dose- and time-
dependent manner with ICsy values comparable to those of PC-3
cells (Fig. 1B and C). Then, effect of anethole on viability of non-
malignant human esophageal epithelial cells (OEP) was carried out
to study whether growth-inhibitory property of anethole is selective
toward cancer cells. The results are depicted in Fig. (1D), pairwise
comparison between impacts of anethole on the cancer cells (PC-3,

MCEF-7 and HepG2) and OEP cells clearly indicate that non-
malignant cells were less sensitive to the cytotoxic effects of
anethole.

Then, the anti-proliferative potential of anethole on PC-3 cells
was verified by using colony formation assay. The results shown in
Fig. (1E) demonstrate that anethole treatments decreased the size
and number of developing colonies in a dose-dependent fashion.



Anethole Inhibits Prostate Cancer

These observations corroborate the findings of the MTT assay.
Taken together, these results suggest that anethole has an obvious
cytotoxic effect on prostate cancer cells, comparable outcomes on
other cancer cell lines and a slight impact on proliferation of normal
epithelial cells. Therefore, anethole has better selectivity between
cancer cells and their normal counterparts.

Next, the effect of anethole on the migration ability of PC-3
cells was assessed. To achieve this goal, the wound healing assay
was performed. The scratched monolayers of PC-3 cells were ex-
posed to anethole for 24, 48 and 72 h. As shown in Fig. (1G),
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anethole treatments evidently restrained the migration potential of
PC-3 cells and significantly inhibited the gap closure, compared to
the control. There are clear concentration- and time-response rela-
tionships at each applied dose. The maximal inhibition percentage
of gap closure is at level of up to 90% upon treatment of cells with
500 uM of anethole for 72h, whereas the gap was completely sealed
after 72 h in control monolayer. As cell migration is a fundamental
property of metastatic dissemination of cancer cells, thereby these
findings propose that anethole has a potential to inhibit progression
to metastasis.
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Fig. (2). Anethole targets an enriched population of prostate cancer stem Cells. The PC-3 prostaspheres were isolated, identified and cultured as detailed in
Materials and Methods. (A) The micrographs demonstrate anethole inhibits colony formation of PC-3 prostaspheres. The growing prostaspheres were treated
with the displayed concentrations of anethole for 12 days and visualized using an inverted phase-contrast microscopy. (B) Anethole inhibits proliferation of
PC-3 prostaspheres. The growing prostaspheres were treated with the displayed concentrations of anethole for 72 h; then the viabilities of prostaspheres at
each dose of anethole were graphically depicted in terms of percent of control (set 100%).
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3.2. Anethole Targets an Enriched Population of Prostate
Cancer Stem Cells

CSCs are a subset of cancer cells responsible for initiation and
growth of tumor, enhanced tumorigenicity, resistance to therapies
and development of metastases after curative surgical treatment of a
primary tumor. Thereby, targeting prostate CSCs is an optimal
strategy to eradicate this disease. Multiple lines of evidence demon-
strated several established prostate cancer cell lines including PC-3
cells can be grown as tumorspheres with CSC properties [30-32].
To confirm that anethole is able to target the PC-3 prostaspheres,
the effect of anethole on formation of prostaspheres from PC-3 cells
was studied. PC-3 cells were cultured in non-adhesive culture con-
ditions and allowed to grow floating, as three-dimensional spheres
for 12 days; then PC-3 tumorspheres were collected, re-seeded at
varying densities down to one cell/well, treated with increasing
concentrations (50, 100, 250 and 500 uM) of anethole and cultured
for 12 days. The observations in Fig. (2A) illustrate that anethole
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treatment markedly decreased the size of the PC-3 prostaspheres.
Next, cell proliferation inhibition effect of anethole on the PC-3
prostaspheres was carried out. Thus, the protaspheres were cultured
as above and treated with anethole for 72 h. As shown in Fig. (2B),
anethole exhibited a dose - dependently inhibitory effect on
prostaspheres. The ICsy was nearly 200 uM and maximal inhibition
of prostasphere growth (>75%) was obtained at 750 uM. These
results suggest that anethole has a potential to suppress growth of
PC-3 prostaspheres.

3.3. Anethole Induces Morphological Features of Apoptosis in
PC-3 Cells

To investigate whether the anti-proliferative potential of
anethole is due to the incidence of apoptosis or necrosis, PC-3 cells
were treated with anethole as described above and morphological
hallmarks of apoptosis were investigated using light and fluores-
cence microscopes. The observations of the phase contrast micro-

Fig. (3). Anethole induces morphological features of apoptosis in PC-3 cells. The cells were incubated with the displayed concentrations of anethole for 24 h
and examined under microscopes for detection of morphological hallmarks of apoptosis. (I) Phase contrast images showing control cells appeared healthy with
a typical fibroblast-like shape, whilst treated cells exhibited irregular-cell shapes, disorganized distribution and membrane blebbing (white arrows); magnifica-
tion: 20x. (II and IIT) Light microscope images of cells labelled with Giemsa; there is gradual appearance of morphological hallmarks owing to increased con-
centrations of anethole; note cellular shrinkage, irregularities, nuclear condensation and formation of apoptotic bodies (black arrows); magnification: 20x (II)
and 40x (III). (IV) Cells dual-stained with AO/EtBr; notice, control cells appeared uniformly stained green, meanwhile anethole treated cells exhibited orange
nuclei. Importantly, number of orange nuclei-stained cells exhibit gradual increase with increasing concentration of anethole, and at level of 500 uM anethole
late apoptotic/necrotic nonviable cells are stained red; magnification 20x. (V) Cells were stained with vital Hoechst 33342; notice, the nuclei of control cells
appeared dark blue, while nuclei of cells treated with anethole appeared very bright blue, due to chromatin condensation, and fragmented (white arrows); mag-
nification: 20x. (The color version of the figure is available in the electronic copy of the article).
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graphs shown in Fig. (3) (Row I) revealed that control cells ap-
peared healthy with a typical fibroblast-like shape. Conversely, the
cells incubated with anethole exhibited obvious morphological
alterations, such as loss of adhesion, irregularities in cell shapes and
sporadic distribution. To further show up morphological changes
due to apoptotic death, the cells were stained with Giemsa dye be-
fore being observed. As seen in Fig. (3) (Rows II and III), untreated
PC-3 cells appeared with distinctive nuclei and intact cytoplasm
forming an adherent confluent monolayer. On contrast, the cells
treated with anethole showed emergence of apoptotic features that
appeared in concentration-response tendency indicating the specific
pro-apoptotic effect of anethole. For example, at a level of 50 uM
of anethole, cells exhibited slight shrinkage and with further in-
crease of anethole dose up to 100 uM, cells exhibited more shrink-
age, substrate-detachment, deformed shapes and nuclear condensa-
tion, which are signs of early stage of apoptosis. At a level of 250
uM of anethole, the nuclei and cytoplasm of the cells cleave into
multiple membrane-enclosed vesicles called apoptotic bodies,
which are considered a frank sign for late apoptotic stage. Next,
morphological features of apoptosis were observed after staining
cells with a mixture of the acridine orange (AO), and ethidium
bromide (EtBr); they are membrane-permeable and -impermeable
dyes, respectively, and are wildly used to identify morphological
signs of apoptosis. Based on differential uptake of AO and/or EtBr
stains by cells, this method reliably distinguishes viable, apoptotic,
and necrotic cells. When the cells were dual-stained with AO/EtBr,
the control cells appeared consistently and homogeneously green
(Row 1V). In contrast, anethole treated cells showed a gradual in-
crease of orange/red color within their nuclei, indicating that
anethole caused breaches in the cell membrane integrity, leading to
entry of EtBr and binding to DNA. At the highest dose (750 uM of
anethole), red fluorescence—positive cells obviously predominated
indicating all cells attained very late stage of apoptosis/necrosis.
Finally, when cells were stained with the nuclear stain, Hoechst
33342 and investigated (Row V), chromatin condensation and nu-
clear fragmentation have been clearly observed.

3.4. Apoptogenic Potential of Anethole Is Mediated Through
Generation of ROS

To further validate apoptogenic potentiality of anethole, PC-3
cells were incubated with increasing concentrations of anethole for
24 h and analyzed by flow cytometry using Annexin V FITC and
propidium iodide (PI). This assay is a marker for assessing early
stages of apoptosis and helps to distinguish between apoptotic and
necrotic cell death. The cytometry images (Fig. 4A) illustrate that
treatment of PC-3 cells with anethole caused, an evident dose-
dependent, enrichment in the number of early and late apoptotic
cells as following: 0 uM (control, 5.6%), 100 pM (42.8%), 250 uM
(66.4%), 500 uM (76.9%) and 750 uM (76.8%). These results con-
firm anethole treatments significantly induced, in a dose-dependent
trend, apoptotic death of PC-3 cells.

Accumulative studies demonstrate that ROS generation is the
molecular trigger responsible for prompting apoptosis by a wide
array of stimuli including dietary chemopreventive agents [33]. To
test the idea whether initial cue for prompting apoptosis by anethole
was due to ROS generation, level of intracellular ROS generation
was evaluated after treatment of cells with anethole by using
H2DCFDA stain. This dye is a stable nonpolar memebrane-
permeable dye; being oxidized by intracellular ROS, it emits fluo-
rescence, which its intensity depends on the amount of generated
ROS. The results in Fig. (4B) explain that the PC-3 cells treated
with anethole displayed a rise in intensity of DCF fluorescence. The
rise is consistent, monotonic and dose-dependent, confirming the
specific effect of anethole. Anethole, at a level of 750 pM, was able
to increase ROS level as high as 2.3-fold above the control. These
results clearly indicate that apoptotic death observed by flow cy-
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tometry and morphological analyses could be due to accumulation
of ROS by anethole.

3.5. Anethole Induces Permeabilization of Lysosomal and Mito-
chondrial Membranes

Amongst well known cytotoxic effects of ROS is the induction
of lysosomal membrane permeabilization (LMP), which causes an
eventual release of lysosomal enzymes into the cytosol. This
lysosomal release may contribute to apoptosis initiation and/or
progression. To test whether anethole-induced ROS may trigger
LMP, the cells were incubated with anethole for 24 h and lysosome
integrity was monitored using AO. AO is a lysosomotropic
metachromatic fluorochrome that preferentially aggregates in
lysosomes, at high concentration, and emits red fluorescence, but
when it disperses in the cytosol and the nucleus, notably after LMP,
it emits green fluorescence. As shown in Fig. (5A), control cells
prominently display intense red spots that can be seen dispersed
throughout the cytoplasm and at the edges of the cells, indicating
that lysosomes are intact and accumulate AO. On the other hand,
after anethole treatment, the red fluorescence of AO dose-
dependently became less intense and fades away. Meanwhile, the
green fluorescence became maximally intensified. These observa-
tions indicate that anethole caused progressive incidence of LMP.

Other cytotoxic effect related to ROS accumulation is the dis-
ruption of the mitochondrial membrane potential, A¥Ym (MMP) that
leads to the release of the pro-apoptotic proteins located in the mi-
tochondrial intermembrane space to the cytosol [34]. To verify that
anethole induces disruption of MMP, the effect of anethole on
MMP was monitored after labelling cells with the sensitive dye
JC-1. The molecules of this dye aggregate inside mitochondria in a
potential-dependent fashion; cells with high MMP maintain accu-
mulation of the JC-1 aggregates in mitochondria and emit red fluo-
rescence, whilst cells with low MMP harbor monomers of JC-1 in
cytoplasm/nucleus and emit green fluorescence. Accordingly, upon
incidence of the MMP, the fluorescence emission of JC-1 shifts
from red to green. Importantly, the ratio of red fluorescence inten-
sity to that of the green counterpart is applied to quantitatively
measure the AWm disruption. The data depicted in Fig. (5B) show
that control cells emitted a bright red fluorescence indicating accu-
mulation of the JC-1 aggregates in mitochondrial compartment. On
the other hand, when cells were treated with 50 uM of anethole, red
color became less intense and green fluorescence became evident
indicating that some cells lost their mitochondrial potential due to
an incidence of MMP. Significantly, at a level of 100 uM of
anethole, more apoptotic cells with highly MMP dispersed the JC-1
dye throughout the entire cell leading to a noticeable appearance of
green fluorescence. With further increasing concentrations of
anethole (250 pM) there was a noticeable change from red fluores-
cence to bright green fluorescence and increasing concentrations of
anethole up to 500 uM, green fluorescence maximally predomi-
nated the red fluorescence. These finding indicate that anethole
treatment triggered events leading to MMP and apoptotic death.

3.6. Anethole Induces Activities of Caspases 3 and 9 PARP
Cleavage in PC-3 Cells

Caspase cascade activation is a hallmark of apoptosis and a
commitment step in the suicidal process [7]. To find out whether
anethole might trigger activation of caspases, PC-3 cells were
treated with escalating concentrations of anethole for 12 h; then
activities of caspases were monitored using Caspase-Glo® Assays.
As shown in Fig. (6A), after incubation with anethole, the activity
of caspase-9, an initiator caspase in the mitochondrial-dependent
pathway of apoptosis, was increased compared to the control. In
addition, activity of caspase-3, an executioner caspase, leaped as
much as 9 folds after treatment of PC-3 cells with 250 and 500 uM
anethole (Fig. 6B). Meanwhile, anethole did not alter activity of
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Fig. (4). Apoptogenic potential of anethole is mediated through generation of ROS. (A) Representative flow cytograms display the apoptotic death of PC-3
cells treated with anethole. The cells were incubated with displayed concentration of anethole for 24 h and double-stained with Annexin V-FITC and PI. The
histograms displays total percent of apoptotic cells summarized after displayed doses of anethole. Dose points represent mean + SD of independent experiments
in triplicates. (B) Anethole treatments induce ROS accumulation in PC-3 cells. Cells were incubated with displayed concentrations of anethole for 24 h, la-
belled with DCFH-DA; Data are representative results from independent experiments in triplicates and similar results were obtained. The micrographs demon-
strate that anethole treatments dose-dependently increased the brightness of green fluorescence of DCF in PC-3 cells indicating that anethole stimulates produc-
tion of intracellular ROS.
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Fig. (5). Anethole induces permeabilization of lysosomal and mitochondrial membranes. (A) Anethole induces LMP in PC-3 cells; the cells were incubated
with displayed concentrations of anethole and stained with AO. The alteration of LMP was quantified by spectrophotometry and graphically depicted. The
images of fluorescence microscopy display lysosomes in control cells appear as punctate red color organelles, with a minimal green background of the cell. On
the other hand, in treated cells green fluorescence increases as AO is released from the breached lysosomes, and at the highest concentration of anethole (500
puM), all cells maximally emit green fluorescence. (B) Anethole induces loss of MMP in PC-3 cells; the cells were incubated with the displayed concentrations
of anethole and stained with JC-1 dye. The alteration of MMP was quantified by spectrophotometry and graphically depicted. Left Panel shows the decrease in
red fluorescence (dotted line) versus increase in green fluorescence (solid line) as the concentration of anethole increases. Right Panel displays quantitative
analysis of the disruption of mitochondria via the ratio of red fluorescence intensity to green fluorescence intensity ratio in PC-3 cells treated with anethole. The
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Fig. (6). Anethole induces activities of caspases 3 and 9, cleavage of PARP and alteration of Bax/Bcl-2 ratio in favor of apoptosis. PC-3 cells were incubated
with the displayed concentrations of anethole for 12 h. Then, activities of Caspase-3 (A), -9 (B) and -8 (C) were quantitatively evaluated. (D and F) Anethole
treatment up-regulates expression of the Bax mRNA and protein and down-regulates expression of the Bel-2 mRNA and protein. The PC-3 cells were exposed
to the displayed concentrations of the anethole for 24 h, then total RNA and protein lysates were prepared and subjected for qRT-PCR (E) and Western blot (F)
analyses. (G) The relative amount of Bax/Bcl-2 proteins was densitometry-quantified and depicted graphically. The bars represent fold of change (increase/
decrease) in each protein normalized to f-Actin (arbitrarily set 1). Data represent the mean + SD of independent experiments in triplicates.

caspase-8 (Fig. 6C). These observations indicate that anethole
triggers activation of caspase cascade via the intrinsic apoptotic

pathway.

Activation of caspase-3 results in degradation and, accordingly,
inactivation of fundamental intracellular proteins, including poly

(ADP-ribose) polymerase (PARP), a nuclear protein indispensable
for DNA repair and replication. Interestingly, the immunoblot
analysis confirmed that incubation of cells with anethole led to
PARP cleavage (Fig. 6D); this cleavage is acknowledged as a frank
sign for the execution of apoptotic program.
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3.7. Anethole Differentially Modulates the Levels of Apoptotic human cancers, the anti-apoptotic Bcl-2 protein is overexpressed or
Proteins in Favor of Apoptosis the pro-apoptotic Bax protein is weakly expressed; this imbalance
results in inhibition of apoptosis and resistance to wide arrays of
cell death cues and cytotoxic drugs. The results of qPCR revealed
anethole treatments, dose-dependently, down-modulated expression
level of Bcl-2 and up-modulated that of Bax (Fig. 6E).

In order to determine whether the apoptosis observed after
treatment with anethole in PC-3 cells is related to variations on the
levels of apoptotic proteins, Bax/Bcl2 ratios were studied. In many
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Fig. (7). Anethole induces oligo-nucleosomal degradation and DNA damage. (A) Anethole treatments induced oligonucleosomal degradation of the genomic
DNA. PC-3 cells were incubated with the displayed concentrations of anethole for 48 h, then genomic DNA was extracted and electrophoresed. Notice appear-
ance of DNA ladder, which is hallmark of apoptosis. Lane "M’: DNA marker ladder. (B) Anethole treatments induced DNA damage of the genomic DNA. PC-
3 cells were incubated with the displayed concentrations of anethole for 24 h, harvested and subjected for comet assay. Note, in control cells, DNA is intact
and confined to the nucleus. In contrast, in treated cells, there is an extensive DNA damage resulting in the migration of DNA fragments outside the nucleus
forming a fan like comet tail and typical comet head, which are typical characteristics of apoptotic cell death; magnification: 10x, (magnified images in Top
Panels: 100X). (C) The comet tail forming cells were quantified and graphically depicted by column bars.
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To verify findings of qPCR, the expression levels of Bel-2 and
Bax proteins were investigated by immunoblot analysis. As shown
in Fig. (6F), after incubation of PC-3 cells with 100, 250 and 500
pM of anethole, there was a dose-dependent rise in Bax level,
which was accompanied by a concomitant decrease in Bcl-2. Densi-
tometry analyses confirmed that anethole treatment dose-
dependently elevated the ratio of Bax/Bcl-2 proteins (Fig. 6G).
Importantly, when the blots were stripped off and re-probed for
detection of actin expression, there was an apparent equal sample
loading in all experiments. Collectively, these results reveal that
anethole treatment altered the expression levels of the Bcl-2 family

Ayman I. Elkady

proteins, in a manner that favors the susceptibility of PC-3 cells to
commit apoptotic dath.

3.8. Anethole Induces Oligonucleosomal Degradation and DNA
Damage

Apoptosis of PC-3 cells also was detected by analysis of DNA
laddering on agarose gel, a well-known procedure used for disclos-
ing DNA fragmentation at late stage of apoptosis [35]. Thus, after
treatment with anethole (100, 250 and 500 uM) for 48 h, DNA was
extracted and subjected for electrophoresis. As shown in Fig. (7A),
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Fig. (8). Anethole induces cell cycle arrest. (A) Anethole treatment induced G2/M cell cycle arrest in PC-3 cells. Cells were incubated with the displayed
concentrations of anethole for 24 h, harvested, labelled with propidium iodide and analyzed by flow cytometry for cell cycle distribution. (B) Representative
cell cycle profiles and quantitation of percentages of the cells in each phase of the cell cycle are shown. (C) Anethole modulates expression of the cell cycle
regulatory proteins. The PC-3 cells were incubated with the displayed concentrations of the anethole for 24 h; then total protein lysates were prepared and
subjected for Western blot analyses. The experiments were repeated several times and representative blots from independent experiments are shown. The
densitometry data represent fold of change (increase/decrease) in each protein normalized to f-Actin (arbitrarily set 1).
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DNA of untreated cells emerged as a single band at the top of the
gel indicating integrity of DNA. On the other hand, DNA extracted
from cells treated with anethole appeared as a ladder indicating
internucleosomal DNA degradation.

Next, the effect of anethole on cellular DNA damage (50-300
kb fragments) was further validated by utilizing comet assay, a
widely used procedure to assess apoptosis. As illustrated in Fig.
(7B), incubation of PC-3 cells with anethole for 24 h led to signifi-
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cant DNA damage. Quantitative analyses demonstrated that 100,
250 and 500 uM of anethole increased the percentage of cells with
damaged DNA from 3% (in control) to 35, 65 and 95%, respec-
tively (Fig. 7C). These observations propose that anethole treat-
ments might initiated a series of events resulting in DNA ladder-
ing/damage, which may provoke, at least in part, to induction of
apoptotic cascades in PC-3 cells.
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Fig. (9). Anethole treatment modulates expression of cell survival genes. (A) Anethole inhibits constitutive expression of nuclear NF-«B/p65 protein. The PC-
3 cells were incubated with the displayed concentrations of anethole for 24 h; subsequently, whole cell (or nuclear) protein lysates were prepared and subjected
for Western blot analyses. The experiments were repeated several times and representative blots from independent experiments are shown. The immunoblots
demonstrate that anethole treatments down-regulated expression level of NF-kB/p65 protein found in nuclear extracts but did not alter level of total NF-
kBp65. (B) Anethole alters expression of NF-kB/p65-responsive genes. The PC-3 cells were incubated with the displayed concentrations of anethole for 24 h,
then cells were harvested and quantitative RT-PCR assays were performed as detailed in Materials and Methods.
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3.9. Anethole Induces Cell Cycle Arrest in The G2/M Phase in
PC-3 Cells

It is well established that a single, most defining feature of can-
cer is incessant cell division. Consistent with this notion, numerous
therapeutics were reported to target cancer cells via restraining cell
proliferation. Since cell proliferation is closely associated with cell
cycle progression, cell-cycle analyses of PC-3 cells was carried out
using a flow cytometry assays to analyze whether anethole inhibited
proliferation of PC-3 cells was accompanied by alterations in cell
cycle distribution. As depicted in Fig. (8A), incubation of PC-3
cells with anethole (0, 100 and 500 pM) for 24 h resulted in dose-
dependent accumulation of cells in the G2/M phase. Anethole
treatments markedly increased the percentage of cells in G2/M
phase from 32% (control cells) to 87% in PC-3 cells (Fig. 8B).
Concomitant with the increase of the G2/M cell population,
anethole treatments largely reduced population of cells in G0/G1
phase and, to a less extent, reduced the number of cells in the S
phase. These observations imply that anethole-treated cells were
likely arrested in the G2/M phase. Thus, inhibition of the cell cycle
progression in PC-3 cells by anethole might be part of its antiprolif-
erative potential.

The results showing that anethole treatment induced cell cycle
arrest (Fig 8A) indicate that anethole targets the activity of cell
cycle proteins. Amongst cell cycle regulatory proteins, p53 is a
stress-inducible protein; it takes over responsibility of prompting
cell cycle arrest and initiating apoptotic pathways as a result of
DNA damage or physiological stress, e.g., excessive ROS accumu-
lation [36]. However, the PC-3 cells lack functional p53 protein
[37]; therefore, the effects of anethole on other master regulators
engaged in controlling progression of cell cycle were assessed. The
effect of anethole on expression of cyclin D1, cyclin-dependent
kinase (CDK)-4, CDK inhibitors (CDKIs) and c-Myc proteins was
assessed by Western blot analyses. Cyclin D1 is a key mediator of
the cardinal tumor biological feature of increased proliferation in
multiple types of human tumors including prostate cancer [38].
CDK-4 mediates phosphorylation, and thereby, activation of down-
stream effector (Rb protein), resulting in progression of cell cycle.
The CDKIs, including p21 and p27, are inhibitors of the cell cycle
and induction of these molecules block cell cycle progression [39].
In addition, a c-Myc oncogene is a negative regulator of p21 and is
highly expressed in prostate cancer cells [40]. As illustrated in Fig.
(8C), incubation of cells with anethole caused a marked dose-
dependent decrease in the expression levels of cyclins D1, CDK-4
and c-Myc. In contrast, anethole treatment enhanced expression
levels of p21 and p27 proteins (Fig. 8C). All these changes are
specific to anethole action, since re-probing the stripped blots with
antibody aganist S-actin confirmed the amounts of loaded proteins
in all treatments are equivalent. Collectively, results of the im-
munoblot analysis correspond those of the flow cytometry assays
and suggest that the induction of p21 and p27, together with the
reduction of Cyclin D1, CDK-4 and c-Myc contributes, at least in
part, to events leading to induction of cell cycle arrest by anethole.

3.10. Anethole Treatment Modulates Expression of Cell Sur-
vival Genes

Multiple of the pathways responsible for adaptive survival
strategies and protect cancer cells from apoptosis are coherent to
the transcriptional control of NF-xB protein complexes [22]. Aber-
rant NF-«xB activation was found in prostate cancer, which enhances
cancer cell survival [41, 42]. So, to investigate whether anethole
targets NF-«B activity, the impact of anethole on the constitutive
expression of NF-«B/p65 in the nuclear fractions obtained from
anethole-treated PC-3 cells was analyzed. As shown by immunoblot
analysis (Fig. 9A), anethole treatment down-regulated the expres-
sion level of the nuclear NF-kB/p65; meanwhile the expression
level of the total NF-kB/p65 remained steady. These results indi-
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cate that anethole inhibited the nuclear translocation of p65 without
affecting its total expression level.

Next, the impact of anethole on the expression profiles of NF-
xB-dependent genes was examined. The PC-3 cells were incubated
with escalating concentrations of anethole for 24 h; then the mRNA
expression levels of various NF-«xB-responsive genes were analyzed
by quantitative qRT-PCR to detect any possible alterations. To this
end, the expression levels of (i) the anti-apoptotic proteins, Bcl-2
and Bcel-xL | (ii) a key member of the inhibitors of apoptosis protein
family, Survivin [22] and (iii) the pro-apoptotic BH3-only proteins,
Noxa and Bad [43] were examined. The data shown in Fig. (9B)
suggest that anethole treatment dose-dependently modulated ex-
pression of these genes, in a manner that favors apoptosis induction.
Thus, it consistently down-modulated the mRNA expression levels
of Bcl-2, Bel-xL, Survivin and cyclin D1 and, on contrast, it ele-
vated the expression levels of the Bad and Noxa. These data imply
anethole-mediated  suppression of certain transcriptionally-
dependent NF-«B survival genes may contribute to the inhibition of
PC-3 cell growth.

4. DISCUSSION

Prostate cancer is a global cause of mortality among male [1]. A
major culprit responsible for high mortality among prostate cancer
patients is a subset of androgen unresponsive cells. These cells
possess high potential to resist the cytotoxic effect of common
chemotherapeutics in comparison to regular cancer cells. A major
challenge then is to pinpoint an effective agent that can eliminate
those resistant cells without provoking toxicity to ordinary cells.
The main objective of this study was to test the rational that
anethole may inhibit proliferation of human androgen unresponsive
PC-3 cells and to gain insights into underlying mechanism.
Anethole is a promising cancer chemopreventive constituent of
fennel herb; it possesses noteworthy properties including (i) che-
mopreventive potential against many types of cancerous cells, (ii)
anti-inflammatory efficiency against pro-inflammatory agents and
(iil) pro-apoptotic activity [13, 14, 44, 45]. The outcomes in the cur-
rent study explained that anethole considerably inhibited the growth
and reduced the survival of PC-3 cells in time- and dose-dependent
manner. Since PC-3 cells are well known as extremely aggressive
cells analogous to castration-resistant prostate cancer cells [46],
therefore, anethole could be a promising agent to cure hormone-
independent cases. The results herein corroborate the findings of
published studies demonstrating anethole inhibited increase of
breast cancer cells [13] and Human sarcoma cell line HT-1080 [14].
Other line of evidence confirming anti-proliferative efficiency of
anethole could be concluded from its propensity to inhibit PC-3
clonogenicity, where PC-3 colonies failed to show growth in the
presence of anethole. In addition, anethole effectively suppressed
proliferation of HepG2 and MCF-7 cells, which proposes that
anethole may be an efficient chemotherapeutic agent, not only for
treatment of prostate cancers, but also for curing other cancer
phenotypes, such as hepatocellular and breast cancers. Signifi-
cantly, the cytotoxic effect of anethole on normal OEC cells was
minimal, in comparison to its effects on cancer cells. These findings
denote that anethole consistently target cancer cells and save nor-
mal counterparts, which is an extremely prerequisite feature for
anticancer curative agents.

Other seminal finding in this study is identifying the anti-
metastatic potential of anethole. Metastasis is an essential character-
istic of malignant tumors; it poses a challenging obstacle to suc-
cessful treatment being the leading cause of mortality in prostate
cancer patients [47, 48]. It is well established that metastasis entails
the migration of tumor cells. The observations of wound healing
assay show that anethole significantly attenuated the migrating
capability of PC-3 cells near the center of the wound, indicating
that anethole has a potential to inhibit metastatic migration. Inter-
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estingly, it was previously reported that anethole exerted anti-
metastatic activity against highly metastatic HT-1080 human fibro-
sarcoma tumor cells [14]. Thereby, all these findings underscore
that anti-metastatic potential is a peculiar property of anethole, and
that anethole could be an effective anti-metastatic agent for prostate
cancer.

Emerging evidences indicate that prostate CSCs are responsible
for the self-renewal capacity, recurrence of tumor, metastatic dis-
semination of cancer cells and resistance to current therapeutics
[49]. One of the major features of CSCs is their potential to grow as
tumorspheres in non-adherent conditions and in serum free media.
Importantly, many researchers managed to isolate and to identity
prostaspheres from cultures of PC-3 cells, with frank CSC proper-
ties [30-32]. Thus, to investigate whether anethole can suppress
growth of stem cells, the tumorsphere formation assay in PC-3 cells
was performed. The findings of this assay demonstrated for the first
time that anethole inhibited self-renewal capacity of the prostas-
pheres. These results imply that anethole has an ability to target
CSC pool, which shed light on its ability to ultimately abolish resis-
tance, recurrence and metastasis potentialities of prostate cancer.

Having established the anti-proliferative potential of anethole,
the molecular mechanism whereby anethole exerted this role was
elucidated. Apoptosis is safe-guard mechanism responsible for the
inhibition of cancerous growths in living bodies and it is widely
accepted that anticancer agents exert their cytotoxic effects by ex-
citing the apoptotic pathways in cancer cells [50]. Not surprisingly,
cancer cells develop arsenals of survival pathways to escape apop-
totic death [48]. Therefore, identifying agents with a pro-apoptotic
potential is an ideal strategy to fight cancerous growths. The picture
emerging from this study suggests that anethole exerts its cytotoxic
efficacy through apoptosis induction in PC-3 cells. The apoptotic
process is manifested by a sequence of distinct biochemical and
morphological changes, such as cell shrinkage, DNA damage, gen-
eration of ROS, permeabilization of lysosomal membrane, loss of
mitochondrial membrane potential (AWm), discharge of apoptotic
factors from mitochondria, stimulation of caspases and cleavage of
PARP [51, 52]. Interestingly, all these apoptotic alterations were
consistently observed in the PC-3 cells after anethole treatment.
The cells clearly exhibited typical morphological changes of apop-
totic death, including losing viability, detachment, shrinkage, ir-
regular cell shapes, disordered distribution, chromatin condensa-
tion, nuclear fragmentation and breakage of cells into multiple
apoptotic bodies. Instead, the untreated PC-3 cells appeared viable,
adherent and confluent and assumed typical epithelial morphology.
The apoptogenic properties of anethole were further confirmed by
flow cytometry analyses, which is a universal accepted procedure to
assess apoptosis. This assay based on a fact that in viable cells the
membrane phospholipid phosphatidylserines (PSs) are basically
located on the inner leaflet. At very early stage of apoptotic cas-
cades, the PS moieties translocate from the inner leaflet of the
plasma membrane to the outer one. This translocation allows PSs to
be exposed to the external cellular environment and can be detected
by binding of the translocated PSs to Annexin V. The flow cytome-
try assays validated that the ratio of cells stained with Annexin V
obviously increased with the increasing concentrations of anethole
indicating those cells translocated their PSs and set the wheels of
the apoptotic machinery in motion.

The biochemical trigger responsible for initiating apoptotic
cascades is an excessive production of ROS. In fact, ROS act as
secondary messengers in intracellular signaling; they manage varied
biological activities, ranging from cell proliferation to cell death, in
normal cells. However, high level of ROS leads to an oxidative
stress that can destroy the integrity of cellular membranes and
causes serious damage to proteins and DNA, resulting in growth
arrest, senescence and eventually apoptotic death [53]. Accord-
ingly, mounting evidence suggests that raising the levels of ROS in
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cancer cells above a toxic threshold might be an effective strategy
to eliminate cancer cells and be a practical approach for developing
antitumor agents. Indeed, it was reported that radiotherapies, che-
motherapeutics, such as arsenates, etoposide, taxol or doxorubicin
[54,55] and many dietary agents, such as withaferin [56], curcumin
analog WZ35 [57] and silibinin [58], exert their cytotoxic effects
through induction of ROS generation in cancer cells. It is notewor-
thy that prostate cancer cells harbor high level of ROS [59]. Hence,
an agent that can induce ROS above a toxic threshold may trigger
apoptotic cascades in prostate cancer cells. The observations herein
showed anethole raised the level of ROS as much as 2.5-fold higher
than control, which might generate oxidative stress that drives cells
to commits apoptotic death. Amongst well-known consequences of
ROS generation is the peroxidation of membrane lipids, which
ultimately leads to LMP and MMP. In particular, LMP may occur
at an early stage of apoptotic events leading to apoptosis signaling
to proceed, or it could occur in the late apoptotic cascades and con-
tribute to amplification of the apoptotic signal. Whenever it strikes,
LMP is a fatal incident, since the discharge of lysosomal proteases
in the cytosol results in digestion of protein machineries essential
for survival, stimulation of caspases and hydrolases [60]. To test
whether anethole induce LMP, the PC-3 cells were labelled with an
AO, a well-known lysosomotropic fluorochrome probe that accu-
mulates in functional and intact lysosomes and emits red fluores-
cence. Upon incidence of LMP, AO is released into cytoplasm,
where it emits green fluorescence. The observations herein showed
that control PC-3 cells displayed a red fluorescence that was con-
fined to the lysosomal vesicles indicating that lysosomal mem-
branes are intact. After anethole treatment, there was a reduction in
red fluorescence that was correlated with a rise in cytosolic green
fluorescence. These observations imply AO molecules released
from the lysosomes and disseminated in the cytosol, confirming an
incidence of LMP due to anethole treatment. It is noteworthy that
the induction of LMP-dependent apoptotic cell death observed due
to anethole treatment is not uncommon, and many putative chemo-
preventive agents have been found to implement this pathway to
prompt apoptotsis in various types of cancer cells [13, 61]. A long
list of studies confirmed that throughout apoptotic events, there is a
crosstalk between lysosomes and mitochondria; this talk establishes
an amplification loop that substantiates the onset of LMP and MMP
[62]. Throughout this loop, the LMP-induced release of lysosomal
enzyme provokes the mitochondrial disruption resulting in a loss of
mitochondrial membrane potential and a subsequent release of mi-
tochondrial pro-apoptotic proteins [62]. In an alternative scenario, it
was suggested that LMP occurs downstream from MMP and is a
consequence of excessive ROS production in mitochondria. Which-
ever scenario is directed by anethole in the context of PC-3 cells is
currently unknown; but it is worth to mentio, on top of its ability to
induce LMP, anethole induced too MMP. Incidence of MMP by
anethole is seminal finding since mitochondria are the death signal
integrator that receive varied apoptotic cues (e.g., cytotoxic drug,
ROS stress, DNA damage) and execute program of apoptotic death.
In addition, numerous studies indicated that the earliest intracellular
event that occurs following the induction of apoptosis is depolariza-
tion of mitochondrial membrane leading to loss of A¥Ym and ulti-
mately MMP [52]. In this study, the incidence of MMP has been
confirmed by a cationic fluorescent probe, JC-1 dye. This dye can
selectively accumulate in mitochondria as aggregates and fluoresce
red. Upon incidence of MMP, the dye molecules convert into
monomers, release into cytoplasm and fluoresce green. So, by
measuring such a shift in the fluorescence emission, MMP could be
detected and quantified. The results herein confirmed that anethole
treatment improved the ratio of the green fluorescence on expense
of the red counterpart indicating the cells suffered AWm loss, an
event that leads to initiation of apoptotic cascades. Incidence of
MMP facilitates the discharge of pro-apoptotic factors from the
mitochondrial intermembrane space into cytosol. Importantly, the
release of these factors per se establishes the point of no return;
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they further propagate and amplify apoptotic signals, trigger
downstream apoptotic cascades and actual execution of apoptosis
[51,52].

At the molecular level, the MMP destabilization and
mitochondrial pro-apoptotic factor release are tightly regulated by
Bcl-2 family members. The protein members of this family have a
potential either to prompt cell death (e.g., Bax, Bak, Bad, Bid) or to
promote cell survival (e.g., Bcl-2, Bel-xL, Mcl-1, Bel-w) [52]. The
key members in this family are the anti-apoptotic Bcl-2 and the pro-
apoptotic Bax proteins; they are widely accepted as cancer
prognostic biomarkers [63]. The Bcl-2 member binds to the outer
membrane of mitochondria and preserves mitochondrial integrity,
thereby, it prevents incidence of the MMP and initiation of the
downstream apoptotic cascades. It has been shown that Bcl-2 pro-
tein is frequently overexpressed in primary and metastatic prostate
cancers, but not in the normal prostate [64] and plays a role in pro-
gression of androgen-independent prostate cancer [65]. Related to
these facts, down-regulation of Bcl-2, for example by antisense
strategies, prevented growth of prostate tumors, and the utility of
these strategies is under clinical trials [66]. Bax, on the contrary, is
a canonical negative inhibitor of Bcl-2 and a death agonist; it pro-
vokes mitochondrial permeability transition and promotion of apop-
totic cascades [62]. Therefore, a fine-tuning of the balance between
the Bcl-2 to Bax proteins in a cell leads to programmed cell death
or survival. Growing list of studies explains that the ratio of Bcl-2
to Bax, rather than the expression level of the individual protein, is
the decisive factor in deciding whether a cell commits apoptosis or
continues survival [67]. In this research work, incubation of PC-3
cells with anethole increased the expression of Bax, decreased
suppression of Bcl-2, ultimately resulting in a net increase in the
ratio of Bax/Bcl-2. Thus, this treatment might tilt the balance of
Bax/Bcl-2 ratio toward the release of the mitochondrial pro-
apoptotic factors and the induction of downstream apoptotic
cascades.

The typical executioners of apoptosis are caspase family pro-
teins and available evidence confirms that radio-/chemo-therapies
and phytochemicals induce apoptosis in cancer cells through
caspase-dependent mechanisms [68]. Caspase cascades are acti-
vated either through death receptor (extrinsic) apoptotic pathway-
induced initiator caspase-8, or through mitochondrial (intrinsic)
pathway-induced initiator caspase-9 [7]. The mitochondrial path-
way takes over responsibility of initiating apoptotic cascades in
most physiologic conditions, as well as in response to a wide array
of apoptotic stimuli and antitumor agents [50]. Both activated
caspase-8 and -9 pathways eventually overlap down at a common
node, activation of caspase-3 [7]. Activated caspase-3 initiates the
execution phase of apoptosis; it triggers further down-stream effec-
tors that adopt cleavage of structural and functional macromole-
cules essential for life, which leads to emergence of morphologic
hallmarks of apoptosis [51, 52]. The observations of this study fit
perfectly the scenario of mitochondrial apoptotic pathway, since
anethole treatments significantly caused stimulation of caspase-9
and -3. Coherent to activation of caspase-3 was the cleavage of
PARP protein, as demonstrated by immunoblot analyses. During
apoptosis, the 116 kDa PARP is cleaved to yield an 85 kDa frag-
ment, which is one of the classical characteristics of apoptosis. This
cleavage impairs DNA repair, which leads to DNA damage. Inter-
estingly, the results of comet assay herein showed that anethole
induced DNA damage. This is a significant finding, since if dam-
aged DNA is beyond repair, cells respond to DNA damage by
committing to apoptotic death [69] and most anticancer agents were
found to exert their apoptotic potential through triggering DNA
damage [70]. Comet assay is generally accepted as a specific and
reliable procedure for the detection of apoptotic cell death, since it
can detect, in individual cells, various forms of DNA strand break-
age [71]. The comet images show that, after anethole treatment, the
cells exhibited typical characteristics of apoptotic cell death, large
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fan-like tails and small heads [72]. Appearance of large tails imply
that almost all the DNA has migratd outside of the comet head
forming large tail, suggesting massive DNA damage and loss of
nuclear structure (matrix/framework attachment points of the chro-
matin). In addition to DNA damage, anethole treatment induced
DNA fragmentation appearing as a unique ladder, multiples of 180
base pairs (oligo-nucleosomal multimeres). DNA laddering is a
universal hallmark of cells committing apoptosis and, most impor-
tantly, it occurs at a very late event of apoptosis [35]. As seen in
Fig. (7A), the DNA extracted from the anethole-treated PC-3 cells
exhibited DNA ladder pattern, indicating the cells advanced to the
late stage of apoptosis. Thereby, it is reasonable to conclude that
anethole-induced PARP cleavage and DNA damage/fragmentation
initiated events that dictated a cell’s susceptibility to undergo apop-
tosis.

The most defining trait of the cancerous growths is uncontrolled
cellular proliferation, due to loss of cell cycle control [48]. Recent
advances of molecular and genome-wide studies explained that, in
most common malignancies, cell cycle regulators are frequently
mutated [73]. Therefore, rectifying the functional role of the cell
cycle regulators is considered a promising and effective strategy to
control proliferation of cancer cells. Overwhelming evidences have
shown promise for dietary phytochemicals in chemoprevention of
prostate cancer through rectifying cell cycle progression [74].
Likewise, flow cytometry analyses demonstrated that anethole
treatment induced G2/M phase arrest in PC-3 cells indicating that
targeting cell cycle progression might be one of the mechanisms by
which anethole exerts its anti-proliferative effects, at least in PC-3
cells. To delineate the molecular mechanisms mediating the
inhibition of cell cycle progression by anethole, the impact of
anethole on the expression of selected cell cycle regulators was
explored. To this end, the effect of anethole on expression of cyclin
D1, CDK-4, p21 and p27 was explored. The importance of these
molecules is that they have been found to be frequently mutated or
deregulated in prostate cancer. For example, cyclin D1 was found
to be over-expressed in androgen-independent prostate cancer cells
and is associated with metastatic prostate cancer to bone [38]. In
addition, cyclin D1 overexpression confers resistance to cisplatin
treatment in PC-3 cells and in testicular germ cell tumors, whereas
knockdown of cyclin D1 sensitizes cells to cisplatin [75]. Further-
more, cyclin D1 has been identified as a component of a 4-gene
signature that predicted poor clinical outcome in prostate cancer
[76]. In addition, a growing body of evidences confirmed that pros-
tate cancer cells harbor overexpressed or hyperactivated cy-
clin/CDK complexes that provide the cells with a selective growth
advantage [77]. It has been reported too that many prostate tumors
carry mutations in CDK members, (CDK-2, CDK-4, CDK-6, or
CDK-1) [78]. Increasing evidences also demonstrated lack or low
expression of CDKIs (P21 and p27) contributes to the prostate car-
cinogenesis. For example, loss of p27 was found to be a prognostic
factor in localized human prostate adenocarcinoma [79]. Likewise,
p21 was shown to be frequently expressed at low levels in prostate
cancer and is associated with poor prognosis [80]. The p21 is the
global inhibitor of CDKISs; it can prompt cell cycle arrest in re-
sponse to a wide range of stress conditions, such as ROS accumula-
tion, DNA damage and apoptotic stimuli [39]. The data here show
that, following anethole treatment, the levels of cyclin D1 and
CDK-4 expression were significantly reduced, whilst those of p21
and p27 were increased. These data parallel observations of the
flow cytometry analyses and suggest that anethole treatment cor-
rected the progression of unchecked cell cycle by suppressing the
protein abundance of cyclin D1 and CDK-4 and that anethole-
induced G2/M arrest was attained by p21 and p27 proteins up-
regulation. However, it can not be ruled out that other cell cycle
regulatory proteins participate in triggering G2/M phase arrest by
anethole, since G2/M phase progression is mainly driven by cyclin
B/Cdc2 [39]. Further investigations are ongoing to examine effect
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of anethole on G2/M regulatory proteins. It should be noted that,
albeit G2/M phase progression is driven by Cyclin B/Cdc2, a long
list of studies highlighted that cyclin D1 and CDK-4 also play im-
portant roles in G2/M phase transition and their expression is essen-
tial for commitment cell cycle progression. For example, CDK-4
has been found to be necessary for normal cell cycle progression
through G2 phase into mitosis and for the fidelity of mitosis [81].
Similar to anethole, a diterpenoid, Jungermannenone B, has been
found to induce G2/M phase via reducing expression levels of cy-
clin D1, CDK4, in addition to reduction of cyclin B1/E and Cdc-2
in PC-3 cells [82]. A hydroxylated polymethoxyflavone also in-
duced G2/M phase arrest in colorectal cancer cells through down-
regulation of CDK-4 [83]. A maple polyphenols, ginnalins A-C,
induce G2/M phase arrest in breast cancer cells through the down-
regulation of cyclin D1 [84]. Therefore, the observations showing
anethole induced G2/M arrest through downregulation of cyclinD1
and CDK-4 along with increasing expression of p21 parallel with
these previous studies. The finding showing anethole promoted
expression of p21 deserves attention since, in general, p21 is in-
duced through p53 signaling pathway; however, PC-3 cells do not
express p53 due to a lesion in the TP53 gene [37]. Thus, the princi-
pal tumor suppressor gene, pS3 is dispensable to induction of cell
cycle arrest by anethole at least in PC-3 cells, which is of particular
significance for the therapeutic intervention of anethole in p53-
defective prostate cancer cells. Increasing body of evidence asserts
that, in addition to cyclins, CDKs and CDKIs, a c-Myc proto-
oncogene has a crucial impact on prostate cancer cell cycle [85, 86].
As a transcription factor, c-Myc can induce expression of most of
the critical positive cell cycle regulators, including cyclins and
CDKs. Furthermore, it can hyper-activate cyclin/CDK complexes
through a transcription-independent mechanism and to antagonize
the activity of cell cycle inhibitors, p21 and p27 [84]. Numerous
studies confirm there is a direct association between c-Myc expres-
sion and progression of prostate cancer. For example, recent evi-
dence shows that approximately 30% of prostate cancer specimen
exhibits c-Myc amplification [87]; this amplification is strongly
associated with high histological grade and worse prognosis [88]
and predicts systemic progression and patient death [89]. In addi-
tion, overexpression of c-Myc mRNA in primary prostate cancer
predicates biochemical recurrence [90]. Finally, knockdown of c-
Myec, for example significantly reduced prostate cancer cell growth
and increase the apoptosis in vitro and suppresses tumorigenicity in
vivo [88]. The immunoblot analyses showed that the expression of
c-Myc was significantly reduced by anethole treatment indicating
that c-Myc is a functionally important molecular target of cell cycle
arrest by anethole in prostate cancer cells.

NF-xB is a pleiotropic transcription factor; it mediates the
transactivation of a plethora of genes involved in cell survival, cell
proliferation, decreased apoptosis, metastasis and chemotherapy
resistance; in so doing, it plays a leading role in all stages of car-
cinogenesis [22]. In addition to the presence of deregulated extrin-
sic and intrinsic apoptotic pathways in cancer cells, the NF-xB sur-
vival pathways are responsible for the failure of cancer cells to
commit apoptosis. Mounting evidence ensures participation of NF-
xB in prostate cancer growth. For example, NF-«B was reported to
be constitutively active in invasive prostate cancer and this activa-
tion is a prognostic factor for relapse in patients with localized dis-
ease [91, 92]; it is worth to mention, blocking this activation pre-
vented angiogenesis, invasion, and metastasis in prostate cancer-
bearing patients [93]. Elevated NF-«B activity has been exposed to
activate manifestation of prostate specific antigen and facilitates
progress into an androgen-independent stage [94]. In addition, ex-
pression profiling studies have linked a variety of NF-«xB-signaling
pathways to prostate cancer progression [41, 42] and constitutive
activation of NF-«xB-responsive genes was found to be a major ge-
netic feature of prostate cancer [92]. Not surprisingly, various phy-
tochemicals were found to exert their pro-apoptotic activity in pros-
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tate cancer cells through decreasing expression level of the NF-«B
[95-97]. Previous studies have indicated that anethole is a potent
NF-«B inhibitor; it markedly blocked the activation of NF-«xB trig-
gered by a variety of inflammatory stimuli [23,13]. The findings of
this study also identify anethole as an inhibitor of NF-«xB constitu-
tive expression with anti-prostate cancer potential. The specificity
of NF-xB is its ubiquitous and constitutive expression, whilst its
activity (e.g., nuclear translocation) is regulated [22]. Under resting
conditions, NF-xB is sequestered in the cytoplasm by its inhibitor.
Upon receiving survival signal, the inhibitor is degraded and NF-xB
migrates to the nucleus, where it transactivates its response genes,
most of them play essential roles in cell proliferation and inhibition
of apoptosis [22]. The results of immunoblots demonstrated that the
expression levels of total and nuclear p65 subunit of NF-«B were
highly expressed in control PC-3 cells, indicating that PC-3 cells
harbor constitutively active NF-xB. After anethole treatment, the
expression of total NF-xB/p65 remained unchanged whilst the level
of nuclear NF-x«B/p65 decreased dramatically. These observations
denote that anethole down-regulated nuclear NF-«B/p65 expres-
sion, which may prompt apoptosis in PC-3 cells. These results also
corroborate the findings of a previous study showing anethole me-
diating down-modulation of NF-«xB expression promoted apoptosis
in breast cancer [13] as well as in human HT-1080 sarcoma cells
[14]. Since anethole treatment decreased the level of nuclear NF-
kB/p65, it was reasonably to assume the expression of NF-xB-
responsive pro-survival genes, notably Bcl-2, Bel-xL, Survivin,
Noxa, Bad and cyclin D1 [22] would decrease accordingly. The
findings of qRT-PCR analyses confirm this postulation since
anethole treatment down-modulated expression of Bcl-2, Bel-xL,
Survivin and cyclin D1 genes. Down-regulation of Survivin by
anethole is of particular importance since Survivin expression
gradually increases from normal prostate tissue and low risk pros-
tate cancer to high risk prostate cancer and is highest in metastatic
prostate cancer [98] and knockdown of Survivin alone and sensi-
tizes prostate cancer cells to spontaneous apoptosis [99]. In addi-
tion, the migration of prostate cancer cells is closely associated with
the transcription of Survivin [100]. Thus, the findings of NF-
kB/p65 Western blot and qRT-PCR parallel each other and confirm
that anethole-induced down-modulation of NF-xB activity might
actually target survival advantage admitted by NF-«xB, and NF-«xB-
downstream-response genes, which might alert PC-3 cells to com-
mit apoptosis.

CONCLUSION

The results of this work designate that anethole effectively
inhibited proliferation and induced apoptosis in androgen-
independent human prostate cancer cells (PC-3). The mechanisms
underlying the anti- proliferation effects of anethole in PC-3 cells
involved the generation of ROS, induction of LMP and MMP, and
DNA damage. Anethole provoked G2/M phase arrest, through
down-regulation of cyclin D1, CDK-4 and c-Myc and up-regulation
of p21 and p27. It also targets the activity of NF-«B survival path-
ways. These findings are of particular significance in proposing
anethole as a promising candidate for restricting the growth of pros-
tate cancer.
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