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Apigenin induces caspase-dependent apoptosis in
human lung cancer A549 cells through Bax- and
Bcl-2-triggered mitochondrial pathway
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Abstract. The molecular mechanism and possible signaling
pathway of apigenin-induced cytotoxicity and apoptosis in
human lung cancer cells has not been reported. We
investigated the role of ROS, Ca?*, caspases and Bax proteins
and mitochondria membrane potential in apigenin-induced
apoptosis in A549 cells. Cells were incubated with different
concentrations of apigenin then cell morphological changes,
DNA damage, cell viability and apoptosis were determined
by Comet assay, and flow cytometric analysis. Sub-G1 phase
was also examined. Western blot analysis was used to
determined the levels of Bax and Bcl-2 and apoptosis
associated proteins, and confocal laser microscope for
examining the translocation of associated protein after
exposed to apigenin. The results indicated that apigenin
induced morphological changes, decreased percentage of
viable cells and induced apoptosis dose- and time-
dependently. DAPI staining and Comet assay also confirmed
that apigenin-induced DNA condensation and damage. The
levels of caspase-3, -8 and -9 involved in apigenin-induced
apoptosis indicating caspase-dependent pathway was induced
by apigenin. Western blotting showed that apigenin
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promoted cytochrome c levels and also induced dysfunction
of mitochondria leading to the release of cytochrome ¢, AIF
and Endo G, causing the activation of caspase-9 and -3, then
apoptosis in A549 cells.

Introduction

Lung cancer continues to be a major health problem worldwide
(1). In Taiwan, lung cancer is the top cause of cancer-related
deaths in men and women with about 32.8 persons per
100,000 dying annually from lung cancer, based on reports
from the Department of Health, Executive Yuan, R.O.C.
(Taiwan) (http://www.doh.gov.tw/EN2006/index_EN .aspx.).
The treatment of lung cancer includes surgery, radiotherapy
and chemotherapy. However, the results are not satisfactory.
Therefore, the mortality in lung cancer patients remains high.
Many reports have shown naturally-occurring compounds
with chemopreventive and chemotherapeutic properties (2-4).
It is well known that consumption of a phytochemical-rich
diet such as fruits and vegetables can decrease the risk of
certain types of human cancers (5,6). So far, many
prescription drugs in clinical treatment of cancer patients are
derived from natural plant species (7,8).

Apigenin (4',5,7-trihydroxyflavone), is one of the
favonoids which have been reported to be able to act as
anticancer agents, and is abundantly present in common fruits
and vegetables, and can also act as a chemopreventive agent
(9,10). In animals, apigenin can inhibit tumor initiation which
is induced by various carcinogens (11,12). Furthermore,
apigenin has been shown to suppress angiogenesis in
melanoma and carcinoma of the breast, skin, and colon (13-
16). It has been demonstrated that: i) apigenin sensitizes
tumor cells to TNF-a-induced apoptosis through inhibition of
NF-xB (17); ii) apigenin induces apoptosis in solid tumors
through up-regulation of IGFBP-3 (18); iii) apigenin-induced
suppression of tumor proliferation correlates with down-
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regulation of cyclin D1 (19) and apigenin-induced prostate
cancer cell death is initiated by reactive oxygen species and
p53 activation (20).

It was reported that apigenin is capable of selectively
inhibiting cell growth and inducing apoptosis in cancer cells
without affecting normal cells (21). However, there is no
report to address apigenin affecting human lung cancer cells.
Herein, we investigated the cytotoxic and pro-apoptotic
effects of apigenin in human lung cancer A549 cells. We also
explored the role of caspases and mitochondria in apigenin-
induced apoptosis in A549 cells.

Materials and methods

Materials and chemicals. Apigenin, dimethyl sulfoxide
(DMSO), propidium iodide (PI), trypan blue and Triton X-100
were obtained from Sigma Chemical. (St. Louis, MO, USA).
The fluorescent probe for ROS, Ca?>* and mitochondrial
membrane potential such as 2',7'-dichlorofluorescin diacetate
(DCFH-DA), Indo 1/AM and DiOC, were from Calbiochem
(La Jolla, CA, USA). All primary and secondary antibodies
were obtained from Santa Cruz Biotechnology (CA, USA).

Cell culture. Human lung cancer A549 cells were obtained
from the Food Industry Research and Development Institute
(Hsinchu, Taiwan). Cells were plated in RPMI-1640 medium
(Gibco-BRL, Grand Island, NY, USA) supplemented with
10% FBS (Hyclone Laboratories, Logan, UT, USA), 1%
penicillin-streptomycin (100 U/ml penicillin and 100 pg/ml
streptomycin) and 1% L-glutamine and then were cultured
under a humidified 5% CO, and 95% air grown at 37°C and

one atmosphere in an incubator (21,22).

Determinations of cell morphology, cell viability, cell cycle
and apoptosis by PI staining. A549 cells (5x10° cells/well)
were grown in 12-well plates for 24 h and then were treated
with 0, 40, 60, 80, 120 and 160 yM apigenin and were
incubated at 37°C, 5% CO, and 95% air for 48 h and then
photographed under contrast pharse microscope and harvested
by centrifugation. For viability determination, cells were
stained with PI (5§ pg/ml) and analyzed by flow cytometry
(Becton-Dickinson, San Jose, CA, USA) as previously
described (22). For cell cycle and apoptosis determinations,
cells were fixed gently in 70% ethanol at 4°C overnight
and then re-suspended in PBS containing 40 yg/ml PI and
0.1 mg/ml RNase and 0.1% Triton X-100 in a dark room for
30 min at 37°C. Cells were analyzed with a flow cytometer
equipped with an argon ion laser at 488 nm wavelength (21,22).

Determination of DNA damage by DAPI staining and Comet
assay. A549 cells (5x10* cells/ml) were treated with 40, 60,
80, 120 and 160 M of apigenin for 24 h. Cells were then
stained with DAPI (4,6-diamidino-2-phenylindole dihydro-
chloride) and were photographed using a fluorescence micro-
scope as previously described (22). Cells were harvested by
centrifugation, isolated and examined for DNA damage by
using the Comet assay as previously described (22,23).

Detection of reactive oxygen species, Ca** levels and mito-
chondrial membrane potential. A549 cells were plated onto
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12-well plates and treated with 120 xM of apigenin for
various time periods before being harvested, washed twice,
and re-suspended in the ROS indicator 2,7-dichlorodihydro-
fluorescein diacetate (H,DCF-DA), calcium probe Indo
1/AM and the mitochondrial membrane potential indicator 3,
3'-dihexyloxacarbocyanine iodide (DiOC,) and then incubated
at 37°C for 30 min for flow cytometry to detect changes in
ROS, Ca?** levels and mitochondrial membrane potential as
previously described (24,25).

Determinations of cell cycle and apoptosis associated proteins
by Western blotting. A549 cells (5x10°) were treated with
120 uM apigenin for 0, 6, 12, 24 and 48 h. Cells were
harvested by centrifugation and the total proteins were
collected and determined from each treatment. The cyclin B,
cdc25¢c, wee 1, p53, chk2, Bid, Bax, Bcl-2, Grp78,
GADDI153 and GRP78 (Santa Cruz Biotechnology, CA,
USA), cytochrome c, procaspase-3, procaspase-8, pro-
caspase-9 (R&D Systems, Minneapolis, MN, USA), AIF,
Endo G (Santa Cruz Biotechnology) were measured by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting as described previously
(22,26).

Determinations of cytochrome c, AIF and Endo G locations by
confocal laser scanning microscopy. A549 cells (5x10* cells/
well) were plated on 4-well chamber slides and were treated
with 120 pug/M apigenin for 24 h. Cells were fixed in 4%
formaldehyde in PBS for 15 min, permeabilized with 0.3%
Triton-X 100 in PBS for 1 h with blocking of non-specific
binding sites using 2% BSA as described previously (22). Fixed
cells were stained with primary antibodies to cytochrome c,
AIF and Endo G (1:100 dilution) (green fluorescence) over-
night then followed by the exposure of secondary antibody
(FITC-conjugated goat anti-mouse IgG at 1:100 dilution) and
then stained with PI (red fluorescence). Photomicrographs
were obtained using a Leica TCS SP2 Confocal Spectral
Microscope (22).

Statistical analysis. Student's t-test was used to analyze
differences between apigenin-treated and control groups.
"p<0.05; "p<0.01; **p<0.001.

Results

Apigenin induces growth inhibition of A549 cells. A549 cells
were treated with various concentrations of apigenin and we
investigated the growth inhibition, the results are shown in
Fig. 1A and B. Results indicated that apigenin induced
morphological changes (Fig. 1A) and decreased the
percentage of viable cells (Fig. 1B) and the ICs, of the
apigenin was 72.1 yuM in A549 cells. We further investigated
whether apigenin could cause cell cycle arrest in A549 cells.
The flow cytometric assay indicated that apigenin induced
G2/M arrest (Fig. 1C) and these effects were dose-dependent in
A549 cells. Apoptotic A549 cells after apigenin treatment are
shown in Fig. 1D (see also Table I).

Apigenin induced DNA damage and apoptosis in A549
cells. For investigating apigenin induced apoptosis via DNA
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Figure 1. Growth inhibition of apigenin on A549 cells. Cells were treated with various concentrations of apigenin before examining the growth inhibition
including the metrological changes (A) which were examined under a microscope, photographed and the percentage of viable A549 cells (B) and cell cycle
distribution (C) and apoptotic A549 cells (D) were determine by flow cytometric analysis as described in Materials and methods.

Table I. Flow cytometric analysis of apoptotic cell death in
human lung cancer A549 cells with or without apigenin
treatment.

Concentration (M) Apoptosis (% of total cells)

0 0.6£0.4
40 4.4+0.7
80 14.9+1.6°

120 19.8+2.2°
160 27.6+3.5°

Values are mean + SD, n=3. The A549 cells (2x10° cells/ml) were
exposed to various concentrations of apigenin. The percentage of
total apoptotic cells were determined by flow cytometry as described
in Materials and methods. Differs between apigenin and control.
2p<0.05; Pp<0.001.

damage, the A549 cells were treated with apigenin, then
isolated for DAPI staining and Comet assay. The results
indicated that apigenin induced DNA condensation (Fig. 2A)

and fluorescence intensity (Fig. 2B) and DNA damage
(Fig. 2C) and increased Comet tail (Fig. 2D). These effects
were dose-dependent.

Apigenin promotes reactive oxygen species and Ca**
production and induces loss of mitochondrial membrane
potential (AY¥,,) in A549 cells. For investigating apigenin
induced DNA damage and whether or not it occurs via the
production of ROS and Ca?, the cells were treated with
apigenin for various time periods. A549 cells were harvested
for examining the ROS and Ca** productions and the levels
of AWnm. Fig. 3 indicates that apigenin promoted the levels
of ROS (Fig. 3A) and Ca?* (Fig. 3B) but decreased the levels of
AW¥n (Fig. 3C) in A549 cells. These effects were time-
dependent.

Apigenin induces apoptosis in A549 cells through the effects
associated protein levels. For investigating the possible
signaling pathways for apigenin induced apoptosis in A549
cells, A549 cells were treated with 150 M of apigenin for O,
6, 12,24, 48 and 72 h before cells were collected for analysis
of the protein level changes by Western blotting. The results
indicated that apigenin increased wee 1, p53 and chk2 (Fig.
4A), Bid, Bax, Grp78 and GADDI153 (Fig. 4B), AIF,
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Figure 2. Apigenin-induced apoptosis and DNA damage in A549 cells. Cells were treated with various concentrations of apigenin for 24 h and then isolated
for DAPI staining (A) and quantitative fluorescence intensity (B), Comet assay (C) and quantitative Comet tail (D) as described in Materials and methods.

cytochrome c (Fig. 4C), but decreased the levels of cyclin B
and cdc25c (Fig. 4A), Bcl-2 (Fig. 4B), procaspase-9, -3 and -8
and PARP (Fig. 4C) protein levels in A549 cells. We suggest
that apigenin-induced apoptosis is mediated through mito-
chondrial and caspase-8, -9 and -3 pathways.

Apigenin affects apoptosis-associated protein translocation
in A549 cells. A549 cells (5x10* cells/well) plated on 4-well
chamber slides were treated with 120 pg/ml apigenin for 24 h
then were stained by antibody and examined and photographed
by confocal laser microscopy. The results indicated that AIF
(Fig. 5A), Endo G (Fig. 5B) and GADD153 (Fig. 5C) are
released from mitochondria then translocated to the nuclei.

Discussion

In this study, we demonstrated that apigenin is able to induce
apoptosis in human lung cancer A549 cells in vitro.

Induction of apoptosis is accompanied by increases in ROS
and Ca?* production, promoted Bax level and inhibited Bcl-2
level for changing the ratio of Bax/Bcl-2, before leading to
loss of mitochondrial membrane potential (A¥m), causing
cytochrome c, AIF and Endo G release from mitochondria and
promote caspase-9 and -3 activation as shown in Fig. 6. Other
studies have been shown that apigenin-induced p53-dependent
apoptosis occurs in prostate cancer (17,19). Numerous studies
have shown that apigenin can suppress the growth of malignant
prostate cells and tumor xenografts in vivo through cell cycle
arrest and induction of apoptosis (17-19). We also observed
apigenin-induced DNA damage and p53 expression and this
is in agreement with other reports which demonstrated that the
pS53-associated pathway is required for apigenin-mediated
apoptosis, as evidenced by the p53 antisense oligo-nucleotide
experiment (27).

Results showed that apigenin increased ROS production
in the earlier time periods of treatment and ROS were
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Figure 3. Apigenin induces ROS and Ca?* production and loss of A¥,, in
A549 cells. Cells were treated with various concentrations of apigenin for
different time periods, and the cells were harvested for examining the ROS (A)
and Ca?* (B) production and the levels of A, (C) as described in Materials
and methods.

associated with apigenin-induced DNA damage based on
Comet assay (Fig. 2C and D). Substantial evidence suggest a
role for ROS in apoptosis induced by agents including certain
chemopreventive agents, through the engagement of
downstream proteins involved in the execution of apoptosis
(28-30).

It is recognized that the intracellular generation of H,0,
(the most stable ROS) was an important mediator of apoptosis
including exogenous addition of H,O, that is a potent activator
of the apoptotic machinery (31) and some of the added H,0O,
diffuses into the mitochondria and perhaps causes damage to
the mitochondrial membrane (22,31). Another factor is that
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Figure 4. Apigenin affects apoptosis-associated proteins in A549 cells. Cells
were treated with 120 yM of apigenin 6, 12, 24 and 48 h, and the cells were
harvested for examining the associated protein levels (A, cyclin B, cdc25c,
wee 1, p53 and chk2; B, Bid, Bax, Bcl-2, GRP78 and GADD153; C, AIF,
cytochrome c, procaspase-9, -3 and -8, PARP) as described in Materials and
methods.

mitochondrially produced H,O, diffuses into the cytosol
where it may exert cytotoxic effects.

Our results also showed that apigenin decreased the levels
of A¥,, in A549 cells (Fig. 3C). It is well known that mito-
chondria can act in execution of apoptosis and mitochondria
and also play an essential role in death signal transduction by
the permeability transition pore opening and collapse of the
AWn, resulting in the rapid release cyto-chrome c into the
cytoplasm before binding to Apaf-1 and activating caspase-3
via caspase-9, culminating in cell death (32,33), and AIF or
Endo G release from mitochondria into the nuclei for causing
apoptosis (34). Fig. 5 shows that apigenin induced AIF and
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Figure 5. Apigenin affects AIF, Endo G and GADDI153 distribution in A549 cells. Cells were incubated with 120 xM of apigenin 24 h. Cells were fixed and
stained with primary antibodies to AIF (A), Endo G (B) and GADD153 (C) FITC-labeled secondary antibodies were used (green fluorescence) and the
proteins were detected by a confocal laser microscopic system. The nuclei were stained by PI (red fluorescence). Areas of colocalization between AIF,
Endo-G and/or GADD153 expressions and cytoplasm and nuclei in the merged panels are yellow. Scale bar, 50 ym.

Endo G release from mitochondria before translocating to the
nuclei.

In the present study, our results indicated that apigenin
treatment in A549 cells led to a decrease in the level of AWm,
induced cytochrome ¢, AIF and Endo G release from
mitochondria before causing apoptosis. Furthermore, the
increase in cytochrome c paralleled Apaf-1 levels observed
between 6 and 24 h of apigenin exposure, which led to the
activation of caspase-3 causing apoptosis (Fig. 4C). In
addition, we also observed a decrease in precaspase-8, albeit

at higher doses of apigenin treatment. Furthermore, apigenin
induced ER stress based on the observations of Ca** release
and Grp78 and GADDI153 expressions (Fig. 5B and C).
Apparently, ER stress is due to the ROS production in
A549 cells (Fig. 3A).

In our in vitro studies, growth inhibition and apoptosis
induction of A549 cells by apigenin were observed at 80-
160 uM concentrations, which clearly provided mechanistic
insights; however, these effects are also needed in vivo for
potential clinical development in the future. It is of interest
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Figure 6. The proposed mechanisms and signaling pathways of apigenin-induced apoptosis in A549 cells.

that other investigators have demonstrated that using 20 and
50 pg/day apigenin administration on mice with prostate
cancer xenografts confirmed that apigenin administration
significantly inhibited tumor growth, without any apparent
signs of toxicity (19).

In conclusion, the possible signal pathways are summarized
in Fig. 6 indicating that apigenin induces apoptosis in A549
cells through ROS production, ER stress, and is mito-
chondria-dependent. Understanding the modes of action of
apigenin should provide information for lung cancer
prevention in the future.
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