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Curcumin inhibits proliferation and promotes
apoptosis of breast cancer cells
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Abstract. Curcumin is a natural compound that appears to
be promising for clinical application, as it has been shown
in in vitro and in vivo studies to exert antitumor effects by
modulating multiple signaling cellular pathways. In the present
study, the antitumor effects of curcumin and its mechanism of
action were investigated in cultured breast cancer cells. The
MTT assay was used to determine the effect of curcumin on
breast cancer cell proliferation, flow cytometry was used to
detect alterations of the cell cycle, and western blot analysis
was used to determine the expression of signaling molecules
involved in the cell cycle, proliferation and apoptosis. The
results revealed that curcumin significantly inhibited the
proliferation of various breast cancer cell lines, such as T47D,
MCF7, MDA-MB-231 and MDA-MB-468, with an ICs at the
micromolar level, indicating the potent antitumor activity of
curcumin. In-depth study of its mechanism of action revealed
that curcumin induced cell cycle arrest at the G2/M phase
and decreased the expression of the CDC25 and CDC2
proteins, while increasing the expression of P21. In addition,
curcumin inhibited the phosphorylation of protein kinase B
(Akt)/mammalian target of rapamycin (mTOR), decreased
B-cell lymphoma 2 (BCL2) and promoted BCL-2-associated
X protein (BAX) and cleavage of caspase 3, subsequently
inducing apoptosis of breast cancer cells. In conclusion,
curcumin inhibited the proliferation of breast cancer cells
and induced G2/M phase cell cycle arrest and apoptosis,
which may be associated with the decrease of CDC25 and
CDC2 and increase of P21 protein levels, as well as inhibition
of the phosphorylation of Akt/mTOR and induction of the
mitochondrial apoptotic pathway. The findings of the present
study may provide a basis for the further study of curcumin in
the treatment of breast cancer.
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Introduction

Breast cancer is the most common type of cancer in
women (1) and its development is associated with various
factors, such as estrogen level, diet, hereditary susceptibility
and obesity (2). These factors contribute to gene mutations,
cell cycle abnormalities and loss of the control of epigenetic
modification, inducing alterations in a variety of signaling
pathways, such as phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt)/mammalian target of rapamycin (mTOR),
RAS/RAF/mitogen-activated protein kinase (MAPK),estrogen
receptor (ER) and cyclin-dependent kinases (CDKs) (3,4).
Although the diagnosis and treatment of breast cancer have
markedly improved in recent years, the prognosis of patients
with advanced-stage disease remains poor. The incidence of
breast cancer is increasing in China, representing a major
threat to the health of women. Thus, it is crucial to identify
potent new agents for the treatment of breast cancer.

Natural products have attracted the attention of several
research scientists for the development of antitumor drugs,
due to their proven efficacy and safety. Natural products
play an important role in the discovery of lead compounds,
and several natural products have been developed and used
in clinical practice due to their potent antitumor properties,
such as vincristine, camptothecin and paclitaxel. Thus, natural
products may represent excellent sources of novel antitumor
agents, and a number of them must be further characterized.
Curcumin is one of the most important natural compounds,
as it was found to possess multiple antitumor properties, and
may also sensitize tumor cells to targeted therapy agents and
reverse resistance to chemotherapeutic drugs (5).

Several studies reported that curcumin may regulate
multiple signaling pathways, including PI3K/AKT, MAPK and
nuclear factor (NF)-xB (6). Curcumin exerts synergistic effects
when combined with other chemotherapeutic agents. In breast
cancer cell lines, curcumin and paclitaxel exert complementary
effects on the alteration of proteins involved in apoptotic and
inflammatory pathways (7). Curcumin was shown to induce
endothelial growth factor receptor degradation and potentiate
the antitumor activity of gefitinib in non-small-cell lung cancer
cell lines and xenograft mouse models; intriguingly, it also
attenuated gefitinib-induced gastrointestinal adverse effects via
altering p38 activation (8). Curcumin was also shown to increase
the response of pancreatic cancer cells to gemcitabine through
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attenuating EZH?2 and IncRNA PV T1 expression (9). In addition,
curcumin was reported to inhibit epithelial-to-mesenchymal
transition (EMT) of breast cancer cells (10,11). The focus of this
study was the antitumor effect of curcumin on breast cancer cell
lines and its underlying mechanism, in order to provide proof of
the efficacy of curcumin in the treatment of breast cancer.

Materials and methods

Cell lines. The breast cancer T47D, MCF7, MDA-MB-415,
SK-BR-3, MDA-MB-231, MDA-MB-468 and BT-20 cell lines
were purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were routinely cultured in
complete medium with 10% fetal bovine serum (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C in
a 5% CO, incubator.

Reagents. Curcumin was purchased from Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany), diluted in dimethyl
sulfoxide (DMSO) at 10 mM and stored at -20°C. The primary
antibodies against p-Akt, Akt, p-mTOR, mTOR, p-S6, B-cell
lymphoma 2 (BCL2), BAX, cleaved caspase 3 and 3-actin were
purchased from Cell Signaling Technology, Inc., (Danvers,
MA, USA). The antibodies against CDC25, CDC2 and P21,
and the secondary antibodies labelled with horseradish perox-
idase were purchased from Abcam (Cambridge, MA, USA).

Cell proliferation determination. The breast cancer cells
were seeded into 96-well plates at a density of 3,000 cells
per well in triplicates. After overnight adherence, the cell
lines were treated with various concentrations of curcumin
for 72 h. DMSO (0.1%) was added to the control wells
followed by incubation at 37°C for 4 h after addition of
5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide (MTT) to each well. Absorbance was measured
on VersaMax (Molecular Devices, LLC, Sunnyvale, CA,
USA) at 570 nm after addition of 100 ul chromogenic triplex
solution (10% SDS, 5% isobutyl alcohol and 0.01 M HCI). The
IC,, was developed by an inhibition curve and recorded as the
mean + standard deviation of three independent experiments.

Cell cycle assessment. Cells in the logarithmic growth phase
were seeded at a density of 2x10° cells/well in a 6-well plate,
incubated at 37°C until adherent and treated with 10 or 30 xM
curcumin for 24 h, while the control cells were treated with
0.1% DMSO. Cells were harvested into centrifuge tubes and
washed with ice-cold phosphate-buffered saline (PBS), then
fixed with 700 ul ethanol after being detached in PBS at
4°C overnight. The cells were collected by centrifugation at
500 x g for 5 min, then resuspended in 500 pl PBS containing
10 pg/ml RNase at 37°C for 15 min, followed by staining with
2 mg/ml propidium iodide (PI) at a final concentration of
10 pg/ml and incubated for 15 min at 4°C in the dark. Analysis
was performed on a FACSCalibur analyzer (BD Biosciences,
Franklin Lakes, NJ, USA) and the data were analyzed using
CellQuest 3.3 software. The tests were performed in three
independent experiments.

Cell apoptosis measurement. To determine the effect of
curcumin on cell apoptosis, T47D and MCF7 cells in the
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logarithmic growth phase were seeded at a density of
2x10° cells/well in a 6-well plate and incubated at 37°C. Then,
adherent cells were treated with 10 or 30 uM curcumin for
48 h; the control well was treated with 0.1% DMSO. Cells were
detached and washed twice with cooled PBS. Subsequently,
the cells were collected and resuspended in cold 1X binding
buffer, and Annexin-V and PI (Beyotime Biotechnology,
Jiangsu, China) were added into the binding buffer and incu-
bated for 10 min at room temperature in the dark. Analysis
was performed on a FACSCalibur analyzer (BD Biosciences).
The tests were performed in three independent experiments.

Western blot analysis. Cells were treated with curcumin
for 12 h at a density of 2x10° cells/well in a 6-well plate.
Subsequently, the cells were detached and harvested in
RIPA buffer, then kept on ice for 30 min and centrifuged at
10,000 x g for 15 min. The total protein was quantitated with
the BCA protein quantitation reagent kit (Pierce; Thermo
Fisher Scientific, Inc.), followed by addition of equal volume
of 2X SDS-PAGE loading buffer containing 100 mM Tris-HCI
(pH 6.8), 200 mM DTT, 4% SDS, 0.1 bromophenol blue and
20% glycerol, and boiling for 10 min for denaturation. Equal
amounts of total proteins were loaded on the SDS-PAGE gel
and electrophoresed in the Tris-glycine electrophoresis buffer
[25 mM Tris-HCI (pH 8.0), 250 mM glycine and 0.1% SDS]
in 100 V for 1.5 h. The separated proteins were transferred
to Hybond-C nitrocellulose membranes in transferring buffer
(39 mM glycine, 48 mM Tris and 20% methanol) for 2 h. The
blots were blocked with 5% non-fat milk in TBST [20 mM
Tris-HCI (pH 7.2-7.4), 150 mM NaCl and 0.1% (v/v) Tween-20]
for 1 h at room temperature, incubated with primary anti-
bodies at 4°C overnight, and then washed three times with
TBST for 10 min, followed by incubation with a horseradish
peroxidase-conjugated secondary antibody diluted in blocking
buffer for 1 h and washing three times with TBST for 10 min.
The blots were developed with the ECL Plus Western Blotting
Detection system (Thermo Fisher Scientific, Inc.). The tests
were performed in three independent experiments.

Statistical analysis. Statistical analysis was performed using
One-way analysis of variance with the S-N-K method when
comparing three groups. P<0.05 was considered to indicate a
statistically significant difference. The statistical analysis was
performed with SPSS v.13.0 (SPSS, Inc., Chicago, IL, USA).

Results

Curcumin inhibited the proliferation of breast cancer cells.
A variety of breast cancer cell lines, including T47D, MCF7,
MDA-MB-415, SK-BR-3, MDA-MB-231, MDA-MB-468 and
BT-20, with different ER, progesterone receptor (PR) and
human epidermal growth factor receptor-2 (HER?2) statuses
were selected, and the inhibitory effect of curcumin on these
cells was determined after 72 h of treatment. The results
demonstrated that the proliferation of breast cancer cells was
dose-dependently inhibited by curcumin (Fig. 1A). The IC;, of
curcumin in various cell lines was calculated, and the results
revealed different activity of breast cancer cells in response
to curcumin. Interestingly, curcumin was more active on ER*
breast cancer cells, such as T47D, MCF7 and MDA-MB-415,
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Cell lines IC50 (uM, averagetsd) ER/PR/HER2 status
T47D 2.07+0.08 ER+PR+HER2-
MCF7 1.32+0.06 ER+PR+HER2-

MDA-MB-415 4.69+0.68 ER+PR-HER2-
SK-BR-3 16.39+1.25 ER-PR-HER2+
MDA-MB-231 11.32+¢2.13 ER-PR-HER2-
MDA-MB-468 18.61+£3.12 ER-PR-HERZ-
BT-20 16.23£2.16 ER-PR-HER2-

Figure 1. Inhibitory effect of curcumin on the proliferation of breast cancer cell lines. Breast cancer cell lines were treated with curcumin for 72 h. Cell prolif-
eration was determined by the MTT assay, and ICs, was calculated by four-parameter non-linear regression using GraphPad Prism v.7.0 software (GraphPad
Software, Inc., La Jolla, CA, USA). (A) Dose-response curve of curcumin in various breast cancer cell lines. (B) IC, of curcumin in various breast cancer cell
lines. Data represent mean + standard deviation from three independent experiments.
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Figure 2. Curcumin induced G2/M arrest in breast cancer cells. (A) T47D cells were treated with 10 or 30 #M curcumin for 24 h, and the cell cycle was assessed
by propidium iodide (PI) staining using flow cytometry. (B) MCF7 cells were treated with 10 M or 30 #M curcumin for 24 h, and the cell cycle was assessed
by PI staining using flow cytometry. Data represent mean values from three independent experiments. 'P<0.05 compared with the control group by comparing

each cell cycle phase.

with an IC,,0f2.07+0.08, 1.32+0.06 and 4.69+0.06 yM, respec-
tively (Fig. 1B). With regards to the ER PR'HER?2" cells, such as
MDA-MB-231, MDA-MD-468 and BT-20 cells, the ICs, was
relatively weaker, namely 11.32+2.13 uM, 18.61+3.12 yM and
16.23+£2.16 uM, respectively. These results demonstrated that
curcumin exerted a more potent effect on ER* breast cancer
cells, such as T47D and MCF7; thus, these cells were selected
as models for further research on its mechanism of action.

Curcumin induced G2/M cell cycle arrest. To explore
the mechanism underlying the antiproliferative action of
curcumin, alterations in the cell cycle induced by curcumin
were evaluated. T47D and MCF7 cells were treated with
10 or 30 uM curcumin for 24 h, and the cell cycle was

evaluated by flow cytometry. Our results demonstrated that the
cells were arrested in the G2/M phase (Fig. 2). The percentage
of T47D cells in the G2/M phase increased from 16.38 to 22.22
and 26.28% after being treated for 24 h with 10 and 30 xM
curcumin, respectively. Similar to T47D cells, the percentage
of MCF7 cells in the G2/M phase increased from 7.32 to 13.96
and 16.41% after being treated for 24 h with 10 and 30 xM
curcumin, respectively (Fig. 2B).

Curcumin promoted the apoptosis of breast cancer cells. Next,
the effect of curcumin on cell apoptosis was investigated.
T47D and MCF7 cells were treated with 10 or 30 xM curcumin
for 24 h. The results demonstrated that curcumin promoted
cell apoptosis. We calculated the early apoptosis (upper right)
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Figure 3. Curcumin induced apoptosis in breast cancer cells. (A) T47D cells were treated with 10 or 30 M curcumin for 48 h, and cell apoptosis was
determined by Annexin V and propidium iodide (PI) staining using flow cytometry. (B) MCF7 cells were treated with 10 or 30 #M curcumin for 48 h, and
cell apoptosis was determined by Annexin V and PI staining using flow cytometry. Data represent mean values from three independent experiments. "P<0.05
compared with the control group by comparing early and late apoptosis (upper right and lower right areas, respectively).

and later apoptosis (lower right), and the total apoptotic ratio
of T47D cells increased from 7.04% at baseline to 13.87 and
30.09% after treatment with 10 and 30 M curcumin, respec-
tively (Fig. 3A). Similarly, in MCT7 cells, the total apoptosis
rate increased from 5.8% at baseline to 15.14 and 35.04%
after treatment with 10 and 30 M curcumin, respectively.
In addition, curcumin at 30 M induced some cell debris in
T47D and MCF7 cells, as the increased percentage of upper
left area. These results revealed that curcumin promoted the
apoptosis of breast cancer cells, and MCF7 cells appeared to
be more sensitive to curcumin-induced apoptosis compared
with T47D cells.

Curcumin regulates the signaling pathways of cell cycle and
apoptosis. To achieve a better understanding of how curcumin
inhibits the cell cycle and promotes apoptosis, the expression of
key signaling molecules involved in these processes was deter-
mined by western blotting. The regulatory proteins related to
the G2/M phase of the cell cycle, such as CDC25, CDC2 and
P21, were detected. CDC25 and CDC2 are accelerators of the
G2/M phase, while P21 is an inhibitor. As seen in Fig. 4, the
expression of CDC25 and CDC?2 proteins was downregulated
and that of the P21 protein was markedly upregulated in both
T47D and MCF7 cell lines following treatment with curcumin
for 12 h. This result indicated that curcumin may affect the
cell cycle by regulating the expression of regulatory proteins
in the G2/M cell phase. In addition, curcumin was also found
to inhibit the phosphorylation of Akt, mTOR and their down-
stream proteins, which are upstream of the cell cycle proteins,

suggesting that curcumin may induce cell cycle arrest through
the inhibition of Akt/mTOR signaling.

Curcumin was also found to promote apoptosis of breast
cancer cells; thus, the expression of cell apoptotic proteins, such
as BCL2, BAX and caspase 3, was also analyzed. BCL2 is an
anti-apoptotic protein, while BAX is a pro-apoptotic protein.
As seen in Fig. 4B, the BCL2 level was markedly decreased
and the BAX level was increased in both T47D and MCF7 cell
lines following treatment with curcumin for 12 h and, corre-
spondingly, the expression of downstream cleaved caspase 3
was increased, suggesting that curcumin may promote the
mitochondrial apoptotic pathway.

Discussion

Curcumin is a well-known natural compound, which has been
shown to have pleotropic pharmacological properties, such as
antifungal and antitumor properties (12-14). In recent years,
the antitumor activity of curcumin has been extensively inves-
tigated, and compelling evidence demonstrated that several
proteins involved in cancer signaling pathways were regulated
by curcumin, such as tumor suppressors P53, P21 and P27,
inflammatory regulator NF-kB, and Akt/mTOR in pancreatic
and colon cancer (15-17). In the present study, we investigated
the antitumor activity of curcumin in breast cancer.
Curcumin was found to be a potent inhibitor on breast
cancer cells in vitro, with an IC, at the micromolar level.
Moreover, it acted differently in breast cancer cell lines with
a different ER/PR/HER?2 status, and favorably inhibited ER*
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Figure 4. Effects of curcumin on cell cycle, proliferation and apoptosis-related proteins. (A) Curcumin inhibited the expression of CDC25 and CDC2,
promoted the expression of P21, and inhibited the phosphorylation of Akt, mMTOR and S6 after 12 h of treatment. (B) Curcumin decreased the expression of
the anti-apoptotic protein BCL2, increased the expression of the apoptotic protein BAX, and induced the cleavage of caspase 3 after 12 h of treatment. The
band intensity was analyzed by Image J software, and the expression of proteins is presented as normalized values divided by the control group. Data represent

mean values from three independent experiments.

cell lines, such as T47D and MCF7. To further investigate the
molecular mechanism underlying the inhibitory effects of
curcumin, T47D and MCF7 cells were selected, as they were
found to be more sensitive to its actions. The results demon-
strated that curcumin caused G2/M cell cycle arrest, which
may be one of the key mechanisms underlying the inhibition of
cell proliferation in breast cancer. This result is consistent with
previous reports of curcumin inducing G2/M arrest in bladder
cancer cells (18). The molecular mechanism underlying this
action of curcumin was further explored. CDC25 and CDC2
are important positive regulators and P21 is a negative regu-
lator of the G2/M phase, and are closely associated with the
proliferation and response to chemotherapy of breast cancer
cells. We found that curcumin decreased the expression of
CDC25 and CDC2 and increased the expression of P21. Taken
together, our results demonstrated that curcumin blocked the
G2/M phase by decreasing the CDC25 and CDC2 levels in
addition to increasing the P21 level.

Breast cancer is a complex disease caused by a variety of
factors leading to activation of multiple signaling pathways,
including the PI3K/Akt/mTOR, RAF/MEK/ERK and ER
pathways. Compelling experimental evidence has demon-
strated that targeting the Akt/mTOR pathway is promising
for the treatment of breast cancer (19-21). In this study,
we found that curcumin exerted an inhibitory effect on
Akt/mTOR phosphorylation. The mTOR pathway, in addition
to cancer, is also implicated in the pathogenesis of autoim-
mune (22,23) and infectious diseases (24-26). Thus, we
hypothesized that curcumin may also have therapeutic

potential in autoimmune and infectious diseases, such as
HIV infection. In addition, curcumin may also promote
the mitochondrial apoptotic pathway in breast cancer cells,
further supporting the therapeutic value of curcumin in
breast cancer. Although the preclinical data of curcumin in
antitumor treatment are intriguing, several clinical studies
with curcumin have yielded disappointing results. Thus,
several studies are underway aiming to develop curcumin
analogues of higher potency, better bioavailability and longer
half-life. For example, allylated monocarbonyl analogues and
enone analogues of curcumin were found to promote mitotic
arrest and apoptosis by reactive oxygen species-mediated
stress (27,28). Novel curcumin analogues exhibited high
potency in castration-resistant prostate cancer (29) and naso-
pharyngeal carcinoma (30). Interestingly, novel curcumin
derivatives may exhibit high potency in triple-negative breast
cancer cells (31,32); curcumin exhibited lower activity in
these cancers cells in the present study, and suggested that
optimization of curcumin structure may expand its thera-
peutic spectrum.

In conclusion, curcumin exerted a potent antitumor
effect on breast cancer by inducing cell cycle arrest at the
G2/M phase, likely mediated by the decreased expres-
sion of CDC25 and CDC?2, and the increased expression
of P21. Curcumin inhibited the phosphorylation of the
Akt/mTOR signaling pathway, decreased the expression of
the anti-apoptotic protein BCL2, increased the expression of
the apoptotic protein BAX, and induced caspase 3 protein
cleavage, leading to cell apoptosis. Thus, these results may
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provide a basis for further study of curcumin in the treat-
ment of breast cancer.
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