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Cellular Effect of Curcumin and Citral Combination on Breast Cancer Cells:
Induction of Apoptosis and Cell Cycle Arrest
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Purpose: The unmanageable side effects caused by current che-
motherapy regimens to treat cancer are an unresolved problem.
Although many phytonutrients are useful as chemoprevention
without side effects, their effects are slower and smaller than
conventional chemotherapy. In the present work, we examined
the cumulative effect of two phytonutrients, curcumin and citral,
on breast cancer cell lines and compared their effect with the
known chemotherapy regimen of cyclophosphamide, metho-
trexate, and 5-fluorouracil. Methods: Using cultured breast can-
cer and normal epithelial cells, the cytotoxic and apoptotic effect
of curcumin and citral was evaluated in vitro. The synergistic ef-
fect of curcumin and citral was calculated by a combination in-
dex study using the method by Chou and Talalay. Cell death
pathways and mechanisms were analyzed by measuring intra-
cellular reactive oxygen species (ROS) and apoptotic protein lev-

els. Results: Curcumin and citral caused dose and time depen-
dent cell death and showed a synergistic effect at effective con-
centration ECso and above concentrations in breast cancer cells
without disturbing normal breast epithelial cells. With combina-
tion curcumin and citral treatment, apoptosis induction and cell
cycle arrest at GO/G1 phase in breast cancer cells were ob-
served. Curcumin and citral generated ROS and activated p53
and poly (ADP-ribose) polymerase-1 mediated apoptotic path-
ways. Conclusion: The results of this study suggest that curcumin
and citral in combination may be a useful therapeutic interven-
tion for breast cancer.

Key Words: Apoptosis, Breast cancer cell line, Cell cycle checkpoints, Citral,
Curcumin

INTRODUCTION

Many natural dietary compounds have chemoprevention
effects by blocking, inhibiting, reversing, or retarding the pro-
cess of carcinogenesis [1]. Nutritional factors may also en-
hance the anticancer effects of chemotherapy and may be use-
ful for the management of certain chemotherapy induced side
effects Curcumin, an active component of turmeric derived
from the plant Curcuma longa, has been widely employed as a
medicine since ancient times in India and other parts of
Southeast Asia. Curcumin has anti-inflammatory, antioxidant,
and chemopreventive properties and chemotherapeutic po-
tential with no apparent side effects [2]. Curcumin was shown
to inhibit the proliferation of breast cancer cells in vivo and in
vitro [3,4]. Citral, a key component of essential oils from lemon
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grass (Cymbopogan citrates), exhibits antimicrobial, antifungal,
antioxidant, and free radical scavenging activities in mice [5].
In addition, citral was shown to have an antimutagenic effect
in cyclophosphamide induced mutagenicity [6]. Although
curcumin and citral have been assessed independently as
chemoprevention agents, the use of curcumin and citral in
combination and their side effects profile as chemotherapy
has not been studied.

Even though most anticancer agents or drugs initially in-
duce reactive oxygen species (ROS) generation to kill cancer
cells [7,8], the cellular mechanisms underlying generation of
ROS remain unclear. It is not known whether ROS generation
is the only way to induce cancer cell death, but it is apparent
that ROS generation plays a major role in inducing apoptosis.
It has been demonstrated that production of ROS may be the
cause of tumor cell apoptosis as a result of curcumin treat-
ment [9]. However, curcumin has been also shown to be an
antioxidant and a free radical scavenger that inhibits the abil-
ity of chemotherapeutic drugs to induce apoptosis [10]. Cur-
cumin was found to suppress multiple signaling pathways [3],
whereas citral was shown to induce caspase-3 mediated apop-
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tosis [11,12].

In the present study, we assessed the cytotoxicity of classical
cyclophosphamide, methotrexate, and 5-fluorouracil (CMF)
combinational chemotherapy on breast cancer cell lines (MCF
7 and MDA MB 231) and a normal breast epithelial cell line
(MCEF 10A). The dose and time dependent effects of combi-
nation curcumin and citral treatment on breast cancer and
normal cell lines were also studied and compared to the CMF
regimen. Since systemic toxicity is a major limitation of che-
motherapy, these phytonutrients could be developed as an al-
ternative therapy for the treatment of cancer.

METHODS

Cell lines and reagents

The MCF 7 and MDA MB 231 cell lines were purchased
from the National Centre for Cell Services (Pune, India) and
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) and Leibovitz’s L-15, respectively, supplemented
with 10.0% fetal bovine serum (FBS) in 5.0% CO, at 37°C.
MCF 10A cell line was kindly gifted by Dr. Annapoorni
Rangarajan (Department of Molecular Reproduction, Devel-
opment and Genetics, Indian Institute of Science, Bangalore,
India) and was cultured in DMEM/F-12 supplemented with
10.0% EBS, 0.5 ug/mL of hydrocortisone, 10 ug/mL of insulin,
20 ng/mL of epidermal growth factor, 0.5 KU/mL of penicil-
lin, 0.1 mg/mL of streptomycin, and 0.5 ug/mL of amphoteri-
cin B in 5.0% CO, at 37°C. Animal cell culture grade chemicals
and solutions were purchased from Himedia (Ahmedabad,
India). DMEM, Leibovitzs L-15, DMEM/F-12, FBS, curcumin,
citral, 3-(4,5-dimethylthiazol-2yl-)-2,5-diphenyl tetrazolium
bromide (MTT), 4'6-diamidino-2-phenylindole (DAPI),
ethidium bromide, propidium iodide (PI), and 2’,7'-dichloro-
dihydrofluorescein diacetate (DCFHDA) were purchased
from Sigma (St. Louis, USA).

Clonogenic survival assay

To screen the survival of MCF 7 and MDA MB 231 cells
treated with curcumin and citral, the clonogenic survival as-
say was performed. Approximately 800 to 1,000 cells of MCF
7, MDA MB 231, and MCF 10A (control) were seeded in six
well plates and grown for 24 hours. Thereafter, cells were
treated with different concentrations of curcumin (0.0-80
uM) and citral (0.0-160 pM) and allowed to grow for 24
hours. The medium was replaced with fresh medium and al-
lowed to grow up to five or six doublings. The medium was
removed after colony formation, and plates were allowed to
air dry. The colonies were stained with 0.2% crystal violet and
counted using gel documentation system, AlphaDigiDoc-RT
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(J. H. Bio Innovations Pvt. Ltd., Bangalore, India). Experi-
ments were conducted in triplicate, and the data were pre-
sented as percent survival compared to untreated cells.

Cytotoxicity assay

The MTT assay was carried out to measure cell viability of
MCF 7, MDA MB 231, and MCF 10A. Approximately 1 x 10*
cells were grown for 24 hours and then treated with increasing
concentrations of cyclophosphamide (0-20 mM), methotrex-
ate (0-20 mM), 5-fluorouracil (0-20 mM), curcumin (0-160
uM), or citral (0-400 puM). The cells were incubated for 24, 48,
and 72 hours, and cell viability was measured by MTT assay
[13]. All experiments were performed in triplicate, and the
data are presented as percent viability and compared to un-
treated cells whose percent viability was considered 100%.
Once percent viability was obtained, the drug response curve
was generated, and effective concentration (ECs) was mea-
sured using software MasterPlex 2010 (http://download.cnet.
com/MasterPlex-2010/3000-2054_4-75373446.html). Combi-
nation curcumin and citral treatment was evaluated by calcu-
lating the Combination Index (CI) value using the CalcuSyn
software from Biosoft (Cambridge, UK), with the method
used by Chou and Talalay [14]. In this analysis, synergy was
defined as a CI < 1.0, antagonism as a CI > 1.0, and additivity
as CI values not significantly different from 1.0

Annexin V-fluorescein isothiocyanate staining

Annexin V-fluorescein isothiocyanate (FITC) staining was
done in conjunction with PI in order to distinguish various
stages of apoptotic cells. The MCF 7 cells were treated with
curcumin (40 M), citral (80 uM), and CMF (3.5, 0.75, 1.5
mM); and annexin V/PI staining analysis was performed
using the Calbiochem annexin V-FITC apoptosis detection kit
from Calbiochem (San Diego, USA) according to the manu-
facturer’s protocol. Cells were examined using fluorescence
microscopy (520/620 nm) (Olympus BX41; Olympus, Center
Valley, USA). The distinction was made between early apop-
totic cells (annexin V-positive, PI-negative), late apoptotic/ne-
crotic cells (annexin V-positive, PI-positive), viable cells (an-
nexin V-negative, PI-negative), and dead cells (annexin V-
negative, PI-positive).

TUNEL assay

Apoptosis was further confirmed by the terminal deoxy-
ribonucleotidyl transferase (TdT)-mediated dUTP nick-end
labeling (TUNEL) assay in curcumin (40 uM) and citral (80
uM) treated MCF 7 cells for 24, 48, and 72 hours. TUNEL de-
tects the DNA fragmentation that is the characteristic of
apoptosis. TUNEL assay was performed using the TUNEL
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assay kit from Calbiochem, and the protocol was followed as
per the manufacturer’s guideline. The cells were evaluated using
fluorescence microscopy (330-380 nm) to identify TUNEL
positive cells, and the results are presented as percent of apop-
totic cells.

COMET assay

The DNA damage in the curcumin and citral treated MCF
7 cells were analyzed by COMET assay. Seventy percent con-
fluent cells treated with curcumin (40 pM), citral (80 pM), or
100 uM H.O: (a positive control) for 24 hours were harvested,
washed with phosphate buffered saline (PBS), and resuspend-
ed in ice-cold PBS. COMET assay was performed according
to the protocol described previously [15]. Staining of DNA in
the gel was carried out by ethidium bromide. DNA damage
was visualized using fluorescence microscopy (excitation at
510-550 nm and emission at 590 nm), and the numbers of
COMET were recorded. The COMET parameters were analyzed
by TriTek CometScore™ software (Tritek Corp., Sumerduck,
USA).

Cell cycle analysis

The effect of curcumin and citral either independently or in
combination on cell cycle arrest was analyzed by flow cytome-
try. The cells treated with curcumin (40 uM), citral (80 uM),
and in combination were stained with PI, and the proportion
of cells in various phases of the cell cycle was monitored. The
protocol was performed as described previously [13]. The
DNA content of stained cells was analyzed using Cell Lab
Quanta software from Beckman Coulter (Fullerton, USA).

Measurement of ROS and total glutathione

Approximately 70% confluent MCF 7 and MCF 10A cells
were treated with drugs, curcumin, and citral in triplicate and
incubated for 4 hours. DCFHDA was subsequently added at a
final concentration of 30 uM to two of the three wells treated
with agents and incubated for 40 minutes. After incubation,
fluorescence was read at 485 nm excitation and 535 nm emis-
sion in a fluorescence plate reader (Hitachi 7000; Hitachi, To-
kyo, Japan). The wells containing drugs, curcumin, or citral
but not DCFHDA acted as blanks for each sample. ROS pro-
duction was expressed as percent increase in fluorescence rel-
ative to untreated control cells and presented as final percent
ROS.

Total glutathione (GSH) content was determined by mea-
suring absorbance of standard oxidized glutathione (GSSG) at
412 nm [16]. In a final volume of 0.5 mL, the reaction mixture
contained 100 mM phosphate bufter (pH 7.0), 1 mM EDTA,
0.24 mM reduced nicotinamide adenine dinucleotide phos-
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phate (NADPH), 0.0756 mM 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB), and 0.06 units glutathione reductase (GR).
Then, 100 pL of the appropriate GSSG standard or 100 pL of
the crude extract (prepared from the cells treated with cur-
cumin, citral, and their combination) was added to each reac-
tion mixture. The absorbance of known concentrations of
GSSG was used to generate a standard curve. The experiment
was performed in triplicate, and the data are presented as
mean with standard deviation (SD).

Detection of apoptotic proteins

The endogenous levels of p53 protein, phospho-p53
(Ser15), total Bad, phospho-Bad (Ser112), and cleaved poly
(ADP-ribose) polymerase-1 (PARP) in the curcumin (40 pM)
or citral (80 pM) treated MCF 7 cells, untreated MCF 7, and
MCEF 10A cells were detected using CST’s PathScan Apoptosis
Multi-target Sandwich Enzyme-Linked Immunosorbent
Assay (ELISA) kit (Cell Signaling, Beverley, USA), according
to the manufacturer’ instructions.

Statistical analysis

Results are presented as mean + SD. Statistical analysis was
performed using one-way analysis of variance followed by
Tukey’s high significant difference test. SPSS software version
17.0 (SPSS Inc., Chicago, USA) was used for the statistical
analysis, where a p-value <0.05 was considered significant.

RESULTS

Effect of chemotherapeutic drugs on survival of MCF 7 and
MCF 10A cells

MCF 7 and MDA MB 231 cells were treated with varying
concentrations (0.0-20 mM) of chemotherapeutic drugs (cy-
clophosphamide, methotrexate, 5-fluorouracil) for 24, 48, and
72 hours to determine their ECso and duration of action. The
use of these drugs independently or in combination resulted
in a dose dependent decrease in the viability of MCF 7 and
MDA MB 231 (breast cancer cells) and MCF 10A (control)
cells (Figure 1). The ECso obtained from the drug response
curve of cyclophosphamide, methotrexate, and 5-fluorouracil
was 7, 1.5, and 3 mM, respectively, for MCF 7 and 10, 2, and
2.5 mM, respectively, for MDA MB 231 (data not shown). For
analysis of the drug combination effect, the chemotherapeutic
regimen CMF was used. The combined treatment of CMF
showed an ECy effect at 3.5, 0.75, and 1.5 mM, respectively.

Effect of curcumin and citral on survival of breast cancer cells

The effect of curcumin and citral on the clonogenic survival
of MCF 7, MDA MB 231, and MCF 10A cells was assessed by
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Concentration (ug)

Cyclophosphamide  Methotrexate 5-Fluorouracil

CMF1 0.11 0.02 0.05
CMF2 0.22 0.05 0.09
CMF3 0.44 0.09 0.19
CMF4 0.88 0.19 0.38
CMF5 1.75 0.38 0.75
CMF6 3.50 0.75 1.50
CMF7 7.00 1.50 3.00
CMF8 14.00 3.00 6.00

Figure 1. Survival of MCF 7 and MDA MB 231 cells after exposure to chemotherapeutic drugs. Dose dependent cell viability of MCF 7, MDA MB
231, and MCF 10A cells, after combination treatment with cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) was assessed by MTT assay.
The concentration of each combination is shown below the graph. Data were plotted as percent viability (% control). At a zero concentration of drugs,
% viability was considered 100%. The data represent the mean +standard deviation of one of the three similar experiments each performed in tripli-

cate.
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Figure 2. Clonogenic survival of breast cancer (MCF 7 and MDA MB 231) and breast epithelial (MCF 10A) cell lines treated with various concentra-
tions of curcumin and citral for 24 hours. Data were plotted as percent viability (% control). At a zero concentration of curcumin and citral, the % viabil-
ity was considered 100%. The data represent the mean + standard deviation of one of the three similar experiments each performed in triplicate.

colony-forming ability and the MTT assay. Curcumin treat-
ment caused a dose-dependent reduction in the colony-form-
ing ability of MCF 7 and MDA MB 231 cells but did not affect
normal epithelial breast cells (Figure 2). The ECs for curcum-
in and citral was 40 and 80 uM, respectively, for MCF 7 cells
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and 50 and 100 uM, respectively, for MDA MB 231. Based on
this, the concentration range of curcumin and citral used for
combination treatment of MCF 7 cells was 10-80 pM and 20-
160 uM,, respectively.
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Figure 3. Combined effect of curcumin (Cur) and citral (Cit) on the survival of MCF 7 and MDA MB 231 cells. (A) The concentration used of Cur1,
Cur2, Cur3, and Cur4 was 10, 20, 40, and 80 pM, respectively. Whereas, the concentration used of Cit1, Cit2, Cit3, and Cit4 was 20, 40, 80, and
160 pM, respectively. The concentration of cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) was 3.5, 0.75, and 1.5 mM, respectively. Data
were plotted as percent viability (% control). At a zero concentration of drugs, curcumin and citral, the % viability was considered 100%. The data rep-
resent the mean + standard deviation of one of the three similar experiments each performed in triplicate. (B) Combination Index (Cl) of curcumin and
citral. The graph shows the mean values of the combination index at the affected fractions of 25.0% (ICzs), 50.0% (ICs0), and 75.0% (IC+s), when cur-
cumin and citral were used in combination in MCF 7 and MDA MB 231 cells. A Cl value less than 1 indicates synergism, a Cl not different from 1 indi-
cates an addition, and a Cl higher than 1 indicates antagonism. The data represent the mean +standard deviation of one of the three similar experi-

ments each performed in triplicate.

Combined effect of curcumin and citral on survival of MCF 7
and MDA MB 231 cells

Combination treatment of curcumin and citral resulted in a
dose-dependent decrease in survival of cancer cells, while
normal cells were affected less (Figure 3A). Combined treat-
ment of curcumin and citral at ECso and ECys in MCF 7 cells
showed significant synergism; however, at ECys it was additive
(Figure 3B). The combination of curcumin and citral at their
ECso was found to be synergistic and more efficient relative to
CMF treatment. In MDA MB 231, combination curcumin
and citral treatment showed significant synergy at ECys but
not at ECs,. Combination treatment was additive at ECas.
Hence, ECsy concentrations of curcumin and citral were used
in subsequent experiments.

Induction of apoptosis by curcumin and citral

Annexin V-FITC conjugated to PI assay was carried out to
confirm whether apoptosis was induced by curcumin or citral
alone or in combination. An externalization of phospholipid
phosphatidylserine in treated cells was visualized by its bind-
ing to annexin V, allowing for microscopic detection of apop-
totic cells. Annexin V/PI dual staining showed that curcumin
and citral induced apoptosis in MCF 7 cells. The number of
cells in the early stages of apoptosis was increased significantly
in MCF 7 cells treated with 40 uM of curcumin (47.8% vs.
24.6%) and 80 uM of citral (48.5% vs. 22.7%, p < 0.05) relative
to control (Figure 4A). The number of viable cells significantly
decreased from 67.0% to 30.2% with curcumin and from
63.5% to 30.2% with citral as visualized by annexin V and PI
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staining (p<0.05). Treatment of cells with CMF resulted in
49.8% cell death, which comprised a nonsignificant distribu-
tion of cells in the early and late phases of apoptosis. Combi-
nation treatment with curcumin and citral at the ECso concen-
tration led to a significant increase in early apoptotic cells
(p<0.01).

The TUNEL assays revealed a dose and time dependent in-
crease in the induction of apoptosis was observed in MCF 7
cells treated with curcumin and citral (Figure 4B). Treatment
of MCF 7 cells with curcumin and citral at the ECso concentra-
tion induced a significantly higher percentage of apoptosis
than untreated MCF 7 and MCF 10A cells (p<0.01). Com-
bined treatment of curcumin and citral significantly increased
the apoptosis percentage compared to CMF treatment (p <
0.01). These results confirmed that combination curcumin and
control treatment induced apoptosis in MCF 7 cells.

DNA damage caused by curcumin and citral in breast cancer
cells

The role of DNA damage in curcumin and citral induced
cell death was analyzed in MCF 7 cells by the COMET assay.
DNA damage was assessed by measuring the COMET pa-
rameters comet tail length, percent DNA in the tail, and tail
moment. Curcumin and citral increased DNA damage, as evi-
denced by an increase in the comet tail lengths with increas-
ing concentration. Combined treatment of curcumin and cit-
ral resulted in apparent DNA damage, and this increase in
COMET parameters in damaged MCF 7 cells was significant-
ly greater than CMF treatment (p < 0.05) (Figure 5).
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Figure 4. Induction of apoptosis in MCF 7 cells by curcumin and citral treatment. (A) Annexin V-fluorescein isothiocyanate/propidium iodide (PI) dual
staining of the MCF 7 cells exposed to cyclophosphamide, methotrexate, and 5-fluorouracil (CMF), curcumin or citral and to the combination of cur-
cumin and citral. Graph represents the distribution of apoptotic cells based on annexin V/PI staining. The apoptotic cells are stained with annexin V
(green fluorescence), and the necrotic cells are stained with Pl (red fluorescence). The image showed the stained cells treated with curcuminn (40 pM)
and citral (80 uM). Scale bar, 20 pm. (B) TUNEL assay. Apoptosis detection in MCF 7 cells treated with CMF, curcumin or citral and the combination
of curcumin and citral for 24, 48, and 72 hours. Cells were observed under microscope and % apoptotic cells were counted out of total 100 cells.
The image showed the stained cells treated with curcumin (40 pM) and citral (80 puM). Scale bar, 10 um. The data represent the means of three inde-
pendent experiments performed in triplicate, with standard deviations represented by vertical bars. *p< 0.05.
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Figure 5. Measurement of DNA damage in MCF 7 cells caused by curcumin and citral treatment. (A) The DNA damage in MCF 7 cells exposed to
CMF, curcumin or citral and the combination of curcumin and citral were assessed by COMET assay. A1, untreated MCF 10 A cells; A2, untreated
MCF 7 cells; A3, CMF treated MCF 7 cells, and A4, curcumun (40 pM) and citral (80 uM) treated MCF 7 cells. (B) Graph showed the measure of
COMET parameters. The data represent the means of three independent experiments performed in triplicate.
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Figure 6. Distribution of MCF 7 cells in various phases of cell cycle; exposed to cyclophosphamide, methotrexate, and 5-fluorouracil (CMF), curcumin
or citral and the combination of curcumin and citral; analyzed by flow cytometry. The data represent the means of three independent experiments
performed in triplicate, with standard deviations represented by vertical bars. *p<0.05.
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Figure 7. Intracellular reactive oxygen species (ROS) generation and total glutathione (GSH) content. (A) Effect of curcumin and citral on intracellular
ROS. The graph shows the generation of ROS in MCF7 and MCF 10A cells, treated with cyclophosphamide, methotrexate, and 5-fluorouracil (CMF),
curcumin or citral and the combination of curcumin and citral. The data represent the means of three independent experiments performed in triplicate,
with standard deviations represented by vertical bars. (B) Effect of curcumin and citral on the total GSH content. The total GSH content of MCF 7 cells
exposed to cyclophosphamide, methotrexate, and 5-fluorouracil (CMF), curcumin or citral and the combination of curcumin and citral was measured.
Values in graph represent the total GSH content in uM. The data represent the means of three independent experiments performed in triplicate, with

standard deviations represented by vertical bars. *p<0.05.

Effect of curcumin and citral on progression of cell cycle

To determine the effect of curcumin and citral on cell-cycle
progression of MCF 7 cells; CME, curcumin, or citral treated
and untreated MCF 7 cells were stained with PI and analyzed
by flow cytometry. After 24 and 48 hours of treatment, cur-
cumin arrested MCF 7 cells in the GO/G1 phase. Citral treat-
ment did not arrest cells in a particular phase of cell cycle;
rather cells were dispersed in all phases at 24 hours. At 48
hours of incubation, the percentage of cells in the G0/G1
phase was significantly increased from 39.4% to 65.7% and
the percentage of cells in the G2 phase decreased from 39.2%
t0 21.1% (p < 0.05). The combined treatment of curcumin and
citral significantly increased cells arrested in the GO/G1 phase
at 24 and 48 hours compared to either treatment alone (p<
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0.05) (Figure 6).

Effect of CMF, curcumin, and citral on ROS generation and
Total GSH

ROS production was measured using DCHFDA in cancer
(MCF 7) and normal (MCF 10A) cells treated with drugs,
curcumin, and citral. It was observed that untreated cancer
cells generated higher ROS than normal cells (p <0.05). CMF
treatment significantly increased ROS production in both
cancer cells (p<0.001) and normal cells (p<0.01) compared
to untreated cells. Curcumin and citral also induced ROS pro-
duction in MCF 7 cells (Figure 7A). Combined treatment of
curcumin and citral significantly reduced ROS production as
compared to CMF treatment in MCF 7 cells (p < 0.05).
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Figure 8. Measurement of levels of apoptotic proteins. The apoptotic protein levels in the MCF 7cells treated with cyclophosphamide, methotrexate,
and 5-fluorouracil (CMF), curcumin or citral and the combination of curcumin and citral in MCF 7 and untreated MCF 10A cells were measured using
the Sandwich Enzyme-Linked Immunosorbent Assay kit. Values of all protein represented their absorbance at 450 nm. The data represent the means
of three independent experiments performed in triplicate, with standard deviations represented by vertical bars. *p<0.05.

Compared to normal cells (MCF 10A), the total GSH con-
tent was significantly higher in untreated MCF 7 cells
(p<0.05). Upon treatment with CME, total GSH content was
significantly increased compared to untreated MCF 7 cells
(p<0.05). An increase in total GSH content was also observed
at the ECsy concentration of curcumin and citral. Combined
treatment of curcumin and citral significantly decreased the
GSH level compared to CMF treatment (p <0.01) (Figure 7B).

Effect of curcumin and citral on the level of proapoptotic and
antiapoptotic proteins in MCF 7

To detect activation of the apoptosis pathway, endogenous
levels of proapoptotic, apoptotic, and antiapoptotic proteins in
MCEF 7 cells treated with curcumin and citral and untreated
MCEF 10A cells were measured. The level of phosphorylated
p53 was significantly lower in the MCF 7 cells treated with
curcumin and citral at their ECsy concentration than untreat-
ed MCF 7 and MCF 10A cells (Figure 8). The level of total p53
was significantly higher in curcumin and citral treated cancer
cells (p <0.05). The level of phosphorylated Bad was higher in
untreated cancer and normal cells than curcumin and citral
treated cells. A dramatic increase in the level of total Bad was
observed in cells treated with curcumin, suggesting activation
of apoptosis. The rise in total Bad level was significantly high-
er in untreated MCF 7 cells and MCF 10A cells than citral
treated cells (p <0.05). The level of cleaved PARP was signifi-
cantly different between cells treated with curcumin or citral
and untreated cancer cells and normal cells (p < 0.05).

DISCUSSION

In the present study, we identified effective concentrations
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for the antiproliferative effects of curcumin and citral alone or
in combination. In addition, we compared the effects of cur-
cumin and citral to CMF on breast cancer cell lines (MCF-7
and MDA MB 231) and provided insight into the underlying
mechanisms involved.

Initially, when each chemotherapeutic drug, curcumin, and
citral were tested independently to examine efficacy and cyto-
toxicity, we found that drug treatment dramatically decreased
the proliferation of MCF 7 and MDA MB 231 cells, especially
at 48 and 72 hours, without affecting normal breast epithelial
cells (MCF 10A). When the CMF combination treatment was
carried out, a two-fold decrease in ECso was observed relative
to each drug alone, suggesting that the combination therapy is
a better treatment option.

Phytonutrients affect the cell cycle by inhibiting prolifera-
tion and/or inducing apoptotic death in cancer cells [17]. Such
modulatory effects of curcumin and citral on MCF 7, MDA
MB 231, and MCF 10A cells were observed in the present
study. As a measure of cytotoxicity, we found that curcumin
and citral dose and time dependently increased cell death in
breast cancer cells but not normal cells. These results are in
accordance with other studies that demonstrated that cur-
cumin and citral inhibited cell proliferation and caused cyto-
toxicity in many cancer cell lines, including breast cancer cell
lines [3,18]. As was done for chemotherapeutic drugs, the
ECso of curcumin and citral was calculated. In MCF 7 cells,
the ECso was 40 pM, consistent with the ECsy of curcumin
previously reported (between 20 and 80 pM) [19]. For MDA
MB 231 cells, the ECso value of curcumin was reported to be
44 uM [20], whereas in present study the ECso was 50 uM. The
ECs of citral in MCF 7 cells was 80 uM, whereas it was previ-
ously reported to be 180 pM [18]. The ECs of citral in MDA
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MB 231 had not been reported previously.

When adding a combination of drugs to a cell culture sys-
tem, the resulting effect can be synergistic, additive, or antago-
nistic. Since combined treatment may lead to positive inter-
actions that can be useful in cancer therapy, different combina-
tions of curcumin and citral were used and their CIs were cal-
culated. The CI of these combinations at ECso concentration
of curcumin and citral was synergistic in the MCF 7 cell line,
demonstrating their potential use as a combination therapy.
In MDA MB 231 cells, however, we did not observe signifi-
cant synergy at ECso concentrations. The present study is the
first to report the Cls of curcumin and citral.

Based on our results of annexin V/PI dual staining, it was
concluded that curcumin and citral treated cells underwent
apoptosis. This increase in early apoptotic cells in MCF 7 cells
with combination curcumin and citral treatment indicated
that the use of these two natural compounds together could
be a synergistic approach for the treatment of cancer cells. In-
duction of apoptosis in the MCF 7 cell line by curcumin has
been reported previously [3,21,22]. Our study is the first to
study the effect of citral in these cells. The treatment of MCF 7
cells with curcumin and citral showed TUNEL positive cells,
as demonstrated by the TUNEL assay, which is characteristic
of cells undergoing apoptotic cell death. Combination treat-
ment of MCF 7 cells with curcumin and citral resulted in sub-
stantial apoptotic phenomenon, supporting the use of cur-
cumin and citral in combination for treating breast cancer.
Other apoptotic studies using the TUNEL assay have also
shown that curcumin induced apoptosis in MCF 7 cells
[23,24].

COMET parameters were significantly altered in MCF 7
cells treated with curcumin, citral, or their combination,
which is indicative of DNA damage. The extent of DNA dam-
age present in these cells could explain the cytotoxicity ob-
served with this treatment.

Curcumin at the ECso concentration arrested the cell cycle
in the GO/G1 phase at 24 hours, indicating that cells were not
entering into the S phase and were unable to replicate, thus
leading to cell death. A previous study had similarly shown
that curcumin arrested the cell cycle at G1 phase in MCF 7
cells [25]. Citral arrested cell cycles in GO/G1 phase after 48
hours of treatment, suggesting that the cells were in a quench-
ing state at 24 hours and then started arresting in G0/G1
phase, which ultimately led to apoptosis. In contrast to our
study, it was previously reported that citral arrested MCF 7
cells in the G2/M phase of the cell cycle [23]. As curcumin
and citral both arrested the cell cycle in the GO/G1 phase in a
cell cancer line, their use in combination would be a better
therapeutic choice than curcumin or citral alone.
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Evidence from recent studies suggested that cancer cells,
compared to normal cells, are under increased oxidative stress
due to oncogenic transformation, alterations in metabolic ac-
tivity, and increased generation of ROS [26]. In the present
study, it was observed that the cancer cells (MCF 7) generated
more ROS than normal cells (MCF 10A). As expected, che-
motherapeutic drugs also induced oxidative stress, as shown
by the high ROS value in MCEF 7 cells. Curcumin also caused
significantly high ROS generation in the MCF 7 cells, which
was consistent with other studies [3,21,25]. This increase in
ROS was reflected by the activation of the antioxidant system,
as evidenced by an increase in total GSH level.

The effect of curcumin on cell cycle regulatory proteins was
examined, and it was observed that curcumin and citral en-
hanced the expression of tumor suppressor protein p53. Cur-
cumin and citral upregulated the expression of tumor Bcl2
family proapoptotic protein Bad in MCF 7 cells. Furthermore,
the execution of apoptosis was increased, as shown by an in-
creased level of cleaved PARP. Other groups have shown that
curcumin interferes with multiple cell signaling pathways, in-
cluding cell cycle and apoptosis [3,25], and that citral induces
caspase-3 activity in MCF 7 and other cell lines [11]. Here,
curcumin and citral induced high levels of ROS generation,
which led to activation of apoptosis pathway by deactivation
of antiapoptotic proteins like phosphorylated p53 and phos-
phorylated Bad.

In conclusion, the current study demonstrated that combina-
tion treatment of curcumin and citral induced apoptosis in MCF
7 cells but not MCF 10A cells and arrested the cell cycle. Thus,
our results identified combination curcumin and citral and their
synergistic effect as a treatment option for breast cancer.
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