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Dietary flavonoid fisetin targets caspase-3-deficient human
breast cancer MCF-7 cells by induction of caspase-7-
associated apoptosis and inhibition of autophagy
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Abstract. The outcome of producing apoptotic defects in
cancer cells is the primary obstacle that limits the therapeutic
efficacy of anticancer agents, and hence the development of
novel agents targeting novel non-canonical cell death pathways
has become an imperative mission for clinical research. Fisetin
(3,3'4'7-tetrahydroxyflavone) is a naturally occurring flavonoid
commonly found in fruits and vegetables. In this study, we
investigated the potential anticancer effects of fisetin on breast
cancer cells. The result showed fisetin induced higher cytotoxi-
city in human breast cancer MCF-7 than in MDA-MB-231
cells otherwise it did not exert any detectable cytotoxicity in
non-tumorigenic MCF-10A cells. We found fisetin can trigger a
novel form of atypical apoptosis in caspase-3-deficient MCF-7
cells, which was characterized by several apoptotic features,
including plasma membrane rupture, mitochondrial depolari-
zation, activation of caspase-7, -8 and -9, and PARP cleavage;
however, neither DNA fragmentation and phosphotidylserine
(PS) externalization was observed. Although p53 was also acti-
vated by fisetin, the fisetin-induced apoptosis was not rescued
by the p53 inhibitor pifithrin-o. In contrast, the fisetin-induced
apoptosis was abrogated by pan-caspase inhibitor z-VAD-fmk.
Furthermore, inhibition of autophagy by fisetin was shown as
additional route to prompt anticancer activity in MCF-7 cells.
These data allow us to propose that fisetin appears as a new
potential anticancer agent which can be applied to develop a
clinical protocol of human breast cancers.

Introduction

Apoptosis and necrosis are known as the two major routes
leading to cell death (1,2). Apoptosis is generally characterized
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by distinguishable morphological features, such as cytoplasmic
shrinkage, chromatin condensation, phosphatidylserine (PS)
externalization, DNA fragmentation, and formation of apop-
totic bodies without affecting plasma membrane integrity (3),
whereas necrosis is defined on the basis of other morphological
criteria, including pyknotic nuclei, cytoplasmic vacuolation,
breakdown of the plasma membrane, and induction of an inflam-
matory response as a result of the release of cellular contents (2).
Although necrosis has long been considered as an accidental
process, this type of cell death can occur by a genetically
controlled (programmed) process (4).

Autophagy is a physiological process involved in the turn-
over of proteins or intracellular organelles through lysosomal
machinery (5). The process of autophagy starts by sequestering
cytosolic proteins or organelles into autophagosomes which is
then fused with lysosomes to form autolysosomes for subsequent
degradation of sequestered contents by lysosomal hydrolases
(6). The two-faced roles of autophagy were characterized
with its anti-tumor effects through promoting autophagic cell
death (type II programmed cell death) and survival-promoting
function in starved cells (6). Thus, inhibition of cytoprotective
effects induced by autophagy and promotion of autophagic
cell death might be employed as new strategies for anticancer
therapy.

Breast cancer is the most common malignancy found in
American and Northwestern European women (7,8). Breast
epithelial cells require a concomitant balance between cell
proliferation and apoptosis under a physiological environment.
Apoptosis occurs in healthy breast cells at fluctuating rates
during the estrus cycle in response to changes of hormone levels
(9,10). However, defects in the apoptotic regulatory pathway may
result in the accumulation of genetically altered cells, leading
to tumorigenesis (10). Induction of apoptosis in tumor cells is
initially thought as an effective protocol for anticancer therapy;
however, cells can subsequently survive and gain resistance to
these treatments through acquisition of apoptotic resistance (11).
Consequently, it becomes an urgent need to develop an effective
protocol of cancer therapy to overcome apoptotic resistance.

The natural flavonoid fisetin (3,7,3'4'-tetrahydroxyflavone)
(Fig. 1A), which is found widely in fruits and vegetables, has
been previously shown to exhibit anticancer activities in various
types of tumor cells, with the capability of inducing cell cycle



470

arrest and apoptosis (12-17). Nevertheless, the crucial anticancer
effects of fisetin in human breast cancer cells remain unclear.
In this study, the cytotoxic and apoptotic effects induced by
fisetin in human breast cancer MCF-7 and MDA-MB-231 cells
were extensively investigated. Interestingly, fisetin was found
to exhibit a robust anticancer activity in caspase-3-deficient
MCF-7 cells. In addition, fisetin-induced apoptosis did not
display these typical features of apoptosis such as DNA frag-
mentation and PS externalization and instead triggered plasma
membrane rupture, mitochondrial depolarization, activation of
caspase-7, -8 and -9, and PARP cleavage in MCF-7 cells, which
can be intensively blocked by caspase inhibition. Furthermore,
inhibition of autophagy by fisetin substantially promoted the
occurrence of cell death in MCF-7 cells. Taken together, our
results suggested that fisetin can be used as a potential candi-
date for developing the therapeutic protocol of human breast
cancers in the future.

Materials and methods

Cell culture and reagents. MCF-7 and MDA-MB-231 human
breast cancer cell lines were routinely maintained in RPMI-
1640 medium (Gibco) and Dulbecco's modified Eagle's medium
(DMEM,; Gibco), and the complete medium was supplemented
with 10% fetal bovine serum. MCF-10A human breast epithelial
cells were kindly provided by Dr Ho Yuan-Soon (School of
Medical Laboratory Science and Biotechnology, Taipei Medical
University, Taiwan), and these cells were maintained in DMEM/
F12 medium (Gibco). Fisetin (3,3'4',7-tetrahydroxyflavone),
Necrostatin-1 (Nec-1), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), propidium iodide (PI), 5,5',6,6'-
tetrachloro-1,1'3,3"-tetraethylbenzimidazolcarbocyanine iodide
(JC-1), pifithrin-a, 3-methyladenine (3-MA) and bafilomycin
Al were purchased from Sigma-Aldrich. z-VAD-fmk was
purchased from Bachem. Antibodies specific to LC3B, poly-
(ADP-ribose) polymerase (PARP), cleaved caspase-7, -8 and -9,
phospho-p53 (Serl5), pS3(DO-1), and goat anti-rabbit IgG-
horseradish peroxidase were obtained from Cell Signaling
Technology. Anti-actin antibody was purchased from Chemicon
International.

Cellviability assay. Cell viability was determined by MTT colo-
rimetric assay. Briefly, cells were seeded at a density of 40,000
cells per well in 6-well plates, and each well was aliquoted with
2 ml of culture medium. Cells were pretreated with inhibitors
for 2 h, washed with PBS, and re-cultured in culture medium
for 5-7 days after treatment with fisetin for 24 h. Subsequently,
the medium was replaced by new medium supplemented with
0.5 mg/ml MTT and incubated for 4 h. The viability of cells
was determined by the measurement of formazan production
converted from MTT, which can be quantified by the develop-
ment of a blue-purple color in dimethyl sulfoxide (DMSO). The
intensity of formazan staining was measured at 545 nm using a
plate reader (Molecular Dynamics, OPTImax), and the relative
percentage of viable cells was calculated by dividing the absor-
bance resulting from the treated cells (the average of six wells) by
that of the control included in each experiment.

Apoptosis, PI uptake assay and mitochondrial membrane
depolarization studies. Apoptotic cells were examined using an
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Annexin V-FITC/PI staining kit (BioVision) according to the
manufacturer's instruction. To measure PI uptake, cells were
harvested after treatment with the indicated concentrations of
fisetin and incubated in culture medium containing 2 pg/ml of
PI. The changes of mitochondrial membrane potential (MMP)
were assayed using the voltage-sensitive lipophilic cationic
dye JC-1. Cells were analyzed by flow cytometry (Becton-
Dickinson), and the percentages of Annexin-V-positive cells, PI
uptake cells and low-MMP cells were calculated using ModFit
LT software (Ver. 2.0, Becton-Dickinson).

Luminescence ATP detection assay. MCF-7 cells were seeded
in 96-well microtiter plates at 4x10* cells per-well and incubated
for 24 h followed by treatment with fisetin. The amount of ATP
was quantified using the ATPlite luminescence assay system
according to the manufacturer's instruction (PerkinElmer).

Western blot analysis. The protocol for total cellular protein
extraction was as described in our previous study (18). Briefly,
equal amounts of total protein (20-60 ug/well) were subjected to
electrophoresis using 10-12% sodium dodecyl sulfate-polyacryl-
amide gels. The polyvinylidene fluoride (PVDF) membranes to
which the proteins were electrophoretically transferred were
first blotted with the indicated primary antibody followed by
subsequent immune blotting using a corresponding horse-
radish peroxidase-conjugated secondary antibody. Finally, the
protein bands were visualized on X-ray film using an enhanced
chemiluminescence detection system (Immobilon™ Western
Chemiluminescent HRP Substrate, WBKLS0500; Millipore).

Statistical analysis. All of the data are represented as the mean +
standard error of the mean (SEM) from at least three independent
experiments. Statistical comparisons were performed by one-way
analysis of variance, and further post-hoc testing was conducted
using the statistical software GraphPad Prism 4 (GraphPad
Software, Inc., San Diego, CA, USA). A p<0.05 was considered
statistically significant.

Results

Fisetin exhibits substantial cytotoxicity in caspase-3-deficient
MCF-7 human breast cancer cells. Although fisetin has been
reported to exhibit some anticancer activities (12-15), its
anticancer effects in human breast cancer remains elusive. To
verify this possibility, we monitored the potential anticancer
activity of fisetin by performing MTT assay using human breast
cancer cells (MCF-7 and MDA-MB-231) and non-tumorigenic
human breast epithelial cells (MCF-10A) treated with various
concentrations of fisetin for 24 h. As shown in Fig. 1B, fisetin
efficiently induced cytotoxicity in human breast cancer cells
but not in MCF-10A cells, indicating the selective cytotoxicity
of fisetin towards cancer cells. Intriguingly, MCF-7 cells were
shown to be more sensitive to the cytoxicity induced by fisetin
than MDA-MB-231 cells (Fig. 1B). It has been reported that
genomic deletion of the caspase-3 gene in MCF-7 cells causes
apoptotic defects and chemoresistance (19,20). Accordingly,
we found that fisetin increased the population of Annexin
V-FITC positive cells in MDA-MB-231 cells but not in MCF-7
cells (Fig. 1C and D). In addition, an increasing amount of
PI-positive cells was found in fisetin-treated MCF-7 cells
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Figure 1. Fisetin induced cytotoxicity and apoptosis in breast cancer cells. (A) The molecular structure of fisetin. (B) MCF-7, MDA-MB-231 and MCF-10A cells
were treated with the indicated concentrations of fisetin for 24 h. The treated cells were then subjected to MTT assay. (C) MCF-7 and MDA-MB-231 cells were
treated with the indicated concentrations of fisetin for 24 h. Annexin V-FITC/PI double staining was performed. (D) The Annexin V-FITC-positive cells were
quantified. The representative “p<0.05 and “p<0.01 indicate significant differences between fisetin-treated and untreated samples.

(Fig. 1C), suggesting a loss of plasma membrane integrity in
fisetin-induced cell death.

Fisetin does not induce necroptosis in MCF-7 cells. The
distinctive form of cell death termed necroptosis is character-
ized by necrotic cell death accompanied by plasma membrane
rupture (21). To investigate whether fisetin additionally induced
necroptosis in MCF-7 cells, the intracellular ATP levels of
fisetin-treated cells were examined. It is known that energy
depletion occurs during necrosis but not during apoptosis (22).
Our result showed ATP levels were well maintained in the dura-
tion of fisetin treatment but strongly declined in response to
the necrosis inducer H,0, (Fig. 2A), suggesting fisetin-induced
death was independent from necrosis. To further verify this
hypothesis, the necroptosis inhibitor necrostatin-1 (Nec-1) was
utilized to test its ability to rescue the cell viability from cells
treated with fisetin (Fig. 2B). Our result demonstrated neither
fisetin-induced plasma membrane rupture nor was cytotoxicity
altered by Nec-1 (Fig. 2C), indicating fisetin did not induce
necroptosis in MCF-7 cells.

Fisetin induces caspase-dependent cell death in MCF-7 cells.
Despite the absence of caspase-3 in MCF-7 cells, the presence of
other apoptosis executioners such as caspase-7 might act as a func-
tionally compensative candidate for caspase-3. To verify whether
caspase activation is necessary for fisetin-induced cell death in
MCEF-7 cells, the effect of pan-caspase inhibitor z-VAD-fmk on
the cell death in fisetin-treated MCF-7 cells was then examined.
Our result showed that both PI uptake and cytotoxicity induced
by fisetin could be rescued by pan-caspase inhibitor z-VAD-fmk
(Fig. 3A and B), suggesting fisetin induced a type of caspase-
dependent cell death in MCF-7 cells. The activation of caspase-7,
-8, and -9 were then monitored based on the measurements of
the corresponding proteolytic cleavages shown on the immuno-
blotted image. Increasing amounts of cleaved caspase-7, -8, and
-9 were observed upon fisetin treatment in a concentration- and
time-dependent manner (Fig. 3C and D). Caspase-7 is known to
be cleaved by several proteases, including caspase-3, -6, -8, -9,
and granzyme B (23-25). Moreover, activation of caspase-7 can
lead to proteolysis of the many substrates of caspase-3, such as
PARP, caspase- 8 and 9 (23,26). As expected, cleavage of PARP
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Figure 2. Fisetin does not induce necroptosis in MCF-7 cells. (A) MCF-7 cells were treated with 100 M fisetin for the indicated time periods or with 200 yM
H,0, for 1 h, and the intracellular ATP levels were analyzed. (B) MCF-7 cells were pretreated with 40 M Nec-1 for 2 h and then exposed to 100 M fisetin for
24 h. Measurement of plasma membrane integrity was performed by PI uptake analysis. (C) MCF-7 cells were pretreated with 40 M Nec-1 for 2 h and then exposed
to 100 uM fisetin for 24 h. The cytotoxicity was examined by MTT assay. The representative “p<0.01 indicates significant differences between fisetin-treated and
untreated samples.

was observed in fisetin-treated MCF-7 cells (Fig. 3C and D),and  Fisetin induces mitochondrial depolarization and p53-indepen-
pretreatment of z-VAD-fmk further abrogated the cleavage of  dent cell death in MCF-7 cells. Apoptosis is induced via two
caspase-7 and PARP (Fig. 3E). main routes involving either mitochondria-mediated caspase-9
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Figure 3. Fisetin induced caspase-dependent cell death in MCF-7 cells. MCF-7 cells were pretreated with 100 M z-VAD-fmk for 2 h then exposed to 100 xM
fisetin for 24 h. The plasma membrane integrity was examined by PI uptake (A). The cytotoxicity was examined by MTT assay (B). The representative “p<0.01

indicates significant differences between fisetin-treated and untreated samples;

"p<0.01 indicates a significant difference between the samples treated with fisetin

alone and those pretreated with z-VAD-fmk. In (C), MCF-7 cells were treated with 25, 50 and 100 M fisetin. In (D), MCF-7 cells were treated with 100 xM
fisetin for 0-24 h. In (E), MCF-7 cells were pretreated with 100 uM z-VAD-fmk for 2 h then exposed to 100 xM fisetin for 24 h. The cell lysates were subjected to

immunoblotting using antibodies specific for caspase-7, -8, -9, PARP and actin.

activation (the intrinsic pathway) or the death receptors-induced
activation of caspase-8 (the extrinsic pathway) (4). Our results
indicated that activation of caspase-9 occurs prior to that of
caspase-8, which suggests that the mitochondrial pathway might
be essential for fisetin-induced apoptosis (Fig. 3C and D). To this
end, we investigated the degrees of mitochondrial depolariza-
tion with the measurements of the decreased rates of MMP in
MCEF-7 cells, which was determined by the fluorescence of the
cationic lipophilic dye JC-1. On the other hand, cells treated with
carbonyl cyanide 3-chlorophenylhydrazone (CCCP), an MMP

disrupter, was used as a positive control. As shown in Fig. 4A,
fisetin induced significant disruption of MMP in a concentration-
dependent manner in MCF-7 cells. Reversely, the mitochondrial
depolarization was efficiently inhibited by z-VAD-fmk (Fig. 4B).

p53 is a tumor suppressor protein that participates in the
intrinsic apoptosis pathway by interacting with Bcl-2 family
proteins to induce mitochondrial outer membrane permeabiliza-
tion (27). The elevated expressing levels of phospho-Serl5 and
total p53 protein induced by fisetin (Fig. 4C) further prompted
us to investigate the involvement of p53 in fisetin-induced apop-
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24 h. The protein levels of phospho-p53 (Serl5), caspase-7, PARP and actin were analyzed by Western blotting (D). The cytotoxicity was examined by MTT assay
(E). The representative “p<0.01 indicates significant differences between fisetin-treated and untreated samples.

tosis in MCF-7 cells. To verify such a possibility, the effects of
P53 inhibitor pifithrin-a on fisetin-induced caspase-7 activation
and PARP cleavage were monitored. As expected, pretreat-
ment of pifithrin-a effectively blocked fisetin-induced p53
phosphorylation in MCF-7 cells. However, the result indicated
fisetin-induced cleavage of caspase-7 and PARP was unaltered
(Fig. 4D). In addition, inhibition of p53 activation did not reduce

fisetin-induced cytotoxicity in MCF-7 cells (Fig. 4E). These
result strongly supported that pS3 did not participate in fisetin-
induced apoptosis.

Fisetin inhibits autophagy in MCF-7 cells. The removal or
functional inhibition of apoptotic essential proteins can activate
autophagy or cause a switch from the apoptotic default pathway
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to massive autophagy in response to cellular stress (28). To
investigate whether fisetin induced autophagy in MCF-7 cells,
the conversion of LC3-I to LC3-II in fisetin-treated MCF-7
cells was monitored by immunoblot analysis. LC3 exists
in two forms, cytosolic LC3-I (autophagy-inactive) and
processed LC3-II (autophagy-active), the latter of which is
localized in autophagosome membranes, and whose levels
are directly proportional to the levels of autophagic vacuoles
(29,30). Intriguingly, treatment of fisetin resulted in transient
decrease of LC3-II expression (Fig. 5A) from 2 to 10 h, which
is accompanied with the cleavages of caspase-7 and PARP,
indicating fistein has negative effects on formation of autopha-
gosomes. To verify this hypothesis, similar experiments were
conduced using MCF7 cells with or without treatment of

bafilomycin Al, a vacuolar-type H*-ATPase inhibitor that has
been frequently used to block autophagosome-lysosome fusion.
Consistently, LC3-II accumulation was efficiently impaired
by fisetin in both the absence and presence of bafilomycin Al
(Fig. 5B), suggesting that endogenous formation of autophagy
prompts cell survival in MCF-7 cells. To further address this
possibility, MTT assay was employed to monitor cell viability
of MCF-7 cells followed by the treatment of the autophagy
inhibitors, 3-MA and bafilomycin Al. 3-MA, a class III PI3K
inhibitor, was found to block autophagosome formation at
the early stage of autophagic process. Both 3-MA and bafilo-
mycin Al significantly impaired the cell viability of MCF-7
cells. Moreover, 3-MA and bafilomycin Al also increased
the Annexin V/PI-positive population (Fig. 5D). Interestingly,
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combination of 3-MA or bafilomycin Al with fisetin augmented
the Annexin V/PI-positive population (Fig. 5D). These results
indicated that inhibition of autophagy readily contributes to the
anticancer effect of fisetin.

Discussion

Resistance of cancer cells to chemotherapy is a major clinical
obstacle to the success of cancer therapy (31). A number
of mechanisms by which human breast cancer cells become
resistant to chemotherapeutic agents have been described (32).
For example, lack of caspase-3 in MCF-7 cells leads to loss of
the ability to carry out normal apoptosis and ultimately offers a
possible mechanism to elicit chemoresistance (19,20). Moreover,
MDA-MB-231 cells that possess normal caspase-3 activity have
been found to be more sensitive to chemotherapy drugs than
MCEF-7 cells (33-35). In contrast, here we demonstrated striking
evidence showing MCF-7 cells were more susceptible to fisetin-
induced cytoxicity than MDA-MB-231 cells, indicating that
fisetin treatment could suppress the chemoresistance produced
by MCEF-7 cells. Fisetin induced caspase-dependent cell death
was characterized by the appearance of several apoptotic
features, including the loss of plasma membrane integrity,

mitochondrial depolarization, caspase-7, -8 and -9 activation,
and PARP cleavage with the exception that DNA fragmentation
and PS externalization were not observed. These results indicate
that fisetin-induced cell death is distinct from the typical type
of apoptosis.

Although caspase-3 has been shown to play a pivotal role
in apoptotic events, such as DNA fragmentation and membrane
blebbing, deficiency of caspase-3 does not affect Bax-induced
levels of PARP cleavage, caspase-6 activation, or lamin B
cleavage (36). MCF-7 cells that lack caspase-3 undergo caspase-
dependent apoptotic cell death, with caspase-7 activation, PARP
cleavage and DNA fragmentation being detected following
Pt (O,0'-acac)(y-acac)(DMS) treatment (37), and the absence
of DNA fragmentation and o-fodrin cleavage following treat-
ment with etoposide or doxorubicin (38), suggesting that the
functional redundancy is evolutionarily maintained within the
members of the caspase family (39). Although caspase-3 and -7
have been shown to share some common substrates, they exhibit
differential activities toward multiple substrate proteins (40). In
particular, caspase-3 is found to be more critical for induction of
certain apoptotic events such as DNA fragmentation (20,41).
Our results further revealed that fisetin induces a novel type
of apoptosis specified with both caspase-7 activation and mito-
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chondrial depolarization but those typical apoptotic features
such as DNA fragmentation or PS externalization were not
observed.

In addition to the basic role in the turnover of proteins and
organelles, autophagy is observed under several pathological
conditions, including myopathy, neuronal degeneration, infec-
tious disease, and cancer (42,43). Both blockage and induction of
autophagy have been reported to be linked to tumor growth. The
impacts of autophagy appears to vary with the intrinsic environ-
mental properties of the tumor cells (44). Increasing evidence
indicates that autophagy facilitates the resistance of cancer cells
against chemotherapy and radiation (45). Recently, fisetin has
been found to induce autophagic cell death through suppres-
sion of the mTOR signaling pathway in prostate cancer cells
(46). However, several flavonoids, including fisetin, have been
shown to have autophagy-inhibitory effects (47). In this study,
we also demonstrated fisetin is a potent inhibitor of autophagy.
Moreover, the autophagy inhibitors 3-MA and bafilomycin Al
was shown to induce cell death in MCF-7 cells. We propose that
autophagy might play a protective role in fisetin-induced cell
death in MCF-7 cells.

Caspase-independent cell death pathways are important
safeguard mechanisms to protect organisms against unwanted
and potential harmful cells when classical apoptotic routes
triggered by caspases are blocked (48). Although early events
involved in the apoptotic pathway are functioning actively in
MCEF-7 cells, caspase-3 deficiency might ultimately contribute
to chemoresistance (49). Anticancer agents that elicit alterna-
tive forms of cell death turn out as promising candidates to
be applied in the future development of anticancer therapy.
Mutation of the p53 gene is frequently observed in human
breast cancers and has been considered as another major cause
involved in chemotherapy and radiotherapy resistance (50).
Nonetheless, our results indicate that fisetin induced cell death
is independent of p53. Consequently, the functional feature of
fisetin to induced cell death in cancer cells is characterized by
its ability to overcome the drug resistance elicited by defects of
caspase-3 and/or p53-mediated cell death pathways.

Taken together, our results demonstrated that the natural
flavonoid fisetin exhibits a selective anticancer activity in
caspase-3-deficient MCF-7 cells through induction of an atypical
form of apoptosis and inhibition of autophagy. Fisetin-induced
apoptosis is associated with plasma membrane ruptures, mito-
chondrial depolarization, and activation of caspase-8, -9, and
-7 (Fig. 6). These results provide supporting evidence to allow
fisetin being recognized as a potential chemotherapeutic agent
for human breast cancer.
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