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Apigenin enhances the cisplatin cytotoxic effect
through p53-modulated apoptosis
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Abstract. Epidemiological and experimental evidence suggests
that dietary flavonoids, including apigenin, have anticancer roles.
Apigenin has been reported to elevate p53, a critical molecule in
the induction of apoptosis. The present study aimed to investigate
whether apigenin, a dietary flavonoid, improves the cytotoxic
effect of cisplatin in a cancer cell culture system, and to elucidate
the mechanism of this effect. Multiple tumor cell types were
treated with apigenin, cisplatin or both drugs. Cell viability was
evaluated, and the cytotoxic effect was determined biochemi-
cally and microscopically. Treatment with apigenin increased
cisplatin-induced DNA damage and the apoptosis of tumor cells
in a p53-dependent manner. Apigenin, when used with cisplatin,
inhibited cell proliferation and promoted mitogen-activated
protein kinase activation and subsequent p53 phosphorylation,
leading to p53 accumulation and upregulation of proapoptotic
proteins. Cisplatin is one of the most commonly used chemother-
apeutic drugs for malignant tumors, but resistance to this drug
occurs. The current results therefore demonstrate that dietary
flavonoids may diminish the resistance of cancers to cisplatin.

Introduction

Polyphenols, such as epigallocatechin gallate, resveratrol and
flavonoids, exist in nature (1). Flavonoids are a group of poly-
phenols that share similar chemical features and are abundant in
vegetables, fruits and tea, amongst other products (2). Humans
absorb a large amount of flavonoids orally, and epidemiological
studies have revealed that the risk of certain types of cancer,
particularly cancers of the breast, digestive tract, skin, prostate
and certain hematological malignancies, is inversely correlated
with intake of flavonoids (3,4). Flavonoids possess antioxidative,
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anti-inflammatory and antitumor properties (5). A number of
flavonoid compounds have previously been demonstrated to
enhance the effects of conventional chemotherapeutic drugs in
cancer cells, prompting increased attention (6-8).

Apigenin (4',5,7-trihydroxyflavone) is a promising chemo-
preventive agent that is abundantly present in fruits, vegetables,
and teas (3). This compound has anticarcinogenic properties via
diverse mechanisms and is suggested to have a tumor preventa-
tive effect (3,9). The mechanism of action of apigenin appears
to involve p53, as apigenin (15-60 uM) has previously been
reported to induce the necrosis and apoptosis of neuroblastoma
cells expressing wild-type, but not mutant, p53. Apigenin was
suggested to elevate the levels of p53, and p53 effector gene
expression in these neuroblastoma cells (10). Apigenin also
causes cell cycle arrest and sensitizes leukemia cells to vincris-
tine (11). Apigenin has additionally been reported to induce
apoptosis of prostate and colon cancer cells through induction
of death receptor 5, and to act synergistically with exogenous
tumor necrosis factor-related apoptosis-inducing ligand to
induce cell apoptosis (12). Furthermore, apigenin enhances the
anticancer activity or minimizes the resistance of cancer cells to
anumber chemotherapeutics, including gemcitabine, paclitaxel,
5-fluorouracil and doxorubicin by inducing apoptosis (13-17). It
was reported that apigenin sensitizes neuroblastoma cells to the
anticancer drug etoposide by retention of p53 in cell nuclei (18).

The present study aimed to determine the effects of apigenin
on cisplatin cytotoxic activity using several tumor cell lines,
and to elucidate the potential mechanisms of this. Cisplatin is
a member of a class of platinum-containing anticancer drugs,
which has demonstrated therapeutic properties against a broad
range of cancers (19,20). Cisplatin exerts a DNA-binding effect
by cross-linking DNA in several different ways, interfering with
mitotic cell division. The damaged DNA prompts induction of
DNA repair mechanisms, which activates apoptotic mechanisms
when repair proves impossible (21). Many tumors demonstrate
good responsiveness to this drug, but drug resistance eventu-
ally develops, particularly in patients with lung, colorectal,
prostate and ovarian cancer (22). Several approaches have been
proposed to maintain cisplatin efficacy, including increased
accumulation or stabilization of p53, upregulating reactive
oxygen species production and inhibiting NF-xB and antiapop-
totic proteins (23-26). The current study investigated the effects
of apigenin on p53 accumulation, and its effect on cisplatin
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cytotoxic activity in several tumor cell lines. The present results
demonstrated that apigenin enhances the inhibition of prolifera-
tion observed following cisplatin treatment in a p53-dependent
manner, potentially enhancing the antitumor effects of cisplatin.

Materials and methods

Cell culture and inhibition of cell growth. The HelLa, A549,
HCT 116, H1299, and MCF-7 cells were obtained from the
Cell Bank of the Chinese Academy of Sciences and cultured in
high-glucose Dulbecco's Modified Eagle's medium (Thermo
Fisher Scientific, Inc., Waltham, MA, USA). H1299 cells were
cultured in RPMI 1640 medium (Thermo Fisher Scientific,
Inc.). Apigenin, U0126 (a mitogen-activated protein kinase
kinase inhibitor), MTT (all Sigma-Aldrich; Merck Millipore,
Darmstadt, Germany) and cisplatin (Jiangsu Hansoh Pharm.
Co., Ltd., Lianyungang, China) were obtained commercially.
To determine the effect of the compounds on cell viability,
MTT assays were performed. Briefly, ~5x10° cells per well
were seeded in 96-well plates (Corning Incorporated, Corning,
NY, USA ) for 24 h at 37°C. The cells were treated in trip-
licate with apigenin (in DMSQO; final concentration, <0.1%)
or cisplatin (in PBS). These treatments were 30 uM apigenin
for 2 h, followed by different doses of cisplatin (2.5, 5.0 and
10 uM) for another 48 h. At the end of treatment, MTT was
added to determine cell viability as previously reported (27).

Western blotting. Western blotting was performed to monitor
protein expression and modifications using a standard
protocol (28). Briefly, total protein was extracted from the
cultured cells using lysis buffer (Sigma-Aldrich; Merck Milli-
pore). The proteins were separated by 10% SDS-PAGE and
then transferred onto polyvinylidene difluoride membranes.
The membranes were blocked with 2% bovine serum albumin
(Roche Diagnostics, Basel, Switzerland) at room temperature
for 1 h and incubated overnight at 4°C with primary antibodies.
The primary antibodies were against caspase-3 (catalog
no. 9662S; dilution, 1:1,000), caspase-9 (catalog no. 95025;
dilution, 1:1,000), poly ADP ribose polymerase (PARP; catalog
no. 95428; dilution, 1:2,000), c-Jun N-terminal kinase (JNK1/2;
catalog no. 92528; dilution, 1:1,000), p-JNK (catalog no. 92515;
dilution, 1:1,000), p38 (catalog no. 92128; dilution, 1:1,000),
p-p38 (catalog no. 92118S; dilution, 1:1,000), cleaved caspase-9
(catalog no. 9501S; dilution, 1:1,000), cleaved caspase-3 (catalog
no. 96618S; dilution, 1:2,000) (all Cell Signaling Technology,
Inc., Danvers, MA, USA), extracellular signal-regulated
kinase (Erk)2 (catalog no. sc-154; dilution, 1:4,000), p-Erk
(catalog no. sc-7383; dilution, 1:1,000), caspase-8 (catalog
no. sc-56070, dilution, 1:1,000), Bax (catalog no. sc-493;
dilution, 1:200), p53 (catalog no. sc-47698; dilution, 1:1,000),
p-p53/Serl5 (catalog no. sc-101762; dilution, 1:1,000), mouse
double minute 2 homolog (MDM?2; catalog no. sc-5304; dilu-
tion, 1:1,000) (all Santa Cruz Biotechnology, Inc., Dallas,
TX, USA), cleaved caspase-8 (catalog no. PA5-35558; dilu-
tion, 1:1,000; Invitrogen; Thermo Fisher Scientific, Inc.) and
GAPDH (catalog no. AG019; 1:500; Beyotime Institute of
Biotechnology, Haimen, China). After washing, the membranes
were incubated with the horseradish peroxidase-conjugated
secondary antibody (anti-mouse; catalog no. A3682-1ML,;
dilution, 1:80,000; and anti-rabbit; catalog no. A0545-1ML,;
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dilution, 1:80,000; Abcam, Cambridge, UK) overnight at 4°C.
The images were captured using a FluorChem HD2 imaging
system (Protein Simple, San Jose, CA, USA) following incuba-
tion with an enhanced chemiluminescence reagent kit (Pierce;
Thermo Fisher Scientific, Inc.). Protein expression levels were
compared with GAPDH expression. The blots were quantified
using Adobe Photoshop CS6 (Adobe Inc., San Jose, CA, USA).

DAPI staining. Cell nuclei were stained with 4,
6-diamidino-2-phenylindole (DAPI) to reveal morphological
changes. Briefly, cells (1x10°/ml) were grown for 24 h at 37°C on
sterilized, fibronectin-coated coverslips to allow cells to attach
and spread. The cells were treated with the apigenin and cisplatin
(50, 100, 150 or 200 mg/ml) for 48 h, fixed using 4% paraformal-
dehyde and stained with 50 ul/well of DAPI (1:2,000 dilution
in TBST) for 5 min. The cells were then imaged under a BX-53
fluorescence microscope (Olympus Corporation, Tokyo, Japan)
equipped with the QImaging system (Surrey, BC, Canada).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). RT-qPCR was performed to determine p53 gene
expression in apigenin and apigenin-cisplatin treated cells.
Total RNA was extracted from the cultured cells using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to
the manufacturer's protocol. RT was performed using 5X AMV
buffer, AMV enzyme, 10 mM dNTP and R-primer (Takara Bio
Inc., Otsu, Japan) at 16°C for 15 min, 42°C for 1 h and 85°C for
5 min. p53 levels were determined with RT-qPCR. PCR was
perfomed using 10X PCR buffer, 10 mM dNTP, Taq enzyme
and primers from Takara Inc., and SYBR Green from Applied
Biosystems (Thermo Fisher Scientific, Inc.). The following
primers were used to amplify the p53 gene: Forward primer,
5'-AACGGTACTCCGCCACC and reverse primer, 5'-CGT
GTCACCGTCGTGGA. The following primers were used for
the GAPDH gene: Forward, 5~ ACCACAGTCCATGCCATC
AC-3' and reverse, 5S"TCCACCACCCTGTTGCTGTA-3'. The
cycling conditions were as follows: 95°C for 5 min, 95°C for
15 sec and 60°C for 1 min, for 40 cycles. The relative amount
of gene normalized to control was calculated using the 2-44¢4
method (29). The mean Cq was calculated from triplicate PCRs.

Statistical analysis. All data were performed at least in
triplicate. The results were presented as the mean + standard
deviation of at least three independent experiments. Statistical
analysis was performed using Student's t-test by utilizing IBM
SPSS Statistics, version 20.0 (IBM, Armonk, NY, USA). P<0.05
was used to indicate a statistically significant difference.

Results and Discussion

Apigenin enhances the cytotoxic effect of cisplatin. To study
the effect of apigenin on cisplatin-induced cell death, A549,
MCF-7, HCT 116 and HeLa cells that possess wild-type p53
and H1299 cells, which are p53-null due to homozygous
deletion of the TP53 gene (30), were treated with apigenin
for 2 h, followed by different doses of cisplatin for 48 h, as
indicated. The cells were visually inspected under an inverted
fluorescence microscope at 24 and 48 h after cisplatin treat-
ment. Cisplatin treatment caused cell death at 48 h. The effect
was quantitatively measured using an MTT assay. As reported
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Figure 1. Effect of apigenin and cisplatin on proliferative inhibition of different cancer cell lines, determined by MTT assay. MCF-7, A549, HeLa, HCT 116, or
H1299 cells were treated with 30 xM apigenin for 2 h, followed by different concentrations (0,2.5, 5 or 10 uM) of cisplatin for a further 48 h. The bars represent

mean + standard deviation of results obtained from three independent experiments.
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Figure 2. Effect of apigenin and cisplatin on nuclear morphology of cancer cells. (A) A549 or (B) H1299 cells were treated with 30 M apigenin for 2 h, followed
by 10 M cisplatin for another 48 h. The cells were stained with DAPI and examined under a fluorescence microscope (magnification, x40). “P<0.01. Con, control.

in Fig. 1, apigenin treatment alone caused a low viablity of
cells to 10-30% in all cell lines, while cisplatin treatment alone
caused a viability of 3% at low doses to 42% at higher concen-
trations in HeLa cells. Co-treatment of apigenin at 30 M with
cisplatin at 2.5,5.0, and 10.0 uM increased the inhibitory effect
of cisplatin in all cell lines tested, except the H1299 cells.

Apigenin enhances cisplatin-induced apoptosis. Cisplatin
appeared to exert a cytotoxic effect via the induction of

apoptosis. Marked cell shrinkage resembling cell apoptosis
was observed in apigenin plus cisplatin-treated samples. To
confirm whether this shrinkage was due to apoptosis, DAPI
staining was performed to illustrate the nuclear morphology
of A549 and H1299 cells. Although a proportion of A549
cells demonstrated chromatin condensation in cells treated
with cisplatin, inclusion of apigenin resulted in marked
changes to chromatin condensation, nuclear shrinkage and
the formation of apoptotic bodies in A549 cells (Fig. 2A).
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Figure 3. Effect of apigenin and cisplatin on caspase activation. (A) A549 or (B) H1299 cells were treated with 30 M apigenin for 2 h, followed by 10 uM
cisplatin for another 48 h. Casp-3, -8 and -9 expression and their cleavage or PARP degradation in the two cell lines was evaluated by western blotting.
(C) Semi-quantification of (A). (D) Semi-quantification of (B). Casp, caspase; PARP, poly ADP ribose polymerase; GAPDH, glyceraldehyde 3-phosphate

dehydrogenase. “P<0.01.

In comparison, no nuclear fragmentation was observed in
the H1299 cells under the same conditions, although the
formation of heterochromatin foci was apparent in these
cells (Fig. 2B). These results indicate that apigenin is likely
responsible for the apoptotic effect of cisplatin in A549 cells.

To investigate these results, the role of apigenin and
cisplatin treatment in caspase activation was examined. As
reported in Fig. 3A, apigenin (30 M) or cisplatin (10 uM)
treatment in A549 cells resulted in partial cleavage of

caspase-9, while no marked cleavage of caspase-3 or -8 was
detected in these samples. Combined application of apigenin
and cisplatin caused significant cleavage of caspase-3 and -9.
Concomitantly, PARP cleavage was also detected in apigenin
and cisplatin-treated cells (Fig. 3A), indicating that combined
application of apigenin and cisplatin promoted activation
of caspase-3 and -9. However, combinatorial treatment did
not cause significant cleavage of these caspases in H1299
cells, which are p53-null (Fig. 3B). These results indicated
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Figure 4. (A) p53 expression and p53 Ser-15 phosphorylation was determined by western blotting, following treatment of A549 cells with 30 xM apigenin for
1,2 or 4 h. (B) p53 and Bax expression, and p53 phosphorylation, as detected by western blotting, following treatment of A549 cells with 30 xM apigenin for
2 h, then 10 M cisplatin for another 24 h. (C) MAPK pathway molecule activation, determined by protein phosphorylation levels, in A549 cells treated with
30 uM apigenin for 15, 30, 60 or 120 min, reported by western blotting. (D) Erk/MAPK activation relative to p53 accumulation in A549 cells pretreated with
U0126, an Erk/MAPK inhibitor, then treated with 10 M apigenin to induce Erk/MAPK activation. (E) Semi-quantification of (A). (F) Semi-quantification of
(B). Con, control; MDM?2, mouse double minute 2 homolog; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; Erk, extracellular signal-regulated kinase;
INK, c-Jun N-terminal kinase; MAPK, mitogen-activated protein kinase.”P<0.01.

that apigenin amplified the apoptosis-inducing activity of
cisplatin in A549 cells.

Apigenin promotes p53 phosphorylation and accumulation.
p53 may be functionally compromised by its interaction
with several proteins. Among those proteins, MDM?2 serves
as a pivotal negative regulator and counteracts p53 activa-
tion (31,32). p53 is maintained at constant levels in quiescent
cells as the protein undergoes constant degradation mediated

by MDM?2 and the proteasome (33). Factors that promote
N-terminal phosphorylation of p53 protein cause disruption
of p53-MDM2 interaction, resulting in p53 accumulation and
transcriptional regulation (34). In the present study, immu-
noblotting was performed in A549 cells to determine whether
apigenin treatment caused p53 accumulation. In addition to
increased accumulation of p53 protein in apigenin-treated
samples, apigenin also dose-dependently induced p53 phos-
phorylation, as detected by a phospho-Ser15 specific antibody
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(Fig. 4A). Compared with treatment using cisplatin alone,
combined treatment with apigenin and cisplatin significantly
elevated the levels of p53 protein in the sample (Fig. 4B).
Elevated p53 expression could may result from increased
gene expression or from posttranslational modification,
an event that can lead to p53 stabilization and accumula-
tion (35). However, the levels of p53 mRNA in the A549 cells
that were treated with apigenin and cisplatin for 6, 12 and
24 h were not significantly altered, as determined by RT-PCR
(data not shown); this suggests that elevated expression of
p53 protein was likely to be associated with decreased degra-
dation. Notably, increased p53 accumulation was associated
with increased detection of Bax, a proapoptotic protein, in
the samples (Fig. 4B), suggesting that apigenin amplified the
cisplatin cytotoxic effect through induction of p53 accumula-
tion and p53-regulated proapoptotic gene expression.

Erk/mitogen-activated protein kinase (MAPK) activation
is responsible for induced p53 phosphorylation. MAPK
activation has a critical role in p53 phosphorylation, which
may promote p53 stabilization (36). An immunoblotting
analysis was performed in A549 cells to determine whether
apigenin treatment activated MAPK. Apigenin treatment
was revealed to selectively activate the Erk/MAPK pathway,
while no activation of JNK or p38 MAPK was detected in
apigenin-treated A549 cells (Fig. 4C). Erck/MAPK activation
was determined to be responsible for p53 phosphorylation,
as pretreatment with U0126, a specific inhibitor that blocks
Erk/MAPK pathway activation (37), dose-dependently
blocked apigenin-induced p53 phosphorylation (Fig. 4D).
This suggests that Erk/MAPK pathway activation is a
contributing factor in apigenin-induced p53 accumulation.
These results indicate that apigenin sensitizes tumor cells to
the cisplatin-associated cytotoxic effect via modification of
the p53 protein.

Apigenin is a dietary flavonoid that is hypothesized to
have a beneficial role in cancer chemotherapy (38). This
compound has been reported to induce cell cycle arrest,
in addition to apoptosis when used at varying concentra-
tions (39). In the current study, apigenin had the ability to
amplify cisplatin-induced apoptosis of cancer cells. Apigenin
treatment induced MAPK activation and subsequent p53
phosphorylation, leading to its accumulation and increased
effector gene activation. In addition, increased caspase
activation was also detected in samples treated with both
cisplatin and apigenin, suggesting that apigenin sensitizes
AS549 cells to induced apoptosis through p53 accumulation
and altered effector gene regulation.

As a tumor suppressor, p53 has an important role in
genome stability and functions as a critical tumor suppressor
that is involved in preventing cancer (40). Multiple studies
have verified the important role p53-dependent apoptosis has
in inhibiting carcinogenesis (41). Cell lines of lung cancer
(A549), breast cancer (MCF-7), colorectal cancer (HCT 116)
and cervical cancer (HeLa) that possess wild-type p53, and the
lung cancer line H1299, which does not generate functional
p53, were therefore examined, and the effects of combined
treatment of cisplatin with apigenin was determined in these
cells. Apigenin notably amplified the inhibitory effect on
proliferation of cisplatin in cells with wild-type p53, but
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not in the p53-null H1299 cells. This was supported by the
observed increased activation of caspases-9 and -3, and the
nuclear morphological changes in A549 cells.

Posttranslational modification has a critical role in p53
function (42,43). Consistent with this, increased phosphoryla-
tion and accumulation of p53 was detected in apigenin-treated
samples. Apigenin significantly enhanced p53 phosphorylation.
Increased p53 phosphorylation was revealed to be modulated
by MAPK, as apigenin treatment promoted MAPK activation;
this was blocked by application of U0126, a specific inhibitor of
the Erk/MAPK pathway. It is of note that the timing of MAPK
(60 min) and p53 (2 h) activation potentially suggest a sequential
effect of these events, indicating that MAPK activation may have
a crucial role in p53 accumulation and the proapoptotic effect.

Apigenin has demonstrable activity in reducing oxidative
stress, inducing cell cycle inhibition and apoptosis, and as an
anti-inflammatory agent (44). Foods high in apigenin include
celery, parsley, tomatoes and red wine (45,46). Apigenin is
generally considered to be safe when consumed in plant foods,
with no toxic or mutagenic effects previously reported (47).
In a population-based case-control study that included
1,141 patients with ovarian cancer and 1,183 women of similar
age to assess the content of their diets, it was reported that
flavonoid intake lowered the risk of ovarian cancer (48).
The current results demonstrate that dietary flavonoids like
apigenin sensitize tumor cells to chemotherapeutic agents.
Therefore, combined treatment of tumor cells with conven-
tional chemotherapeutic drugs and dietary supplements
provides a promising direction for cancer chemotherapy.

Apigenin enhances the cytotoxic effect of cisplatin during
apoptosis in tumor cells, promotes p53 phosphorylation and
accumulation, and the Erk/MAPK pathway was revealed to be
focal in apigenin-induced p53 accumulation.
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