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Abstract

We studied the effects of apigenin on the cell cycle distribution and apoptosis of human breast cancer cells and explored the mechanisms
underlying these effects. We first investigated the antiproliferative effects in SK-BR-3 cells exposed to between 1 and 100 uM apigenin for
24, 48 and 72 h. Apigenin significantly inhibited cell proliferation at concentrations over 50 uM, regardless of exposure time (P<.05), and
resulted in significant cell cycle arrest in the G,/M phase after 48 h of treatment at high concentrations (50 and 100 pM; P<.05). To
investigate the regulatory proteins of cell cycle arrest affected by apigenin, we treated cells with 50 and 100 uM apigenin for 72 h. Apigenin
caused a slight decrease in cyclin D and cyclin E expression, with no change in CDK2 and CDK4. In addition, the apigenin-induced
accumulation of the cell population in the G/M phase resulted in a decrease in CDK1 together with cyclin A and cyclin B. In an additional
study, apigenin also increased the accumulation of p53 and further enhanced the level of p21<™P!, with no change in p27%"'. The expression
of Bax and cytochrome ¢ of p53 downstream target was increased markedly at high concentration treatment over 50 pM apigenin. Based on

our findings, the mechanism by which apigenin causes cell cycle arrest via the regulation of CDK1 and p2

seems to be involved in the p53-dependent pathway.
© 2009 Elsevier Inc. All rights reserved.
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19! and induction of apoptosis

1. Introduction

Apoptosis is an important series of events that leads to
programmed cell death and is essential for development and
tissue homeostasis. The potential mechanisms underlying the
apoptotic process involve factors regulating the balance
between the induction and inhibition of apoptosis. Recently,
the regulation of apoptosis has been proposed as a promising
target for cancer chemotherapy [1-3]. Several studies have
indicated that anticancer drugs or cancer chemopreventive
agents act through the induction of apoptosis in various
cancer cells [4]. In addition, the initiation of apoptosis
appears to be a common mechanism of many new anticancer
agents for chemotherapy.
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Apigenin (4',5,7-trihydroxyflavone) is a member of the
flavone subclass of flavonoids present in fruits and vegetables
[5] and is considered to have various biological activities
such as anti-inflammatory, anticancer and free-radical
scavenging properties [6—9]. Studies of human malignant
cancer cell lines have shown that apigenin inhibits cancer cell
growth via the promotion of cell cycle arrest and apoptosis
[10,11]. As a candidate anticancer agent, apigenin is of
particular interest because it exhibits selective induction of
cell cycle arrest and apoptosis in human prostate carcinoma
cells without affecting normal cells [12,13]. Apigenin is also
reported to be nonmutagenic and of low toxicity compared to
related flavonoids [14].

Although a recent study has shown that apigenin inhibits
the growth of human breast cancer cells [15], the cellular
mechanisms underlying the action of apigenin in the induction
of cell cycle arrest and apoptosis remain unknown. Therefore,
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our objective was to investigate the cellular mechanisms
underlying cell cycle arrest and apoptosis induced by apigenin
using human breast cancer SK-BR-3 cells.

2. Materials and methods
2.1. The cell culture and apigenin treatment

Human breast cancer SK-BR-3 cells were purchased from
the Korean Cell Line Bank. Cells were routinely maintained
in RPMI 1640 (Gibco), supplemented with 10% FBS and
antibiotics (50 U/ml of penicillin and 50 pg/ml streptomycin,
Gibco) at 37°C in a humidified atmosphere containing
5% CO,. Cells were treated with apigenin ranging from 1 to
100 uM and incubated for 24, 48 and 72 h. Apigenin was
purchased from Sigma and dissolved in DMSO (final con-
centration 0.1% in medium).

2.2. Cell proliferation and cell death assay

Cell proliferation was determined using the methyl
thiazolyl tetrazolium (MTT) assay. At the 24-, 48- and 72-h
point, the cells exposed to apigenin ranging from 1 to 100 pM
were added to MTT. Four hours later, DMSO was added to
each well to dissolve the resulting formazan crystals and then
absorbance was recorded at 490 nm in a microplate reader
(SpectraMax Plus; Molecular Devices).

2.3. Cell cycle distribution

Cells were then harvested, washed with cold PBS and
processed for cell cycle analysis. Briefly, the cells were fixed
in absolute ethanol and stored at —20°C for later analysis. The
fixed cells were centrifuged at 1000 rpm and washed with
cold PBS twice. RNase A (20 pg/ml final concentration) and
propidium iodide staining solution (50 pg/ml final concen-
tration) was added to the cells and incubated for 30 min at
37°C in the dark. The cells were analyzed using a
FACSCalibur instrument (BD Biosciences, San Jose, CA)
equipped with CellQuest 3.3 software. ModFit LT 3.1 trial
cell cycle analysis software was used to determine the
percentage of cells in the different phases of the cell cycle.

2.4. Immunoblotting assay

Cells were lysed in RIPA buffer (1% NP-40, 150 mM
NaCl, 0.05% DOC, 1% SDS, 50 mM Tris, pH 7.5) containing
protease inhibitor for 1 h at 4°C. The supernatant was
separated by centrifugation, and protein concentration was
determined by Bradford protein assay kit II (Bio-Rad
Laboratories, California). Proteins (25 pg/well) denatured
with sample buffer were separated by 10% SDS-polyacryla-
mide gel. Proteins were transferred onto nitrocellulose
membranes (0.45 um). The membranes were blocked with
a 1% BSA solution for 3 h and washed twice with PBS
containing 0.2% Tween-20 and incubated with the primary
antibody overnight at 4°C. Antibodies against CDK 1, CDK2,
CDK4, cyclin A, cyclin B, cyclin D, cyclin E, p21<P!,
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Fig. 1. Effect of apigenin on cell proliferation of SK-BR-3 cells. Cells were
exposed to either vehicle (0.1% DMSO in medium) or apigenin (1-100 pM)
and incubated for 24, 48 and 72 h. All data are reported as the percentage
change in comparison with the vehicle-only group, which were arbitrarily
assigned 100% viability. *P<.05, significantly different from the vehicle-
only group (apigenin concentration="0").

p27%"P! and p-actin were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA) and used to probe the
separate membranes. The next day, the immunoreaction was
continued with the secondary goat anti-rabbit horseradish-
peroxidase-conjugated antibody after washing for 2 h at room
temperature. The specific protein bands were detected by
Opti-4CN Substrate Kit (Bio-Rad Laboratories).

2.5. Determination of cytotoxicity

Apigenin-induced cytotoxicity was evaluated by activity
of lactate dehydrogenase (LDH), which was determined by
formation of NADH (absorbance, 340 nm).

2.6. Statistical analyses

All data were expressed as percentage compared with
vehicle-treated control cells, which were arbitrarily assigned
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Fig. 2. Effect of apigenin on cell cycle distribution of SK-BR-3 cells. Cells were exposed to either vehicle (0.1% DMSO in medium) or apigenin (1-100 pM) and
incubated for 24 and 48 h (A) and for 72 h (B). Values are expressed as percentage of the cell population in the Gy, S and G;/M phase of cell cycle. *P<.05,

significantly different from the vehicle-only group (apigenin concentration="0").

100%. Data were analyzed by one-way analysis of variance
followed by Dunnett’s multiple comparison test (Sigma Stat,
Jandel, San Rafael, CA). For all comparisons, differences
were considered statistically significant at P<.05.

3. Results
3.1. Apigenin inhibited cell proliferation

The effects of apigenin on cell proliferation were
measured with the MTT assay, using human breast cancer
SK-BR-3 cells exposed to between 1 and 100 pM apigenin
for 24, 48 and 72 h. Apigenin did not affect cell proliferation
at low concentrations of 1 to 10 uM, regardless of incubation
time (Fig. 1A). Statistical differences in cell proliferation
were first exhibited as inhibited cell proliferation at 100 uM
after 24 h of apigenin treatment. At high concentrations of

50 and 100 pM, apigenin significantly decreased cell
proliferation in a time-dependent manner (P<.05; Fig. 1B).
Cell proliferation decreased up to 62.21% when treated with
100 uM apigenin for 72 h compared to the control.

3.2. Apigenin induced cell cycle arrest

We analyzed the cell cycle for SK-BR-3 cells exposed to
apigenin for 24 and 48 h (Fig. 2A). Cell cycle arrest in SK-
BR-3 cells exposed to apigenin was not observed at
concentrations less than 10 uM but did occur in cells exposed
to apigenin at high concentrations for 24 and 48 h. More
pronounced results were obtained when the cells were treated
with apigenin for 72 h (Fig. 2B). Compared to vehicle-treated
SK-BR-3 cells, 50 pM apigenin caused an increase of 39.9%
in the cell population in the G,/M phase and 100 uM apigenin
led to an increase of 64.8% after 72 h of treatment. The
accumulation of the cell population in the G,/M phase was
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accompanied by a concomitant decrease in the cell popula-
tion in the G¢/G; phase with 50 and 100 uM apigenin.

3.3. Apigenin affected the G>/M-phase-related
protein expression

We examined the specific regulatory proteins responsible
for cell cycle arrest in SK-BR-3 cells exposed to high
concentrations of apigenin (i.e., 50 and 100 uM) after 72 h of
treatment by immunoblotting. Apigenin treatment resulted in
a slight reduction in the expression of cyclin D and cyclin E
compared to vehicle-treated SK-BR-3 cells, with no
detectable change in CDK2 and CDK4 (Fig. 3A). However,
CDK1, as well as cyclin A and cyclin B, which combine with
CDK1 in the control of the G,/M phase, markedly decreased,
especially with 100 uM apigenin (Fig. 3A). These results
imply that apigenin targets several components of the cell
cycle regulatory apparatus. In addition, the expression of
p21€P" and p27%P!  which are inhibitors of cyclin-
dependent kinase (CDK), increased in response to apigenin
treatment (Fig. 3B). This suggests that apigenin induces
apoptosis via p21°"P! activation, which is a CDK inhibitor
(CKI) associated with the p53-dependent apoptotic pathway.
The p53 expression increased gradually in a dose-dependent
manner, and the expression of p53 downstream targets such
as Bax and cytochrome ¢ increased markedly with both
50 and 100 uM apigenin (Fig. 3C).

3.4. Apigenin induced cytotoxicity

The cytotoxicity of apigenin was determined by measur-
ing the release of LDH. Apigenin significantly increased

Apigenin (uM)

0 50 100
Cyclin D == ]
COK4 [=~==w==]  Cyclin € [(F 5 ]
p-actin ==  B-actin [

Apigenin (uM)

0 50 100

COKI [(=—~ ]
Cyclin A [=— —]
Cyclin B
B-actin [~ =——=]
B C

- 50 100
Apigenin (uM) 053 _
= -
p27KiP (e e @]  Cytochrome C [ s ]
B-actin [ we——] B-aCtin [~mre——|

Fig. 3. Effect of apigenin on protein-expression-related cell cycle arrest (A),

CKls (p21™! and p27%P!) (B) and apoptosis (C) of SK-BR-3 cells. Cells

were exposed to either vehicle (0.1% DMSO in medium) or apigenin (50 and
100 uM) and incubated for 72 h.
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Fig. 4. Cytotoxicity of apigenin on the SK-BR-3 cells. Cells were exposed to
either vehicle (0.1% DMSO in medium) or apigenin (50 uM and 100 uM)
and incubated for 24, 48 and 72 h. All data are reported as the percentage
change in comparison with the vehicle-only group, which were arbitrarily
assigned 100% viability. *P<.05, significantly different from the vehicle-
only group (apigenin concentration="0").

LDH release in SK-BR-3 cells exposed to high concentra-
tions of apigenin (i.e., 50 and 100 uM), but neither 24 nor
48 h affected LDH release (Fig. 4).

4. Discussion

Recently, a great deal of attention has been focused on how
flavonoids function in relation to their biological properties,
especially in terms of their anticarcinogenic activity [16—18].
In particular, apigenin shows specific inhibitory activity for
cancer cell growth [10,13], but the mechanisms underlying
the effects of apigenin in the induction of cell cycle arrest and
apoptosis in human breast cancer cells are still unknown.
Although it has been reported that apigenin has weak
estrogen activity [19], estrogen-negative SK-BR-3 cells
were used because we wanted to investigate the estrogen-
independent effects of apigenin.

We first examined the antiproliferative effect of apigenin
on human breast cancer SK-BR-3 cells at various concentra-
tions (1-100 upM) and exposure times (24, 48 and 72 h).
Apigenin significantly decreased the proliferation of SK-BR-
3 cells only at high concentrations, that is, 50 and 100 pM.
This was inconsistent with previous reports stating that
apigenin results in the cell cycle arrest of human colon,
breast, skin and prostate carcinoma cells in a dose- and time-
dependent manner [10,20,21] and that less than 10 uM
apigenin has antiproliferative effects on human prostate
cancer cells in a dose-dependent manner [12].

To further scrutinize these results, we analyzed the cell
cycle of SK-BR-3 cells treated with apigenin using
fluorescence-activated cell sorting under the same experi-
mental conditions. Similar to data from our cell proliferation
experiment, cell cycle arrest was not induced at low
concentrations of apigenin, but significant G,/M phase arrest
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was induced at high concentrations. Many reports indicate
that most flavonoids induce G phase arrest in human cancer
cells [22] and that apigenin inhibits the cell cycle at either the
G/S or the G,/M phase in various types of human cancer
cells [15,19,23]. However, conflicting results have been
reported with regard to the mechanisms underlying the cell
cycle arrest caused by apigenin.

The cell cycle is tightly mediated through a complex
network of positive and negative cell cycle regulatory
molecules such as CDKs, CKIs and cyclins. G; progression
and G,/S transition are regulated by CDK2 and CDK4,
which assemble with cyclin E and cyclin D. We found that
apigenin caused a slight decrease in cyclin D and cyclin E
expression, with no change in CDK2 and CDK4. In contrast,
the down-regulation of CDK1 (Cdc2), as well as cyclin A
and cyclin B, by apigenin may be the main cause of the G/M
phase arrest. CDK1 is a catalytic subunit of the M-phase
promoting factor, which is activated at the G,/M transition
and controls the onset of mitosis. Several investigators have
shown that CDK1 in combination with cyclin A and cyclin B
is critical in the G,/M phase transition [24,25]. The decrease
in the quantity of CDKI1 protein observed as a result of
apigenin treatment is consistent with arrest at the G,/M phase
because this protein is not expressed in resting cells.

In addition, p21<"" and p27%"', which are CKIs, were
significantly up-regulated in apigenin-treated SK-BR-3 cells,
although p27P' was only slightly elevated. These results
imply that the activation of p21“"?! by apigenin may be a
cause of apoptosis. It has been reported that p53 mediates cell
cycle arrest and apoptosis by the direct induction of the CKI
p21€P! [26]. In addition, p53-dependent p21“™P' expression
causes cell cycle arrest and apoptosis [27—29]. Treatment
with high concentrations of apigenin (50 and 100 uM) for
72 h markedly induced p53 expression. The tumor suppressor
gene p53 is regarded as a key factor in the balance between
cell survival and cell death via the regulation of both the G;
and G,/M phases of the cell cycle [30]. The activation of p53
in response to DNA damage led to cell cycle arrest and the
inhibition of cell proliferation [31-33]. Therefore, the up-
regulation of p53 and p21“"! expression may contribute to
apigenin-mediated cell cycle arrest and apoptosis.

Apigenin increased the level of Bax, which is a major
proapoptotic protein of the Bel-2 family, to a level similar to
that of p53. Bax is a downstream product of p53 and controls
mitochondrial permeability and cytochrome ¢ expression.
The release of cytochrome ¢ from mitochondria to the
cytoplasm is a key step in the initiation of apoptosis.

We determined the cytotoxicity of apigenin at a treatment
concentration high enough to induce cell cycle arrest and
apoptosis using LDH release. One reported merit of apigenin
is that it is nontoxic, unlike other flavonoids, such as
quercetin [34,35]. Perhaps this is because flavonoids with
hydroxyl groups at the 5-, 7- and 4’-positions, such as
apigenin and genistein, are degraded significantly faster by
human gut microorganisms than those with other structural
motifs [36].

This study showed that apigenin increased LDH release
up until 72 h, suggesting that apigenin might not be safe and
free of side effects, although this depends on the treatment
concentration and time. Moreover, there is a lot of evidence
for the beneficial physiological effects of apigenin. In fact,
most effective flavonoids have the potential to cause serious
adverse effects in proportion to their effect. Some are used
despite being toxic, depending on whether they are classified
as nutritional supplements or pharmaceutical drugs, such as
chemotherapy agents. Consequently, the anticancer activity
of apigenin may be useful for developing anticancer
medicine or adjuvants.

In conclusion, we suggest the existence of multiple
pathways by which apigenin treatment results in G,/M
phase cell cycle arrest via up-regulated p21<"*! and down-
regulated CDK1 and apoptotic cell death via modulation of
the p53 pathway and up-regulation of cytochrome ¢ expres-
sion. However, the effective dosage of apigenin must be
considered carefully because the anticancer actions of cell
cycle arrest and the induction of apoptosis were exhibited
only at high concentrations, regardless of exposure time.
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