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Abstract To investigate the anti-proliferative and
chemosensitizing effects of luteolin on human gastric
cancer, gastric cancer AGS cells were treated with luteolin
and/or other chemotherapeutic agents. Cell growth was
assessed by MTT assay, cell cycle and apoptosis were
assessed by flow-cytometric analysis, and the expression of
major proteins regulating cell cycle and apoptosis was also
detected. The results showed that luteolin inhibited the
growth of gastric cancer cells in a dose- and time-dependent
manner. Flow cytometry revealed that the percentage of
cells at G2/M phase increased dose-dependently. The pro-
tein levels of Cdc2, Cyclin B1 and Cdc25C were reduced
and p2l/cipl was up-regulated after the treatment with
luteolin. Furthermore, luteolin induced apoptosis in gastric
cancer AGS cells. Western blotting showed that luteolin
treatment significantly increased the levels of pro-apoptotic
proteins, including Caspase-3, 6, 9, Bax, and p53, and
decreased the levels of anti-apoptotic protein Bcl-2, thus
shifting the Bax/Bcl ratio in favor of apoptosis. It was also
demonstrated that a combinational treatment of cisplatin and
luteolin induced more effectively cell growth inhibition,
compared to cisplatin treatment alone. These findings indi-
cate the anti-proliferative and chemosensitizing effects of
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Introduction

Gastric cancer continues to be a significant health issue,
which is second only to lung cancer as a leading cause of
cancer deaths worldwide [1-3]. The incidence of gastric
cancer is reported to be especially high in Asia, South
America, and Eastern Europe. Surgery remains the main-
stay of any curative treatment; however, approximately
two-thirds of patients diagnosed with gastric cancer have
unresectable locally advanced and/or metastatic disease
[4]. In this way, cytotoxic chemotherapy has been dem-
onstrated to be effective. Nevertheless, patient prognosis
remains very poor, and therapy-associated toxicity remains
a problem [5]. Thus, it is necessary to find new compounds
and optimized combinational treatment for gastric cancer.

Flavonoids, a kind of compounds that widely exist in the
plant kingdom, exhibit a wide range of biological effects,
such as anti-oxidant, anti-microbial, anti-inflammatory,
anti-mutagenic, anti-clastogenic, and anti-carcinogenic
[6-9]. Luteolin is one of the most common flavonoids and
has been found to have anti-carcinogenic properties.
Luteolin shows strong anti-proliferative activity against
different human cancer cell lines, including lung cancer,
myeloid leukemia, prostate cancer, and pancreatic cancer
[10]. Furthermore, a recent study showed that luteolin
significantly enhanced the cancer therapeutic activity of
cisplatin via p53 stabilization and accumulation both
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in vivo and in vitro [11], which may provide a novel way
for combinational chemotherapy of cancers. Apoptosis and
cell cycle regulation were supposed to be mechanisms of
the anti-cancer effects of luteolin. Some studies indicated
that luteolin has diverse roles on various kinase signal
transduction pathways regulating cell growth, cell cycle
control, or apoptosis in multi-type cancer cells [12—14] .
However, the role of luteolin in gastric cancer is still not
well understood, because few studies have reported the
effects of luteolin on the growth of gastric cancer cells.
Therefore, we perform this study to examine whether and
how luteolin regulates cell cycle progression and/or apop-
tosis in gastric cancer AGS cell line, and whether luteolin
sensitizes the anti-cancer effect of common chemothera-
peutic agents for human gastric cancer.

Materials and methods
Reagents and chemicals

RPMI1640 and other culture materials were purchased
from Invitrogen Corporation (Gaithersberg, MD, USA).
Antibodies for p21/Cipl, p27/kipl, Cdc2, Cyclin Bl,
Cdc25C, p53, caspase-8, and cytochrome C were pur-
chased from CellSignal Inc. (Beverly, MA, USA), caspase-
3, 6, 9, Bcl-xL, Bcl-2, and Bax were purchased from
Chemicon (Temecula, CA, USA). Luteolin, cisplatin,
antibody for fS-actin, dimethyl sulfoxide (DMSO), propi-
dium iodide, and other chemical agents were purchased
from Sigma-Aldrich (St Louis, MO, USA).

Cell culture

Human gastric cancer cell line AGS was obtained from
American Type Culture Collection. Cells were cultured in
RPMI1640 medium supplemented with heat inactivated
10% fetal bovine serum made by Hyclone (Logan, UT,
USA), 100 pg/ml penicillin, 100 pg/ml streptomycin, and
100 pg/ml amphotericin B. The cells were grown in a
humidified incubator at 37°C and a 5% CO, air atmosphere.

MTT cell viability assay

Cell viability was determined using the conversion of MTT
to formazan via mitochondrial oxidation. Cells (5,000 cells/
well) were treated with luteolin (0, 10, 20, 40, 80 uM) for 24,
48, and 72 h. Then, MTT solution was added to each well at a
final concentration of 1 mg/ml per well and the plates were
incubated at 37°C for another 4 h. After incubation, 200 ul
DMSO was added to each well to dissolve the formazan and
absorbance was read at 550 nm using a spectrophotometric
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microplate reader (Labsystems, Finland). The experiments
were performed in triplicate and at least repeated three times.

Cell cycle analysis

The effect of luteolin treatment on cell cycle progression
was determined by flow-cytometric analysis. DNA content
was assessed by staining ethanol-fixed cells with propidium
jodide. AGS cells (1x10° cells/ml) were seeded in T75
flasks, and allowed to attach overnight. The medium was
replaced with completely fresh medium containing desired
concentrations of luteolin or control (0.5% DMSO). After
incubation for indicated time intervals at 37°C, cells were
washed with PBS and fixed in 70% ethanol for at least
12 h. The cells were then treated with 100 pg/ml RNase A
and 50 pg/ml propidium iodide for 30 min. Stained cells
were monitored by the FACSCalibur (BD Biosciences).
And the percentages of cells within the G1, S, and G2/M
phases of cell cycle were determined using a MultiCycle
program (Phoenix Flow Systems, San Diego, CA).

Apoptosis analysis

The apoptosis-inducing effect of luteolin was investigated
by two methods: (i) flow-cytometric analysis of cells with
subdiploid DNA content and (ii) quantification of phos-
phatidylserine residues with Annexin V-FITC (BioVision,
California, USA) and propidium iodide double staining kit.
For the latter assay, cells were stained simultaneously with
FITC-conjugated Annexin V and propidium iodide to enable
the discrimination of intact cells (Annexin V~ PI"), early
apoptotic cells (Annexin V* PI7), and late apoptotic or
necrotic cells (Annexin V* PI"). Cells were seeded in a six-
well plate at 1x10° cells/ml and incubated overnight. After
72 h luteolin treatment, cells were trypsinized, and washed
with cold PBS and fixed with 70% ethanol at 4°C. Then the
cells were washed with PBS again and incubated at room
temperature with staining solution for 1 h in the dark.
Stained cells were analyzed by the FACSCalibur flow
cytometer (BD Biosciences) (E, = 488 nm, E,, = 530 nm)
and the results are indicated by a percentage of total gated
cells (10* cells).

Extraction of cytosol and mitochondria lysate

To determine cytochrome C translocation, cytosolic and
mitochondrial extracts were prepared from cells that had
undergone drug treatment. Cells were treated and harvested
as described above, suspended in buffer A (20 mM
HEPES-KOH (pH 7.5), 10 mM KCI, 1.5 mM MgCl,,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 0.1 mM PMSF,
and 250 mM sucrose) for 30 min on ice, and sonicated five
times during this period. After centrifugation for 10 min at
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3,500g, the supernatants were collected and further cen-
trifugated for 15 min at 1,400g. The later supernatant was
the cytosol lysate, and the pellet was suspended in protein
extraction buffer and centrifugated again to obtain the
mitochondrial lysate.

Western blot analysis

Gastric cancer cells were incubated in the presence of
luteolin for 72 h. Cells were then rinsed twice with ice-cold
PBS and lysed in protein lysis buffer (20 mM sodium
phosphate, 150 mM sodium chloride, 1% Triton X-100,
5 mM EDTA, 5 mM phenylmethylsulfonyl fluoride, 1%
aprotinin, 1 pg/ml leupeptin, 500 pM Naz;VO,). Proteins
were subjected to electrophoresis on 10% polyacrylamide
gels and then transferred to a nitrocellulose membrane
(Millipore, Bedford, MA) by electrotransfer. After block-
ing with 5% dried nonfat milk in PBS buffer and 0.5%
Tween 20, the membrane as probed with various antibodies
against Caspase-3, 6, 8, 9, Cdc2, Cyclin B1, Cdc25C, p21/
cipl, p27/kipl, Bel-xL, Bcl-2, Bax, p53, and cytochrome
C, respectively. Membranes were then washed and incu-
bated with the appropriate secondary antibodies. Finally,
immunoreactive proteins were visualized with enhanced
chemiluminescence (Amersham International, Bucking-
hamshire, UK).

Drug combination study

The inhibition effects on AGS cells of cisplatin, 5-Fu,
gemcitabine, doxorubicin, and paclitaxel alone, and their
combinations with luteolin, were determined by the MTT
assay. The combination index (CI) was calculated by the
Chou-Talalay equation [15], which takes into account both
the potency (D, or ICsp) and the shape of the dose—effect
curve. The general equation for the classic isobologram
(CI=1) is given by CI = (D)/(D,); + (D),/(D,), +
(D1 - (DY)2l/[(D)y + (D)2], where (D,); and (D,); in the
denominators are the doses (or concentrations) for D; (drug
1) and D, (drug 2) alone that gives x% inhibition, whereas
(D), and (D), in the numerators are the doses of drug 1 and
drug 2 in combination, which also inhibited x% (i.e. isoef-
fective). CI < 1, CI = 1, and CI > 1 indicate synergism,
additive, and antagonism effect, respectively [15, 16].

Statistic analysis

All analyses were performed using the SAS 6.12 software
(SAS Institute, Inc., Cary, NC). Results are expressed as
mean £ SD. The two-sided ¢ test was used to compare the
difference between treatment groups. Differences were
considered significant if the p value is less than 0.05.

127
120
—— 24h

100+ —0— 48h
- —»—72h
2
£ 804
o
O
®
> 604
=
s
Z 404
Jui)
O

20

0 : : : . ;
0 20 40 80 80 100

Luteolin Concentration (uM)

Fig. 1 The anti-proliferative effect of luteolin in AGS cells. Cells
were treated with indicated concentrations of luteolin (uM) for 24, 48,
and 72 h. Viability was determined using the MTT assay

Results
Luteolin inhibited the cell viability

To study whether luteolin inhibits AGS cell growth, we
examined the cytotoxic effects of serial concentrations
(0-80 pM) of luteolin for 24, 48, and 72 h treatments
using the MTT assay. As shown in Fig. 1, luteolin sig-
nificantly inhibited cell growth in a dose-dependent and
time-dependent manner. Compared with untreated cells,
the viability of cells treated with Iuteolin had a 50%
decrease after a 24-h treatment with 50 uM luteolin.
Moreover, cell growth was inhibited to 22% and 19% of
controls with 80 pM luteolin at 48 and 72 h, and the
ICso values were 29.6 £ 3.8 (48 h) and 23.5 + 2.4 uM
(72 h).

Luteolin induced cell cycle arrest

Because the inhibition of proliferation by luteolin could
be the result of cell cycle arrests or apoptosis or both, we
then examined the effects of different concentrations of
luteolin on cell cycle progression after 72 h treatment. As
shown in Fig. 2a, luteolin treatment resulted in a dose-
dependent accumulation of cells in G2/M phase. Con-
comitantly, there was a significant decrease of cells in the
S phase. At the dose of 80 uM luteolin, the percentage of
cells in G2/M phase reached 57% of total cells, compared
to 4.98% in the control group (p < 0.01), whereas the
percentage of cells in S phase decreased to 17.2%,
compared to 48.31% in the control group (p < 0.01)
(Fig. 2b). These data indicated that luteolin promotes
G2/M arrest in AGS cells.

@ Springer



128

Mol Cell Biochem (2008) 313:125-132

(a)

Control
10 pM

20 yM

40 pM

80 pM

—
=
—
~
(=1

. Control
) 10 M
= 20 UM
40 M
. 20 M

3

8

Cell Cycle Distribution (%)
= &

]

S
.

G2oM

Gl S
Cell Cyde Phase

Fig. 2 Luteolin induced cycle arrest in AGS cells. Luteolin was
added at the indicated concentrations and cells were incubated for
72 h. Cell cycle proportions were determined by flow cytometry after
staining with propidium iodide. (a) Flow cytometry of cell cycle
phase distribution; (b) Statistical analysis of cell cycle phase
distribution. Each value represents the mean of three experiments;
bars, £SD. (* p < 0.05, ** p < 0.01)

Luteolin decreased Cdc2, Cyclin B1, and Cdc25C
levels, and increased p21/cipl level

Itis known that the progression through various phases of the
cell cycle is promoted by Cyclins and Cdks and inhibited by
Cdk inhibitors [17]. Since luteolin treatment resulted in G2/
M arrest in AGS cells, we then assessed their effects on the
expression of proteins that regulate the G2/M phase transi-
tion, including Cdc2, Cyclin B1, Cdc25C, p21/cipl, and p27/
kipl. When the cells were treated with luteolin of different
concentrations for 72 h, a marked dose-dependent decrease
of Cdc2, Cyclin B1, and Cdc25C levels were observed using
western blot analysis (Fig. 3). Conversely, the expression of
p21/cipl increased in a dose-dependent manner, but the
expression of p27/kip1 had no apparent change (Fig. 3).
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Fig. 3 Luteolin altered the expression of cell cycle related proteins,
Cdc2, Cyclin B1, Cdc25C, p21/cipl, and p27/kipl. The expression of
proteins was assessed by immunoblotting. The AGS cells treated with
various concentrations of luteolin for 72 h

Luteolin induced apoptosis

Upon treatment of AGS with luteolin, the accumulation of
a sub-G1 peak of hypodiploid cells was evident in a con-
centration-dependent manner, whereas the proportion of
the sub-G; peak was negligible in control cells (Fig. 2a). At
the concentration of 80 uM, the percentage of cells in sub-
Gl phase reached 22.7% of total cells, indicating the
induction of apoptosis. Annexin V staining detects early
apoptosis by binding to phosphatidylserine on membrane,
which is translocated from the inner to the outer leaflet of
the plasma membrane during apoptosis (Fig. 4a). More-
over, double staining with Annexin V and propidium
iodide examined cells in the late stage of apoptosis. As
shown in Fig. 4b, the percentage of total apoptotic cells
were increased to 13.91% and 27.73% after the treatment
with 40 uM and 80 puM luteolin, respectively, which were
significantly higher than that (1.77%) in control cells (p all
<0.01). Similarly, the number of early apoptotic cells with
the treatment of 40 and 80 pM luteolin were also much
higher than that of the control cells (16.08% and 14.26%
vs. 1.44%, respectively).

Effects of luteolin on the levels of pro-apoptotic
proteins and anti-apoptotic proteins

Apoptosis is regulated by a variety of pro-apoptotic pro-
teins and anti-apoptotic proteins [18-20]. We examined the
expression levels of some apoptosis regulatory proteins,
including p53, Bcl-2, Bak, Bax, Bcl-xL, Caspase-3, 6, 8, 9,
and PARP. As shown in Fig. 5a, western blot showed that
the protein levels of the active subunits of Caspase-3, 6,
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and 9 were elevated in a luteolin dose-dependent manner,
but no changes of Caspase-8 was found. PARP degradation
also supported the observation of Caspase activation
(Fig. 5a). Similarly, the levels of pro-apoptotic proteins
Bax and p53 were increased, but no change was detected
for Bak. Conversely, the level of anti-apoptotic protein
Bcl-2 was decreased, but no change was found for Bcl-xL
(Fig. 5b). Furthermore, Fig. Sc showed that luteolin treat-
ment resulted in a significant shift of cytochrome C from
the mitochondrial fraction to the cytosolic fraction, which
supported an activation of the intrinsic apoptotic pathway
rather than the extrinsic pathway.

Synergic effect of luteolin and cisplatin

Cisplatin is one of the most commonly used therapeutic
agents for gastric cancer, via its direct interaction with DNA
to form bulky DNA adducts. In this study, we examined the
chemosensitizing effects of luteolin on cisplatin in AGS
cells. Cells were treated for 72 h with cisplatin alone or in
combination with luteolin at a ratio of 1:1 for several dif-
ferent doses. It demonstrated that the fraction of cell growth
inhibition increased more evidently with a combinational
treatment of cisplatin and luteolin, compared to cisplatin
treatment alone (Fig. 6a). The Cl/fractional effect plots
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Fig. 5 Luteolin altered the expression of apoptosis related proteins.
(a) Caspase-3, 6, 8, 9, and PARP; (b) p53, Bcl-2, Bak, Bax, and Bcl-
xL; (¢) translocation of cytochrome C. The expression of proteins was
assessed by immunoblotting. The AGS cells were treated with various
concentrations of luteolin for 72 h

showed the CI values versus the fraction of cells affected by
cisplatin and luteolin in combination, and there was a syn-
ergistic (CI < 1) effect for the two agents on AGS cells
(Fig. 6b). However, luteolin cannot sensitize AGS cells to
other chemotherapeutic agents, like 5-Fu, gemcitabine,
doxorubicin, and paclitaxel (data not shown).

Discussion

Conventional chemotherapy of gastric cancer has its limita-
tions on improving the treatment outcomes and quality of
survival/life in human patients; so prevention and therapeutic
intervention by dietary and nondietary phytochemicals are
newer approaches as compared to the use of cytotoxic
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Fig. 6 Combination effects of luteolin and cisplatin. (a) AGS cells
were treated for 72 h with cisplatin and luteolin alone or in
combination at a ratio of 1:1 for several different doses. MTT assays
were performed to measure the fractional effect of cell growth
inhibition. (b) The Cl/fractional effect plots showed the CI values
versus the fraction of cells affected by cisplatin and luteolin in
combination. Synergy between luteolin and cisplatin was calculated
from median effect plots of (a). CI values below 1 represent synergy

chemotherapeutic agents in cancer management [1-3]. Lute-
olin, a plant flavonoid, has been shown to have anti-
carcinogenic properties in some cancer cell lines [8]. In the
present study, we have shown that luteolin inhibit the growth
of gastric cancer AGS cells through the following mecha-
nisms: (a) luteolin promotes G2/M arrest and regulates the
expression of different enzymes related to G2/M transition
and (b) luteolin induces apoptosis and affects the levels of both
pro-apoptotic and anti-apoptotic proteins, especially those in
the intrinsic apoptotic pathway. In addition, luteolin sensitizes
AGS cells to cisplatin and has synergistic effect with ciaplatin
on AGS cells growth inhibition.

Previously, luteolin has been known to suppress tumor
cell growth through both cell cycle arrest and apoptosis
[13, 21-23]. Our results in gastric cancer cell lines were
consistent with those findings and showed that luteolin
suppress the growth of AGS cells through blocking the cell
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cycle progression at G2/M phases and activating intrinsic
apoptotic pathway. In terms of the regulation of cell cycle,
Cyclin-dependent kinases (CDK) and Cyclin-dependent
kinases inhibitors (CDKIs) play important roles. In G2 and
M phases, cdc2 kinase is activated by binding to Cyclin B.
Cdc25C plays a critical role in the dephosphorylation of
Cdc2 on Thrl4/Tyrl5, and the blockage of its activity
inhibits the subsequent activation of Cyclin B1/Cdc2. In
this study, luteolin was found to down-regulate Cdc2,
Cyclin B1, and Cdc25C protein levels, which were
required for the progression of G2/M checkpoints. p21/cipl
and p27/kipl are two important members of CDKIs that
inhibits the activity of CDK-Cyclin complexes and nega-
tively regulate cell cycle progression. It has been showed
that p21/cipl regulated G1 and S progression by inhibiting
cdk4 and cdk?2 activities [24]. However, some later studies
suggested that p21/cipl was also involved in the suppres-
sion of G2/M transition [25, 26]. Our results showed that
luteolin increased p21/cip1 protein levels, but not p27/kip1.
All these results indicated that the regulation of G2/M
transition may be an effective target to control the growth
and proliferation of AGS cells by luteolin.

Impaired apoptosis is another crucial mechanism for
cancer development. The Bcl-2 family proteins are critical
in the conduction of apoptosis and can be divided into pro-
and anti-apoptotic members [27]. Studies have shown that
anti-apoptotic Bcl-2 family proteins form a heterodimer
with Bax/Bak and thereby suppress the pro-apoptotic
effects [28]. In addition, Bcl-2 family proteins regulate the
release of cytochrome C from the mitochondria into cyto-
sol, which will activate initiator caspase-9 and induce a
subsequent caspase cascade (the intrinsic apoptotic path-
way) [29]. In this study, we have showed that luteolin
treatment significantly increased the levels of pro-apoptotic
proteins, including Caspase-3, 6, 9, Bax, and p53, and
decreased the levels of anti-apoptotic Bcl-2 protein, thus
shifting the Bax/Bcl ratio in favor of apoptosis. The levels
of cytochrome C did not change when whole-cell extracts
were analyzed (data not shown). However, subcellular
translocation of Cytochrome C was observed, which fur-
ther supported the conclusion that luteolin treatment
induced apoptosis in AGS cells through an intrinsic mito-
chondria apoptotic pathway.

The resistance of tumor cells to cytotoxic agents is one
of the major limitations in cancer chemotherapy; therefore
combinational treatment with sensitizing agents, such as
luteolin, may be an effective strategy to overcome cisplatin
resistance [30, 31]. Shi et al. [29] found that luteolin
enhanced the cisplatin-induced apoptosis in some human
cancer cells and thereby sensitized the anti-cancer effect of
cisplatin. In the present study, our results showed that the
combination of cisplatin and luteolin was more effective in
inhibiting AGS cell growth, indicating an application

potential of luteolin as a chemosensitizer in gastric cancer
therapy.

In conclusion, luteolin can significantly inhibit the pro-
liferation of gastric cancer cells through both G2/M arrest
and enhanced apoptosis, and has a synergistic effect with
cisplatin on the suppression of gastric cancer cell growth.
Although further investigations are warranted to evaluate
the anti-cancer effects of luteolin, data from this study
provide the clinical application potential for luteolin in
gastric cancer chemotherapy.

References

1. Alberts SR, Cervantes A, van de Velde CJ (2003) Gastric cancer:
epidemiology, pathology and treatment. Ann Oncol 14(Suppl
2):1i31-ii36

2. Crew KD, Neugut Al (2006) Epidemiology of gastric cancer.
World J Gastroenterol 12:354-362

3. Wainess RM, Dimick JB, Upchurch GR Jr et al (2003) Epide-
miology of surgically treated gastric cancer in the United States,
1988-2000. J Gastrointest Surg 7:879-883

4. Hundahl SA, Menck HR, Mansour EG et al (1997) The national
cancer data base report on gastric carcinoma. Cancer 80:2333-2341

5. Ajani JA (2005) Evolving chemotherapy for advanced gastric
cancer. Oncologist 10(Suppl 3):49-58

6. Amic D, Davidovic-Amic D, Beslo D et al (2007) SAR and
QSAR of the antioxidant activity of flavonoids. Curr Med Chem
14:827-845

7. Gonzalez-Gallego J, Sanchez-Campos S, Tunon MJ (2007) Anti-
inflammatory properties of dietary flavonoids. Nutr Hosp 22:287-
293

8. Li Y, Fang H, Xu W (2007) Recent advance in the research of
flavonoids as anticancer agents. Mini Rev Med Chem 7:663-678

9. Ozcelik B, Orhan I, Toker G (2006) Antiviral and antimicrobial
assessment of some selected flavonoids. Z Naturforsch [C]
61:632-638

10. Zhang FF, Shen HM, Zhu XQ (2006) Research progress on anti-
tumor effects of luteolin. Zhejiang Da Xue Xue Bao Yi Xue Ban
35:573-578

11. Shi R, Huang Q, Zhu X et al (2007) Luteolin sensitizes the
anticancer effect of cisplatin via c-Jun NH2-terminal kinase-
mediated p53 phosphorylation and stabilization. Mol Cancer Ther
6:1338-1347

12. Chiu FL, Lin JK (2008) Downregulation of androgen receptor
expression by luteolin causes inhibition of cell proliferation and
induction of apoptosis in human prostate cancer cells and xeno-
grafts. Prostate 68:61-71

13. Lim do Y, Jeong Y, Tyner AL et al (2007) Induction of cell cycle
arrest and apoptosis in HT-29 human colon cancer cells by the
dietary compound luteolin. Am J Physiol Gastrointest Liver
Physiol 292:G66-G75

14. Selvendiran K, Koga H, Ueno T et al (2006) Luteolin promotes
degradation in signal transducer and activator of transcription 3 in
human hepatoma cells: an implication for the antitumor potential
of flavonoids. Cancer Res 66:4826-4834

15. Chou TC (2006) Theoretical basis, experimental design, and
computerized simulation of synergism and antagonism in drug
combination studies. Pharmacol Rev 58:621-681

16. Fujita T, Doihara H, Washio K et al (2007) Antitumor effects and
drug interactions of the proteasome inhibitor bortezomib (PS341)
in gastric cancer cells. Anticancer Drugs 18:677-686

@ Springer



132

Mol Cell Biochem (2008) 313:125-132

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hermeking H, Benzinger A (2006) 14-3-3 proteins in cell cycle
regulation. Semin Cancer Biol 16:183—-192

Debatin KM (2004) Apoptosis pathways in cancer and cancer
therapy. Cancer Immunol Immunother 53:153-159

Fisher DE (2001) Pathways of apoptosis and the modulation
of cell death in cancer. Hematol Oncol Clin North Am 15:
931-956, ix

Fulda S, Debatin KM (2004) Targeting apoptosis pathways in
cancer therapy. Curr Cancer Drug Targets 4:569-576
Kobayashi T, Nakata T, Kuzumaki T (2002) Effect of flavonoids
on cell cycle progression in prostate cancer cells. Cancer Lett
176:17-23

Chang J, Hsu Y, Kuo P et al (2005) Increase of Bax/Bcl-XL ratio
and arrest of cell cycle by luteolin in immortalized human hep-
atoma cell line. Life Sci 76:1883-1893

Wang W, VanAlstyne PC, Irons KA et al (2004) Individual and
interactive effects of apigenin analogs on G2/M cell-cycle arrest
in human colon carcinoma cell lines. Nutr Cancer 48:106-114
Sherr CJ (1994) G1 phase progression: cycling on cue. Cell
79:551-555

Niculescu AB 3rd, Chen X, Smeets M et al (1998) Effects of
p21(Cipl/Wafl) at both the G1/S and the G2/M cell cycle

@ Springer

26.

217.

28.

29.

30.

31.

transitions: pRb is a critical determinant in blocking DNA rep-
lication and in preventing endoreduplication. Mol Cell Biol
18:629-643

Bunz F, Dutriaux A, Lengauer C et al (1998) Requirement for
pS3 and p2l to sustain G2 arrest after DNA damage. Science
282:1497-1501

Daniel PT, Schulze-Osthoff K, Belka C et al (2003) Guardians of
cell death: the Bcl-2 family proteins. Essays Biochem 39:73-88
Srivastava M, Ahmad N, Gupta S et al (2001) Involvement of
Bcl-2 and Bax in photodynamic therapy-mediated apoptosis.
Antisense Bcl-2 oligonucleotide sensitizes RIF 1 cells to photo-
dynamic therapy apoptosis. J Biol Chem 276:15481-15488

Shi Y (2006) Mechanical aspects of apoptosome assembly. Curr
Opin Cell Biol 18:677-684

Bruzzese F, Di Gennaro E, Avallone A et al (2006) Synergistic
antitumor activity of epidermal growth factor receptor tyrosine
kinase inhibitor gefitinib and IFN-alpha in head and neck cancer
cells in vitro and in vivo. Clin Cancer Res 12:617-625

Buzdar A, Howell A, Cuzick J et al (2006) Comprehensive side-
effect profile of anastrozole and tamoxifen as adjuvant treatment
for early-stage breast cancer: long-term safety analysis of the
ATAC trial. Lancet Oncol 7:633-643



	Anti-proliferative and chemosensitizing effects of luteolin �on human gastric cancer AGS cell line
	Abstract
	Introduction
	Materials and methods
	Reagents and chemicals
	Cell culture
	MTT cell viability assay
	Cell cycle analysis
	Apoptosis analysis
	Extraction of cytosol and mitochondria lysate
	Western blot analysis
	Drug combination study
	Statistic analysis

	Results
	Luteolin inhibited the cell viability
	Luteolin induced cell cycle arrest
	Luteolin decreased Cdc2, Cyclin B1, and Cdc25C levels, and increased p21/cip1 level
	Luteolin induced apoptosis
	Effects of luteolin on the levels of pro-apoptotic proteins and anti-apoptotic proteins
	Synergic effect of luteolin and cisplatin

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


