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Abstract:

Background: Bisdemethoxycurcumin (BDMC) is a natural derivative of curcumin present in the phenolic components extracted

from the dried rhizome of Curcuma longa L. BDMC demonstrated potential chemotherapeutic activities but the underlying mecha-

nisms have not been fully clarified. In the present study, the role of reactive oxidative species (ROS) in the anti-cancer effects of

BDMC was investigated.

Methods: MCF-7 cells were exposed to BDMC, and then the cell proliferation, colony formation ability and cell cycle profile were

analyzed. Cellular ROS level was determined by flow cytometry and fluorescent microscope observation using specific fluorescent

probes. Mitochondrial membrane potential (ym) was assessed using JC-1. In addition, effects of BDMC on senescence-related

molecules were analyzed by western blot assay.

Results: BDMC significantly inhibited MCF-7 breast cancer cell proliferation, while a rapid rise of the intracellular ROS level ac-

companied with a reduction of Dym were observed. In addition, BDMC activated the pro-apoptotic protein p53 and its downstream

effector p21 as well as the cell cycle regulatory proteins p16 and its downstream effector retinoblastoma protein (Rb). All of these

BDMC-induced effects were counteracted with the pre-incubation of the antioxidant N-acetylcysteine (NAC).

Conclusions: These results suggested that BDMC-induced ROS accumulation may contribute to its inhibitory effect on MCF-7 cell

viability through regulation of p53/p21 and p16/Rb pathways.
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Abbreviations: Dym – mitochondrial membrane potential,

BDMC – bisdemethoxycurcumin, NAC – N-acetylcysteine, Rb

– retinoblastoma protein, ROS – reactive oxidative species

Introduction

Rhizoma Curcumae Longae (turmeric) is the dried rhi-

zome of Curcuma longa L., and has a long history of

medicinal use in China, India and other Asian coun-

tries. Curcuminoids, including curcumin and the de-

rivatives of curcumin, have been identified as the main

active components in turmeric [9, 32]. Extensive stud-

ies have been carried out to explore the beneficial ef-

fects of curcuminoids, especially curcumin. Curcumin

has been shown to possess promising chemotherapeu-

tic properties with low toxicities [22]. It has been re-

ported to inhibit the proliferation and survival of cancer

cells as well as to induce apoptosis and non-apoptosis

cell death such as autophagocytosis and paraptosis in

various types of malignant cancers [6, 9, 22, 26, 36].

However, pharmacokinetics data indicated that the

poor bioavailability and extensive metabolism of cur-

cumin limit its therapeutic applications [11, 27].

Bisdemethoxycurcumin (BDMC, Fig. 1) is a natu-

ral demethoxy derivative of curcumin which is also

present in turmeric and there are accumulating evi-

dences of the potent anti-cancer effects of BDMC.

Compared with curcumin, only a few studies have

been done to evaluate the beneficial effects of BDMC.

It has been reported that BDMC could inhibit the pro-

liferation and survival of several types of tumor cells

including breast cancer cells [4], colon cancer cells [3,

23], glioma cells [20] and leukemia cells [2]. In addi-

tion, BDMC suppressed cancer invasion and metasta-

sis by reducing the expression of matrix metalloprote-

inase (MMPs) and urokinase plasmingen activator

(uPA) [4, 35]. More interestingly, the anti-cancer ef-

fects of BDMC were comparable to and sometimes

more potent than those of curcumin in different condi-

tions [2, 13, 30, 35]. For instance, Yodkeeree et al. re-

ported that BDMC exhibited higher anti-metastasis

potency than curcumin in human fibrosarcoma cells

by suppressing the secretion of extracellular matrix

degradation enzymes including MMP-2, MMP-9 and

uPA [35]. Moreover, BDMC was reported to have in-

creased stability and improved nuclear cellular uptake

compared to curcumin [3], strongly suggesting the

potential of BDMC as an anti-cancer drug in clinical

application. However, few studies have been carried

out to investigate the underlying mechanisms regard-

ing the beneficial effects of BDMC in cancer therapy.

The present study aims to investigate the anti-

cancer effects of BDMC in MCF-7 breast cancer

cells, and further, explore the molecular basis of its

biological activity. The results showed that BDMC in-

hibited MCF-7 cell proliferation and induced G2/M

cell cycle arrest. It was found that BDMC mediated

a rapid increase in cellular reactive oxidative species

(ROS) level and induced mitochondrial dysfunction.

The anti-oxidants N-acetylcysteine (NAC) compro-

mised the accumulation of ROS and the reduction of

MCF-7 cellular viability induced by BDMC, suggest-

ing a beneficial role of the BDMC-induced ROS ac-

cumulation in the underlying mechanisms of its anti-

cancer properties.

Materials and Methods

Chemicals

Pure BDMC, a generous gift from Prof. Qing-Wen

Zhang, Institute of Chinese Medical Sciences, Uni-

versity of Macau, was dissolved in 100% dimethyl

sulfoxide (DMSO) to give a 10 mM stock solution

and further diluted in fresh RPMI-1640 medium sup-

plemented with 10% FBS. The purity of BDMC was

verified to be > 98% on the basis of its physicochemi-

cal properties and spectral data. Fetal bovine serum

(FBS), phosphate buffered saline (PBS), penicillin,

streptomycin, and 0.25% (w/v) trypsin/1 mM EDTA

were purchased from Invitrogen (USA). MTT

[3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium

bromide] was purchased from USB (USA). 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCF-DA),

4-amino-5-methylamino-2’,7’-difluorescein (DAF-FM)

and JC-1 were purchased from Molecular Probes

(USA). Antibodies against p21 (F-5) and p16 (C-20)
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Fig. 1. Chemical structure of BDMC



were purchased from Santa Cruz (USA). Phospho-

p53 (Ser15)(16G8), p53, Rb, phospho-Rb (Ser807/

811) and actin were purchased from Cell Signaling

Technology (USA). RIPA lysis buffer, phenylmethyl-

sulfonyl fluoride (PMSF), protease inhibitor cocktail

and BCATM protein assay kit were purchased from

Pierce Biotechnology (USA). ECL advanced western

blotting detection kit was purchased from Amersham

(UK). RPMI-1640 medium was supplied by Sigma

(USA).

Cell culture

Human breast carcinoma cells MCF-7 were purchased

from American Type Culture Collection (ATCC,

USA), and were maintained in RPMI-1640 medium

supplemented with 10% FBS, 100 U/ml penicillin and

100 µg/ml streptomycin in a humidified atmosphere

of 95% air and 5% CO2 at 37°C.

MTT assay

Cell proliferation was determined as previously re-

ported with a few modifications [28, 31]. Briefly, cells

were seeded at a density of 5 × 103 cells/well in 96-

well plates. Cells were then exposed to serial dilutions

of BDMC (5–40 µM) in RPMI-1640 medium supple-

mented with 10% FBS and allowed to grow for the in-

dicated duration. After BDMC treatments, cells were

incubated with 100 µl RPMI-1640 medium contain-

ing 1 mg/ml MTT. After 4 h incubation at 37°C, su-

pernatants were discarded, MTT crystals were dis-

solved in 100 µl DMSO and absorbance was meas-

ured at 570 nm using a Multilabel counter (Perkin

Elmer, 1420 Multilabel Counter Victor3). All assays

were performed in triplicate. Results were expressed

as the percentage of the control.

Colony formation assay

After BDMC treatments, cells were placed in 10 cm

Petri dishes at a density of 2000 cells/dish in

RPMI-1640 medium containing 10% FBS. The plates

were swirled to assure equal distribution of the cell

suspension. On day 14, the cells were stained with

crystal violet staining solution.

Cell cycle analysis

For synchronization, cells were incubated in RPMI-1640

medium containing 0.5% FBS overnight. Cells were then

exposed to BDMC (5–20 µM) in RPMI-1640 medium

containing 10% FBS for 24 h. Then, cells were collected

and fixed with 70% ethanol at –20°C for at least over-

night. After that, cell pellet was collected and stained with

0.5 ml of propidium iodide (PI) stain solution (20 µg/ml

of PI and 8 µg/ml of DNase-free RNase) for 30 min at

room temperature. After staining, the samples were im-

mediately analyzed using flow cytometry. The results

were analyzed with Mod Fit LT 3.0 software (Verity Soft-

ware House, Topsham, USA).

Determination of cellular ROS and nitric oxide

(NO) levels

Cells were seeded in 6-well plates and treated with

BDMC for the indicated periods of time. Cells were

then washed with PBS, and incubated in PBS containing

10 µM H2DCF-DA or DAF-FM for 30 min at 37°C

prior to determination of ROS and NO levels, respec-

tively. For quantitative assessment, cells were collected,

suspended in PBS and analyzed by flow cytometry. The

mean fluorescence of 10,000 analyzed cells (corrected

for autofluorescence) of each group was taken as

a measure for the total ROS and NO generation, respec-

tively. For image taking, cells were visualized using

a fluorescent microscope (Carl Zeiss, Axiovert 200).

Determination of mitochondrial membrane

potential (Dym)

JC-1 was used to determine the ym [19]. Briefly, cells

were incubated in RPMI-1640 media containing

JC-1(5 µg/ml) for 30 min at 37°C, and then observed

with fluorescent microscope (Carl Zeiss, Axiovert

200). For quantification, stained cells were collected

and suspended in PBS, followed by immediate analy-

sis by flow cytometry. Dym was calculated as the

red/green fluorescent ratio.

Western blot analysis

After treatments, cells were lysed using RIPA lysis

buffer with 1% PMSF and 1% protease inhibitor on

ice. Lysates were centrifuged at 12,000 × g for 20 min

at 4°C and the supernatants were collected. Total pro-

tein concentrations were determined using BCATM

702 Pharmacological Reports, 2013, 65, 700�709



Protein Assay kit. Equal amounts of proteins were

subjected to SDS-PAGE, then transferred to PVDF

membrane. Subsequently, the membrane was blocked

for 1 h with 5% non-fat milk in TBS-0.1% Tween 20

(TBST), and incubated with primary antibodies spe-

cific to p-p53, p53, p21, p-Rb, Rb, p16 (1 : 1000 dilu-

tion) and actin (1 : 3000 dilution) overnight at 4°C. Af-

ter that, the membrane was incubated with horseradish

peroxidase-conjugated secondary antibodies (1 : 4000

dilution) for 1 h at room temperature. After repeated

washes with PBS, proteins were visualized using an

ECL advanced western blotting detection kit (Amer-

sham). Photos of protein bands were taken by a Mo-

lecular Imager ChemiDoc XRS (Biorad). Densitomet-

ric measurements of band intensity in the western blots

were performed using Quantity One Software.

Statistical analysis

Data were analyzed by Student’s t-test. Values of p <

0.05 were considered to be statistically significant.

Results

Effects of BDMC on MCF-7 cancer cell viability

MCF-7 cells were treated with BDMC at 5–40 µM for

24–72 h, and cell viability was determined by MTT assay.

As shown in Figure 2A, a decrease in MCF-7 cell prolif-

eration was observed dose- and time-dependently with the

maximal loss of viability of 77.5% with 40 µM BDMC

treatments for 72 h. The effect of BDMC on MCF-7 cell

proliferation was also examined by colony formation as-

say. After BDMC treatments (72 h), cells were seeded at

low densities and allowed to grow for 14 days. Figure 2B

showed that the number of colony foci was significantly

decreased after BDMC treatments (20 and 40 µM). Results

from the two different methods were similar and provided

strong evidence of the anti-proliferative effects of BDMC

in MCF-7 breast cancer cells.

Effects of BDMC on cell cycle profile

As shown in Figure 3, the treatments of BDMC could

modulate the cell cycle profile of MCF-7 in a dose-

dependent manner. An accumulation of cells in G2/M

phase with concomitant loss in S phase was observed.

After exposure to 20 µM BDMC for 24 h, the fraction

of cells at the G2/M phase significantly increased

from 14.4 to 27.6%, while the fraction of cells in S

phase significantly decreased from 15.9 to 6.3%.

Effects of BDMC on cellular levels of ROS

and NO

Since abnormally high concentrations of ROS, NO

and its derivatives reactive nitrogen species have been

associated with tumor growth and vascular invasion

[10, 18], the effects of BDMC on the generation of

ROS and NO were investigated. Using specific fluo-

rescent probes for ROS and NO, we observed a rapid

and potent increase in ROS in MCF-7 cells after

15 min exposure to BDMC, which lasted at least for

120 min (Fig. 4A and B). However, as shown in Fig-

ure 4C, BDMC treatments could not significantly

change the cellular NO level in MCF-7 cells.

Effect of BDMC on mitochondrial membrane

potential

The mitochondrial potential sensor JC-1 was used to

determine the mitochondria function. It forms J-aggre-
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Fig. 2. BDMC inhibited MCF-7 cell viability and colony formation capa-
bility. (A) Cells were treated with BDMC (5–40 µM) for 24, 48 or 72 h
respectively, and then the cell viability was determined by MTT assay.
* p < 0.01, ** p < 0.001, compared with control group (ctrl). The data
shown here are the mean ± SEM of three independent experiments.
(B) Cells were treated with 20 or 40 µM BDMC for 72 h, then were seeded
at low densities and incubated for 14 days. The cells were stained with
crystal violet staining solution to assess the colony formation capability



gates in intact mitochondria that result in emission of

red/orange fluorescence, whereas it forms monomers

upon the mitochondrial membrane depolarization that

emit green fluorescence [16]. As shown in Figure 5,

BDMC at 10 or 20 µM caused a reduction (30%) in

the ratio of red to green fluorescence, indicating that

BDMC treatments led to reduction of Dym and dys-

function of mitochondria.

BDMC inhibited cell proliferation via increasing

cellular ROS and the activating p53/p21 and

p16/Rb pathways

The antioxidant NAC was employed to determine the

contribution of ROS in the anti-cancer effects of

BDMC. As shown in Figure 6A, cellular ROS level in

MCF-7 cells was significantly increased (1.8-fold of

the control) after the treatment of 20 µM BDMC for

30 min. As anticipated, the pre-incubation of 10 mM

NAC significantly suppressed BDMC-induced ROS

generation (1.4-fold of control). Meanwhile, it was

noteworthy that BDMC-mediated inhibition on

MCF-7 cell viability was also compromised by the

pre-incubation of 10 mM NAC (Fig. 6B), further sug-

gesting the contribution of BDMC-induced ROS ac-

cumulation in its anti-cancer properties.

It was demonstrated that p53/p21 and p16/retino-

blastoma protein (Rb) pathways have crucial roles in

cell apoptosis, cellular senescence, and cell cycle ar-

rest; therefore, the effects of BDMC on these protein

pathways were examined. As shown in Figure 7,

BDMC treatments led to an increase of p16 level and

a dephosphorylation of Rb. Additionally, BDMC treat-

ments increased the level of phospho-p53 and p21.

These observations suggested that BDMC treatments

could activate the p53/p21 and Rb/p16 pathways. In

order to further explore whether BDMC-induced ROS

generation was associated with its regulation on these

pathways, cells were pre-incubated with 10 mM anti-

oxidant NAC prior to administration of BDMC. It was

found that NAC pre-incubation attenuated BDMC-

induced elevation of p21 and p16 as well as BDMC-

activated p53 and Rb. These data suggested that ROS

generation could be a mediator in the BDMC-induced

activation of p53/p21 and Rb/p16 pathways.

Discussion

It has been reported that BDMC exhibited significant

anti-cancer effects in various human cancer cells [15,
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Fig. 3. Effect of BDMC on the cell cycle of MCF-7 cells. Cells were
treated with BDMC (5–20 µM) for 24 h, and then the proportion of cells
at different cell cycle phases was analyzed by flow cytometry. BDMC
dose-dependently and significantly increased the proportion of cells
in G2/M phase and reduced cell numbers in S phase. The typical his-
tograms were shown (A) and the data were expressed as the mean
± SD of three independent experiments (B). * p < 0.05 compared with
control group



37]. In agreement, our present study showed that

BDMC exhibited potent anti-cancer effects in MCF-7

breast cancer cells. BDMC inhibited cell prolifera-

tion, reduced colony formation and induced G2/M

cell cycle arrest.

It is believed that ROS are involved in the regula-

tion of many signal transduction pathways as well as

cell proliferation and differentiation. In normal cells,

cellular redox homeostasis is tightly regulated by the

balance between ROS generation and elimination.

However, higher levels of ROS were observed in

a wide spectrum of cancer cells, which in part is due to

the activation of oncogenes, aberrant metabolism, mi-

tochondrial dysfunction and the absence of functional

p53 [21, 33]. Intriguingly, it is believed that on one

hand, ROS contribute to the initiation and progression

of cancer, but on the other hand, excessive amounts of

ROS act as cellular toxicants which lead to cancer cell

growth arrest, apoptosis, senescence or necrosis [17].

It is speculated that the malignant cells which are un-

der increased level of oxidative stress would be more

vulnerable to further ROS attack. Indeed, BDMC was

demonstrated in various in vitro assays to possess

strong anti-oxidative capability by scavenging and

neutralizing free radicals and exhibited neuroprotec-

tive and anti-inflammatory properties through the in-

hibition of ROS formation and accumulation [14, 29].

In contrast, in chronic myeloid leukemia cells BDMC

was shown to be the most potent ROS inducer among

the three major curcuminoids found in turmeric [24].

In line with this, our present study showed that

BDMC stimulated rapid ROS accumulation and

caused a reduction in mitochondrial potential in

MCF-7 cells, indicating an association of BDMC-

stimulated ROS accumulation and mitochondria dys-

function. Our hypothesis that BDMC attenuated

MCF-7 proliferation through its pro-oxidative effect

in cancer cells was further evidenced by the results

from NAC pre-incubation prior to BDMC treatments.

It was found that pre-incubation with the antioxidant

NAC significantly compromised the BDMC-stimu-

lated ROS accumulation as well as the BDMC-

induced inhibition on MCF-7 cell viability.

p53 and its main downstream effector p21 are

well-known tumor suppressor proteins and are recog-

nized as universal sensors for oxidative insults.

p53/p21 pathway is believed to have crucial roles in

cell growth arrest and apoptosis upon abnormal cellu-

lar stress [8, 34]. The phosporylation, stabilization,

and prevention of nuclear export of p53 as well as the

activation of its target p21 were observed during ROS

stimulation [8]. The present study showed that 20 µM

BDMC activated p53/p21 pathway by increasing the

phosphorylation of p53 and expression of p21, which

were almost abolished by NAC pre-incubation. An-

other well-known tumor suppressor protein is the

cyclin-dependent kinase inhibitor p16 which func-

tions by negatively regulating cell cycle and is in-

volved in ROS-induced premature cellular senescence

[7]. It was reported that p16 knockdown increased in-

tracellular ROS level and oxidative DNA damage

which were further enhanced by oxidative stress [12].

In the present study, activations of p16 and its down-

stream effector Rb were observed in BDMC-stimu-

lated cells, which were also counteracted by the pre-

incubation of NAC.
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Fig. 4. Effect of BDMC on ROS and nitric oxide generation. (A, C)
Cells were treated with 20 µM BDMC for 5–120 min, then cells were
loaded with CM-H2DCFDA or DAF-FM, and the fluorescence was
analyzed by flow cytometry. (B) Representative images of MCF-7
cells with CM-H2DCFDA loading. * p < 0.05, *** p < 0.001, compared
with control group (ctrl)
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Fig. 6. BDMC-triggered ROS production contributed to inhibitory effect of BDMC on MCF-7 viability. (A) MCF-7 cells were exposed to 20 µM
BDMC for 30 min before determination of ROS. In parallel, cells were pretreated with 10 mM NAC for 30 min then subjected to the same proto-
col. (B) MCF-7 cells were treated with or without 10 mM NAC for 30 min, followed by 20 µM BDMC for 48 h. Then cell viability was determined by
MTT assay. The results were presented as a percentage of control. Results were presented as the mean ± SD of three independent experi-
ments. * p < 0.05

Fig. 5. Effect of BDMC on mitochondrial membrane potential (Dym). (A) Representative images of MCF-7 cells with JC-1 staining. MCF-7 cells
were treated with BDMC (5–20 µM) for 24 h before determination of Dym. The top row represents data shown in red channel; the second row in
the green channel and the third row are the merged images. (B) Dym was calculated as the red/green fluorescent ratio. Results were presented
as the mean ± SD of three independent experiments. * p < 0.05, compared with control group (ctrl)



Besides their crucial roles in tumorigenesis, p53/p21

and p16/Rb pathways are believed to have important

contributions in the regulation of both replicative and

premature senescence [25]. Senescence induction,

which is characterized by irreversible cell cycle arrest,

has become an attractive cancer therapeutic strategy

[17]. It was observed that accumulation of tumor sup-

pressors (including p53, p21, p16) were found in rep-

licative senescent cells and oncogene stress-induced

senescent cells [1]. Ectopic expression of p21 and

p16 provoked a senescence-like phenotype in vi-

tro and inhibition of these pathways could block the

Ras-induced cellular senescence [17]. Recent studies

postulated that oxidative stress could produce serious

damage and therefore, provoke or accelerate senes-

cence in malignant cells [5]. In line with this, data

from our present study suggested that BDMC may in-

duce ROS accumulation in MCF-7 cells and thereby

modulate the p53/p21 and p16/Rb pathways to cause

a senescence-like tumor suppression.

In conclusion, our study added a novel facet to the

underlying mechanisms of the anti-cancer properties

of BDMC. Potential anticancer therapeutic strategies

might be developed through manipulating the redox

status in malignant cells [18, 33]. However, further

studies are required to provide more evidence.
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10 mM NAC for 30 min, followed by 20 µM BDMC for 48 h, and related protein expression were determined by western blot analysis for p16,
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