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Abstract

Objective: Curcumin has been shown to have significant protective effects against cancer and induction of
apoptosis is a crucial strategy for cancer therapy, so we have now evaluated the mechanisms involved in two novel
asymmetric curcumin analogues induced cell death in MCF - 7 cells.

Methods: The cytotoxicity of two curcumin analogues towards tumor cells was investigated by MTT assays. The
morphological analysis using a laser scanning confocal microscope. Futher cell cycle analysis, reactive oxygen
species (ROS), mitochondrial transmembrane potentials (Δφm), intracellular Ca2+ levels analysis and apoptosis
assays via a flow cytometry (FCM). We used western blot assays to determine the expressions of apoptosis-related
factors and p38MAPK at protein level.

Results: MCF - 7 cells showed a significant loss of viability, reduced mitochondrial membrane potential (Δφm),
increased intracellular Ca2+ levels, and increased production of ROS, which activated the pro-apoptotic p38
mitogen-activated protein kinase. Pretreatment with the antioxidant, N-acetylcysteine, inhibited both two curcumin
analogues mediated ROS production and cytotoxicity. Western blotting revealed that the loss of Δφm inhibited Bcl-2,
and induced Bax and Bak expression; this promoted release of cytochrome c and apoptosis inducing factor from the
mitochondria to the cytosol, activation of caspase-9 and caspase-3 in the cytosol, and induction of apoptosis.

Conclusion: The two curcumin analogues displays strong antitumor effect through ROS-dependent mitochondria
apoptosis pathway in MCF - 7 cells, and has promising potential to be developed as antitumor compounds.

Keywords: Apoptosis; Curcumin analogues; MCF - 7 cells;
Mitochondrial; Reactive oxygen species

Introduction
Breast cancer is a leading cause of death in women. It is responsible

for nearly 500,000 deaths every year worldwide [1]. In recent years,
curcumin has been shown to have significant protective effects against
a range of cancers, including breast cancer [2]. Curcumin inhibits
tumor cells by influencing a variety of biological pathways involved in
apoptosis, cell cycle regulation, and tumorigenesis [3]. Curcumin and
its analogues have attracted attention because of these potent
medicinal properties, combined with its low molecular weight and
minimal toxicity [4,5]. However, the mechanisms underlying these
beneficial effects are not fully understood [6].

Our previous studies also demonstrated that the asymmetric
curcumin analogues, (1E,4E)-1-(4-hydroxy-3,5-dimethoxyphenyl)-5-
(3,4,5-trimethoxyphenyl)penta-1,4-dien-3-one (F3, Supplementary
Figure 1a) and (1E,4E)-1-(3,4-dimethoxyphenyl)-5-(2-hydroxy-4-
methoxyphenyl)penta-1,4-dien-3-one (LE, Supplementary Figure 1b),
showed greater cytotoxicity and growth suppression in MCF - 7 cells
than did curcumin [7].

Apoptosis is a fundamental and complex biological process in which
cells play an active role in their own deaths. Dysregulation of apoptosis
is the hallmark of all cancer cells and agents that activate programmed
cell death can provide valuable anticancer therapeutics [8]. Reactive
oxygen species (ROS) are a by-product of normal cellular oxidative
processes and have been suggested to be involved in regulating the
initiation of apoptotic signaling. Increased levels of ROS have been
demonstrated to induce depolarization of the mitochondrial
membrane, which eventually produces increased levels of other pro-
apoptotic molecules in cells [9].

Curcumin targets have recently been discovered in the
mitochondrial pathway. Indeed, curcumin up-regulates pro-apoptotic
proteins of the Bcl-2 family and down-regulates two anti-apoptotic
proteins, Bcl-2 and Bcl-xL, in tumor cells. Curcumin induces apoptosis
by down-regulating Bcl-xL and inhibitor of apoptosis (IAP) proteins,
releasing cytochrome c, activating caspase-3, and stimulating uptake of
intracellular  Ca      into   mitochondria  via  the  uniporter  pathway  in
U937 cells [10].

Both F3 and LE reduced MCF - 7 cell viability by inducing
apoptosis. The current study aimed to determine whether the pathway
involved in F3- or LE-induced apoptosis was mitochondrial-related
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and mediated by ROS. Intracellular ROS generation and mitochondrial
membrane potential were measured and found to strongly associate
with the mitochondrial-related apoptotic pathway. Our findings
suggested that F3 and LE were promising candidates for clinical use in
human breast cancer chemotherapy.

Materials and Methods

Chemicals and reagents

F3 and LE (Supplementary Figure 1) were synthesized in our
laboratory, as described previously. The purity of each compound was
≥ 98% (as confirmed by high-performance liquid chromatography).
F3, LE, and curcumin were dissolved in dimethylsulfoxide (DMSO),
and then diluted with 2% of the relevant medium to the indicated
concentrations prior to analysis.

The final concentration of DMSO did not exceed 1%. RPMI-1640
medium and Dulbecco’s Modified Eagle’s Medium (DMEM) were
purchased from HyClone (USA). Fetal bovine serum (FBS), penicillin,
streptomycin, and trypsinase were purchased from Hao Yang
Biological Manufacture Co., Ltd (China). 2,4-Dinitro-phenol, 5-
diphenyltetrazolium bromide (MTT), acridine orange (AO),
rhodamine123 (Rho123), fluo-3/AM, 2,7-dichlorodihydrofluorescein
diacetate (DCFH-DA), and DMSO were purchased from Sigma-
Aldrich Inc. (USA). Phosphate-buffered saline (PBS, pH 7.2 – 7.6) was
purchased from Wuhan Boster Biological Technology Ltd. (China).

The Annexin V-FITC Apoptosis Detection Kit, BCA Protein Assay
Kit, BCIP / NBT Alkaline Phosphatase Color Development Kit, Cell
Mitochondria Isolation Kit, N-acetyl-L-cysteine (NAC), the p38
mitogen-activated protein kinase (p38MAPK) inhibitor (SB203580),
the antibodies against cytochrome c, phospho-p38, p38, phospho-JNK,
JNK, phospho-ERK, ERK, and all of the apoptosis-related primary and
secondary antibodies used in the study were purchased from the
Beyotime Institute of Biotechnology (China).

Cell proliferation assay
Cell proliferation was measured by the MTT assay using DMSO to

dissolve formazan as mentioned in supporting information.

Morphological analysis, cell cycle analysis and apoptosis
assays

MCF - 7 cells were cultured in 6-well plates for 24 h, and then
incubated with F3 or LE (10 μM or 20 μM) for 48 h. Subsequently, the
cells were washed twice with PBS and incubated with 200 μL AO (10
mg/mL) for 10 min in the dark. The cells were then washed three times
with PBS, and the plates were viewed using a laser scanning confocal
microscope (Nikon Eclipse TE2000 - E, Tokyo, Japan). The samples
were using standard procedures and reagents and then analyzed by
flow cytometry (FCM) as mentioned in supporting information.

Inhibitor treatment
We used NAC to inhibit intracellular alteration of redox state, which

is a common quencher of ROS, in order to confirm the role of
intracellular ROS in both F3- and LE-induced apoptosis [11].

Protein extraction and western blot analysis
The experimental procedures used in this section are listed in

supporting information.

Statistical Analysis
The results were expressed as mean ± standard deviation for

triplicate experiments. Statistical significance was determined by one-
way analysis of variance, followed by the Bonferroni post hoc test (for
multiple comparisons) or the two-tailed Student’s t-test. P-values less
than 0.05 were considered statistically significant.

Results and Discussion

F3 and LE selectively inhibited MCF - 7 cell proliferation in a
time-dependent manner
Three different tumor cell lines (SMMC-7721, PC-3, and MCF-7)

were used to evaluate the effects of F3 and LE. The data are show in
Supplementary Figure 2. These compounds dose-dependently
inhibited proliferation of all cell lines and F3 and LE produced greater
inhibitory effects than curcumin. Notably, F3 and LE were more
cytotoxic towards MCF - 7 cells than they were towards SMMC-7721
or PC-3 cells.

F3 and LE induced apoptosis in MCF - 7 cells
The control cell membranes were orbicular and their nuclei were

sharp and regular, while cells treated with F3 or LE displayed typical
apoptotic features such as nuclear and cytoplasmic condensation,
chromatin fragmentation, marginalization of the fragmented nuclei
towards the membrane, and apoptotic bodies (Figure 1a). All of these
changes confirmed the cytotoxic effects of F3 and LE. To further
investigate apoptotic changes in these cells, annexin V-FITC (to detect
exposed phospholipid membrane components) and PI (to detect non-
viable cells) double staining FCM analysis was performed. The
percentage of apoptotic cells (annexin V+) increased significantly with
increasing concentrations of both F3 and LE (from 7.95% to 88.3%,
and from 6.54% to 77.88%, respectively) (Figures1b and 1c). Taken
together, these findings indicated that F3 and LE reduced MCF - 7 cell
viability by inducing apoptosis.
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Measurement of intracellular ROS, mitochondrial
membrane potential (Δφm) and intracellular Ca2+ levels

Rho123 was used to analyze Δφm. The intracellular Ca2+

concentration was measured by incubating cells with fluo-3 / AM (10
μL). Intracellular ROS levels were measured using the Reactive Oxygen
Species Assay Kit, according to the manufacturer’s instructions. The
samples were analyzed by FCM.



Figure 1: a) Morphological analysis for the detection of apoptosis
after treatment with F3 and LE (5 μM or 10 μM) MCF - 7 cells are
stained with acridine orange (AO), and then cell morphology is
detected using a laser scanning confocal microscope (× 40,bar = 20
μm), b) Apoptotic effect of F3 and LE (5, 10, or 20 μM) on MCF - 7
cells for 48 h. Flow cytometric analysis and annexin V-FITC / PI
staining to determine the apoptotic population of MCF - 7 cells. Q1,
necrotic cells (annexin V- / PI+); Q2, late apoptotic cells (annexin V
+ / PI+); Q3, viable cells (annexin V- / PI-); and Q4, early apoptotic
cells (annexin V+ / PI-). C) The percentage of annexin V-positive
cells in the panel.

F3 and LE triggered S and G2 / M arrest in MCF - 7 cells

Cell cycle arrest usually results in apoptosis. FCM detected
alterations in the cell cycle in cells treated with F3 or LE (0, 5, 10, and
20 μM) for 48 h. As shown in Figure 2a, the proportion of cells at S
phase increased slightly (from 23.93% to 30.00%) and those in G0 / G1
phase decreased in a dose-dependent manner in MCF - 7 cells exposed
to F3. An apparent increase in the proportion in G2 / M phase was also
observed (from 14.38% to 28.8%).

As shown in Figure 2b, treatment of MCF - 7 cells with LE also
significantly increased the proportion of cells in S phase (from 19.28%
to 35.58%), reduced the number in G0 / G1 phase in a dose-dependent
manner, and slightly increased the proportion in G2 / M phase (from
17.97% to 27.22%). These results suggested that the anti-proliferative
effects of both F3 and LE may be related to the accumulation of cells in
S and G2 / M phases.

Figure 2: a, b) Effects of F3 and LE on cell cycle distribution of
MCF - 7 cells. c, d) Flow cytometric analysis of F3 and LE induced
loss of mitochondrial membrane potential (Δφm), generation of
reactive oxygen species (ROS), and an increase in intracellular Ca2+

levels. Each experiment was performed in triplicate. *p < 0.05, **p <
0.01 vs. control (0 μM).

F3 and LE affected the levels of ROS, intracellular Ca2+, and
Δφm in MCF - 7 cells

High ROS levels induce cell growth arrest and apoptosis. A number
of studies have implicated ROS generated in the mitochondria as key
players in the induction of apoptosis [12]. ROS generation increased
markedly (by 72.12% and 88.15%) in MCF - 7 cells treated with F3 and
LE, as compared with control cells (Figures 2c and 2d). Excessive levels
of ROS are reported to lead to an increase in intracellular Ca2+ and a
loss of Δφm, leading to mitochondrial dysfunction [13].

To investigate the involvement of the mitochondrial pathway in F3-
or LE-induced apoptosis, we assessed Δφm in cells exposed to F3 or LE
using FCM. We found that both F3 and LE treatments decreased the
Δφm implying that these analogues caused a rapid dose-dependent
dissipation of Δφm. Both F3 and LE elicited significant increases in the
level of intracellular Ca2+, an important messenger molecule in
apoptosis (from 40.39% to 90.65% and from 38.65% to 90.88%,
respectively) (Figures 2c and 2d).

To confirm this effect on intracellular ROS, MCF - 7 cells were
treated with F3 or LE (20 μM) for 48 h in the presence or absence of
NAC, a nonspecific ROS scavenger. The treatment F3- and LE-induced
increases in ROS generation were blocked by pretreatment with 5 μM
NAC (Figures 3a and 3b).

MTT assays showed that cell viability increased significantly
(Figures 3c and 3d) in the presence of NAC. This suggested that NAC
also protected the MCF - 7 cells from F3- and LE-induced cytotoxicity.
These results indicated that F3 and LE caused apoptosis by inducing
ROS production and activating the mitochondrial apoptosis pathway.

Citation: Luo S, Li Q, Chen J, Wang W (2016) Two Novel Curcumin Analogues Induced Reactive Oxygen Species Generation and
Mitochondrial-Related Apoptosis in Human Breast Cancer MCF - 7 Cells. J App Pharm 8: 215. doi:10.4172/1920-4159.1000215

Page 3 of 6

J App Pharm
ISSN:1920-4159 JAP, an open access journal

Volume 8 • Issue 2 • 1000215



Figure 3: Effects of antioxidant pretreatment on F3-mediated and
LE-mediated ROS generation in MCF - 7 cells. Cells were either
untreated or treated with F3 or LE (20 μM) in the absence or
presence of N-acetylcysteine (NAC; 5 mM) for 48 h. a, b)
Production of reactive oxygen species (ROS) was measured by flow
cytometry. b) The data represent the percentages of cells within the
specified fluorescence intensity range, determined using WinMDI
2.8 software. c, d) Cell viability examined using the MTT assay.
*p < 0.05 and **p < 0.01 vs. control (0 μM), # p < 0.05 vs. F3-treated
and LE-treated cells (20 μM).

Excessive levels of ROS are reported to lead to an increase in
intracellular Ca2+ and a loss of Δφm, leading to mitochondrial
dysfunction [13]. To investigate the involvement of the mitochondrial
pathway in F3- or LE-induced apoptosis, we assessed Δφm in cells
exposed to F3 or LE using FCM. We found that both F3 and LE
treatments decreased the Δφm implying that these analogues caused a
rapid dose-dependent dissipation of Δφm. Both F3 and LE elicited
significant increases in the level of intracellular Ca2+, an important
messenger molecule in apoptosis (from 40.39% to 90.65% and from
38.65% to 90.88%, respectively) (Figures 2c and 2d).

p38MAPK signaling contributed to both F3-induced and LE-
induced apoptosis in MCF - 7 cells

The MAPKs, ERK, JNK, and p38MAPK, are known to be activated
in response to oxidative stress [14]. Numerous studies have reported
that ROS rapidly activate p38MAPK and promote neuronal cell death
[15]. Since F3 and LE both induced ROS generation, we examined the
involvement of these kinases in F3- and LE-induced apoptosis.
Treatment with either F3 or LE increased the amount of
phosphorylated p38 in a concentration dependent manner, without
altering the total p38 protein level (Figures 4a and 4b).

In contrast, F3 and LE did not affect the levels of phospho-ERK or
phospho-JNK. We further investigated the role of p38MAPK by
employing a pharmacological inhibitor of p38MAPK (SB203580). This
inhibitor attenuated both F3-induced and LE-induced apoptosis
(Figures 4c and 4d).

Figure 4: a, b) Altered expression of the MAPK family members.
Cells were exposed to F3 or LE (0, 5, 10, and 20 μM) for 48 h then
the apoptosis related protein levels of p38, phospho-p38, ERK,
phospho-ERK, JNK, phospho-JNK were analyzed by Western blot.
c, d) Effects of inhibitor (SB203580) on F3-induced and LE-induced
activation of phospho-p38MAPK and p38MAPK. Each experiment
was performed in triplicate. *p < 0.05 vs. control (0 μM).

F3- and LE-induced apoptosis in MCF - 7 cells involved the
mitochondrial pathway

Natural products or cytotoxic chemicals often induce apoptosis
through a mitochondrial pathway, where cytochrome c is released
from mitochondria into the cytosol, triggering apoptosome formation
and caspase activation [16].

To determine whether F3- and LE-induced apoptosis was
mitochondrial-mediated, caspase activation was analyzed. The levels of
procaspases - 3 (35 kDa) and - 9 (47 kDa) were reduced and levels of
the cleaved caspase - 3 substrate, poly ADP - ribose polymerase
(PARP) increased following exposure to F3 and LE, in a dose-
dependent manner (Figure 5a, b).

F3 and LE also caused dose-dependent decreases in the level of the
X-lined IAP (XIAP) protein, a member of the IAP family that
selectively binds and inhibits caspases - 3 and - 9 (Figures 5a and 5b).
These data showed that F3 and LE both induced mitochondrial-
mediated apoptosis.
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In addition, SB203580 blocked non-treated cells (Figures 4c and
4d). These data indicated that ROS generation modulated the activities
of p38MAPK in F3 - and LE - induced apoptosis. The role of
mitochondrial p38MAPK may relate to mitochondrial function
and / or the mitochondrial apoptotic pathway.



Figure 5: Determination of F3- and LE-induced alteration of
protein-level expression of apoptosis-related factors .Total protein
was extracted and pro-caspase 3, pro-caspase 9, Bak, PARP, cleaved-
PARP, XIAP, Nuclear AIF, Mitochondrial AIF, Bcl-2, Bax were
analyzed by Western blot. GAPDH was used as an internal control.
PARP = poly (ADP-ribose) polymerase; XIAP = X-lined inhibition
of apoptosis; AIF = apoptosis-inducing factor. Each experiment was
performed in triplicate.*p < 0.05 vs. control (0 μM).

Additionally, AIF that translocates to the nucleus and triggers DNA
fragmentation has been identified as an apoptogenic mitochondrial
intermembrane protein [17].

AIF precursor protein (67 kDa) was down-regulated, while the
mature protein (57 kDa) was up-regulated markedly, indicating that F3
and LE promoted AIF translocation from the mitochondria to the
nucleus in a dose-dependent manner (Figures 5c and 5d). Bcl -
 2protein protects cells from mitochondrial apoptosis and the present
study found that ectopic expression of Bcl - 2 prevented both F3- and
LE-induced apoptosis in MCF - 7 cells (Figures 5c and 5d).

Moreover, both F3 and LE up-regulated the expression of Bax,
leading to increases in the Bax / Bcl - 2 ratio, an important marker of
apoptosis in cancer cells. Our findings indicated that Bak, an upstream
apoptotic factor, was up-regulated by both F3 and LE (Figures 5a and
5b).

Cytosolic cytochrome c levels increased in MCF - 7 cells following
exposure to F3 or LE, whereas mitochondrial levels decreased,
indicating the release of mitochondrial cytochrome c (Figures 6a and
6b).

Figure 6: F3 and LE induced release of cytochrome c. Total protein
was extracted and cytosolic cytochrome c,mitochondrial
cytochrome c were analyzed by Western blot. Protein levels were
normalized to GAPDH. Data are presented as the means ± SDs of
three independent experiments. *p < 0.05 vs. control (0 μM).

In summary, the results of the present study indicated that both F3
and LE induced apoptosis in MCF - 7 cells. Based on these findings, we
propose a model whereby F3 and LE increased ROS generation,
leading to MCF - 7 cell apoptosis. Supplementary Figure 3 illustrates
that both F3 and LE acted on mitochondria, induced ROS generation,
and activated the pro-apoptotic stress kinase p38MAPK, resulting in a
loss of Δφm and increased intracellular Ca2+. The loss of Δφm
increased the release of cytochrome c and AIF from mitochondria, and
eventually triggered both caspase-dependent and caspase-independent
apoptotic pathways. This study may provide an insight into the
potential of curcumin analogues for breast cancer therapy.
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