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A B S T R A C T

Allicin is known to induce apoptosis and inhibit tumourigenesis in various carcinoma cells.

However, the precise mechanism of allicin-induced apoptosis remains unclear in human

breast cancer cells. Here we found that ERα−MDA-MB-231 cells were more sensitive to allicin-

induced apoptosis as compared with ERα+MCF7 cells. We also found that allicin induced

reactive oxygens species (ROS)-mediated and caspase-dependent apoptosis in MDA-MB-

231 cells, but not in MCF7 cells. Additionally, we showed the p38 and JNK pathways were

involved in allicin-induced apoptosis. Furthermore, we demonstrated that ERα-knockdown

increased cell growth suppression and apoptosis of MCF7 cells in response to allicin, whereas

ERα-overexpression decreased cell growth suppression and apoptosis of MDA-MB-231 cells,

implicating that ERα has a protective role during allicin-induced apoptosis. Collectively, these

findings suggest that allicin induces differential apoptotic pathways through MAPK acti-

vated by ROS-dependent or -independent signalling pathway in breast cancer cells.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Breast cancer is one of the most common types of cancer in
women and is the leading cause of death in women. The di-

agnosis of breast cancer falls into two broad categories
(oestrogen receptor α (ERα)-positive or ERα-negative) based on
the presence or absence of ERα in the cancer cells (Allred,
Brown, & Medina, 2004). ERα is expressed in about 70% of all
breast cancers. ERα-positive breast cancer generally has a better
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prognosis and is often responsive to anti-oestrogen therapy
(Huang, Warner, & Gustafsson, 2014; Zhou et al., 2014). In con-
trast, ERα-negative breast cancers are more aggressive and are
not responsive to anti-oestrogen treatment (Zhou et al., 2014).
Despite advances in the diagnosis and treatment of breast
cancer, breast cancer still has a poor outcome and lacks tar-
geted therapy. There is a need for more effective
chemopreventive agents for advanced breast cancer.

Nutraceuticals and functional foods have attracted inter-
est concerning their potential in disease prevention and health
enhancement (Hussain, Panjagari, Singh, & Patil, 2015). The
global growth has been driven mostly by functional foods. As
dietary intake of fruits and vegetables provides health ben-
efits beyond basic nutrition, perhaps including decreased
incidence of chronic inflammatory disease, it might substi-
tute for conventional medicine. Garlic has been widely used
as a traditional medicine for thousands of years. It consists of
complex compounds, including alliin (S-allyl-L-cysteine
sulphoxide) and allinase (alliin lyase) (Borlinghaus, Albrecht,
Gruhlke, Nwachukwu, & Slusarenko, 2014). Allicin (diallyl
thiosulfinate) is produced by the action of allinase on alliin
(Borlinghaus et al., 2014). Several studies have investigated the
potential health benefits of allicin, including its anti-bacterial,
anti-fungal, anti-parasitic, anti-atherosclerostic, anti-thrombotic
and anti-tumour effects (Borlinghaus et al., 2014; Cho, Rhee,
& Pyo, 2006). However, the relationship between allicin-
induced apoptosis and ERα in breast cancer cells is unclear.

The aim of this study was to investigate the anti-cancer
effects of allicin and molecular mechanism that regulate
expression of ERα gene effects of allicin. Specifically, we in-
vestigated the apoptotic effect of allicin using ERα-positive MCF7
and ERα-negative MDA-MB-231 breast cancer cells.We also in-
vestigated allicin-mediated cellular andmolecular mechanisms
responsible for altering cell cycle arrest and inducing apop-
tosis. Although allicin decreased cell viability and induced cell
cycle arrest and apoptosis in both breast cancer cell types, ERα-
negative MDA-MB-231 cells appeared to be more sensitive to
apoptosis than ERα-positive MCF7 cells. ERα significantly con-
tributed to the different responses between the two breast
cancer cells. The results bolster the evidence that allicin ac-
tivates molecular mechanisms that reduce cell viability and
induce a differential reactive oxygen species (ROS)-mediated
mitochondrial apoptotic pathway in these breast cancer cell
types.

2. Materials and methods

2.1. Reagents

Unless otherwise indicated, all chemicals were purchased from
Sigma Chemical Co. (St Louis, MO, USA). Foetal bovine serum,
RPMI 1640, penicillin/streptomycin, and amphotericin B were
obtained from Life Technologies. 5-(and-6)-chloromethyl-2′7′-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) and JC-1
were obtained from Molecular Probes (Eugene, OR, USA). ER,
p53, extracellular signal-regulated kinase 1/2 (ERK1/2), phospho-
ERK1/2, p38, phospho-p38, c-Jun N-terminal kinase (JNK),
phospho-JNK, Bcl-2, Bcl-xL, Bax, and apoptosis-inducing factor
(AIF) antibodies were obtained from Cell Signaling Technol-

ogy (Danvers,MA, USA). Cytochrome c, caspase-3, and caspase-8
antibodies were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Allicin was isolated and purified as described
previously (Lee, Lee, Kim, Rhee, & Pyo, 2015).

2.2. Cell culture

MDA-MB-231 and MCF7 human breast cancer cell lines (ATCC,
Rockville, MD, USA) were propagated in Dulbecco’s modified
Eagle’s Medium/F-12 (DMEM/F-12; Invitrogen Life Technolo-
gies Inc., Carlsbad, CA, USA) supplemented with 10% (v/v) foetal
bovine serum (Invitrogen Life Technologies Inc.) and antibiot-
ics (100 IU/ml penicillin and 100 µg/ml streptomycin) (Invitrogen
Life Technologies Inc.). Cells were cultured at 37 °C in a hu-
midified atmosphere containing 5% CO2.

2.3. Cell viability

Cell viability was measured by quantitative colorimetric assay
with a 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylterazolium
bromide (MTT) assay. Cells were seeded at a concentration of
1 × 105 cells/well in 96-well plates.The cells were washed once
with Dulbecco’s phosphate-buffered saline (D-PBS) and 200 µl
of MTT solution (25 µg/ml) and incubated for 4 hr at 37 °C and
5% CO2. The formazan blue crystals formed by the reduction
of MTT were dissolved in 150 µl of dimethyl sulphoxide (DMSO).
The cell viability was determined by absorbance at 540 nm using
a microplate reader (Molecular Devices, Eugene, OR, USA).

2.4. Cell cycle analysis

Cells were harvested, resuspended, and fixed with 70% (v/v)
ice cold ethanol. Fixed cells were washed twice with ice cold
PBS. Cells were incubated for 30 min at room temperature with
staining solution [0.1 mg/ml RNAseA, 50 µg/ml propidium iodide
(PI) in PBS]. Samples were analysed by flow cytometry using
a FACS Calibur cytometer (BD Biosciences, San Jose, CA, BD,
USA).

2.5. Annexin V/PI analysis

Apoptosis was determined using an Annexin V/PI apoptosis
kit. Briefly, cells were harvested by centrifuging at 300 × g,
washed twice with ice-cold PBS, pelleted, and resuspended at
1 × 106 concentration in 100 µl of binding buffer. Five microlitres
of Annexin V-FITC conjugate and 10 µl PI solution were added
to the cells, and the cell solution was incubated in the dark
for 15 min at room temperature. Three hundred microlitres of
binding buffer were then added. At least 10,000 cells were sub-
jected to flow cytometry analysis to identify viable, apoptotic,
and necrotic populations, and quantified using CellQuest soft-
ware (BD Biosciences) according to the manufacturer’s
instructions.

2.6. ROS production assay

CM-H2DCFDA, a redox-sensitive fluorescent dye, was used to
evaluate the intracellular ROS level by flow cytometry. Cells were
incubated in various conditions and then stained with 5 µM
CM-H2DCFDA for 15 min at 37 °C. The cells were kept on ice
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