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Silymarin inhibited proliferation and induced apoptosis in hepatic cancer cells
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Abstract

Objectives: The aim of this study was to investigate
mechanisms involved in the growth inhibitory effect
of silymarin, in humanhepatocellular carcinoma.
Materials and Methods: The human hepatocellular
carcinoma cell line HepG2 was utilized and the MTT
assay was performed to study the antiproliferative
effect of silymarin. Dual staining was undertaken
for ethidium bromide/acridine orange, propidium
iodide staining and DNA fragmentation studies
were executed to confirm the presence of apoptosis.
Cell-cycle analysis was revealed by flow cytometry
and mitochondrial transmembrane potential was
measured by uptake of the mitochondrial-specific
lipophilic cationic dye rhodamine 123. Western
blotting analysis for cytochrome c, p53, Bax, Bcl-2,
APAF-1, caspase-3, survivin, 3-catenin, cyclin DI,
c-Myc and PCNA was carried out.

Results: Silymarin inhibited population growth of the
hepatocellular carcinoma cells in a dose-dependent
manner, and the percentage of apoptotic cells was
increased after treatment with 50 and 75 pg/ml sily-
marin for 24 h. Silymarin treatment increased the
proportion of cells with reduced DNA content (sub-
G,/G, or A, peak), indicative of apoptosis with loss
of cells in the G, phase. Silymarin also decreased
mitochondrial transmembrane potential of the cells,
thereby increasing levels of cytosolic cytochrome c
while up-regulating expression of pro-apoptotic
proteins (such as p53, Bax, APAF-1 and caspase-3) with
concomitant decrease in anti-apoptotic proteins
(Bcl-2 and survivin) and proliferation-associated
proteins (B-catenin, cyclin D1, c-Myc and PCNA).

Correspondence: T. Devaki, Department of Biochemistry, University of
Madras, Guindy Campus, Chennai—600025, Tamil Nadu, India. Tel.:
+91 44 22351269; Fax: +91 44 22352494; E-mail: biorkn@gmail.com

© 2009 The Authors
Journal compilation © 2009 Blackwell Publishing Ltd.

Conclusions: Our results demonstrate that silymarin
treatment inhibited proliferation and induced apoptosis
in the human hepatocellular carcinoma cell line HepG2.

Introduction

Hepatocellular carcinoma is the fifth most common cancer
worldwide and the third most common cause of cancer
mortality (1). Although hepatocellular carcinoma is
significantly more prevalent in Asia and Africa, rising
incidence has been reported in Western countries (2).
Most patients with hepatocellular carcinoma present at an
advanced stage when successful surgical treatment is no
longer feasible, and current therapeutic options achieve
clinical responses in only a small percentage of people.
As a consequence, effective approaches for prevention and
treatment of hepatocellular carcinoma need to be estab-
lished. Extract from the seeds of milk thistle (Silybum
marianum) is a widely used traditional herbal/dietary
supplement around the world (3). Chemically, the active
constituent of this extract is a flavolignan, silymarin, which
in itself represents the mixture of four isomeric flavonoids:
silibinin, isosilibinin, silydianin and silychristin. Recently,
using a combination of liquid chromatography and
electrospray ionization mass spectrometry, six main active
constituents of silymarin have been separated, which include
silydianin, silychristin, silibinin A, silibinin B, isosilibinin A
and isosilibinin B (4). Silibinin is the major component
(70-80%) found in silymarin and is thought to be the most
biologically active. Experimental evidence from several
in vitro and in vivo cancer models suggests that there is no
significant difference between silymarin and silibinin in
terms of chemopreventive or biological activity (5,6).
Pharmacological studies have revealed that silymarin is
nontoxic even at relatively high physiological doses,
which suggests that it is safe to use for treatment of various
diseases (7). Some studies have shown that silymarin is a
strong antioxidant and hypolipidaemic agent with a potent
anticarcinogenic effect (8,9), and also have the ability to
inhibit malondialdehyde—-DNA adduct formation (10).
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Although silymarin has been used for centuries and
its anticancer effects on various malignancies has been
studied, the mechanism by which it exerts its activity in
hepatocellular carcinoma is not known. This notion of
ours is in line with a recent review by Kaur & Agarwal
(11), which says that there is a dearth of evidence con-
cerning silymarin against liver cancer and more efforts
are needed in this direction in the near future. Earlier
studies of silibinin on hepatocellular carcinoma have
shown that it exerts strong anticancer activity (12,13);
these studies concentrated mainly on cell-cycle control-
associated proteins and on the phosphatase and tensin
homologue deleted on chromosome 10 (PTEN) pathway.
In the present study, we have evaluated the mechanism of
action by which silymarin inhibiting proliferation and
induces apoptosis in the human hepatocellular carcinoma
cell line HepG2.

Materials and methods

Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), 0.25%
trypsin-EDTA solution, sodium bicarbonate solution,
bovine serum albumin (BSA), 3-[4,5-dimethythiazol-2-
yl]2,5-diphenyl tetrazolium bromide (MTT), propidium
iodide, ethidium bromide, acridine orange, rhodamine 123,
agarose, PB-actin antibody and silymarin were purchased
from Sigma Chemicals Co. (St. Louis, MO, USA). Fetal
bovine serum (FBS) and antibiotic/antimycotic solution were
from Gibco (Gibco, USA). Sodium phosphate (monobasic
and dibasic), sodium chloride, sodium hydroxide, sodium
carbonate, hydrochloric acid and methanol were purchased
from Sisco Research Laboratories (Mumbai, India). Primary
antibodies against apoptotic protease-activating factor 1
(APAF-1), cyclin D1 and c-Myc were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA); Bcl-2 and Bax
(Santa Cruz Biotechnology) were kind gift from Prof.
C. M. Elinos-Baez, Universidad Nacional Auténoma de
Meéxico, Mexico; p53 was a kind gift from Dr C. Lazzari,
Regina Elena Cancer Institute, Italy; survivin and B-
catenin were kind gifts from Prof. L. L. Muzio, University
of Foggia, Italy; cytochrome ¢ was a kind gift from Prof.
R. Jemmerson, University of Minnesota, USA; caspase-3
was a kind gift from Prof. Hyder Raza, United Arab
Emirates University, UAE; and proliferative cell nuclear
antigen (PCNA) was a kind gift from Prof. Micheal
Aschner, Vanderbilt University, USA.

Cell culture

The HepG2 cell line was procured from the National
Centre for Cell Science (Pune, India). Cells were grown

in T75 culture flasks containing DMEM supplemented
with 10% FBS. Upon reaching confluence, cells were
detached using Trypsin-EDTA solution.

Cell proliferation assay

Proliferation of HepG2 cells was assessed by MTT assay
(14). Cells were plated in 24-well plates at a concentration
of 5 x 10* cells/well 24 h after plating; they were washed
twice with 500 pl of serum-free medium and were starved
by incubation in serum-free medium for an hour at 37 °C.
After starvation, cells were treated with silymarin of dif-
ferent concentrations for 24 h. At the end of treatment,
media from control and silymarin-treated cells were dis-
carded and 500 pl of MTT containing DMEM (0.5 mg/ml)
was added to each well. Cells were then incubated for
4 h at 37 °C in a CO, incubator. MTT-containing medium
was then discarded and the cells were washed with 1x
phosphate-buffered saline (PBS; 1ml). Crystals were
then dissolved by adding 500 pl of solubilization solu-
tion and this was mixed effectively by pipetting up and
down. Spectrophotometrical absorbance of the purple blue
formazan dye was measured using a microplate reader at
620 nm. Optical density of each sample was then compared
with control optical density and graphs were plotted. Based
on MTT assay, we selected doses 50 and 75 ug/ml sily-
marin treatment for 24 h in further studies because these
are doses below the ICy, (50% inhibitory concentration)
value of silymarin in HepG2.

Ethidium bromide/acridine orange (dual staining)

Ethidium bromide/acridine orange staining was carried
out by the method of Gohel et al. (15). HepG2 cells were
plated at a density of 5 x 10* in 6-well plates containing
sterile coverslips. They were allowed to grow at 37 °C in a
humidified CO, incubator until they were 70-80% confluent.
Then cells were treated with silymarin (50 and 75 pg/ml)
for 24 h. The culture medium was aspirated from each
well and cells were gently rinsed twice with PBS at room
temperature. Then the cover slips were taken and put on
glass slides to be stained with 100 pl of dye mixture (1 : 1
of ethidium bromide and acridine orange) and were
viewed immediately by fluorescence microscopy. Viable
cells had green fluorescent nuclei with organized struc-
ture, early apoptotic cells had yellow chromatin in nuclei
that were highly condensed or fragmented; apoptotic
cells also exhibited membrane blebbing. Late apoptotic
cells had orange chromatin with nuclei that were highly
condensed and fragmented; necrotic cells had bright
orange chromatin in round nuclei. Only cells with yellow,
condensed, or fragmented nuclei were counted as
apoptotic cells in a blinded, nonbiased manner. For each
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sample, at least 500 cells/well and 4 wells/condition were
counted, and the percentage of apoptotic cells was deter-
mined [% of apoptotic cells = (total number of apoptotic
cells/total number of cells counted) x 100].

Assessment of nuclear morphology after propidium iodide
staining

Propidium iodide staining was carried out by the method
of Chandramohan et al. (16). HepG2 cells were plated at
a density of 5x 10* in 6-well plates containing sterile
coverslips. They were allowed to grow at 37 °C in a
humidified CO, incubator until they were 70-80%
confluent. Then cells were treated with silymarin (50 and
75 png/ml) for 24 h. Culture medium was aspirated from
each well and cells were gently rinsed twice with PBS
at room temperature, before fixing in methanol:acetic
acid (3 : 1 v/v) for 10 min, and stained with 50 pg/ml
propidium iodide for 20 min. Nuclear morphology of
apoptotic cells with condensed/fragmented nuclei was
examined by fluorescence microscopy and at least
1 x 103 cells were counted for assessing apoptotic cell
death.

Flow cytometric analysis of the cell cycle

Flow cytometric analysis was carried out as described by
Rasola & Geuna (17). Briefly, 1 x 10° cells were plated in
100-mm Petri dishes with DMEM containing 10% FBS.
Cells were incubated for 24 h in 5% CO, and 95% air at
37 °C. Control cells received 0.1% dimethyl sulphoxide
(DMSO) containing DMEM, and silymarin-treated cells
received 50 and 75 pg/ml of silymarin containing DMEM.
After 24 h, the cells were trypsinized and combined
with floating cells in the medium they were used for flow
cytometry assay. The treatment protocol is as follows:
1 x 10° cells were taken from control and from silymarin-
treated plates and were centrifuged at 1000 g for 5 min.
Supernatant was removed and cells were washed twice
with PBS. The pellet was resuspended in approximately
500 pl of ice-cold PBS and cells were mixed by aspiration
20 times using a pipette. Cells were fixed by adding 5 ml
of cold ethanol drop by drop and were kept at —20 °C
overnight. After overnight fixation, ethanol was removed
by centrifuging at 1000 g for 10 min. The pellet was
washed twice with PBS + 1% BSA (ethanol-fixed cells
were difficult to pellet; adding BSA or serum to the wash
medium overcame this). The pellet was resuspended in
800 pl of PBS containing 1% BSA. One hundred micro-
litre of 10X propidium iodide solution was added (500 pg/
ml propidium iodide in PBS, pH 7.4) and one hundred
microlitre of RNase A was added (10 mg/ml prepared in
10 mm Tris-Cl, pH 7.5) and incubated at 37 °C for 30 min.
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Cell-cycle analysis was performed using a Beckman
vantage flow cytometer and quantification of cell cycle
distribution was performed using MultiCycle software
(Phoenix Flow System, San Diego, CA, USA). Percent-
age of cells in the different cell-cycle phases was
assessed.

Determination of mitochondrial membrane potential

Changes in mitochondrial transmembrane potential
were measured by uptake of the mitochondrial-specific
lipophilic cation dye rhodamine 123, by the method of
Chandramohan et al. (16). Approximately 1x 10° cells
were plated in 100-mm Petri dishes with DMEM con-
taining 10% FBS, then they were incubated for 24 h in
5% CO, at 37 °C. Control cells received 0.1% DMSO
containing DMEM and silymarin-treated cells received
50 and 75 pug/ml of silymarin-containing DMEM. After
24 h, cells were trypsinized and used for mitochondrial
membrane potential analysis using flow cytometry. Briefly,
1 x 10° cells were taken from control and silymarin-treated
plates, and were centrifuged at 1000 g for 5 min. Super-
natant was removed, and cells were washed twice with
PBS. The pellet was resuspended in approximately
900 pl of ice-cold PBS and cells were mixed by aspiration
20 times using a pipette. To this 100 ul of rhodamine 123
(100 pg/ml) was added and all were incubated at room
temperature for 30 min in the dark. Cells were pelleted
again and the supernatant was discarded (to remove
excess rhodamine 123) and cells were resuspended in
PBS. The samples 10* events were then immediately
subjected to flow cytometric analysis at an excitation
wavelength of 488 nm and emission wavelength of
545 nm. Mean fluorescence intensities were recorded
and compared.

DNA agarose gel electrophoresis

DNA extraction and agarose gel electrophoresis were
performed using the following method. Briefly, 1 x 10°
cells were plated in 100-mm Petri dishes with DMEM
containing 10% FBS. Cells were incubated for 24 h in
5% CO, and 95% air at 37 °C. Control cells received
0.1% DMSO containing DMEM, and silymarin-treated
cells received 50 and 75 pg/ml of silymarin-containing
DMEM. After 24 h, the cells were trypsinized and com-
bined with the cells in the medium by centrifugation at
1500 r.p.m. for 5 min, then they were washed twice with
PBS. The resulting pellet was resuspended in 0.25 ml
of lysis buffer, transferred to a microfuge tube, and
incubated for 1 h at 37 °C. To this 4 ul of proteinase K
was added and tubes were then incubated at 50 °C for
3 h. To each tube, 0.5 ml of phenol:chloroform:isoamyl
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alcohol (25 : 24 : 1) was added, mixed and centrifuged
at 13 000 r.p.m. for 30 min at 4 °C to separate the DNA
containing upper aqueous phase. To the resultant aqueous
phase, two volumes of ice-cold absolute ethanol and 1/10
the volume of 3 M sodium acetate were added and kept
at —20 °C overnight to precipitate DNA. The DNA was
pelleted by centrifuging at 13 000 r.p.m. for 10 min at 4 °C
and the supernatant was aspirated and the pellet washed
in 1 ml of 70% ethanol. After repeating the above centri-
fugation step and removing last traces of the supernatant
fraction, the pellet was allowed to dry at room temperature
for approximately 30 min before being resuspended in 50 ul
of Tris-EDTA buffer. DNA was quantified by ultraviolet-
visible spectroscopy and 10 g of DNA was electrophoresed
in 1.5% agarose gel containing ethidium bromide in a
mini gel tank containing Tris-borate-EDTA buffer for 2 h
at 90 V. The gel was then examined under ultraviolet light
and photographed.

Western blot analysis

Western blot analysis for protein expression in our HepG2
cells was assessed using the following method. Approxi-
mately 50 1g of protein was mixed with an equal volume
of 2x sample buffer, boiled for 5 min at 95 °C, cooled,
loaded on each lane of 8-15% polyacrylamide gel, and
separated by sodium dodecyl sulphate—polyacrylamide
gel electrophoresis (SDS-PAGE) at room temperature.
Resolved proteins were electrophoretically transferred to
nitrocellulose membranes which were then blocked in 5%
nonfat milk in Tris-buffered saline with 0.1% Tween 20
for 1 h at room temperature, and then probed with the
following primary antibodies: APAF-1 (dilution 1 : 500),
Bcl-2 (rabbit polyclonal antibody at a dilution of
1 : 500), Bax (rabbit polyclonal antibody at a dilution of
1 : 500), p53 (rabbit polyclonal antibody at a dilution
of 1:1000), cytochrome ¢ (mouse monoclonal antibody
at a dilution of 1 : 500) survivin (mouse monoclonal anti-
body at a dilution of 1 : 500), active caspase-3 (goat poly-
clonal antibody at a dilution of 1 : 250), B-catenin (mouse
monoclonal antibody at a dilution of 1 : 1000), cyclin D1
(mouse monoclonal antibody at a dilution of 1:500),
PCNA (mouse monoclonal antibody at a dilution of
1 : 1000), B-actin (mouse monoclonal antibody at a dilu-
tion of 1:2000); this was performed overnight at 4 °C.
Blots were then extensively washed with Tris-buffered
saline with 0.1% Tween 20 (TBS-T) and were incubated
with respective (anti-goat, anti-rabbit and anti-mouse)
horseradish peroxidase-labelled secondary antibodies
(Genei, Bangalore, India) at dilution of 1 : 2000 for 1 h at
room temperature. After thorough washes in TBS-T, bands
were visualized by treating the membranes with 3,3’-
diaminobenzidine tetrahydrochloride (Sisco Research

Laboratories). Membranes were photographed and
quantified with Image]J image analysis software
(National Institutes of Health, Bethesda, MD, USA).
Densitometry data presented in bar graphs are ‘fold
change’ as compared with control in each case.

Statistical analysis

All grouped data were significantly evaluated using
SPSS/10 software. Hypothesis-testing methods included
one-way analysis of variance (ANova) followed by least
significant difference test. P-values of less than 0.05
were considered statistically significant. All these results
were expressed as mean + standard deviation (n = 3).

Results

Silymarin treatment for 24 h dose-dependently inhibited
population growth of HepG2 cells

Figure 1(a) shows the effect of silymarin at various doses
(50, 75, 100 and 200 pug/ml) on HepG2 cells for 24 h by
MTT assay. All doses of silymarin inhibited cell population
growth and inhibition was directly proportional to dose
[that is, increase in dose resulted in increased inhibition
(P <0.05) of proliferation]. Based on this study, we
selected 50 and 75 pug/ml silymarin for further proce-
dures. Figure 1(b) shows the morphological changes of
control and silymarin-treated HepG2 cells as seen by light
microscopy after treating them with 50 and 75 pg/ml of
silymarin. Silymarin treatment resulted in decreased
number of attached cells and increased number of floating
cells.

Silymarin-induced apoptosis in HepG2 cells

Figure 1(c) shows by fluorescence microscopy morpho-
logical changes in control and silymarin-treated HepG2
cells after staining with ethidium bromide/acridine orange.
The percentage of apoptotic cells after treatment with 50
and 70 pg/ml of silymarin increased (P < 0.05) drastically
to 14% and 42%, respectively. Figure 2(a) shows morpho-
logical changes of control and silymarin-treated cells by
fluorescence microscopy after staining with propidium
iodide. The percentage of apoptotic nuclei after treatment
with 50 and 75 pug/ml of silymarin increased enormously
(P<0.05) to 22% and 59%, respectively, as revealed by
nuclear condensation and fragmentation. Figure 2(b)
reveal agarose gel electrophoretic pattern of nuclear DNA
from control and silymarin-treated HepG2 cells. Silymarin
treatment resulted in apoptosis, as evidenced by specific
shearing of DNA, which is considered to be the hallmark
of apoptosis.
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Figure 1. (a) MTT assay showing silymarin treatment for 24 h dose-dependently inhibited population growth of HepG2 cells. (b) Morpholog-
ical changes of HepG2 by light microscopy (x20): (1) HepG2 controls, (2) treatment with 50 mg/ml of silymarin and (3) treatment with 75 pg/ml of
silymarin. (c) Silymarin increased percentage of apoptosis of HepG2 cells as viewed by fluorescence microscopy (ethidium bromide/acridine orange
staining, X25): (1) HepG2 control (showing viable green fluorescent nuclei), (2) treatment with 50 pg/ml of silymarin (early apoptotic cells are yellow
fluorescent nuclei), (3) treatment with 75 pg/ml of silymarin (late apoptotic cells with orange fluorescent nuclei), and (4) representative bar
chart showing percentage of apoptotic cells. Results are expressed as mean * standard deviation (n = 3). P < 0.05 compared with *HepG2 control,

550 ug/ml of silymarin and 75 pg/ml of silymarin.

Silymarin inhibited cell-cycle progression and
down-regulated expression of proliferation-associated
proteins B-catenin, cyclin D1, c-Myc and PCNA in
HepG2 cells

Figure 3(a) shows the effect of silymarin on cell-cycle
regulation in HepG2 cells. Treatment with 50 and
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75 ug/ml of silymarin for 24 h significantly increased
the proportion of cells with a reduced DNA content
(sub-G,/G, or A, peak), indicative of apoptosis with loss
of cells in the G, phase. Loss of DNA occurs as a result
of diffusion of degraded DNA from the cells after endo-
nuclease cleavage. After staining with propidium iodide,
these cells would have taken up less stain and appear in
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Figure 2. (a) Silymarin increased percentage of apoptosis in HepG2 cells as viewed by fluorescence microscopy (propidium iodide staining,
X25). (1) HepG2 control (normal nuclear pattern), (2) treatment with 50 pg/ml silymarin (nuclear condensation and fragmentation), (3) treatment with
75 ug/ml silymarin (nuclear condensation and fragmentation) and (4) representative bar chart showing percentage of apoptotic nuclei. Results
are expressed as mean = standard deviation (n = 3). P < 0.05 compared with HepG2 control, ®50 pg/ml of silymarin and €75 pg/ml of silymarin.
(b) Silymarin-induced apoptosis in HepG2 cells as revealed by agarose gel electrophoresis pattern of nuclear DNA. Lanes 1, 2, 3 and M representing
HepG2 control, 50 pg/ml silymarin, 75 pg/ml silymarin and marker, respectively.

sub-G/G, or A peak (that is to the left of the G/G, peak).
Incubation of the cells with 50 and 75 pg/ml of silymarin
for 24 h significantly increased the proportion of cells
with a reduced DNA content from 6.08% (control) to
46.86% (50 pg/ml silymarin) and 67.14% (75 ug/ml of
silymarin). Figure 3(b) illustrates the protein expres-
sion analysis of -catenin, cyclin D1, cMyc and PCNA in
control and silymarin-treated cells. Silymarin treatment
significantly decreased (P < 0.05) the expression of j3-
catenin, cyclin D1, cMyc and PCNA dose dependently
as is evident from immunoblotting and corresponding
densitometry data.

Silymarin depolarized mitochondrial membrane
potential, thereby aiding release of cytochrome
¢ from mitochondria into the cytosol

Figure 4(a) shows the effect of silymarin on mitochondrial
membrane potential of control and silymarin-treated cells
as assessed by flow cytometry. Silymarin treatment depo-

larized mitochondrial membranes as is evident from the
significant decrease (P < 0.05) in mean fluorescence of
rhodamine 123 (shifting the peak towards the left side).
Figure 4(b) is of levels of mitochondrial and cytosolic
cytochrome ¢ of control and silymarin-treated HepG2
cells as assessed by immunoblotting and by their respec-
tive densitometry data. Silymarin treatment resulted in
release of cytochrome ¢ from mitochondria to cytosol.

Silymarin treatment up-regulated expression of
pro-apoptotic proteins p53, Bax, APAF-1 and caspase-3
with concomitant decrease in levels of anti-apoptotic
proteins Bcl-2 and survivin

Figure 5 demonstrates protein expression analysis of
APAF-1, Bcel-2, Bax, p53, survivin and caspase-3 in
control and silymarin-treated HepG2 cells, as assessed
by immunoblotting and by their respective densitometry
data. Silymarin treatment significantly increased (P < 0.05)
expression of pro-apoptotic proteins APAF-1, Bax, p53
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Figure 3. (a) Silymarin inhibited cell-cycle progression in HepG2 cells: (a), (b) and (c) showing representative histograms of HepG2 control,
50 pg/ml of silymarin, and 75 pg/ml of silymarin, respectively. (d) Quantitative analysis of apoptotic cell population. P <0.05 compared with
2HepG2 control, ®50 wg/ml silymarin and °75 pg/ml silymarin. (b) Silymarin down-regulated expression of proliferation-associated proteins -
catenin, cyclin D1, cMyc and PCNA in HepG2 cells. Lanes 1, 2 and 3 correspond to lysates of HepG2 control, 50 pg/ml of silymarin, and

75 ug/ml of silymarin, respectively.
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Figure 4. (a) Silymarin treatment decreased
mitochondrial transmembrane potential of
HepG2 cells. (1) Mitochondrial membrane
potential as assessed by staining with rhodamine
123. (a), (b) and (c) representing control HepG2
cells, treatment with 50 pg/ml of silymarin, and
treatment with 75 pg/ml silymarin, respectively.
(2) Overlay. (3) Bar chart representing mean
fluorescence of rhodamine 123 in HepG2 con-
trol, treatment with 50 pg/ml silymarin, and
treatment with 75 pg/ml silymarin. (b) Silymarin
treatment released cytochrome ¢ from mito-
chondria into the cytosol in HepG2 cells. Lanes
1, 2 and 3 correspond to the lysates of HepG2
control, 50 pug/ml silymarin and 75 pg/ml
silymarin, respectively. P < 0.05 compared with
*HepG2 control, °50 ug/ml of silymarin and
¢75 ng/ml of silymarin.
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Figure 5. Immunoblotting analysis of APAF-1, Bcl-2, Bax, p53, sur-
vivin and caspase-3 in control and silymarin-treated HepG2 cells.
Lanes 1, 2 and 3 correspond to the lysates of HepG2 control, 50 pug/ml
silymarin and 75 pg/ml silymarin, respectively.

and caspase-3 and subsequently decreased (P < 0.05)
expression of anti-apoptotic proteins Bcl-2 and survivin
dose dependently as is evident from immunoblotting and
corresponding densitometry data.

Discussion

In the present study, induction of apoptosis by silymarin
in HepG2 cells was assessed by procedures, such as
ethidium bromide/acridine orange staining, propidium
iodide staining and DNA fragmentation. All the above
clearly indicated that silymarin treatment induced
apoptosis. Substantial evidence implicates mitochondria
in apoptotic cell death and there is a direct relationship
between mitochondrial depolarization and cytochrome c
release. Cytochrome c is undoubtedly one of the prominent
actors in the apoptotic scene. It can escape from a cell’s
power plant, the mitochondrion, when it receives
instruction to break down its outer membrane. Once
unleashed from its usual context, cytochrome ¢ can be
recruited into the death squad and contribute to apoptotic
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dismantling of the cell (18). Here, silymarin treatment
significantly decreased mitochondrial membrane potential
of HepG2 cells, thus, leading to opening of mitochondrial
permeability transition pores and consequently, release of
cytochrome c¢ from the intermembrane space into the
cytosol. This initiates the apoptotic cascade, which is well
correlated with earlier studies of silymarin on other types
of cancer cell (19,20). APAF-1 is a 130-kD protein that
plays a central role in mitochondrial control of apoptosis
and APAF-1 also appears to be an essential component of
p53-mediated apoptosis (21). In response to apoptotic
stimuli, APAF-1 binds to cytochrome ¢ and procaspase-9
in the presence of adenosine triphosphate to form a multi-
protein complex called the apoptosome. This results in
activation of procaspase-9 by autocatalytic cleavage,
initiating a cascade of downstream effector caspases,
especially caspase-3, which cleave several cell proteins,
ultimately leading to apoptosis (22). APAF-1 deficiency
has been shown in cancer cells, which ends in diminished
caspase activation (23). Here, silymarin treatment resulted
in increased APAF-1 and activated caspase-3 in the
hepatocellular carcinoma cells. Treatment with silymarin
inducing expression of APAF-1, might have interacted
with released cytochrome c-forming apoptosomes and
thereby might have activated the caspase-3.

p53 protein inhibits growth of tumours by arresting
cell proliferation and inducing apoptosis. It induces
apoptosis by activating many pro-apoptotic genes, which
ultimately activate APAF-1 and caspase-9 through several
pathways (24). It has been estimated that in excess of 100
genes are regulated by p53, many of which can promote
population growth arrest or apoptosis. Alteration in p53
gene is the most frequently identified mutation in human
cancers. Loss of p53 function allows cells with damaged
DNA to continue to proliferate and, therefore, it is asso-
ciated with tumour progression (25). Silymarin treatment
dose dependently increased the level of p53 in our experi-
ment and it has been found that p53 might directly facilitate
cytochrome c release (26), thereby increasing expression
of p53 after silymarin treatment might directly facilitate
release of cytochrome ¢ from mitochondria and initiate
apoptosis. Bcl-2 and Bax protein are members of a large
family of proteins called ‘the Bcl-2 family’ and both are
important regulators of apoptosis. Bcl-2 can prolong cell
survival by suppressing apoptosis, and Bax can enhance
apoptosis. Bcl-2 can block mitochondrial permeability
transition pores opening, thereby preventing release of
caspase activators from mitochondria (27). Overexpression
of Bax has been shown to accelerate apoptosis, whereas
Bcl-2 represses the death function of Bax (28). Thus, ratio
between Bcl-2/Bax might be one of the critical factors of
a cell’s threshold for undergoing apoptosis (29). In the
present study, there was increased expression of Bcl-2 and
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a subsequent decreased in expression of Bax was seen in
HepG2 cells; hence, an increase in the Bcl-2/Bax ratio,
which is an indication of diminished apoptosis. Silymarin
treatment decreased the Bcl-2/Bax ratio which might be
due to the ability of silymarin to induce p53 expression
because p53 is a positive transcriptional activator for Bax
and a negative transcriptional activator for Bcl-2 (30),
thus the activation of the p53 pathway by silymarin might
lead to the down-regulation of Bcl-2 and up-regulation of
Bax. Survivin protein is a recently described member of
the inhibitor of apoptosis family of anti-apoptotic pro-
teins, which may act simultaneously with Bcl-2 family
proteins to inhibit apoptosis (31). It is the smallest mem-
ber of the inhibitor of apoptosis family and expression of
survivin is closely related to cell proliferation. Survivin
inhibits apoptosis mainly through targeting terminal
effector caspase-3 activity in the apoptotic protease cas-
cade (32). Cancer-specific expression of survivin, coupled
with its importance in inhibiting cell death and in regulat-
ing cell division, makes it a useful diagnostic marker of
cancer and a potential target for cancer treatment (33).
Recently, studies have set out to evaluate the possibility of
targeting survivin function in vivo as an anticancer
strategy in which it has been shown that inhibition of
survivin could effectively inhibit de novo tumour forma-
tion and progression (33,34). Here, silymarin treatment
significantly decreased the level of this protein, which
might be due to the ability of silymarin to up-regulate the
level of p53 as survivin is negatively regulated by p53
(35).

Uncontrolled tumour cell proliferation plays the most
crucial role in hepatocellular carcinoma growth. PCNA is
a useful marker of proliferative activity, it functions as a
cofactor of DNA polymerase and an important marker for
evaluating the proliferation of several cancers, including
hepatocellular carcinoma (36). Silymarin treatment
significantly decreased the proliferative index as revealed
by down-regulated expression of PCNA. B-catenin plays
a critical role as a component of the cell adhesion complex
and as a co-activator of the T-cell transcription factor/
lymphoid enhancer binding factor (TCF/LEF) family of
an transcription factors. As a regulator of an intracellular
signalling network involved in oncogenic process, activated
B-catenin signalling favours cell proliferation as well as
exerts anti-apoptotic effects in various cancers (37).
Several studies have documented positive correlation
between [-catenin accumulation and cancer cell prolifera-
tion including for hepatocellular carcinoma (38—40). It
has been found that protein products of the target genes of
B-catenin-TCF pathway were growth-promoting factors
such as cyclin D1 and c-Myc (41,42). Cyclin D1 is a major
regulator of progression of cells through the cell cycle
(43); it is rate limiting for the G,/ S cell-cycle checkpoint.

Recently, it has been shown that chronic cyclin D1 over-
expression in transgenic mice is associated with rapidly
progressing development of hepatocellular adenomas and
carcinomas (44). In normal cells, c-Myc is induced upon
growth factor stimulation, whereas it is constitutively high
in transformed cells. Some degree of c-Myc overexpres-
sion is estimated to occur in 70% of human tumours (45).
Constitutive expression of the proto-oncogene c-Myc
results in oncogenic activation and contributes to progres-
sion of a wide range of human and animal tumours. c-Myc
activation promotes cell proliferation by up-regulating one
of its target genes, which codes for ornithine decarboxylase.
This is a rate-limiting enzyme of polyamine biosynthesis
and has been shown to be required for entry into and
progression through the cell cycle (46). Down-regulation
of c-Myc by antioxidants has been proposed as a promis-
ing pharmacological treatment for cancer (47). Silymarin
is a potent antioxidant and has been shown to have an
inhibitory effect on ornithine decarboxylase activity (48,49).
In our work, silymarin administration significantly decreased
levels of b-catenin and protein products of its target genes
cyclin D1 and c-Myec. This ability of silymarin to suppress
levels of B-catenin and its target genes/proteins might be
attributed to its antioxidant property (8) as antioxidants
have been shown to suppress 3-catenin mutation in hepato-
cellular carcinomas (50). Thus, it can be concluded that
silymarin suppresses proliferation of hepatocellular carci-
noma HepG2 cells by inhibiting -catenin accumulation
and, hence, its target genes for cyclin D1 and c-Myc and this
may be the underlying mechanism of its antiproliferative
effect. In conclusion, it has been found that the mechanism
by which silymarin exhibits its growth inhibitory effect on
human hepatocellular carcinoma cells in vitro are by
inhibiting cell proliferation and by inducing apoptosis.
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