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Abstract

Cancer metastasis, involving multiple processes and various cytophysiological changes,

is a primary cause of cancer death and may complicate the clinical management, even lead to

death. Silibinin is a flavonoid antioxidant and wildly used for its antihepatotoxic properties

and recent studies have revealed pleiotropic anticancer and antiproliferative capabilities of

silibinin. In this study, we first observed that silibinin exerted a dose-dependent inhibitory

effect on the invasion and motility of 786-O renal cell carcinoma cells in the absence of

cytotoxicity. To look at the precise involvement of silibinin in cancer metastasis, 786-O cells

were treated with silibinin at various concentrations, up to 50 uM, for a defined period and

then subjected to gelatin zymography, casein zymography and western blot to investigate the

impacts of silibinin on metalloproteinase-2, -9, urokinase plasminogen activator (u-PA), and

MAPK pathway signaling protein, respectively. The results showed that silibinin treatment

decreased the expressions of MMP-2 and u-PA in a concentration-dependent manner and

decrease the expression of p-p38 and p-Erk1/2. Thus, silibinin may possess an anti-metastatic

activity in 786-O renal cell carcinoma cells. To further evaluate the anti-tumor effect of

silibinin, an in vivo anti-tumor study using nude mice xenograft model by a subcutaneous

inoculation of RCC 786-0O cells was performed. Small solid tumors was observed on 8 days

following cell inoculation and a 70.1% reduction of tumor volume by silibinin feeding was

seen on day 44, compared to control animals.
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Introduction

Renal cell carcinoma (RCC) is the most common malignancy of the kidney and accounts for

approximately 3% of adult cancers (1). RCC arises from the renal epithelium and account for

about 85 percent of renal cancers. RCC is more common in men than in women (ratio 2:1),

the median age at diagnosis is approximately 60 years. Approximately 2% of cases of renal

cancer are associated with inherited syndromes. Surgical resection (nephrectomy and partial

nephrectomy) is the preferred treatment for localized primary tumors in patients with stage I

through stage IV disease, but surgical cure of disease is strongly dependent on stage and grade

of disease. A quarter of the patients present with advanced disease, including locally invasive

or metastatic renal-cell carcinoma. The median survival for patients with metastatic disease is

about 13 months.

Medical therapies are generally offered for locally advanced or metastatic RCC. The rates of

response to chemotherapy alone are low (roughly 4%-6 %) (2, 3). Immunomodulatory

therapies with a variety of cytokines have been studied in patients with metastatic RCC. Two

of these agents, interleukin 2 and interferon-a, have reproducible antitumor effects with

objective response rates of 15% to 31%. However, the majority of patients with metastatic

RCC do not benefit from these therapies (4). Until 2005, only a single treatment, high dose

interleukin-2, had been approved by the Food and Drug Administration (FDA) for the

treatment of this disease (5).



Metastatic RCC has a poor overall survival. About 20%-30% patients who present with

limited disease at the time of nephrectomy develop metastasis. The median time to relapse

after nephrectomy is 15-18 months. The maximum numbers of relapses are within the first 3

years (4, 6). In metastatic RCC, high dose immunotherapy with intravenous interleukin-2

results in generally durable complete responses in approximately 6% of patients, but this

treatment is associated with significant toxicity (7). Recently there has been an improved

understanding of the biology of RCC. This has lead to the development of various agents that

target ligands at the molecular level. The hypoxia inducible factor-alfa (HIF-« )/vascular

endothelial growth factor (VEGF) pathway and mammalian target of rapamycin (mTOR)

signal transduction pathway are targets for some of these novel agents. Compelling evidence

has demonstrated VHL inactivation in the majority of clear cell RCC tumors leading to VEGF

overexpression will drive tumor angiogenesis. Inhibition of VEGF has been pursued as a

therapeutic target in metastatic RCC (8). A number of randomized phase III trials have shown

an improved outcome in patients with metastatic disease who received these targeted agents

(9-11).

Silibinin is a flavonoid antioxidant and wildly used for its anti-hepatotoxic properties and

recent evidence over the past decade has demonstrated that silibinin possesses pleiotropic

anticancer and antiproliferative capabilities in different tumor cells, including prostate (12, 13),

skin (14, 15), colon (16), osteosarcoma (17) and bladder cancer models (12-18). In in vitro
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studies, silibinin strongly inhibits cell growth and DNA synthesis to cause cell cycle arrest and

apoptotic cell death through an activated caspase cascade (19, 20). Silibinin is exceptionally

well tolerated and largely free of adverse effects (21) and mice fed with silibinin (up to 2 g/kg)

do not show any apparent signs of toxicity (22). Due to its excellent safety profile, anticancer

activity, well-known pharmacokinetics and widespread tissue distribution, silibinin has been

considered a suitable candidate for cancer chemotherapy and chemoprevention (23-25). Thus,

we conducted this study to investigate whether silibinin is with an inhibitory effect on the

invasion and migration of 786-O RCC cells.



Materials and methods

Cell Culture and Silibinin Treatment

The RCC cell line 786-0 and the HEK-293 (human embryonic kidney) cell were purchased
from the Food Industry Research and Development Institute (Hsinchu, Taiwan). The RCC
cell line 786-0 was cultured in RPMI 1640 medium supplemented with 10% fetal calf serum,
2 mM L-glutamine, 100 pg/ml streptomycin, and 100 units/ml penicillin and the HEK-293
cell line was cultured in minimum essential medium (Gibco) containing 10% horse serum.
The cell cultures were maintained at 37°C in a humidified atmosphere of 5% CO,. For
silibinin treatment, appropriate amounts of stock solution [0.1 M in dimethyl sulfoxide (Merck,
Darmstadt, Germany)] of silibinin (Sigma) were added into culture medium to achieve the
indicated concentrations and then incubated with cells for indicated time periods, whereas
dimethyl sulfoxide solution (final Conc. 0.1% DMSO) without silibinin was used as blank
reagent.

Determination of cell viability (MTT assay)

To evaluate the cytotoxicity of silibinin, a MTT colorimetric assay was performed to
determine the cell viability (26). Cells were seeded in 24-well plates at a density of 3.5 x 10*
cells/well and treated with silibinin at 0-50 pM concentration at 37°C for 24 h. After the
exposure period, media were removed, followed by washing of the cells with PBS. Thereafter,

the medium was changed and incubated with 20 uL MTT (5 mg/mL) for 4 h. The viable cell
7



number/dish is directly proportional to the production of formazan, which following
solubilization with isopropanol, can be measured spectrophotometrically at 563 nm.
Cell Invasion and Motility Assays
After a treatment with silibinin (0, 5, 10, 20, and 50 pM) for 24 hrs, cells were harvested and
seeded in a Boyden chamber (Neuro Probe, Cabin John, MD, USA) with 10* cells/well in
serum-free medium, and then incubated for 48 hrs at 37°C. For the invasion assay, 10 pL
Matrigel (25 mg/50 mL; BD Biosciences, Bedford, MA, USA) was applied to 8-pum-pore-size
polycarbonate membrane filters, and the bottom chamber of the apparatus contained standard
medium. Following incubation, filters were then air-dried for 5 hrs in a laminar flow hood.
The invaded cells were fixed with methanol and stained with Giemsa. Cell numbers were
counted under a light microscope. The motility assay was carried out as described for the
invasion assay, with no coating of Matrigel (27).
Determination of MMP-2, MMP-9 and u-PA by Zymography

The activities of MMP-2 and MMP-9 of the condition medium were measured by
gelatin-zymogram protease assays as previously described (28). Briefly, samples were
prepared with standard SDS-gel-loading buffer containing 0.01% SDS without
B-mercaptoethanol and not boiled before loading. Then, prepared samples were subjected to
electrophoresis with 8% SDS polyacrylamide gels (0.75-mm thick,

acrylamide/bis-acrylamide = 30/1.2) containing 0.1% gelatin. Electrophoresis was performed
8



at 150 V for 3 h in an OWL P-1 apparatus. After electrophoresis, gels were washed twice with

100 mL distilled water containing 2% Triton X-100 on a gyratory shaker for 30 min at room

temperature to remove SDS. The gel was then incubated in 100 mL reaction buffer (40 mM

Tris-HCI, pH 8.0, 10 mM CaCl,, 0.02% NaN;) for 12 h at 37°C, stained with Coomassie

brilliant blue R-250 and destained with methanol-acetic acid-water (50/75/875, v/v/v).

Visualization of u-PA activity was performed as previously described (28). Briefly, 2%

w/v casein and 20 pg/mL plasminogen were added to 8% SDS-PAGE gels, and then

electrophoresis and zymography were performed as described in the gelatin zymography.

Immunoblotting

Samples of cell lysates or nuclear fractions were separated in a 12.5% polyacrylamide gel and

transferred onto a nitrocellulose membrane as previously described (28). The blot was

subsequently treated by standard procedures and probed with ERK1/2, p38, JNK1/2, and Akt,

the total and phosphorylated proteins (Biosource, Camarillo, CA, USA), and NF-«B, c-Jun,

c-Fos, C23 (BD Transduction Laboratories, San Diego, CA, USA), TIMP-2 (Serotec, Oxford,

UK), and PAI-1 (American Diagnostics Inc., Greenwich, CT, USA) antibodies. The protein

expression was detected by chemiluminescence with an ECL Plus detection kit (Amersham

Life Sciences, Inc., Piscataway, NJ, USA).

Reverse Transcription-Ploymerase Chain Reaction (RT-PCR)



For reverse transcription, 2 ug of total ribonucleic acid (RNA) were used as templates in a 20

ul reaction containing 4 ul ANTPs (2.5 mM), 2.5 ul Oligo dT (10 pmole/uL) and 200U RTase.

The appropriate primers [5'-GGCCCTGTCACTCCTGAGAT-3' and

5-GGCATCCAGGTTATCGGGGA-3' for MMP-2 (473bp), 5'-

CAACATCACCTATTGGATCC -3' and 5'- CGGGTGTAGAGTCTCTCGCT for MMP-9

(479bp), 5’-TTGCGGCCATCTACAGGAG-3’ and 5’-ACTGGGGATCGTTATACATC-3’ for

u-PA (351bp), and 5-CGGAGTCAACGGATTTGGTCGTAT-3' and

5'-AGCCTTCTCCATGGTTGGTGAAGAC-3" for GAPDH (305bp)] were used for PCR

amplifications. PCR was performed using Platinum Taq polymerase (Invitrogen) as bellow

condition: 25 cycles of 94°C for 1 min, 55°C (u-PA) or 63°C (MMP-2, MMP-9 and GAPDH)

for 1 min, 72°C for 2 minutes followed by 10 min at 72°C.

Electrophoretic Mobility Shift Assay

AP-1- and NF-«kB-binding assays in nuclear extracts were performed with biotin-labeled

double-stranded AP-1 or NF-«B oligonucleotides (Promega, Madison, WI), and the

electrophoretic mobility shift assay was carried out by using the Lightshift kit (Promega).

Briefly, binding reactions containing 10 pg of nuclear protein, 10 mM Tris, 50 mM KCI, 1

mM dithiothreitol, 5 mM MgCl,, 2 pg poly (dI-dC) and 2 pmol of oligonucleotide probe were

incubated for 20 min at room temperature. Protein DNA complexes were separated by

electrophoresis on a 6% non-denaturing acrylamide gel, transferred to positively charged
10



nylon membranes and then cross-linked in a Stratagene cross-linker. Gel shifts were visualized
with a streptavidin—horseradish peroxidase followed by chemiluminescent detection.
Measurement of tumor growth in nude mice

For nude mice xenograft model, male immunodeficient nude mice (ICR nu/nu mice) of
5-6-weeks old with a weight of 18-22 g were used. Mice were housed with a regular 12-h
light/12-h dark cycle and ad libitum access to standard rodent chow diet (Laboratory Rodent
Diet 5001, LabDiet, St. Louis, MO), and kept in a pathogen-free environment at the
Laboratory Animal Unit. RCC 786-O cells (5 x 10° cells/0.2 mL/mouse) were injected
subcutaneously into the right front axilla. After xenograft implantation, mice were randomly
divided into three groups (N =5 for each group) to be fed by oral gavage with saline (control)
and silibinin (100 mg/day/kg and 200 mg/day/kg) suspended in saline. The day of cell
implantation was designanted day 0 and tumor growth and tumor appearance were assessed
daily after cell injection. After 44 days, animals were euthanized, and the primary tumors

were isolated and weighed.

Statisical Analysis
For all of the measurements, analysis of variance followed by Scheffe posteriori comparison
was used to assess the differences between control and cells treated with various concentration

of silibinin. The Student's t-test was used to analyze the difference between control and
11



silibinin-treated cells after overexpression of constructively active MEKI. Statistical

significance was set at P < 0.05.

Statistical significances of difference throughout this study were calculated by Student’s t test

(SigmaStat 2.0, Jandel Scientific, San Rafael, CA, USA).
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Results

Absence of Cytotoxicity of silibinin on HEK-293 cells and RCC 786-0 cells

RCC 786-0 cell viabilities in the presence of 0, 5, 10, 20 and 50 uM silibinin were not

significantly different to that of controls in the microculture tetrazolium assay (Figure 1A) (P

> 0.05). We have also described the absence of cytotoxic effect of silibinin up to 100 uM on

human lung cancer A549 cells previously (28). Thus, we used this concentration range for

silibinin in all subsequent experiments. The result of the same experiment on a human

embryonic kidney cell line (HEK-293 cells) was similar to that with 786-O cell (Figure 1B).

Inhibition on Invasion and Motility of RCC 786 -O Cells by Silibinin

With a cell invasion assay with Boyden chamber coated with Matrigel, it was shown that

silibinin significantly reduced the invasion of RCC 786-0 cells because only as low as 47.8+

4.9% (P<0.001) of invasion capability was retained after a treatment with 50 pM silibinin.

Such reduction was concentration-dependent (Figure 2). Moreover, the inhibitory effect, also

in a concentration-dependent manner, of silibinin on cell migration as observed with76.1+

5.6% left after a 50 pM silibinin treatment (P<0.01) (Figure 2).

Silibinin suppressed the expression and activity of MMP-9, MMP-2 and u-PA in RCC

786-0 cells

Because extracellular matrix degradation is crucial to cellular invasion, suggesting that

13



matrix-degrading proteinases are required, to clarify if MMPs and u-PA are involved in

inhibition of invasion and motility by silibinin, the effects of silibinin on MMPs and u-PA

activities were investigated by gelatin and casein zymography under a condition of serum

starvation, respectively. As results shown in Figure 3A, silibinin reduced the level of u-PA in

casein zymography (P < 0.001), the level of MMP-2 (P < 0.001) and the level of MMP-9 (P <

0.001) in gelatin zymography. Silibinin also reduced the levels of MMP-9 (P < 0.001),

MMP-2 (P < 0.001) and u-PA (P < 0.001) in western blotting in a dose-dependent manner

(Figure 4A). Furthermore, if the regulatory effects of silibinin on proteases were on the

mRNA levels was evaluated by semi-quantitative RT-PCR analysis. With

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control, mRNA levels of

MMP-2, MMP-9, and u-PA were significantly reduced in 786-O cells (Fig 3B).

Silibinin Exerted a Stimulatory Effect on the Protein Levels of TIMP-2 and PAI-1

Plasminogen activator inhibitor-1 (PAI-1), the major circulating PAI, controls the rate of

plasmin generation by forming irreversible inhibitory complexes with u-PA (29).

Physiological activity of MMP-2 is greatly related to that of tissue inhibitors of

metalloproteinases-2 (TIMP-2), a specific endogenous inhibitor, therefore we performed a

western blot to see the effect of silibinin on expression of PAI-1 and TIMP-2. The results

showed that along with a gradual increase in the concentration of silibinin 0, 5, 10, 20 and 50
14
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uM for 24 h, both of the TIMP-2 and PAI-1 protein level (TIMP-2: P <0.01, Erk2: P < 0.001)
were gradually increased in western blotting as shown in Figure 4B.
Silibinin inhibited the phosphorylation of ERK 1/2 and p38 in RCC 786-0 cells

Western blots showed that silibinin significantly inhibited the phosphorylation of p38 (P
< 0.001) (Figure 5A) and Erk 1/2 (Erkl: P < 0.001, Erk2: P < 0.001) (Figure 5B) in RCC
786-0 cells in a dose-dependent manner, but had no effect on the phosphorylation of JNK 1/2
(Figure 5C) and Akt (Figure 5D).
Silibinin decreased NF-xB, c-Jun and c-fos and activation in RCC 786-0 cells

In western blotting, silibinin significantly inhibited the levels of NF-«xB, c-Jun and c-Fos in

nuclear extracts of RCC 786-O cells in a dose-dependent manner (P < 0.001) (Figure 6A).
Electrophoretic mobility shift assay showed that silibinin inhibited the DNA-binding activity
of AP-1 and NF-«B in RCC 786-O cells (Figure 6B & 6C).
Silibinin suppressed the tumor growth in RCC 786-0 xenograft nude mice

To further evaluate the anti-tumor effect of silibinin, an in vivo anti-tumor study using
nude mice xenograft model by a subcutaneous inoculation of RCC 786-0 cells was performed.
Small solid tumors was observed on 8 days following cell inoculation and a 70.1% reduction
of averaged tumor volume (490+79.3 mm”) by silibinin 200 mg/kg feeding was seen on day
44, compared to that of control animals (1640+223.3 mm”) (Fig. 7A). Moreover, by Day 44,

silibinin (200 mg/kg) feeding induced a 3.3-fold (P < 0.001) reduction in tumor weight (Fig.
15



7B). There were no apparent signs of toxicity of silibinin by diet consumption an

d body weight monitoring throughout the experiment (Fig. 7C).
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Discussion

In this report, we demonstrate that (i) silibinin suppresses cellular migration and invasion

of RCC 786-0 cells, accompanied by a decrease in u-PA, MMP-2 and MMP-9 expression and

an increase of PAI-1 and TIMP-2; (ii) the mechanism may involve the inhibition of p38- and

ERK-dependent NF-kB and AP-1 induction, but does not involve JNK and Akt pathways; (iii)

the nude mice xenograft model by subcutaneous inoculation of RCC 786-O cells also

demonstrated a anti-tumor effect of silibinin.

The matrix metalloproteinases (MMP) and the plasminogen activation system play

crucial roles in the process of cancer invasion and metastasis. Serine proteases,

metalloproteases and their inhibitors are key enzymes involved in matrix remodeling during

cancer invasion, metastasis and angiogenesis. MMP-2, MMP-9, and tissue inhibitors of

metalloproteinases -1, -2 (TIMP-1, TIMP-2) have been found to be of prognostic significance

in HCC. In the present study, treatment with silibinin inhibited the expression of u-PA,

MMP-2 and MMP-9 in a dose-dependent manner in 786-O, suggesting that this

down-regulation of u-PA, MMP-2 and MMP-9 contributes to the reduction of the invasion of

786-0 cells.
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In several tumor types, elevated levels of urokinase plasminogen activator (uPA), its

receptor (UPAR) or its inhibitor plasminogen activator inhibitor-1 (PAI-1) is associated with a

poorer prognosis. UPA activity may be the most sensitive factor affecting HCC invasion in the

plasminogen activation system and is a strong predictor for the recurrence and prognosis of

HCC. The PAI-1 proteinis a multifaceted proteolytic factor. It not only functions as an

inhibitor of the protease uPA, but also plays an important role in signal transduction, cell

adherence, and cell migration. Thus, an apparent paradox cons idering its name-although it

inhibits uPA during blood coagulation, it actually promotes invasion and metastasis. In many

malignancies including HCC, elevated PAI-1 is associated with tumor aggressiveness and

poor patient outcome.

In conclusion, our observations indicate silibinin has an inhibitory effect on several

essential steps of metastasis, including cell invasion and migration. In addition, silibinin could

regulate the activities of invasion-associated proteinases. As evidenced from above results,

silibinin may be a powerful candidate for a preventive agent against 786-O renal cell

carcinoma cancer metastasis.
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Figure Legends

Figure 1. Effects of silibinin on cell viability of 786-O (A) and HEK-293 (B) cells. After

being treated with silibinin at a concentration of 0, 5, 10, 20 or 50 uM for 24 hours, MTT

assay were then performed.

Figure 2. Effects of silibinin on cell invasion and migration of 786-O cell. After being treated

with silibinin at a concentration of 0, 5, 10, 20 or 50 uM for 24 hours, cell invasion (A) and

migration (B) assay were then performed. The values represented the mean + SD of at least 3

independent experiments (*, P<0.05; **, P<0.01; ***, P<0.001).

Figure 3. Effects of silibinin on the activities and mRNA levels of MMP-2, MMP-9 and u-PA.

(A) 786-0O cells were treated with 0, 5, 10, 20 or 50 uM of silibinin for 24 hours and then

subjected to gelatin zymography and western blotting to analyze the activities and levels of

MMP-2 and u-PA, respectively. (B) For mRNA levels, 786-O total RNAs were extracted and

subjected to a semi-quantitative RT-PCR for MMP-9, MMP-2 and u-PA with GAPDH being

an internal control.The values represented the mean = SD of at least 3 independent

experiments (*, P<0.05; **, P<0.01; *** P<0.001).

Figure 4. Effects of silibinin on the expression of proteases and their endogenous inhibitors.
20



786-O cells were treated with 0, 5, 10, 20 or 50 uM of silibinin for 24 hours and then

subjected to western blotting to analyze the levels of (A) proteases (MMP-2 MMP-9 and u-PA)

and (B) their endogenous inhibitors (TIMP-2 and PAI-1), respectively. The values represented

the mean + SD of at least 3 independent experiments (*, P<0.05; **, P<0.01; *** P<0.001).

Figure 5. Effects of silibinin on the protein levels of the MAPK and PI3K-Akt pathways.

786-0 cells were treated with 0, 5, 10, 20 or 50 uM of silibinin for 24 hours, and then cell

lysates were subjected to SDS-PAGE followed by western blotting with anti-p-p38 (A),

anti-p-Erk1/2 (B), anti-p-JNK1/2 (C) and anti-pAkt (D) antibodies. Signals of proteins were

visualized with an ECL detection system. The values represented the mean = SD of at least 3

independent experiments (*, P<0.05; **, P<0.01; ***, P<0.001).

Figure 6. Effects of silibinin on the activation of NF-xB, c-Jun, and c-Fos. (A)Cells were

treated with silibinin and then nuclear extracts were subjected to SDS-PAGE followed by

western blotting with anti-NF-kB, c-Fos, c-Jun, or C23 antibodies. Signals of proteins were

visualized with an ECL detection system. Nuclear extracts were subjected to DNA binding

activity of NF-xB (B) and AP-1 (C) using biotin labeled NF-xB and AP-1 specific

oligonucleotide in EMSA. The last lane represented nuclear extracts incubated with unlabeled

oligonucleotide (Comp.) to confirm the specificity of binding. The values represented the
21



mean £ SD of at least 3 independent experiments (**, P<0.01; *** P<0.001).

Figure 7. The in vivo anticancer effects of silibinin. After subcutaneous implantation of 786-O

cells, BALB/c nu/nu mice were treated with PBS or silibinin as described in Materials and

Methods and then analyzed for the growth of tumor (A) the weight of primary tumor (B), and

body weight of mice (C). The values represented the means = SD (***, P<0.001).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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