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Abstract Medicinal plant extracts have been widely used for
cancer treatment. Nitidine chloride (NC) is a natural bioactive
alkaloid that has recently been reported to have diverse anti-
cancer properties. We aimed to investigate the cytotoxic ef-
fects of NC and the effectiveness of combinatorial treatment
including NC and doxorubicin in breast cancer cells. Using
MTT and flowcytometry assays, we found that NC induced
cell growth inhibition and G2/M cell cycle arrest in a time-
and dose-dependent manner both in MCF-7 and MDA-MB-
231 breast cancer cell lines. Cancer cell growth inhibition was
associated with increased levels of the p53 and p21 proteins.
Apoptosis induction by NC treatment was confirmed by JC-1
mitochondrial membrane potential, annexin V-positive cell,
and TUNEL staining. Using western blot analysis, we found
that NC upregulated the pro-apoptotic proteins Bax, cleaved
caspase-9 and -3 and cleaved PARP and that it downregulated
the anti-apoptotic proteins Bcl-2 and PARP. By using the
PI3K/Akt inhibitor LY294002, we further demonstrated that
NC-induced apoptosis might be Akt-specific or dependent. In
addition, NC exhibited a synergistic effect with doxorubicin
on the growth inhibition of the human breast cancer cell lines
MCF-7 and MDA-MB-231. Our study demonstrated the an-
ticancer effect of NC on breast cancer and highlighted the
potential clinical application of NC.
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Introduction

As one of the most common cancers among females around
the world, in recent years, breast cancer has been the major
cause of cancer-related deaths [1, 2]. In the western world, the
10-year relative survival rate for early breast cancer has im-
proved to 83 %, and its 5-year relative survival rate has
increased to 98 % [3]. Despite significant progress in early
diagnosis and treatment, the therapeutic options for advanced-
stage breast cancer are still fairly limited [4]. The current
clinical treatments for breast cancer include surgical operation,
chemotherapy, and radiotherapy [5]. However, at present, the
drawback to chemotherapy for breast cancer is drug resistance
or developing resistance after exposure to chemotherapeutic
drugs [6]. Indeed, chemotherapeutic drugs often complicate
cancer treatment because the therapeutic dosages must be
limited to ensure the patients’ quality of life. Therefore, there
is a great need for novel agents and new combination regi-
mens for breast cancer patients to improve their quality of life
and prognosis.

Nitidine was first derived from the root of Zanthoxylum
nitidum, which is a natural phytochemical alkaloid. Nitidine
chloride (NC) is a chloride of nitidine. It has been found that
NC exhibits several types of biological activities, including
anti-inflammatory [6], antimalarial [7], antifungal [8], anti-
angiogenesis [9], and anticancer activity [10]. It has been
reported that NC can inhibit the proliferation of hepatocellular
carcinoma and renal cancer [11, 12] and the metastasis of
breast cancer through suppressing the c-Src/focal adhesion
kinase (FAK)-associated signaling pathway [13]. Studies have
reported that NC has anticancer characters; however, it still
remains unknown whether NC has any effect on breast cancer
apoptosis. Although NC monotherapy appears to be success-
ful for cancer, the efficacy of combined chemotherapy with
other therapeutic drugs is still unknown. The present study
aimed to investigate the anticancer effects of NC and to
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evaluate the chemopreventive potential of NC concurrent with
doxorubicin on the human breast cancer cell lines MCF-7 and
MDA-MB-231.

Materials and methods
Cell lines and reagents

The human MCF-7 and MBA-MD-231 cell lines were obtain-
ed from American Type Culture Collection (ATCC) and were
routinely cultured in DMEM medium (Gibco-BRL,
Rockville, IN, USA) containing 10 % FBS, 100 U/ml peni-
cillin, and 100 pg/ml streptomycin in 5 % CO, at 37 °C. An
annexin V-FITC/PI assay kit was purchased from Sigma (St.
Louis, MO, USA). ATUNEL kit, JC-1 assay kit, and caspase
peptide inhibitor (Z-VAD-FMK) were purchased from
Beyotime Institute of Biotechnology (Shanghai, China).
Monoclonal antibodies against (3-actin (#3700), Bax
(#2772), caspase-3 (#9668) and caspase-9 (#7237), PARP
(#9532), p53 (#9919), p21 (#2946), phospho-Akt (#4060,
ser473), and Akt (#2920) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-Bcl-2 (M0887) was
purchased from Dako Corp (Carpinteria, CA, USA).
AnticyclinB1 (YT1169) was obtained from Immuno-way
(Newark, DE, USA). The secondary horseradish peroxidase
(HRP)-linked antibodies were obtained from Tiangen Biotech
CO., LTD (Beijing, China).

Nitidine chloride was purchased from Tauto Biotech
(Shanghai, China) and dissolved in dimethyl sulfoxide
(DMSO). DMSO was also applied to the controls.

MTT assay of cell viability

MCE-7 (3x10° cells/well) and MDA-MB-231 (2% 10°cells/
well) cells were seeded into 96-well culture plates and incu-
bated in 5 % CO, at 37 °C. After incubation overnight, the
cells were exposed to different concentrations of nitidine
chloride and incubated for 24, 48, or 72 h. After treatment,
20 uL of 5 mg/ml MTT was added and incubated in the dark
for4 hat37°C. After removal of MTT, 100 uL of DMSO was
added to each well, and the plate was gently shaken for 10 min
at room temperature. The absorbance was measured at 490 nm
by the Microplate Reader (Bio-Rad, Hercules, CA, USA). All
experiments were repeated at least three times.

Colony formation assay

MCF-7 and MDA-MB-231 cells in single-cell suspension
(500 cells per well) were seeded in six-well plates and incu-
bated for 24 h. The cells were treated with different concen-
trations of NC for 24 h. Then, the medium was replaced with
4 ml of fresh medium, and the cells were cultured for another
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14 days. The media were refreshed every 5 days. The cells
were fixed with paraformaldehyde for 15 min and stained with
2 % crystal violet for 20 min. The colonies consisting of more
than 50 cells were counted directly on the plate. Photos were
taken using an Olympus digital camera (Olympus, Tokyo,
Japan). The relative staining intensities were quantified using
Image] software.

Identification of apoptosis by PI-annexin V staining

MCF-7 and MDA-MB-231 cells were cultured in a six-well
plate for 24 h prior to treatment. The cells were treated with
different concentrations of NC, ranging from 0 to 10 uM, for
24 h. Then, the cells were stained with 5 uL annexin V-FITC
and 10 pl propidium iodide (PI) (20 pg/ml) and incubated for
15 min in the dark at room temperature. After incubation,
400 pl of binding buffer was added to each reaction tube. The
apoptotic cell percentages were determined using a FACScan
flow cytometer, and the data were analyzed using
WinMDIV2.9 software (The Scripps Research Institute, San
Diego, CA, USA).

Cell cycle analysis by flow cytometry

The cell cycle distribution of the cells was analyzed using a
flow cytometer. A density of 2.5x10° cells/well was seeded
into a 6-cm Petri dish and incubated for 24 h. The cells were
then treated with NC for 24 h. After incubation, the total cells
were collected by centrifugation at 800 g for 5 min and
washed with phosphate-buffered saline (PBS). The cells were
fixed in 4 ml of cold 70 % ethanol at 4 °C overnight. Then, the
cells were stained with RNase A (1 mg/ml) and propidium
iodine (PI, 100 ul/ml) and analyzed using the flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). The data were
analyzed by ModFitLT V2.0 software (Becton Dickinson).

Terminal deoxynucleotidyl transferased UTP nick end
labeling assays

The terminal deoxynucleotidyl transferased UTP nick end-
labeling (TUNEL) method was performed to label the 3'-OH
ends of the fragmented DNA of apoptotic cells using a
TUNEL Apoptosis Detection kit. Briefly, cells were incubated
with NC (0, 5, and 10 uM) for 24 h. After incubation, the cells
were fixed with 4 % paraformaldehyde and steeped with
0.1 % Triton X-100 for 10 min at 4 °C. The cells were further
stained by the TUNEL mixture for 1 h and then stained with
4,6-diamidino-2-phenylindole (DAPI) for 10 min. The
TUNEL-positive cells were evaluated qualitatively by fluo-
rescence microscopy (Olympus, Tokyo, Japan). TUNEL-
positive (red staining) cells were characterized as apoptotic
cells and were assessed by the random selection of five fields
of view per cells.
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Measurement of the mitochondrial membrane potential
(A¥m)

Mitochondrial stability was assessed using a mitochondrial
membrane potential assay kit with JC-1(5,5',6',6-tetrachloro-
1,1',3,3'-tetracthylbenzimidazolcarbocyanine iodide). MCF-7
and MDA-MB-231 cells were cultured in 12-well plates and
treated with 5 and 10 uM NC. After 24-h treatment, the cells
were incubated with 1 ml JC-1 fluorescent dye for 30 min in
the dark at 37 °C. Then, the cells were washed slowly twice
with JC-1 dyeing buffer. The mitochondrial membrane poten-
tial was imaged using fluorescence microscopy (Olympus,
Tokyo, Japan) at 550 nm excitation and 570 nm emission.

Western blot analysis

The cells were washed twice with phosphate-buffered saline
(PBS) and lysed with lysis buffer on ice. The protein concen-
trations of the cell lysates were determined using a BCA
protein concentration kit. Fifty micrograms of proteins were
resolved on SDS-PAGE gels and then transferred to a PVDF
membrane (Millipore, Bedford, MA, USA). After blocking
with 5 % nonfat milk at room temperature, the membrane was
incubated overnight at 4 °C with the primary antibody. After
washing with TBST, the membrane was labeled with second-
ary antibody for 2 h, and the proteins were detected by a
chemiluminescence system (ECL kit).

The synergy of doxorubicin and NC with CDI evaluation

To investigate whether NC has a synergistic effect with doxo-
rubicin on the growth inhibition of the human breast cancer
cell lines MCF-7 and MDA-MB-231, the inhibitory effects of
the drugs were measured by a cytotoxicity test. The coefficient
of drug interaction (CDI) was used to analyze the synergistic
inhibitory effect of drug combination [14]. The CDI was
calculated using the formula CDI=AB/(4%B), where AB is
the ratio of the drug combination group to the control group at
an absorbance of 490 nm, and 4 and B are the ratios of the
single treatment groups to the control group at an absorbance
of 490 nm. CDI values of <1 indicate that the drugs are
synergistic, CDI=1 or >1 indicate additive or antagonistic
effects, respectively. CDI <0.7 indicates that the drugs are
significantly synergistic.

Statistical analysis

The data are expressed as the mean+=SD. The SPSS version
18.0 software was used for statistical analysis, and Stu-
dent’s ¢ test was used to analyze all other data. The ICsq
was calculated using probit regression analysis. All error
bars represent the S.E. of three experiments. P<0.05was
considered statistically significance.

Results
NC inhibited breast cancer cell proliferation

The antiproliferative effect of NC on both breast cancer cell
lines was investigated using MTT and colony formation as-
says. As shown in Fig. 1a, b, NC inhibited the proliferation of
both breast cancer cells in a time- and dose-dependent manner.
In addition, the ICsy of NC against MCF-7 and MDA-MB-
231 cells were approximately 7.47 and 6.79 uM at 24 h; thus,
in the following experiments, the concentration of NC ranged
from 5 to 10 uM. The colony formation ability of the MCF-7
and MDA-MB-231 cells was analyzed using colony forma-
tion assays. As shown in Fig. 1c, d, a significant inhibitory
effect was observed with ascending concentrations of NC. The
MDA-MB-231 cells were shown to be more sensitive to NC-
inhibited colony formation than MCF-7 cells. These results
were consistent with those from the MTT assay.

NC-induced breast cancer cell apoptosis tested by Pl-annexin
V and TUNEL assays

To determine whether this reduced cell viability was due to
apoptosis, PI-annexin V double staining was used. As shown in
Fig. 2a, MCF-7 cells treated with various concentrations of NC
showed increased percentages of apoptotic cells of 9.41, 20.65,
and 25.5 %, respectively, at 24 h (Fig. 2b). Similar results could
be observed in MDA-MB-231 cells, where the apoptotic ratio
increases were 9.42, 13.32, and 22.3 % at 24 h, respectively
(Fig. 2b). TUNEL is used to evaluate the fragmented DNA of
the apoptotic cells. After NC treatment for 24 h, the cells were
stained with DAPI and TUNEL and analyzed by fluorescence
microscopy. Blue staining represented the nucleus, and red
staining represented apoptotic cells (Fig. 3a, b). These data
showed that NC could induce apoptosis in both cell lines in a
dose-dependent manner, especially during early apoptosis.

NC-induced G2/M cell cycle arrest

The effects of NC on cell cycle progression in MCF-7 and
MDA-MB-231 cells were investigated by flow cytometry.
Cells incubated with different concentrations (0, 5, and
10 uM) of NC for 24 h were examined with a flow cytometer.
Compared with the control, NC treatment resulted in a signif-
icant accumulation of cells in G2/M phase, accompanied by a
decrease in S-phase cells (Fig. 2¢). In MCF-7 cells, the per-
centage of cells in G2/M phase increased from 4.65 to
66.76 % upon NC treatment (Fig. 2d). Furthermore, MDA-
MB-231 cells treated with NC had an increasing percentage of
cells in G2/M phase (from 7.11 to 76.36 %) and a decreased
percentage of cells in S phase (from 38.18 to 23.64 %;
Fig. 2d). These results suggest that NC arrests cell growth at
the G2/M phase.
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Fig. 1 The effect of the indicated concentrations of NC on breast cancer
cell viability and colony-forming capacity were measured using MTT-
based and clonogenic survival assays. MCF-7 (a) and MDA-MB-231
cells (b) were cultured in 96-well plates and treated with NC for 24, 48,
and 72 h. ¢ Representative images of MCF-7 and MDA-MB-231 cell

NC-induced mitochondrial membrane depolarization,
as shown by a JC-1 assay

The mitochondrion is a central organelle used for the produc-
tion of cellular energy and has important roles in programmed
cell death. JC-1 localizes to the mitochondrial membrane as a
monomer or dimer depending on the mitochondrial membrane
potential [15]. Therefore, we determined whether NC caused
disruption or loss of the mitochondrial membrane potential.
Cells were treated with NC, harvested 24 h post-treatment,
and stained with JC-1 dye. As shown in Fig. 4, fluorescence
from red to green was observed in response to NC treatment in
a dose-dependent manner, which suggests that NC-caused
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NC concentration (uM)

colonies after treatment with NC for 24 h. d The colony formation rate of
breast cancer cells after treatment with NC for 24 h. *P<0.05 or *P<0.01
compared with the control. The data are presented as the mean+SD of
three separate experiments

depolarization of the mitochondrial membrane potential may
be a major mechanism for the induction of apoptosis of MCF-
7 and MDA-MB-231 cells.

NC-induced cell cycle arrest through activation of p53
and altering the levels of cell cycle proteins

To elucidate the mechanism underlying the NC-mediated
cell cycle arrest in breast cancer cells, various cell cycle
regulatory proteins were examined by western blot analy-
sis. The activation of p53 leads to potent tumor suppression
and plays an important role in apoptosis signaling [16, 17].
Previous studies have shown that the accumulation of p53
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Fig.2 The MCF-7 and MDA-MB-231 cell lines were treated with NC at
5 and 10 uM for 24 h and then double-stained with PI and annexin V. a
The cells were analyzed using a flow cytometer. b The distributions of
early and late apoptosis cells are shown on the lower right (LR) and upper
right (UR) quadrants, respectively, of the histograms. Z-VAD-FMK was
added to the culture medium 1 h before treatment with 10 uM NC for

is crucial for tumor development prevention as well as for
anticancer therapy [17]. p21 is a target of pS3 and acts as a
cell cycle inhibitory protein of G2/M phase-related cyclin-
dependent kinases [18]. Hence, p53, p21, and cell cycle
proteins that regulate cell cycle progression at the G2/M
boundary, such as cyclin B1, were detected by western
blotting. Our study indicated that the expression of p53
was significantly increased after NC treatment for 24 h
(Fig. 5d). To confirm the trans-activation of p53 upon NC
treatment, p2lexpression was examined. As shown in
Fig. 5d, p21 was also activated in response to NC, consis-
tent with the p53 activation. The expression levels of cyclin
B1 significantly decreased after 24 h of NC treatment
(Fig. 5d). In contrast, the (3-actin level, an internal control,
was not changed.

24 h. The data represent the results of three independent
experiments;*P<0.05 or **P<0.01. ¢ Induction of G2/M phase arrest
in MCF-7 and MDA-MB-231 cell lines by NC. The DNA content of cells
treated as above for 24 h was detected and analyzed by flow cytometry
(d). The data are presented as the mean+SD of three separate experiments

NC-induced apoptosis through alterations in the levels
of Bel-2 family proteins and activation of caspase

To further investigate the mechanism involved in NC-
mediated apoptosis, we measured the expression of Bcl-2
family members. The Bcl-2 family proteins consist of both
the pro-apoptotic Bax and anti-apoptotic Bcl-2 proteins that
regulate the mitochondrial membrane potential and caspase
activation [19]. Activation of caspase-3 leads to cleavage of
several substrates, including PARP [20, 21]. As shown in
Fig. 5a, b, NC treatment significantly increased the expression
of the pro-apoptotic protein Bax and downregulated the ex-
pression of the anti-apoptotic protein Bcl-2 in both cell lines.
On the other hand, the expression of cleaved caspase-9 and
caspase-3 was upregulated (Fig. 5a—c). In accordance with the
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Fig. 3 Breast cancer cells were treated with 0, 5, or 10 uM NC for 24 h
and then stained with DAPI and TUNEL.Z-VAD-FMK was then added to
the culture medium 1 h before treatment with 10 uM NC for 24 h, and the
labeled 3'-OH ends of the fragmented DNA of the apoptotic cells were

caspase-3 results, increasing PARP cleavage was detected in
both cell lines. These results suggest that NC increases the
expression of Bax, cleaved caspase-3, and cleaved PARP and
decreases Bcl-2 expression in breast cancer cells in time- and
dose-dependent manners, respectively.

To confirm caspase activation during NC-induced apopto-
sis, we also investigated the effect of a pan-caspase inhibitor,
Z-VAD-FMK, on the induction of apoptosis. As shown in
Figs. 2b and 3a, b, treatment with 40 uM Z-VAD-FMK for
24 h markedly inhibited NC-induced apoptosis in MCF-7 and
MDA-MB-231 cells, suggesting that caspase activity is re-
quired for NC-induced apoptosis in both breast cancer cell
lines.

NC-inhibited Akt phosphorylation
Akt is an important pathway associated with tumor devel-

opment. The inhibition of either the MAPK pathway or Akt
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viewed under a fluorescence microscope (arrows apoptotic cells, 200x).
*P<0.05 or **P<0.01. The data are presented the mean+SD of three
separate experiments

activation has been shown to induce apoptosis in tumor
cells [22]. To further elucidate the potential mechanisms
of NC on apoptosis, we investigated the effect of NC on Akt
activation. Akt phosphorylation decreased after NC treat-
ment for 24 h in a dose-dependent manner, indicating that
Akt may be involved in the apoptosis pathway (Fig. 6a). To
confirm whether NC is PI3K/Akt-dependent, we inhibited
Akt phosphorylation using the PI3K inhibitor LY294002
[23]. As shown in Fig. 6¢, d, the PI3K inhibitor could
decrease the viability of cells compared with the control.
To further investigate the activation of the apoptotic path-
way, we examined the expression of apoptosis-related pro-
teins in both cell lines. As shown in Fig. 6b, inhibition of
AKT activity with LY294002 could upregulate Bax,
cleaved caspase-3, and cleaved PARP expression and
downregulate Bel-2 expression induced by NC. This dem-
onstrated that NC-induced apoptosis might be Akt-specific
or Akt-dependent.
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Fig. 4 Breast cancer cells were control

treated with 0, 5, and 10 uM NC

NC10uM

for 24 h and then subjected to JC-
1 staining to evaluate changes in
the mitochondrial membrane
potential. The cells were then
viewed under a fluorescence
microscope (400x). In JC-1
stained cells, red fluorescence
was visible in cellular areas with
high mitochondrial membrane
potential, while green
fluorescence of the JC-1
monomer is present in cellular
areas with low mitochondrial
potential

JC-1 M7

JC-1 MDA-MB-231

NC demonstrated a synergistic effect with doxorubicin
in breast cancer cells

Recently, synergistic cell killing to overcome drug resistance
is a frequent goal of clinically used drug combinations [24].
New anticancer drugs are commonly combined with tradition-
al chemotherapeutic agents to achieve better clinical effects.
To clearly define the synergistic inhibitory effect of combined
treatment with doxorubicin and NC in breast cancer MCF-7
and MDA-MB-231 cells, cells were treated with increasing
concentrations of doxorubicin and NC (1 uM) for 48 and 72 h,
respectively, and then submitted to MTT assays. The graph
clearly demonstrates that doxorubicin alone or in combination
with NC (1 uM) suppressed the survival of both breast cancer
cell lines in dose- and time-dependent manners. Specifically,
in MCF-7 cells, after treatment with an increasing dose of only
doxorubicin for 48 h, the survival rate decreased from 79.2 %
0.2 uM) to 22.1 % (2 uM) (Fig. 7a). For MDA-MB-231
cells, the survival rate decreased from 96.7 % (0.2 uM) to
444 % (4 uM) at 48 h (Fig. 7d). Notably, the combined
treatment resulted in a decrease in the survival rate of MCF-
7 cells from 32.3 % (0.2 uM) to 22.1 % (2 uM) at 72 h
(Fig. 7b) and in MDA-MB-231 cells from 62.5 % (0.2 pM) to
22.3 % (4 uM) at 72 h (Fig. 7e). These results suggested that
the combined treatment of NC and doxorubicin had inhibitory
effects on the proliferation of the human breast cancer cell
lines. NC enhanced cytotoxicity in MCF-7 and MDA-MB-
231 cells with statistical significance when using the coeffi-
cient of drug interaction (CDI). As shown in Fig. 7c, f, the

most prominent synergistic effect was a CDI of 0.58 after
exposure of MCF-7 cells to 0.2 uM doxorubicin combined
with NC for 72 h, while the most prominent synergistic effect
appeared after exposure of MDA-MB-231 cells to higher
concentrations of doxorubicin (2 uM). This study demon-
strates that the combination of NC and doxorubicin has a
synergistic inhibitory effect on the proliferation and enhances
the anticancer effects of human breast cancer cell lines.

Discussion

Phytochemicals, including terpenoids, flavonoids, isothiocy-
anates, and alkaloids, are extracted from traditional herbs.
Recently, increasing attention has been focused on the thera-
peutic activities of natural products in cancer therapy [25-28].
NC is a type of natural, bioactive phytochemical alkaloid that
has been reported to possess a wide range of pharmacological
properties [6—13]. In previous study, Fang et al. proved that
NC could induce cell apoptosis of renal cancer cells via the
ERK-associated signaling pathway, accompanied by upregu-
lation of Bax and downregulation of Bcl-2 [11]. NC has also
been found to modulate cell migration and invasion in breast
cancer cells through the c-scr-fak signaling pathway [13].
Therefore, it is one of the most promising chemopreventive
agents for several types of cancer. However, it is unknown
whether NC has any effect on breast cancer cell apoptosis. We
show for the first time that NC can induce cell apoptosis and
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Fig. 5 The effects of NC on the expression of Bax, Bcl-2, cleaved
caspase, and PARP. a MCF-7 and b MDA-MB-231 cells were incubated
with 5 uM NC for 12, 24, and 48 h. ¢ and d Both cell types were treated

inhibit cell proliferation in a dose- and time-dependent manner
in breast cancer cells. In addition, it caused cell G2/M phase
arrest through the suppression of the expression of cyclin B1-
and p53-dependent pathway. Furthermore, NC inhibited the
expression of anti-apoptotic proteins (Bcl-2) and activated
pro-apoptotic proteins (Bax). It further activated caspase-9
which subsequently induced caspase-3 activation, resulting
in PARP cleavage. Crucially, NC blocked Akt phosphoryla-
tion in both MCF-7 and MDA-MB-231 cells. It was also
identified that the inhibition of caspase by the pan-caspase
inhibitor, z-VAD-fmk, blocked NC-induced apoptosis in both
cells. What is more, synergism was observed when NC was
combined with doxorubicin. However, for the normal mam-
mary epithelial cells MCF-10A, there was no obvious cyto-
toxicity observed after NC incubation (data not shown).

To explore the underlying mechanism of apoptosis in
breast cancer cells, the proteins of the Bcl-2 family were
examined [29]. The relative balance of various pro-apoptotic
(Bax, Bad) and anti-apoptotic (Bcl-2, Bcl-xL, Bcl-w, and Mcl-
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with 0, 5, or 10 uM NC for 24 h and then analyzed by Western blotting. e
The cyclinB1, p21, and p53proteins were examined after NC treatment
for 24 h. The results are representative of three independent experiments

1) Bcl-2 family members is a critical determinant of cellular
homeostasis [30, 31]. The anti-apoptotic Bcl-2 proteins inter-
fere with engagement of the mitochondrial apoptotic machin-
ery by inhibiting the oligomerization of Bax and Bak [32].
Bax is translocated into mitochondria upon the induction of
apoptosis. After translocation, Bax forms large oligomers,
which insert into mitochondrial membranes, leading to cyto-
chrome c release and cytotoxic activities [33, 34]. The col-
lapse of the MMP can initiate the release of molecules from
the space between the outer and inner mitochondrial mem-
branes into the cytosol, which triggers the caspase cascade and
other apoptotic processes [35]. Our results showed that NC
treatment increased the Bax/Bcl-2 ratio and collapsed the
MMP in MCF-7 and MDA-MB-231 cells. The results also
showed the activation of caspase-9 and caspase-3 followed by
PARP cleavage. Furthermore, Z-VAD-FMK blocked NC-
induced apoptotic cells, as demonstrated by the Pl-annexin
Vand TUNEL staining assays. These results indicated that NC
treatment might induce apoptosis via activating the intrinsic,
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Fig. 6 The anti-apoptotic effect of NC is Akt-dependent. a Treatment of
both cell lines with NC (0, 5, or 10 uM) for 24 h resulted in a significant
decrease in phosphorylated Akt in a dose-dependent manner. MCF-7 and
MDA-MB-231 cells were pretreated with the Akt inhibitor LY294002
(50 uM) for 30 min followed by incubation with or without NC for24 h.

mitochondria-mediated caspase pathway. Recent studies have
demonstrated that the pS3 protein can promote cytochrome C
release and stimulate Bax oligomerization [36].

Cell cycle regulation is also a main mechanism of cell
growth, and many drugs can trigger apoptosis in cancer cells
when accompanied by cell cycle arrest [37, 38]. p21 is known
as a cell cycle inhibitor involved in Gl or G2/M phase
progression, and its upregulation has been linked to cell cycle
arrest. Recent studies have demonstrated that pS3 acts up-
stream of p21 and proteins of the Bcl-2 family and is a very
important tumor suppressor gene [39]. CyclinBl1 is also im-
portant for cell cycle arrest at the G2/M phase through the
formation of a cyclin-CDK complex to promote cell cycle
progression [40]. Our western blot results showed that NC
treatment could activate p53, upregulate the expression of
p21, and downregulate the expression of cyclinBlin both
breast cancer cell lines.

The Akt signaling pathway is one of the key signal trans-
duction pathways involved in the apoptosis of cancer cells.

MCE-7 (b) and MDA-MB-231 (c) cell proliferation was analyzed using
the MTT assay. d The expression of p-Akt, Akt, Bax, Bcl-2, cleaved
caspase, and PARP was analyzed by western blot. The results are repre-
sentative of three independent experiments

Akt activation serves as a prosurvival signal, which inhibits
cell apoptosis and promotes cell survival [41]. A recent report
indicated that PI3K/Akt could suppress the proapoptotic ac-
tivity of Bax by retaining Bax in the cytosol. Previous studies
have shown that Akt activation can promote cell survival and
inhibit cell apoptosis via the mitochondrial pathway [42]. To
confirm the effect of NC on Akt, we blocked AKT phosphor-
ylation in both cell lines using the PI3K/Akt inhibitor
LY294002, which enhanced NC-induced apoptosis, as indi-
cated by MTT assays and western blot analysis. The results
from this study demonstrate the effect of NC in inhibiting the
phosphorylation of Akt, implying the suppression of cell
survival signals in both MCF-7 and MDA-MB-231 cells.
Combination therapy has been a regular treatment [43]
because it is a valid approach to decrease the resistance of
cancer cells to treatment. As the most commonly used
anthracycline antibiotic for the treatment of cancers, doxoru-
bicin exerts its effects by intercalating between the base pairs
of DNA, thereby inhibiting DNA synthesis and eventually
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Fig. 7 The synergistic effect of NC and doxorubicin on the cytotoxicity
of breast cancer cells. The cell survival rate of doxorubicin alone (0.2—
0.4 uM) or in combination with NC (1 uM) after exposure for 48 h or72
h. MCF-7 (a and b) and MDA-MB-231 (d and e) cell proliferation was
analyzed using the MTT assay. CDI (coefficient of drug interaction)

leading to cell death. However, the problems of side effects,
such as nausea, vomiting, neutropenia, and cardiotoxicity, still
exist. Thereby, it is rational to develop combination regimens
to minimize chemotherapy-related morbidity. In our study, a
synergistic effect was observed when NC combined with
doxorubicin was applied to breast cancer cells. It is worth
noting that the synergistic effect was more obvious at low
concentrations of doxorubicin in MCF-7 cells. This result
suggests that the combination of NC and doxorubicin at certain
concentrations may reduce painful side effects. However, the
potential mechanisms by which NC improves chemotherapeu-
tic efficacy remain unclear. It is therefore worthwhile to further
verify the mechanisms of this synergism to evaluate the rea-
sonable applications of NC in human breast cancer treatment.

Conclusion

We demonstrated that NC exerts anticancer effects in both
estrogen receptor (ER)-positive and ER-negative breast
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values for the combination treatment of doxorubicin with NC (1 puM)
on the MCF-7 and MDA-MB-231 cell lines (¢ and f), where CDI <1 or
<0.7 indicate synergistic or significantly synergistic effects, respectively.
The data are presented as the mean+SD of three separate experiments

cancer cells. This effect is mediated through the induction
of G2/M phase cycle arrest and triggering apoptosis. NC-
induced apoptosis through the upregulation of pro-
apoptotic proteins and downregulation of anti-apoptic pro-
teins. In addition, NC-induced apoptosis is likely to act
through the intrinsic, mitochondrial-dependent caspase
pathway. Furthermore, NC exhibited a synergistic effect
with doxorubicin on the growth inhibition of the human
breast cancer cell lines MCF-7 and MDA-MB-231. Our
study suggests that NC is a promising drug for breast cancer
treatment, but further study is necessary to explore its roles
for clinical application.
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