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Abstract

Amygdalin, D-mandelonitrile--D-glucoside-6-3-glucoside, belongs to aromatic cyanogenic glycoside
group derived from rosaceous plant seed. Mounting evidence has supported the anti-cancer effects
of amygdalin. However, whether amygdalin indeed acts as an anti-tumor agent against breast cancer
cells is not clear. The present study aimed to investigate the effect of amygdalin on the proliferation of
human breast cancer cells. Here, we show that amygdalin exerted cytotoxic activities on estrogen re-
ceptors (ER)-positive MCF7 cells, and MDA-MB-231 and Hs578T triple-negative breast cancer (TNBC)
cells. Amygdalin induced apoptosis of Hs578T TNBC cells. Amygdalin downregulated B-cell lymphoma
2 (Bcl-2), upregulated Bcl-2-associated X protein (Bax), activated of caspase-3 and cleaved poly ADP-
ribose polymerase (PARP). Amygdalin activated a pro-apoptotic signaling molecule p38 mitogen-acti-
vated protein kinases (p38 MAPK) in Hs578T cells. Treatment of amygdalin significantly inhibited the
adhesion of Hs578T cells, in which integrin a5 may be involved. Taken together, this study demon-
strates that amygdalin induces apoptosis and inhibits adhesion of breast cancer cells. The results sug-
gest a potential application of amygdalin as a chemopreventive agent to prevent or alleviate progres-
sion of breast cancer, especially TNBC.
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INTRODUCTION B Feedback

Breast cancer has been estimated as one of most commonly diagnosed types of cancer among
women (Siegel et al., 2014). In particular, triple-negative breast cancers (TNBCs) lacking the expres-
sions of estrogen/progesterone receptors (ER/PR) and human epidermal growth factor receptor 2
(HER2) are correlated with poor prognosis (Sotiriou et al.,, 2003). Clinically effective drugs for the
treatment of TNBC have not been reported to date (Hudis and Gianni, 2011).
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Many natural chemopreventive compounds are shown to reduce the risk of cancer through induction
of apoptosis, programmed cell death (Tanaka, 2013). Mitochondrial-mediated apoptosis is induced by
multiple molecular events including decrease in B-cell ymphoma 2 (Bcl-2), increases in Bcl-2-associ-
ated X protein (Bax), and activation of caspase-3 (Chiarugi et al., 1994; Fernald and Kurokawa, 2013).
Poly ADP-ribose polymerase (PARP), a nuclear enzyme involved in DNA repair, is a well-known sub-

strate for caspase-3 in the apoptotic process (Lazebnik et al., 1994; D’Amours et al., 1998). The pro-
apoptotic (such as JNK-1 and p38) and the anti-apoptotic (such as ERKs and JNK-2) signaling mole-
cules have been shown to be involved in induction of cell death (Xia et al., 1995; Ruiter et al.,, 1999).

Tumor metastasis is a complex process involving extensive interactions between the tumor cells and
host tissues including tumor cell dissociation, intravasation, extravasation, adhesion, and angiogene-
sis (Alizadeh et al, 2014). Cell adhesion plays a crucial role in cancer progression and metastasis
(Albelda, 1993). Integrins are essential for forming cell-cell and cell-matrix bonds, regulating cell ad-
hesion, extravasation and migration (Heyder et al., 2005).

Amygdalin, D-mandelonitrile-B-D-glucoside-6-3-glucoside, belongs to the aromatic cyanogenic glyco-
side group and is widely distributed in the rosaceous plant seed, for example, apricot, peach, apple,
cherry, plum, etc. (Holzbecher et al., 1984; Santos Pimenta et al., 2014). Amygdalin is known for effec-
tive component of the traditional Chinese medicine and used as auxiliary medicine of cough expecto-
rant agent and cancer therapy (Holland, 1982; Milazzo et al., 2011). A number of studies reported

that amygdalin has various activities including anti-tussive, anti-asthmatic, anti-atherogenic,
inhibition/prevention of fibrosis, anti-inflammatory, anti-ulcer and anti-cancer activities (Song and Xu,
2014).

Mounting evidence has supported that amygdalin induces apoptotic cell death of various cancer cells
such as promyelocytic leukemia, prostate cancer, cervical and liver cancer cells (Kwon et al., 2003;
Changetal., 2006; Zhou et al,, 2012; Chen et al,, 2013; Song and Xu, 2014). Treatment with amygdalin
increased expression of Bax, decreased expression of Bcl-2 and induced caspase-3 activation in hu-
man DU145 and LNCaP prostate cancer cells (Chang et al., 2006). Amygdalin induced apoptosis of
HeLa cervical cancer cells mediated by endogenous mitochondrial pathway (Chen et al,, 2013). A re-
cent study showed that amygdalin reduced adhesion and migration of UMUC-3 and RT112 bladder
cancer cells through activation of focal adhesion kinase (FAK) and modulation of 31 integrin
(Makarevic€ et al., 2014).

Despite many studies have demonstrated the anti-cancer effects of amygdalin on various cancer cells,
the chemopreventive potential of amygdalin in breast cancer is poorly understood at present. In this
study, we aimed to investigate the chemopreventive potential of amygdalin against breast cancer. To
this end, we examined the anti-proliferative effect of amygdalin on ER-positive MCF7 human breast
carcinoma cells and MDA-MB-231 and Hs578T TNBC cells. In addition, we investigated the effect of
amygdalin on apoptosis and adhesion of Hs578T TNBC cells.

MATERIALS AND METHODS

Cell culture conditions
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Hs578T and MDA-MB-231 breast cancer cells were purchased from the Korean Cell Line Bank (KCLB,
Seoul, Korea). MCF7 cells were from American Type Culture Collection (ATCC, Manassas, USA).
Hs578T and MCF7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 100 pug/mL penicillin-streptomycin as previously described
(Koh etal, 2015). MDA-MB-231 cells were cultured in Roswell Park Memorial Institute medium
(RPMI) supplemented with 10% FBS and 100 pg/mL penicillin-streptomycin.

Reagents

Amygdalin (depicted in Fig. 1) was purchased from Sigma Aldrich (St. Louis, MO, USA) and dissolved
in serum-free media. MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bromide) was pur-
chased from Sigma Aldrich (St. Louis, MO, USA). Z-VAD-FMK was purchased from R&D system, Inc.
(Minneapolis, MN, USA).
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Fig. 1.

The structure of amygdalin.

MTT assay

Cells (1x10* cells) cultured in a 96-well plate were treated with amygdalin for 24 hr. After incubation,
25 pL of 5 mg/mL of MTT was added and incubated for 3 hr. Then the formazan was dissolved with
100 pL of DMSO and the optical density was measured at 540 nm using ELISA reader (Synergy 2;
BioTek Instruments, Inc., Winooski, VT, USA).

Immunoblot analysis

The cells were cultured to 70% confluency and incubated in serum-free media containing various
concentrations of amygdalin (0, 10, 20 and 40 mg/mL) for 24 hr. Inmunoblot analysis was per-
formed as described previously (Moon et al.,, 2000). Protein extracts in lysis buffer (50 mM Tris, 2%
SDS, 1 mM EDTA, 0.1 M DTT, protease inhibitor cocktail) were subjected to immunoblot analysis.
Rabbit polyclonal anti-Bax and mouse monoclonal anti-Bcl-2 antibodies were purchased from Santa
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Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Mouse monoclonal anti-caspase-3 antibody was pur-
chased from Oncogene™ research products (San Diego, CA, USA). Rabbit polyclonal anti-PARP, anti-
phosphorylated p38 MAPK (anti-pp38 MAPK), anti-p38 MAPK and anti-integrin a5 antibodies were
purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). The enhanced chemiluminescence
system was used for detection (Advansta Inc., Menlo Park, CA, USA).

Adhesion assay

Adhesion assays was performed on 96-well plates coated with 5 pg/mL collagen as previously de-
scribed (Miao et al,, 2005). Cells were added into each well and placed for 30 min at 37°C in 5% CO,
humidified air incubation. Non-adherent cells were removed by gently washing the wells three times
with wash buffer. Adherent cells were fixed with 4% paraformaldehyde for 10 min at room tempera-
ture, followed by rinsing with wash buffer, and stained with 0.5% crystal violet for 10 min. After rins-
ing, the dye was released from the cells by addition of 2% sodium dodecyl sulfate (SDS), and the
plates were read on a microplate reader (Synergy 2; BioTek Instruments, Inc., Winooski, VT, USA).

RESULTS

Amygdalin inhibits proliferation of MCF7, MDA-MB-231 and Hs578T cells

We investigated the cytotoxic effects of amygdalin on human breast carcinoma cells. We performed
MTT assay upon treatment with various concentrations of amygdalin for 24 hr. As shown in Fig. 2,
amygdalin inhibited proliferation of MCF7, MDA-MB-231 and Hs578T cells in a dose-dependent man-
ner. The [Cs( values of amygdalin in MCF7, MDA-MB-231 and Hs578T cells were 30.8, 48.5 and 52.9
mg/mL, respectively. The data demonstrate that amygdalin exerted cytotoxic effect on ER-positive
MCF7 as well as MDA-MB-231 and Hs578T TNBC cells.
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Fig. 2.

Amygdalin inhibits cell growth in breast carcinoma cells. The cells were treated with various concentrations of amyg-
dalin for 24 hr and then subjected to an MTT assay in MCF7 (A), MDA-MB-231 (B) and Hs578T cells (C). The results

represent mean + SD for triplicates (‘p<0.05 and ~p<0.01 vs. control).
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Amygdalin regulates apoptosis-related proteins and signaling molecules

To evaluate if cytotoxic effect of amygdalin on breast cancer cells involves apoptosis, we determined
the expression levels of apoptosis-related proteins in Hs578T TNBC cells. Cells were treated with
amygdalin at various concentrations for 24 hr. The levels of Bcl-2, Bax, PARP and pro-caspase-3 were
determined by immunoblot analysis. As shown in Fig. 3A, amygdalin increased the expression level of
pro-apoptotic protein Bax and decreased that of anti-apoptotic Bcl-2. The level of pro-caspase-3 was
decreased by amygdalin treatment. PARP cleavage was observed in Hs578T cells treated with
amygdalin.
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Fig. 3.

Amygdalin regulates apoptosis-related proteins. (A) Hs578T cells were treated with amygdalin at the indicated con-
centrations (0, 10, 20 and 40 mg/mL). The levels of Bax, Bcl-2, pro-caspase-3 and cleaved PARP were determined by
immunoblot analysis using specific antibodies. (B) Hs578T cells were treated with 40 mg/mL amygdalin at the indi-
cated time-points. The levels of phosphorylated and total p38 MAPK were determined by immunoblot analysis. (C)
Hs578T cells were treated with 40 mg/mL amygdalin and 25 pM Z-VAD-FMK for 24 hr. The protein levels of cleaved
PARP and pro-caspase-3 were determined by immunoblot analysis. (D) Hs578T cells were treated with 60 mg/mL
amygdalin and 25 pM Z-VAD-FMK for 24 hr and then subjected to an MTT assay. The results represent mean + SD for

triplicates ("p<0.05 vs. control).

A kinetic study was performed to examine the effect of amygdalin on the activation of p38 MAPK
which is known as a pro-apoptotic signaling molecule (Xia et al., 1995; Ruiter et al., 1999). pp38
MAPK was increased by amygdalin treatment in a time-dependent manner, while the expression level
of total p38 MAPK was not increased (Fig. 3B). Taken together, these data demonstrate that amyg-
dalin induced apoptosis in Hs578T cells in which signaling pathway through p38 MAPK may be

involved.
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To examine whether a caspase-3 inhibitor might attenuate amygdalin-induced cytotoxic effect, we
treated the Hs578T cells with a caspase-3 inhibitor, 25 pM Z-VAD-FMK for 24 hr. Amygdalin-induced
decrease in pro-caspase-3 level was recovered by Z-VAD-FMK. Increase in cleaved PARP by amygdalin
was also recovered by Z-VAD-FMK (Fig. 3C). As shown in Fig. 3D, amygdalin-induced cytotoxicity was
significantly attenuated by treatment with Z-VAD-FMK. These results suggest that amygdalin may in-

duce apoptosis in Hs578T cells via caspase-3 pathway.
Amygdalin inhibits adhesion of Hs578T breast cancer cells

We next examined the effect of amygdalin on adhesive phenotype of Hs578T cells. The adhesion of
Hs578T cells was significantly inhibited by treatment of amygdalin in a dose-dependent manner (
Fig. 4A). The level of integrin a5 was decreased by amygdalin treatment (Fig. 4B). The results demon-
strate that amygdalin effectively inhibited the adhesive phenotype of Hs578T breast cancer cells.
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Fig. 4.

Amygdalin inhibits adhesion of Hs578T breast cancer cells. (A) Hs578T cells were treated with the 0, 10, 20 and 40
mg/ mL amygdalin for 24 hr. Adhesion assay was conducted. The results represent mean + SD for triplicates ("p<0.05

vs. control). (B) Hs578T cells were treated with amygdalin at the indicated concentrations (0, 10, 20 and 40 mg/mL).

The level of integrin o5 was determined by immunoblot analysis.
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DISCUSSION

Compounds naturally derived from plants have provided a number of useful cancer chemotherapeu-
tic drugs by wide variety of anti-tumor effects. The anti-tumor activity of amygdalin was reported in
vitro using cancer cell lines such as bladder cancer, non-small cell lung cancer and liver cancer cell
lines (Zhou et al., 2012; Makarevic et al., 2014; Qian et al., 2015). In the present study, we showed that
amygdalin inhibits proliferation of breast cancer cells. We further showed that amygdalin induces
apoptosis and inhibits adhesion in Hs578T TNBC cells. Given that breast cancer is considered to be
one of the most frequent malignancies in women (Jemal et al., 2007), our results may provide useful
information on developing the anti-cancer strategy.

Reduction or resistance of apoptosis often leads to malignant progression of cancer (Evan and
Vousden, 2001). Various signaling pathways may trigger the apoptotic process in human cancers
(Townson et al., 2003). Amygdalin was previously demonstrated to induce apoptosis by increasing ex-
pression of Bax and decreasing expression of Bcl-2 and procaspase-3 in DU145 and LNCaP prostate
cancer cells (Chang et al., 2006). The results of the present study strongly indicate that amygdalin in-
duces apoptosis by increasing the expression of Bax and decreasing the expression of Bcl-2 in
Hs578T breast cancer cells.

Integrins regulate cell adhesion to the extracellular matrix, a cellular process that mediates cell differ-
entiation, metastasis and angiogenesis (Howe et al., 1998; Vellon et al., 2006; Bendas and Borsig,
2012). Recent study showed that integrin 1 and 4 involved in the anti-adhesive and anti-migratory
effects of amygdalin on bladder cancer cells (Makarevic et al., 2014). Amygdalin was shown to inhibit
tumor cell adhesion through activation of FAK and modulation of integrin $1 in UMUC-3 and RT112
bladder cancer cells (Makarevic et al.,, 2014). Our results demonstrate that amygdalin decreased cell
adhesion in Hs578T human breast cancer cells, possibly via integrin o5.

Recent studies reported that various natural products inhibit tumor cell growth and metastasis, and
induce apoptosis of cancer cells (Mantena et al., 2006; Milazzo et al., 2011; Tanaka, 2013), suggesting
the potential application of these natural compounds as part of an alternative medical treatment of
human cancer. The present study clearly showed that amygdalin inhibits proliferation of breast can-
cer cells through induction of apoptosis. Amygdalin inhibited adhesion of Hs578T TNBC cells. These
results indicate that amygdalin is a potential pro-apoptotic and anti-adhesive agent that may merit fu-

ture clinical research on breast cancer, especially TNBC.
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