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Abstract The aim of this study is to explore the apoptotic
induction and cell cycle arrest function of luteolin on the liver
cancer cells and the related mechanism. The liver cancer cell
line SMMC-7721, BEL-7402, and normal liver cells HL-7702
were treated with different concentrations of luteolin. Cell
proliferation ability was tested. Morphological changes of
the apoptotic cells were observed under inverted fluorescence
microscope after Hoechst33342 staining. We investigated the
effect of luteolin on cell cycling and apoptosis with flow
cytometry. The mitochondrial membrane potential changes
were analyzed after JC-1 staining. Caspases-3 and Bcl-2 fam-
ily proteins expression were analyzed by real-time PCR. Cell
proliferation of SMMC-7721 and BEL-7402 were inhibited
by luteolin, and the inhibition was dose—time-dependent.
Luteolin could arrest the cells at G1/S stage, reduce mitochon-
drial membrane potential, and induce higher apoptosis rate
and the typical apoptotic morphological changes of the liver
carcinoma cells. Q-RT-PCR results also showed that luteolin
increased Bax and caspase-3 expression significantly and
upregulated Bcl-2 expression in a dose-dependent manner in
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liver carcinoma cells. However, the normal liver cells HL-
7702 was almost not affected by luteolin treatment. Luteolin
can inhibit SMMC-7721 and BEL-7402 cell proliferation in a
time- and dose-dependent manner. And the mechanism maybe
through arresting cell cycle at phase G1/S, enhancing Bax
level, reducing anti-apoptotic protein Bel-2 level, resulting in
activating caspase-3 enzyme and decrease of mitochondrial
membrane potential, and finally leading to cell apoptosis.
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Introduction

Liver cancer represents one of the most common neoplasms
worldwide. It is the second and sixth leading cause of cancer-
related death in males and females, respectively [1]. Currently,
surgical resection and local ablative therapies are adopted
frequently when liver transplantation is not accessible, and
recurrence is the main reason of death after surgical treatment
for this cancer. So finding effective natural medicine which
has anti-liver carcinoma effect is of great significance
undoubtedly.

Many researchers have reported that flavonoids can be used
as effective natural inhibitor on cancer initiation and progression.
Recently, luteolin (3',4",5,7-tetrahydroxyflavone), which was ex-
tracted from radix arnebiae seu lithospermi root, known as
common dietary flavonoid and found in fruits, vegetables, me-
dicinal herbs [2], has been found possessing a potent antitumor
activity in several studies [3—5]. It displays a significant effect on
killing malignant cells even at a low dosage. But the functions
and the detailed mechanism of luteolin on human liver cancer
were not reported till now. This study focused on the cell
apoptotic effect and cell cycle arrest of luteolin on liver cancer
cells and the detailed mechanism.
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The experimental materials and methods
Cell culture

Liver carcinoma cell lines SMMC-7721 and BEL-7402 were
purchased from ATCC (Manassas, VA, USA), and normal liver
cell line HL-7702 was bought from Shanghai cell bank of
Chinese academy of sciences (Shanghai, China). All the cell
lines identities were mycoplasma-free and were cultured in
Dulbecco modified Eagle medium (DMEM, Gibco, USA) sup-
plemented with 10 % heat-inactivated fetal calf serum (FCS,
Gibco, USA) at 37 °C and 5 % CO, atmosphere.

Luteolin liquids preparation

One microgram luteolin (from Sigma) was dissolved with 100-p11
DMSO, and stored at —20 °C. This stock solution was diluted
with DMEM and prepared with the cell culture medium con-
taining different concentrations of luteolin. This medium was
filtered and stored under 4 °C in dark condition.

Cell proliferation assay

Cell titer 96 ® AQyous Nonradioactive cell proliferation assay
was applied to determine cell proliferation ability. Briefly, the
SMMC-7721, BEL-7402, and normal liver cells HL-7702
were collected at logarithmic phase, diluted into 5x 10* cells/
mL with DMEM containing 10 % fetal calf serum, seeded into
96-well flat-bottom plates, 100 pl/well, and incubated at
37 °C and 5 % CO, atmosphere for 24 h. Then cells were
cultured in 100-ul DMEM medium with different concentra-
tion of luteolin (0, 12.5,25, 50, 75, and 100 uM) and 10 %
fetal calf serum, at 37 °C and 5 % CO, condition for 0,1, 2,
and 3 days. After that, 20-ul Cell titer 96 ® AQ,cous NONra-
dioactive cell proliferation assay reagent was added (Promega,
USA) into each well, then incubated for 3 h. The absorption
values at 490 nm were examined with the automatic enzyme-
linked immunosorbent assay plate reader (BMG POLARSstar
Omega, BMG Labtech, Germany). The inhibition rate was
calculated according to the following formula:

Inhibitionrate = (OD value of control group—OD value of test group) /
OD value of control group x 100%.

Mitochondrial membrane potential assessment

Mitochondria play an important role in cell apoptosis, and
mitochondrial membrane potential decline is an earlier event
of the apoptosis. 5,5',6,6'-tetrachloro-1,1",3,3"-
tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1) is an ef-
fective reagent for mitochondrial membrane potential detection.
‘When the mitochondrial membrane potential is lower, JC-1 will
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exist in monomer, and the cells show green fluorescence. On the
contrary, the dimer forms when the mitochondrial membrane
potential is higher, and the cells show red fluorescence [6]. In this
study, to measure the mitochondrial membrane potential for
apoptosis analysis, JC-1 staining was performed with Accuri's
JC-1 mitochondrial potential assay kit (Invitrogen, USA) accord-
ing to the protocol after the liver cancer cells SMMC-7721 and
BEL-7402 were treated with 0 or 50 uM luteolin for 24 h.

Nucleus morphological changes observation

The fastest way to detect apoptosis is the observation of nucleus
morphology variations using Hoechst staining. In this research,
the Hoechst 33342 stain was applied to distinguish the apopto-
tic cell nucleus. Briefly, cells in logarithmic growth phase were
seeded into the 6-well plates at 4x 10% cells/well. After pre-
incubation for 12 h under normal condition, cells were cultured
with luteolin (0, 25, 50 uM) and 10 % fetal calf serum in
DMEM. Each treatment was tested in triplicate. After 24 h,
cells were washed with PBS twice, fixed with 1 ml of 4 %
paraformaldehyde at 4 °C for 10 min. Then the cells were
washed with PBS for three times, dyed with Hoechst 33342
(Sigma, USA, 5 pg/ml in PBS) for 10 min at the room temper-
ature in dark condition, and observed under an inverted fluo-
rescence microscope immediately after washing with PBS three
times. Dead cells will not be dyed by Hoechst staining. The
healthy cells will show large oval-shaped body with uniform
fluorescence in nuclei. When cell apoptosis happens, nuclear
morphological changes, such as blue fluorescent stained com-
pact particulates, can be seen in the nucleus. The cells with three
or more than three fluorescent DNA fragments are identified as
apoptosis cells.

Assessment of apoptosis

The cells at logarithmic growth phase were seeded into 6-well
plates at 4x10° cells/well, incubated under 37 °C 5 % CO,
condition for 24 h. The culture medium was changed with 2-
ml DMEM, which contain 0 or 50 uM luteolin and 10 % fetal
calf serum, and cultured at 37 °C 5 % CO, atmosphere for 24 h.

Table 1 The primer sequences of GAPDH, Bcl-2, Bax, and caspase-3

Primer name Primer sequences Annealing
condition

GAPDH-F TGAAGGTCGGAGTCAACGG 60 °C, 60 s

GAPDH-R CTGGAAGATGGTGATGGGATT

BCI12-F GGGTGGGAGGGAGGAAGAAT 60 °C, 60 s

BCL2-R TTCGCAGAGGCATCACATCG

BAX-F CTCACCGCCTCACTCACCAT 60 °C, 60 s

BAX-R TGTGTCCCGAAGGAGGTTTATT

Caspase3-F GAGTAGATGGTTTGAGCCTGAG 60 °C, 60 s

Caspase3-R TGCCTCACCACCTTTAGAAC
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Each treatment was tested in triplicate. The cells were harvested
after digestion with pancreatic enzymes, washed with PBS three
times, and double stained with phycoerythrin-conjugated
Annexin V and 7AAD according to the manufacturer's instruc-
tions (BD Bioscience, San Jose, CA). Twenty thousand events
were collected for each sample using a Becton Dickinson
FACScan (BD Bioscience, San Jose, CA). Data were analyzed
with FlowJo software (Tree Star, San Carlos, CA). Both early
apoptotic (Annexin V positive, 7-AAD negative) and late apo-
ptotic (Annexin V positive, 7-AAD positive) cells were included
in cell apoptosis.
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The cell cycle analysis

The cells at logarithmic growth phase were seeded into 6-well
plates at 4x 10° cells/well, incubated at 37 °C with 5 % CO,
for 24 h. The medium was changed with 2-ml DMEM con-
taining 0 or 4 uM luteolin and 10 % fetal calf serum, and
cultured at 37 °C 5 % CO, atmosphere for 24 h. The cells were
harvested after digestion with pancreatic enzymes, washed
with cold PBS three times, and fixed with ice-cold 70 %
ethanol at —20 °C overnight. After centrifuged for 5 min at
1,500 rpm, the cells were re-suspended in 5-mL fluorescence-
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Fig. 2 The morphology changes

The concentration of Luteolin

of the cell nucleus in cell lines
HL-7702, SMMC-7721, and
BEL-7402 induced by luteolin
was observed under the inverted
fluorescence microscope after
Hoechst staining (x400)
SMMC-7721

BEL-7402

HL-7702

activated cell sorting washing medium (3 % FCS/PBS) and
centrifuged again. Cell pellets were re-suspended in 0.5 mL of
PI/RNase staining buffer (BD Pharmingen™, USA) and in-
cubated at room temperature for 30 min. DNA content in each
cell was examined by flow cytometer (BD Bioscience, San
Jose, CA). The percentage of cell population of G1, S, and G2
phases was determined by FlowJo software (Tree Star, San
Carlos, CA).

Bcl-2, Bax, and caspase-3 mRNA expression level
examination

The SMMC-7721, BEL-7402, and HL-7702 cells were col-
lected after 0 or 50-uM luteolin treatment for 24 h; total RNA
was extracted from the cells using TRIzol™ reagent
(Invitrogen Company, USA). Briefly, 1-mL Trizol was added
to PBS washed cells, mixed by pipetting until the solutions
were transparent and clear, incubated in the room temperature
for 5 min, added 200-pl chloroform and mixed well, incubat-
ed in the room temperature for 3 min, and centrifuged for
15 min at 12,000 rpm 4 °C condition. The supernatant was
transferred into a 1.5-mL centrifuge tube with 500 uL
isopropanol, mixed well, incubated for 10 min at the room
temperature, and centrifuged at 12,000 rpm for 15 min at4 °C.
The supernatant was discarded, adding 1 mL 75 % ethanol to
clean the RNA sediment, centrifuged for 5 min at 12,000 rpm
4 °C condition. The supernatant was discarded, air dried for
10 min, and dissolved the RNA pellet in 50 pL. RNAse free
water. RNA was quantified with Nano drop (Thermo fisher),
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and its integrity was detected by agarose gel electrophoresis.
Then the RNAs were reverse-transcripted with the Super-
Script® III First-Strand Synthesis System (Invitrogen™),
One microliter RT product was used for subsequent reverse
transcription real-time PCR (Q-RT-PCR) with the final con-
centration of PCR reaction being 2.5x real master mix/20%
SYBR solution mixture 9 pL, upstream and downstream
primers 2 pL (100 nmol/L, produced by Sangon Biotech
company Shanghai, China). The primer sequences were listed
in Table 1. The ddH,O was added to reach the total volume of
20 pL. The Ct value of each cell was recorded, and the data
were analyzed by the comparative Delta-delta Ct method.

Statistical analysis

All data were analyzed by SPSS16.0 software (SPSS Inc.,
Chicago, IL), and presented as mean + SD. Kruskal-Wallis test

Table 2 The total apoptosis rate including the early and late apoptotic
cells of HL-7702, SMMC-7721, and BEL-7402 cell lines after luteolin
treatment

Cell line The apoptotic rate (%)

0 pM luteolin treated 50 uM luteolin treated
SMMC-7721 11.06+3.22 58.18+2.11"
BEL-7402 6.58+0.46 37.70+3.04"
HL-7702 6.94+0.27 7.79+0.54

Compared with 0 uM luteolin treated group respectively, *P <0.01
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Fig. 3 Apoptosis assessment by
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was used for multiple group comparisons followed by
Wilcoxon rank sum test including Bonferroni adjustment for
comparison between two groups. All tests performed were two-
sided. P <0.05 was considered significantly different.

Results
Luteolin-inhibited liver cancer cells proliferation

The cell proliferation data showed in Fig. 1; the liver cancer
cells proliferation was inhibited by different concentrations of
luteolin after 24, 48, or 72-h treatment, and the inhibition
effect was dose- and time-dependent. However, no significant
inhibition was observed in the normal liver cell line HL-7702

FL3-H: 7AAD FL3-H: TAAD

treated with 12.5, 25, and 50 uM luteolin compared to 0 uM
luteolin-treated group (P>0.05). When the concentration of
luteolin reached 75 uM, proliferation of HL-7702 cells was
inhibited in a time- and dose-dependent manner (P <0.05).

Luteolin-induced morphological changes of liver cancer cell
nucleus

The cell nuclei of SMMC-7721, BEL-7402 dyed by
Hoechst33342 are uniform, round or oval, chromatin distri-
bution uniformity (shown in Fig. 2). After luteolin treatment,
more cells appeared characteristics of apoptosis with the
changes of nuclear morphology such as chromatin condensa-
tion, round cell karyorrhexis particles formation, the particle
shape distribution, the lobulated nuclear fragmentation, and
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Table 3 The cell cycles of the cell lines which were treated with luteolin

Cell lines Cell phase Percentage of cell phase (%)
0 uM luteolin 50 uM luteolin
SMMC-7721 Gl 59.86+1.07 %  66.05+2.06 % "
S 21.43+0.58 %  30.33+1.12% "
G2 14.75+0.75 % 3.24+039 %
BEL-7402 Gl 54814233 %  63.14+2.17 % "
S 20.72+1.09 %  31.92+1.16 %
G2 14.78+0.67 % 491+0.54 %
HL-7702 Gl 75.242.08 % 76264321 %
S 2135+0.62 %  20.23+1.14 %
G2 3.3240.47 % 2.91+023 %

Compared with 0 pM luteolin treatment group, *P <0.05, **P<0.01

Fig. 4 The cell cycles of liver
carcinoma cells SMMC-7721,
BEL-7402, and normal liver cells
HL-7702 treated with 0 or 50 pM
of luteolin for 24 h
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bright blue karyopyknosis. The morphology of the cell nucle-
us in normal cells HL-7702 treated by luteolin was not
changed as much as the liver cancer cell.

Luteolin-induced apoptosis of liver cancer cells

The liver cancer cells SMMC-7721 and BEL-7402 and the
normal cells HL-7702 were treated with 50 uM luteolin. The
apoptosis rates were examined by flow cytometry after cells
were dyed with Annexin V-PE and 7-AAD. Data showed in
Table 2 and Fig. 3 the total apoptosis rates (including early
apoptotic cells and later stage of apoptosis) for SMMC-7721
and BEL-7402 cells reached to 58.18+2.11 and 37.7+3.04 %
after 50 uM luteolin treatment, which is significantly different
from the normal liver cells and 0 uM luteolin-treated group,

The concentration of Luteolin

OuM 50uM
300
1500 Gl = 59.86% ] G1= 66.05%
1 S = 21.43% 2004 S =30.33%
= 1000 =
H 1 G2 = 14.75% 3 G2=3.24%
500: 100 5
D ] T T T T T a 1 T 1 T Ll
] 200 400 B00 800 1K 1] 200 400 600 800 1K
FL2-A FL2-A
250 -
Gl = 54.81%
1500 6] G1=63.14%
S = 20.72% :
S =31.92%
i G2 = 14.78 £ 150
1000 2 G2=4.91%
100+
500 <
50+
0 T T T T T . T T T T T
1] 200 400 G600 800 1K 1] 200 400 600 BOD 1K
FL2-A FL2-A
o] G1= 75.21% 500 G =76.26%
S = 21. 35% - S = 20.23%
600 1
62 = 3.32% @ =2.91%

Count

400

200

T
0 200 400 600 200 1K

FL2-A

Count

400 +

200

200

T T T

400 600 800
FLZ-A

U
1K



Tumor Biol.

(P<0.01). The results demonstrated that luteolin had a dose-
dependent apoptosis inducing function on liver cancer cells
including SMMC-7721 and BEL-7402, but showed a very
slight apoptosis inducing function to normal liver cells HL-
7702.

The cell cycles of liver carcinoma cells were changed
by luteolin

Liver carcinoma cells SMMC-7721 and BEL-7402 were
treated with 0 or 50 uM of luteolin for 24 h, and the cell
cycle were evaluated with flow cytometry. The data
showed in Table 3 and Fig. 4 that luteolin arrested cell
cycle progression in the G1/S phase and prevented entry
into G2 phase (P <0.01). But the cell cycle of normal liver
cells was almost not influenced by luteolin treatment,
(P>0.05).

Reduced mitochondrial membrane potential of liver cancer
cells after luteolin treatment

JC-1 can selectively enter into mitochondria and reversibly
change color from red to green following the decline of
membrane potential [7]. If apoptosis induced by luteolin is
through the mitochondrial pathway, the mitochondrial
membrane integrity will be damaged at the early stage of
cell apoptosis; the membrane potential should be reduced,
and the JC-1 will exist mainly in a monomeric form in the
cells, and emit green fluorescence. In this study, the data
showed in Fig. 5 suggested that, compared with 0 uM
luteolin-treated group, mitochondria membrane potentials
of SMMC-7721 and BEL-7402 cells were decreased after
50 uM luteolin treatment, so cell apoptosis induced by
luteolin may be associated with the mitochondrial mem-
brane potential decline.

The concentration of Luteolin

oM 50uM

SMMC-7721

BEL-7402

Fig. 5 The mitochondria membrane potentials decrease of SMMC-7721
and BEL-7402 cells after luteolin treatment

Expression of multiple proteins in the mitochondria signaling
pathways changed after luteolin treatment

Many evidences showed that the caspase cascade and Bcl-2
protein family play an important role in the mitochondria-
mediated cell apoptosis [8], so we studied the effect of luteolin
on caspases and Bcl-2 family in liver carcinoma and the
normal cell lines SMMC-7721, BEL-7402, and HL-7702 by
Q-RT-PCR. Q-RT-PCR results were listed in Fig. 6. Data
showed that the mRNA levels of Bax, Bcl-2, and caspase-3
of the cell lines SMMC-7721 and BEL-7402 were changed
after 50 uM luteolin treatment, but the luteolin had no signif-
icant effect on HL-7702 cells (P>0.05).

Discussion

Cell apoptosis is an important mechanism for cell differenti-
ation, body development, physiological, and pathological
death. It is an actively programmed cell death process for
maintaining a stable internal environment. Abnormal cell
apoptosis is an important etiology for most malignant tumors,
and searching for effective drugs to induce tumor cell apopto-
sis has become the target in the cancer therapy and studies.
Mitochondrial apoptosis pathway is also known as an
endogenous apoptosis pathway. It is the major target of anti-
cancer drugs in inducing tumor cell apoptosis [9, 10]. In this
pathway, some stimulators which can result in the DNA
damage will trigger the apoptotic process, and a series of
genes including mammalian Bel-2 and BAX will be activated
by proteolysis or dephosphorylation of the proteins. Bel-2 and
BAX belong to the Bcl-2 family; they are key members of
apoptosis-related genes in mitochondrial apoptosis pathway.
Bcl-2 proteins are able to promote or inhibit apoptosis by
direct action. BAX forms the pore on the cell, while Bcl-2
inhibits its formation. BAX promotes apoptosis by competing
with Bcl-2 proper. Therefore, the expression of BAX, Bcl-2,
and the ratio of them were selected as apoptosis markers for
antitumor medicine examination in many studies [11]. When

= Bel-2(0pM)

® Bel-2(50pM)

= Bax(0uM)

= Bax(50uM)

m Caspase-3(0uM)
= Caspase-3(50uMl)

The ratio of 2-34¢
= - Ll

o

HL-7702

SMMC-7721
The cell lines

BEL-7402

Fig. 6 The effect of luteolin on the expression of Bcl-2, Bax, and
caspase-3 mRNA in HL-7702, SMMC-7721, and BEL-7402 cell lines
(¥ + s, n=3). Note: Compared with 0 uM luteolin treatment, *P <0.01

@ Springer



Tumor Biol.

the balance of Bcl-2 and Bax is broken, and Bax is in a dominant
position, caspase-3 will be upregulated; the mitochondrial mem-
brane potential will be downregulated. Then apoptosis signaling
molecules such as cytochrome C will enter into the cytoplasm,
activate the caspase, and lead to cell apoptosis [8].

Accumulating lines of evidence showed that luteolin, a
polyphenolic compound, has several beneficial biological ef-
fects, including anti-inflammation [12], neuroprotection [13],
antioxidant, suppressing tumor invasion and metastasis [14].
But the studies about its anti-liver carcinoma effects and the
related mechanisms were rarely conducted.

To clarify the anti-liver cancer function of luteolin and its
related mechanism, a series of studies were performed in this
study. Data showed that luteolin could inhibit the growth of
liver cancer cells in dose- and time-dependent manner. It could
decrease the mitochondrial membrane potential of liver cancer
cells through improving the level of apoptosis precursor protein
Bax, downregulating antiapoptotic protein Bcl-2, and increas-
ing Bax/Bcl-2 ratio, activate the caspase-3 cascade, and result
in cell apoptosis. At the same time, luteolin arrested the liver
cancer cells at stage G1/S, preventing the cells entry into G2
phase. The good news is that the cell apoptosis rate, cell cycle,
the shape of cell nucleus, and the mRNA levels of caspase-3,
Bcl-2, and Bax of normal liver cells were not changed signif-
icantly when the dosage of luteolin is not more than 75 uM.

In conclusion, our findings highlighted a novel mechanism
for luteolin to anti-liver carcinoma, and supplied a certain
reference value for the application of luteolin in clinical ther-
apy of liver carcinoma in the future.
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