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Summary Protoapigenone, a natural derivative of the
flavonoid apigenin, has been shown to exhibit potent
antitumor activity in vitro and in vivo; the precise
mechanism of action, however, is not fully elucidated. In
this study, we investigated and compared the mechanisms
by which protoapigenone and apigenin caused cell death in
the human breast cancer MDA-MB-231 cells. Flow
cytometry analysis revealed that protoapigenone induced
apoptosis with 10-fold greater potency than apigenin.
Cancer cells treated with protoapigenone resulted in
persistent activation of mitogen-activated protein kinase
(MAPK) ERK, JNK, and p38, hyperphosphorylation of
Bcl-2 and Bcl-xL, and loss of mitochondrial membrane
potential (MMP). The MAPK inhibitors effectively pre-

vented the loss of MMP and apoptosis induced by
protoapigenone. Treatment of cells with protoapigenone
led to increased levels of reactive oxygen species (ROS)
and decreased levels of intracellular glutathione. The thiol-
antioxidant N-acetylcysteine abolished protoapigenone-
induced MAPK activation, mitochondrial dysfunction, and
apoptosis. These results suggest that the induction of
oxidative stress preceding the activation of MAPK is
required to initiate the mitochondria-mediated apoptosis
induced by protoapigenone. Additionally, protoapigenone-
induced JNK activation was linked to thiol modification of
glutathione S-transferase π (GSTpi), which impeded GSTpi
inhibition of JNK. In contrast to protoapigenone, apigenin-
induced apoptosis was neither dependent on ROS nor on
MAPK. Structure-activity relationship studies suggested
that the thiol reacting effect of protoapigenone might be
associated with an α, β-unsaturated ketone moiety in the
structure of ring B.
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Abbreviations
CCCP carbonyl-cyanide-m-chloro-phenyl-hydrazine
CDNB 1-chloro-2, 4-dinitrobenzene
GSTpi glutathione S-transferase π
H2DCFDA 2′, 7′-dichlorodihydrofluorescein diacetate
MAPK mitogen-activated protein kinase
MMP mitochondrial membrane potential
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MTT 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl
tetrazolium bromide

NAC N-acetylcysteine
PBS phosphate-buffered saline
PI propidium iodide
ROS reactive oxygen species
zVAD-fmk Z-Val-Ala-Asp (OMe)-fluoromethyl ketone

Introduction

Breast cancer is the second-most common and leading
cause of cancer death among women [1]. Although
chemotherapy is routinely used in the treatment of
metastatic breast cancer; a large proportion of the patients
does not benefit from the treatment and may suffer from
severe adverse effects [2, 3]. Therefore, there is an urgent
need to develop mechanism-based strategies and to discov-
er new potential anti-cancer drugs for the treatment of
metastatic breast cancer.

Plant-derived flavonoids have recently received a great
deal of attention because of their antioxidant, antiviral,
antiplatelet, anti-mutagenic, anti-inflammatory, and antitu-
mor activities [4–6]. Flavonoids such as quercetin, luteolin
and apigenin were expected to be not only a promising
cancer-preventive agent contained in foods but also a
candidate of chemotherapeutic agents [7, 8]. In our
previous study, seven flavonoids were isolated from
Thelypteris torresiana using bioactivity-guided fraction-
ation methods [9]. Among them, a novel flavone proto-
apigenone exhibited significant anti-tumor activities toward
HepG2, Hep3B, MCF-7, A549, and MDA-MB-231 with
IC50 values ranging from 0.23 to 3.88 μM. Follow-up
studies showed that protoapigenone decreased the viability
of cancer cells through induction of cell cycle arrest and
apoptosis [10, 11]. In a nude mouse xenograft model,
protoapigenone also exhibited significant antitumor activity
against human ovarian cancer cells and prostate cancer cells
[10, 11]. In addition, the proapoptotic effect of protoapige-
none was due to, at least in part, its ability to activate JNK
and p38 in cancer cells [11]; however, the precise
mechanism accounting for this effect remains unclear.

In this study, we investigated the anticancer effect and
the mechanism of action of protoapigenone in MDA-
MB-231 cells, which are highly metastatic human breast
cancer cells. Moreover, apigenin, one of the most
common flavonoids with a structure similar to proto-
apigenone, was examined in parallel with protoapigenone
to determine the possible structure-activity relationships.
Our results show for the first time that protoapigenone,
but not apigenin, induced apoptosis through oxidative
stress-mediated MAPK activation, and this activity may

be associated with an α, β-unsaturated ketone moiety in
the ring B of protoapigenone.

Materials and methods

Drugs and chemicals

Protoapigenone (Fig. 1a) was isolated from Thelypteris
torresiana as described previously [9] with purities exceed-
ing 98% as determined by HPLC. Protoapigenone was
dissolved in DMSO, and the final concentration of DMSO in
culture medium was 0.2%. Anti-JNK polyclonal antibody was
purchased from Upstate. Anti-phopho-p38 and anti-GSTpi
(3F2) antibodies were purchased from Cell Signaling Technol-
ogy; all other antibodies were from Santa Cruz Biotechnology
Inc. 2′,7′-Dichlorodihydrofluorescein diacetate (H2DCFDA),
monochloromobimane, and DiOC6(3) were obtained from
Molecular Probes (Eugene, OR). Z-Val-Ala-Asp (OMe)-
fluoromethyl ketone (zVAD-fmk) was obtained from Calbio-
chem (Biosciences, Inc). Apigenin, λ-phosphatase, U0126,
SP600125, SB202190, N-acetylcysteine (NAC), 3-(4,5-di-
methyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT),
propidium iodide (PI) and all other chemicals were obtained
from Sigma Chemical Co.

Cell culture

MDA-MB-231 human breast cancer cells were obtained
from American Tissue Culture Collection. Cells were
incubated at 37°C in a humidified atmosphere containing
5% CO2 in RPMI 1640 medium, supplemented with 10%
fetal bovine serum, penicillin (100 IU/ml) and streptomycin
(100 μg/ml). The cells were harvested by trypsinization and
plated 24 h before treatment with the test drugs.

Evaluation of cell viability

1×104 cells were plated into each well of a 96-well plate
and treated with the various concentrations of drugs for
different indicated times. At the end of each time point,
100 μl of MTT solution (0.5 mg/ml) was added to each
well. Cells were then incubated at 37°C for 1 h. The MTT
crystals in each well were solubilized in 100 μl of DMSO.
Absorbance was read at 550 nm.

Measurement of DNA fragmentation

2×105 cells were seeded onto each well of a 6 well plate
and treated with the various concentrations of drugs for the
indicated times. At the end of each time point, cells were
trypsinized, washed with ice-cold phosphate-buffered saline
(PBS), and then fixed overnight in 70% ethanol at 4°C.
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After fixation, cells were washed and incubated in PBS
containing 25 μg/ml RNase and 0.5% Trition-X100 for 1 h at
37°C. Finally, cells were stained with 50 μg/ml propidium
iodide (PI) for 15 min at 4°C in the dark. The DNA content of
cells was quantified by FACScan flow cytometry (Beckman
Coulter, EPICS XL-MCL). The percentage of cells with
hypodiploid DNA content (subG1) represented fraction
undergoing apoptotic DNA fragmentation.

Annexin V/PI staining

2×105 cells were seeded onto each well of a 6-well plate
and treated with DMSO or protoapigenone for different
indicated times. Harvested cells were washed with PBS and
stained with annexin V and PI for 15 min at room
temperature in the dark according to the manufacturer’s
protocol (BD Pharmingen). Apoptotic cells were quantified
by FACScan flow cytometry (Beckman Coulter, EPICS

XL-MCL). Stained cell populations were defined as: lower
left quadrant, living cells (annexin V−/PI−); lower right
quadrant, early apoptotic cells (annexin V+/PI−); upper right
quadrant, late apoptotic cells (annexin V+/PI+); upper left
quadrant, primary necrotic cells (annexin V−/PI+).

Assessment of mitochondrial membrane potential (MMP)

The change of MMP was determined as described
previously with some modifications [12]. 3×105 cells were
seeded onto each well of a 6 well plate and treated with the
test drugs for the indicated times. At the last 30 min of the
incubation period, cells were loaded with 40 nM DiOC6(3)

in the dark. The cells were then harvested and resuspended
in ice-cold PBS. The fluorescence intensities of cells were
measured immediately by flow cytometry, at respective
wavelengths for excitation and emission of 484 and
500 nm.

Fig. 1 Effects of protoapigenone and apigenin on cell viability of
MDA-MB-231 cells. (a) Chemical structures of protoapigenone and
apigenin. MDA-MB-231 cells were treated with the indicated

concentrations of protoapigenone (b) or apigenin (c) for 24 and
48 h, respectively, and cell viability was determined by the MTT
assay, Results are presented as means±S.E.M. (n=3)
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Western blot assay

Western blot analysis was performed as previously described
[13]. Cell lysates were prepared and proteins were separated
by SDS-PAGE and transferred to a nitrocellulose membrane,
followed by visualization using the enhanced chemilumines-
cence (ECL) reagent (Amersham Pharmacia Biotech). For
analysis of disulfide-bonded protein by non-reducing SDS-
PAGE, drug-treated cells were washed with PBS at the
indicated times and then incubated with iodoacetamide
(40 mM) for 5 min to prevent thiol-disulfide exchange and
post-lysis oxidation of free cysteines [14]. Moreover, samples
were diluted in SDS-sample buffer without reducing agents
before loading onto SDS-polyacrylamide gels.

Detection of reactive oxygen species

The intracellular accumulation of ROS, including H2O2 and
other peroxides, was monitored using the fluorescent probe
H2DCFDA [15, 16]. At the end of the treatments, cells were
loaded with 20 μM H2DCFDA and incubated at 37°C for
30 min in the dark. Cells were then collected and
resuspended in PBS. The fluorescence was measured
immediately by flow cytometry.

Determination of intracellular glutathione levels

The content of intracellular glutathione was determined
using monochlorobimane [17]. Briefly, after treatments,
cells in 96-well plates were loaded with 100 μM mono-
chlorobimane for 30 min in the dark. Then, plates were read
on a micro-plate reading fluorometer using excitation and
emission wavelengths of 390 and 460 nm, respectively.

Determination of JNK-GSTpi association
by immunoprecipitation (IP)

Anti-JNK rabbit antibody was conjugated to magnetic
beads (Dynabeads Protein A, Invitrogen) according to the
manufacturer’s protocol. Cells were harvested and lysed in
lysis buffer (50 mM Tris–HCl, 150 mM NaCl, 1 mM
EDTA, 1 mM EGTA, 1% Triton-X100, 20 μg/ml leupeptin,
2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl-
fluoride, 5 mM sodium fluoride, and 5,000 U/ml aprotinin).
Cell lysates (300 μg protein) were incubated with anti-JNK
antibody- conjugated Dynabeads in IP buffer (50 mM Tris-
HCl at pH 8.0, 150 mM NaCl, 1% NP-40, and protease
inhibitors) for 1 h at 4°C. Beads were captured using a
magnetic particle concentrator (Invitrogen). After three
washes in 0.5 ml of IP buffer, beads were resuspended
and boiled in 40 μl of Laemmli reducing sample buffer.
The eluates were subjected to SDS-PAGE. Mouse mono-
clonal anti-GSTpi (1:1000), and mouse anti-JNK (1:1000)

antibody were used as primary antibodies and detected by
ECL reagent.

Assay of GSTpi activity

Cell lysates were prepared and aliquots of the supernatant
were used to measure the GSTpi activity according to the
method of Habig et al. [18]. The reactionmixture was carried
out in 0.1 M potassium phosphate buffer with 1 mM EDTA
(pH 6.5), containing 1 mM glutathione, and 0.5 mM 1-chloro-
2, 4-dinitrobenzene (CDNB). Enzyme activity was measured
spectrophotometrically at 340 nm for 5 min. The rate of
spontaneous conjugation of glutathione to CDNB was
subtracted from the rates of GSTpi-catalyzed reaction. GSTpi
activity was defined as the amount of enzyme that was able to
catalyze the conjugation of 1 nmol of CDNB with glutathione
per minute at 25°C, and it was referred to as the protein
content of each sample. The results of the inhibition assays are
presented as percentage of control values.

Statistics

Data are presented as means±S.E.M. and comparisons were
made using Student’s t test. A probability of 0.05 or less
was considered statistically significant.

Results

Protoapigenone causes cytotoxicity in MDA-MB-231 cells

To examine the cytotoxicity of protoapigenone,MDA-MB-231
cells were treated with increasing concentrations of protoapi-
genone for up to 48 h and cell viability was determined by the
MTT assay. Figure 1b showed that protoapigenone reduced
cell viability of MDA-MB-231 cells in a concentration- and
time-dependent manner. The IC50 value of protoapigenone
was 4.7 μM and 1.6 μM at 24 and 48 h after treatment,
respectively. In contrast, much higher concentrations of
apigenin were required to inhibit the cell viability of MDA-
MB-231 cells (IC50=34.6 μM at 48 h after treatment, Fig. 1c).

Caspases are involved in protoapigenone-induced apoptosis

To explore whether cytotoxicity of protoapigenone was
associated with the induction of apoptosis, MDA-MB-231
cells were treated with 3 or 10 μM protoapigenone for up to
48 h and the ploidy state of cells was analyzed by flow
cytometry after propidium iodide (PI) staining nuclei. As
shown in Fig. 2a, protoapigenone induced a concentration-
and time-dependent increase in the proportion of subG1
population, suggesting that the cells underwent DNA frag-
mentation which is a hallmark of apoptosis. At 48 h, the
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subG1 population increased significantly from 4.8% in the
control to 12.6% and 25.5% in cells treated with 3 and 10 μM
protoapigenone, respectively. Apigenin also induced DNA
fragmentation in MDA-MB-231 cells, but the potency was
about 10-fold less than that of protoapigenone. In order to
further confirm that protoapigenone induces apoptosis, MDA-
MB-231 cells treated with the drug were double stained with
annexin V-FITC and PI, and analyzed by flow cytometry.
Annexin V and PI staining allows to discriminate between
living cells (annexin V−/PI−), early apoptotic cells (annexin
V+/PI−), late apoptotic cells (annexin V+/PI+), and primary
necrotic cells (annexin V−/PI+). Figure 2b shows that
treatment of MDA-MB-231 cells with protoapigenone
(3 μM) for 24 h or 48 h induced apoptosis (annexin V-
positive cells, right quadrants) in a time-dependent manner.
At 48 h, the PI-positive only population also significantly
increased in protoapigenone-treated cells, suggesting that
prolonged exposure of the drug could induce necrotic death.
We next examined the role of caspases in protoapigenone-

induced apoptosis. The activation of caspases was deter-
mined by a decrease in pro-enzyme levels using Western blot
analysis. Figure 2c showed that the protein levels of pro-
caspase-9 and -3 were significantly decreased in MDA-MB-
231 cells after exposure of protoapigenone (10 μM) or
apigenin (60 μM) for 24 h. The activation of caspase-3 was
further confirmed by detecting the degradation of PARP,
which is a DNA repair enzyme and undergo cleavage by
caspase-3 during apoptosis. When MDA-MB-231 cells were
pretreated with the general caspase inhibitor zVAD-fmk,
both protoapigenone- and apigenin-induced cleavage of
PARP were prevented; however, apoptosis caused by these
two flavones were only partially reversed (Fig. 2d and e).

Protoapigenone causes the mitochondrial dysfunction
and Bcl-2 and Bcl-xL phosphorylation

To further confirm whether mitochondria-mediated path-
way was involved in protoapigenone and/or apigenin-

Fig. 2 Protoapigenone and apigenin induce caspase-dependent apoptosis
in MDA-MB-231 cells. (a) Cells were treated with the indicated
concentrations of protoapigenone or apigenin for 24 and 48 h,
respectively. Apoptosis was determined by flow cytometry analysis of
DNA fragmentation of PI-stained nuclei. (b) Cells were treated with
protoapigenone (3 μM) for 24 and 48 h, respectively. After incubation,
cells were stained with annexin V and PI and analyzed by flow
cytometry. (c) Cells were treated with protoapigenone (3 and 10 μM) or
apigenin (30 and 60 μM) for 24 h. Total cell lysates were prepared and

aliquots containing 100 μg of protein were subjected to SDS-PAGE
followed by Western blot analysis with the antibodies indicated. (d and
e) Cells were pretreated with or without zVAD-fmk (100 μM) for 1 h
and followed by the treatment of protoapigenone or apigenin for another
48 h. The cleavage of PARP (d) and the percentage of subG1 cells (e)
were determined by Western blot and flow cytometry, respectively.
Results in (a) and (e) are presented as mean±S.E.M. (n=3). **P<0.01,
***P<0.001 as compared with the respective control
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induced apoptosis, the changes of MMP were measured by
flow cytometry using DiOC6(3). The mitochondrial uncou-
pler CCCP was used as a positive control for the reduction
of MMP. As shown in Fig. 3a, CCCP (10 μM) induced a
significant decrease in MMP at 6 h and 12 h after treatment.
In a similar manner, protoapigenone and apigenin also
induced remarkable losses of MMP after 6 h and 12 h of
treatment, indicating mitochondrial dysfunction occurred at
the early stage of apoptosis.

Next, we examine whether mitochondrial dysfunction
induced by protoapigenone and apigenin were associated
with a change in the expression of Bcl-2 family proteins. As
shown in Fig. 3b, neither protoapigenone nor apigenin
significantly affected the protein levels of Bax, Bcl-2, and
Bcl-xL. However, protoapigenone treatment caused a mobil-
ity shift of Bcl-2 and Bcl-xL on SDS-PAGE, and the change
in mobility was prevented when the cell lysates were treated
with λ phosphatase before electrophoresis (Fig. 3c). These
results clearly demonstrated that protoapigenone was capable
of induction of Bcl-2 and Bcl-xL hyperphosphorylation. In

contrast, apigenin had no such effect on the Bcl-2 family
proteins.

Protoapigenone-induced Bcl-2 and Bcl-xL phosphorylation
are associated with the MAPK pathways

Numerous studies have suggested that MAPKs play an
important role in cells growth and apoptosis [19, 20]. Besides,
activation of the JNK signaling pathway leads to the
phosphorylation of many proteins, including Bcl-2 and Bcl-
xL [21, 22]. To examine whether protoapigenone and
apigenin activated MAPKs in MDA-MB-231 cells, the
changes in the activity of MAPKs, including ERK, JNK,
and p38 were determined by immunoblotting with antibodies
specifically recognizing the active phosphorylated forms. In
both protoapigenone (10 μM)- and apigenin (60 μM)-treated
MDA-MB-231 cells, activation of ERK was detectable
within 1 h and peaked at 12 h after drug addition (Fig. 4a).
Protoapigenone also induced remarkable and lasting activa-
tion of JNK and, to a less extent, activation of p38. In contrast,

Fig. 3 Effects of protoapigenone and apigenin on mitochondrial
membrane potential (MMP) and Bcl-2 family proteins. (a) MDA-MB-
231 cells were treated with indicated concentrations of protoapigenone
or apigenin for 6 or 12 h. Carbonyl-cyanide-m-chloro-phenyl-
hydrazine (CCCP, 10 μM) was used as a positive control. The change
in MMP was determined by flow cytometry using DiOC6(3)

fluorescence dye (40 nM), which was added to media for the last
30 min of incubation. Results are presented as means±S.E.M. (n=3).
*P<0.05, ***P<0.001 as compared with the respective control. (b)

Cells were treated with indicated concentrations of protoapigenone or
apigenin for 24 h. Total cell lysates were prepared and subjected to
SDS-PAGE followed by Western blot analysis with the antibodies
indicated. (c) After cells were treated with protoapigenone (10 μM)
for 24 h, cell lysate was incubated with or without λ phosphatase
(20,000 U/ml) for 30 min at 30°C. The phosphorylation states of Bcl-2
and Bcl-xL proteins were detected by Western blot analysis
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apigenin induced significant p38 activation within 1 h,
reached a peak at 6 h, and declined toward base line at 12 h
after treatment. In order to examine whether the activation of
MAPKs was required for protoapigenone- and apigenin-
induced apoptosis, MDA-MB-231 cells were pretreated with
the ERK inhibitor U0126, the JNK inhibitor SP600125, or the
p38 inhibitor SB202190 before the addition of protoapige-
none or apigenin. After a 48 h treatment of protoapigenone,
U0126, SP600125, and SB202190 decreased the percentage
of apoptotic cells (SubG1) from 25.5% to 9.2%, 10.5%, and
11.6%, respectively (Fig. 4b). Moreover, protoapigenone-
induced collapse of MMP and Bcl-2 phosphorylation were
also prevented by the MAPK inhibitors (Fig. 4c and d). These
results indicated that MAPKs performed crucial functions and

might lie upstream of the Bcl-2 family in protoapigenone-
induced apoptotic cascade. In contrast, these specific MAPK
inhibitors failed to decrease apoptosis induced by apigenin
(Fig. 4b), suggesting that MAPKs did not play a role in
apigenin-induced apoptosis, despite these kinases were
activated in apigenin-treated cells.

Protoapigenone induces change of redox status
in MDA-MB-231 cells

Since oxidative stress is a mediator of apoptotic cell death
and MAPKs are the major oxidative stress-sensitive signal
transduction molecules [23, 24], we sought to determine
whether protoapigenone could alter the redox status in

Fig. 4 Activation of MAPKs were involved in protoapigenone-, but
not apigenin, induced apoptotic events. (a) Cells were treated with
protoapigenone (10 μM) or apigenin (60 μM) and harvested at the
indicated times. Total cell lysates were prepared and subjected to SDS-
PAGE followed by Western blot analysis with the antibodies indicated.
(b) Cells were pretreated with or without U0126 (U, 2 μM), SP600125
(SP, 15 μM), or SB202190 (SB, 15 μM) for 4 h, and followed by the
treatment of protoapigenone (10 μM) or apigenin (60 μM) for another
48 h. Apoptosis was assessed by sub-G1 DNA contents. (c) Cells were

pretreated with the MAPK inhibitors as mentioned above, and
followed by the treatment of protoapigenone for another 6 h. After
treatment, cells were stained with DiOC6(3) and the change in MMP
were analyzed by flow cytometry. Results in (b) and (c) are presented
as means±S.E.M. (n=3). *P<0.05, **P<0.01, ***P<0.001 as
compared with the respective control. (d) After pretreatment of the
MAPK inhibitors for 4 h, cells were challenged with protoapigenone
(10 μM) and incubated for another 24 h. The protein levels of Bcl-2
and Bcl-xL were analyzed by Western blot
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MDA-MB-231 cells. Figure 5a showed that protoapigenone
(10 μM) induced a transient ROS burst at 1 h and declined at
3 h after treatment. Coincidently, total contents of intracel-
lular glutathione decreased after protoapigenone treatment in
a time-dependent manner (Fig. 5b). Similar to protoapige-
none, apigenin (60 μM) also induced an increase in the
intracellular ROS levels and a decrease in the intracellular
glutathione contents (Fig. 5a and b). These results
suggested that both protoapigenone and apigenin disturbed
intracellular redox balance and elicited oxidative stress in
MDA-MB-231 cells.

N-acetylcysteine prevents protoapigenone-induced
responses in MDA-MB-231 cells

We next wanted to determine whether oxidative stress plays a
role in protoapigenone and apigenin-induced apoptosis.
Pretreatment of MDA-MB-231 cells with a thiol-antioxidant
N-acetylcysteine (NAC, 2.5 mM) for 1 h prevented
protoapigenone-induced ROS formation and glutathione
depletion (Fig. 6 a and b). Furthermore, NAC suppressed
protoapigenone-induced apoptosis, MMP collapse, caspase
activation, PARP cleavage, and phosphorylation of Bcl-2
family proteins and MAPKs (Fig. 6 c, d, and e). In contrast,
although NAC also prevented apigenin-induced oxidative
stress (Fig. 6 a and b), it had no effects on apigenin-induced
MAPK activation and apoptosis (Fig. 6c, e, and f). To
confirm the generality of the results, we tested the effects of
the flavonoids on another human breast cancer cell line
MCF-7 and an oral squamous cell carcinoma cell line Ca9-
22. Our results showed that both protoapigenone and
apigenin induced apoptosis in these two cancer cell lines;
however, only the proapoptotic effect of protoapigenone
could be significantly prevented by NAC (Fig. 6g).

Protoapigenone induces dissociation of the JNK-GSTpi
complex by thiol modification of GSTpi

Glutathione S-transferases (GSTs) have been shown to be
endogenous inhibitors of MAPKs. It was reported that GSTpi
binds to and inhibits JNK via protein-protein interaction. The
inhibition of JNK activity by GSTpi can be reversed by
oxidative stress, which causes oligomerization of GSTpi and
dissociation of the GSTpi-JNK complex and consequently,
leads to JNK activation [25, 26]. Therefore, we intended to
examine whether protoapigenone-induced JNK activation
was due to the disruption of GSTpi-JNK complex. MDA-
MB-231 cells were treated with protoapigenone (10 μM) for
up to 6 h, and then the cell lysates were immunoprecipitated
with anti-JNK antibody and subjected to Western blot
analysis. As shown in Fig. 7a, GSTpi co-precipitated with
JNK was markedly reduced after 3 h treatment of proto-
apigenone, indicating that protoapigenone induced dissocia-
tion of JNK and GSTpi at very early timepoints during
apoptosis.

We next determined whether protoapigenone disrupted
GSTpi-JNK complex through thiol modification of GSTpi.
Non-reducing SDS-PAGE revealed that when cells were
treated with either protoapigenone (10 μM) or H2O2

(250 μM) for up to 6 h, the amounts of monomer form of
GSTpi were decreased, while some higher molecular
weight bands corresponding to disulfide-linked GSTpi were
increased (Fig. 7b). To verify whether the GSTpi activity
was affected by the thiol oxidation caused by protoapige-
none, the GSTpi enzyme activity was evaluated both in
intact cells and in a cell-free system. Figure 7c shows that
when MDA-MB-231 cells were treated with protoapige-
none (10 μM) for 6 h, the GSTpi enzyme activity was
decreased to 66.0% of the control value. In the cell-free

Fig. 5 Effects of protoapigenone and apigenin on redox state in
MDA-MB-231 cells. (a) Cells were treated with protoapigenone
(10 μM) or apigenin (60 μM) for indicated periods. After treatments,
cells were loaded with H2DCFDA (10 μM) to determine ROS
generation and analyzed by flow cytometry. (b) After treatment of

protoapigenone (10 μM) or apigenin (60 μM) for the indicated times,
cells were loaded with monochlorobimane (100 μM) for determining
intracellular glutathione contents. Results are presented as mean±S.E.
M. of 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001
as compared with the respective control
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system, MDA-MB-231 cell lysates were incubated with
protoapigenone for 10 min at 25°C, the enzyme activity
was also reduced and the IC50 value for protoapigenone
was 26.3±4.8 μM. Ethacrynic acid, a known inhibitor of
GSTpi, inhibited GSTpi activity in cell lysates with an IC50

value of 6.0±2.1 μM. However, a higher concentration of
ethacrynic acid (200 μM) was required to effectively inhibit
GSTpi in intact cells (Fig. 7c).

Discussion

In this study, we demonstrated that both apigenin and its
derivative protoapigenone induced apoptosis through the
mitochondrial pathway in human breast cancer MDA-MB-
231 cells, as evidenced by increases in subG1 cells,
phosphatidylserine externalization, loss of MMP, activation

of caspase-9 and -3, and cleavage of PARP. Because
pretreatment of MDA-MB-231 cells with zVAD-fmk only
partly prevented protoapigenone- or apigenin-induced DNA
fragmentation, suggesting that the caspase-independent
death effectors released from mitochondria, such as
apoptosis-inducing factor (AIF), endonuclease G (EndoG),
and Omi/HtrA2, may be also involved in the apoptotic
induction. On the other hand, prolonged treatment of
protoapigenone could also induce necrotic death in MDA-
MB-231 cells.

MAPKs have been implicated in mediating apoptosis
[27]. Stress-activated JNK and p38 can induce
mitochondria-dependent apoptosis in many types of cancer
cells [28–30]. Although ERK activation caused by mito-
gens contributes to cell proliferation and survival, emerging
evidence have suggested that stress-activated ERK can
exert apoptotic influence when its activation tends to be

Fig. 6 Effects of N-acetylcysteine (NAC) on protoapigenone- and
apigenin-induced responses in MDA-MB-231 cells. Cells were
pretreated with or without NAC (2.5 mM) for 1 h, and followed by
the treatment of protoapigenone (10 μM) or apigenin (60 μM) for
another 1 h (a), 3 h (b), 6 h (d), 24 h (e, f), or 48 h (c). Flow
cytometry was used to analyze ROS generation (a), intracellular
glutathione contents (b), the proportion of cells in subG1 phase (c),
and the loss of MMP (d). (g) MCF-7 and Ca9-22 cells were treated

with protoapigenone (10 μM) or apigenin (60 μM) for 48 h in the
absence or presence of NAC (2.5 mM). After incubation, the
proportion of cells in subG1 phase was analyzed by flow cytometry.
Results are presented as mean±S.E.M. of 3 independent experi-
ments. **P<0.01, ***P<0.001 as compared with the respective
control. (e and f) Total cell lysates were prepared and subjected to
SDS-PAGE followed by Western blot analysis with the antibodies
indicated
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delayed and sustained [20, 27, 31, 32]. In a previous study,
protoapigenone was showed to induce activation of JNK
and p38 in human prostate cancer cells [11]. We show here
that in addition to JNK and p38, protoapigenone also
induced persistent activation of ERK. Using selective
inhibitors of ERK, JNK, and p38, we have demonstrated
that all these MAPKs are involved in protoapigenone-
induced apoptosis. Furthermore, the ability of MAPK
inhibitors for preventing protoapigenone-induced apoptosis
is superior to that of zVAD-fmk, indicating that MAPKs
may also mediate caspase-independent apoptotic processes
such as mitochondria-released AIF during protoapigenone-
induced cell death. Bcl-2 family members are the main site
of action for MAPKs in mitochondria. It has been known
that MAPKs inhibit the function of antiapoptotic Bcl-2
family members via multiple-site phosphorylation of Bcl-2
or Bcl-xL [33–36]. For example, JNK phosphorylates
Bcl-2 at Thr56, Thr69, Ser70, and Ser87 [33, 37], whereas
p38 phosphorylates Bcl-2 at only Ser87 and Thr56 [36].
Phosphorylation of Bcl-2 on these residues results in loss of

its capacity to heterodimerize with Bax and finally leads to
mitochondria-dependent apoptosis [22, 38–41]. In the
present work, the hyperphosphorylation of Bcl-2 and Bcl-
xL was correlated well with protoapigenone-induced
MAPK activation and MTT loss, suggesting that this event
might be linked to apoptotic death caused by protoapige-
none. In contrast to protoapigenone, though apigenin also
elicited activation of MAPKs, it did not induce hyper-
phosphorylation of Bcl-2 proteins, and MAPK inhibitors
failed to prevent mitochondrial dysfunction and apoptosis
caused by apigenin. This indicates that MAPK activation is
not a prerequisite for apigenin-induced apoptotic death in
MDA-MB-231 cells.

The cellular redox state is primary a consequence of the
net balance between the levels of ROS and endogenous
thiol antioxidants present in cells, which protect cells from
oxidative damage. When ROS production exceeds the
buffering capacity of thiol antioxidants, cellular oxidative
stress increases and leads to sustained activation of MAPKs
and apoptosis [42, 43]. Because the mechanism underlying

Fig. 6 (continued)
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protoapigenone-induced MAPK activation has not been
explored in previous studies [11], we wanted to examine
whether protoapigenone activated the MAPK pathway
through increasing cellular oxidative stress. In our experi-
ments, protoapigenone induced rapid ROS production and
coincidently decreased the glutathione levels in MDA-MB-
231 cells, suggesting that protoapigenone disrupted the
redox balance and increased cellular oxidative stress.
Pretreatment of cancer cells with NAC, which is a thiol
antioxidant and a precursor of glutathione, resulted in
inhibition of the activation of MAPKs, the phosphorylation
of Bcl-2 and Bcl-xL, the loss of MMP, the activation of
caspases, the cleavage of PARP, and the apoptosis induced
by protoapigenone. These results clearly demonstrated that
the change of redox state is an early and crucial event in
protoapigenone-induced apoptosis and lies upstream of the
signaling molecules including MAPKs. In contrast, al-
though apigenin also markedly induced ROS production
and reduced glutathione levels in MDA-MB-231 cells,
elimination the oxidative stress by NAC did not reverse
apigenin-induced apoptosis, suggesting that redox imbal-
ance is not essential for its cytotoxicity. These results are
consistent with a previous study in which protein kinase
Cδ, but not ROS and MAPK, played an important role in

apigenin-induced apoptosis in leukemia cells [44]. In
addition, apigenin has been reported to induce apoptotic
death in breast cancer cells through inhibition of the PI3K/
Akt pathway [45, 46]. Therefore, apigenin could still exert
cytotoxicity by these mechanisms even though ROS
production has been prevented by antioxidants. The differ-
ences in potency and mechanism of action between
apigenin and protoapigenone may be resulted from that
protoapigenone, but not apigenin, possesses an α, β-
unsaturated ketone moiety in the structure of ring B. We
have also previously observed that an analogous of
protoapigenone, protoapigenin, which contains a hydroxyl
group instead of a ketone in the ring B exhibiting weak
antitumor activity [9]. It is known that α, β-unsaturated
ketone involved in Michael addition reactions to thiols [47,
48]. Several anticancer agents containing α, β-unsaturated
ketone, including doxorubicin, camptothecin, have been
shown to exert cytotoxic effects via thiol modification in
cancer cells [49–51]. Therefore, protoapigenone may react
directly and interfere with cellular thiol-containing mole-
cules that involved in regulating cell survival and death.

GSTpi is one of thiol-containing molecule may affected
by protoapigenone. It was known that the Cys47 residue in
GSTpi is highly reactive towards unsaturated aldehydes and

Fig. 7 Effects of protoapigenone on JNK-GSTpi complex association
and GSTpi activity. (a) Protoapigenone disrupts JNK-GSTpi associ-
ation. MDA-MB-231 cells were treated with protoapigenone (10 μM)
for 1, 3, or 6 h. After treatment, samples were immunoprecipitated
with anti-JNK antibody and processed for immunoblot analysis using
antibodies to JNK and GSTpi. (b) Protoapigenone causes the
formation of disulfide-linked GSTpi. Cells were treated with proto-

apigenone (10 μM) or H2O2 (250 μM) for the indicated periods. The
disulfide linked-GSTpi were analyzed by non-reducing versus
reducing SDS-PAGE. (c) Effects of protoapigenone on GSTpi activity.
MDA-MB-231 cells were treated with protoapigenone (3 and 10 μM)
or ethacrynic acid (100 and 200 μM) for 6 h. The activity of GSTpi
was then measured as described in “Materials and Methods”. Results
are presented as mean±S.E.M. of 3 independent experiments. **P<

0.01, ***P<0.001 as compared with control
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ketones and the modification of Cys47 can lead to loss of
GSTpi activity [52–54]. Alternatively, formation of inter-
subunit disulfide bonds between of cysteine residues of
GSTpi upon oxidative stress results in oligomerization of
GSTpi and dissociation of GSTpi-JNK complex [25, 55]. In
this study, protoapigenone-induced JNK activation was
accompanied by the oligomerization of GSTpi and the
dissociation of JNK from GSTpi, suggesting that the thiol
modification of GSTpi by protoapigenone impeded GSTpi
inhibition of JNK and thus facilitate JNK activation.
Because protoapigenone decreased GSTpi activity both in
vitro and in vivo, it might exert its effect either by
inhibiting GSTpi directly or by increasing cellular oxidative
stress, which in turn led to inhibition of GSTpi. It is of note
that although the in vitro potency of the GSTpi inhibitor
ethacrynic acid was greater to that of protoapigenone, its
effect on GSTpi in intact cells was much less potent; this
may result from the poor cell permeability of ethacrynic
acid [56]. Because overexpression of GSTpi in cancer cells
is linked to drug resistance, approaches targeting GSTpi
have been paid attention to treat resistant malignancies [57,
58]. Therefore, the inhibitory effect of protoapigenone on
GSTpi may provide benefit in treating cancer diseases.

In conclusion, we have shown for the first time that the
induction of oxidative stress preceding the activation of
MAPKs pathways is required to initiate the mitochondria-
mediated apoptosis induced by protoapigenone in MDA-
MB-231 cells. In particular, inhibition of GSTpi by
protoapigenone may be related to JNK activation. Our
findings highlight the important potential of protoapigenone
to be a promising chemotherapeutic agent for cancer
treatment and provide chemical structure information that
can be used for the design and development of novel and
more effective analogues.
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