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BACKGROUND AND PURPOSE

High mortality and morbidity rates for hepatocellular carcinoma in Taiwan primarily result from uncontrolled tumour
metastasis. Glabridin, a prenylated isoflavonoid of licorice (Glycyrrhiza glabra) roots, is associated with a wide range of
biological properties, such as regulation of energy metabolism, oestrogenic, neuroprotective, anti-osteoporotic and skin
whitening. However, the effect of glabridin on the metastasis of tumour cells has not been clarified.

EXPERIMENTAL APPROACH

A wound healing model and Boyden chamber assays in vitro were used to determine the effects of glabridin on the migration
and invasion of human hepatocellular carcinoma (HHC) cells. Western blot analysis, gelatin zymography, real-time PCR and
promoter assays were used to evaluate the inhibitory effects of glabridin on matrix metalloproteinase 9 (MMP9) expression in
these cells.

KEY RESULTS

Glabridin significantly inhibited migration/invasion capacities of HCC cells, Huh7 and Sk-Hep-1, cell lines that have low
cytotoxicity in vitro, even at high concentrations. Western blot analysis and gelatin zymography showed that glabridin
inhibited the expression, activities and protein levels of MMP9 and the phosphorylation of ERK1/2 and JNK1/2. These
inhibitory effects were associated with an up-regulation of tissue inhibitor of metalloproteinase-1 and a down-regulation of
the transcription factors NF-xB and activator protein 1 signalling pathways. Finally, the administration of glabridin effectively
suppressed the tumour formation in the hepatoma xenograft model in vivo.
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CONCLUSION AND IMPLICATIONS

Glabridin inhibited the invasion of human HCC cells and may have potential as a chemopreventive agent against liver cancer

metastasis.

Abbreviations

ChIP, chromatin immunoprecipitation assay; ECM, extracellularmatrix; HCC, hepatocellular carcinoma; MMP, matrix
metalloproteinase; TIMP, tissue inhibitors of metalloproteinases-1

Introduction

Hepatocellular carcinoma (HCC) is a common malignant
neoplasm and major cause of cancer-related deaths in Asian
countries (Yeh etal., 2012). The metastasis of cancer cells
typically involves multiple processes, including the invasion
of surrounding tissue, penetration into blood or lymphatic
vessels and the formation of new tumours (Chen et al., 2011).
Cancer cell metastasis involves multiple processes and
various cytophysiological changes, including changes in the
adhesive properties between cells and the extracellularmatrix
(ECM). This involves proteolytic degradation and impaired
intracellular interactions. Thus, degradation of the ECM and
components of the basement membrane caused by a con-
certed action of proteinases, such as matrix metalloprotein-
ases (MMPs, see Alexander et al.,, 2013), cathepsins and
plasminogen activator, play a critical role in tumour invasion
and metastasis (Westermarck and Kahari, 1999; Yoon et al.,
2003). MMP?9 is the protease most critically involved in the
degradation of the basement membrane. A number of patho-
logical states, including cancer, inflammation and vascular
diseases, are associated with increased proteinase activities
(Weng et al., 2010; Yang et al., 2010). The expression of MMPs
is regulated by various factors, such as growth factors,
cytokines and proteinase inhibitors. The endogenous tissue
inhibitors of metalloproteinases-1 (TIMP-1) are the specific
inhibitors of MMP9. An imbalance between the MMPs and
TIMPs might, therefore, contribute to degradation or deposi-
tion of the ECM (Yang et al., 2010; Yeh etal., 2012). The
inhibition of migration or invasion mediated by MMP2,
MMP9 or u- plasminogen activator could, therefore, puta-
tively provide a preventive measure against cancer metastasis
(Bjorklund and Koivunen, 200S5).

In recent years, naturally occurring plant products have
gained increasing attention for their ability to inhibit malig-
nant invasive progression in late stage neoplastic diseases
(Shankar et al., 2008; Ravindranath et al., 2009). There is
increasing focus on providing a scientific basis for use of these
agents as a preventive strategy for people with high risk of
cancers. Glabridin, a key chemical and biological component
of licorice (Glycyrrhiza glabra) is present in many foods and
dietary supplements as well as cosmetics. Glabridin is an
isoflavane, a type of isoflavonoid, and is part of a larger family
of plant-derived molecules, the natural phenols. It has been
shown to have positive effects on the oxidation of low-
density lipoprotein, to have anti-obesity properties and could
potentially provide benefits to human health (Belinky et al.,
1998; Carmeli and Fogelman, 2009; Ahn etal., 2013). In a
previous study we showed that glabridin can inhibit lung and
breast cancer metastasis (Hsu et al., 2011; Tsai et al., 2011).
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However, the effects of glabridin on HCC invasion and metas-
tasis, and the underlying mechanisms of its antimetastatic
effects, have yet to be evaluated. Hence, in the present study,
we investigated the potential inhibitory effects of glabridin
on HCC invasiveness and the possible mechanisms of
glabridin-induced antimetastatic effects.

Methods
Cell lines

Huh7 and Sk-Hep-1, human hepatoma cell lines, obtained
from the Food Industry Research and Development Institute
(Hsinchu, Taiwan), were cultured in DMEM (Gibco BRL,
Grand Island, NY, USA) supplemented with 10% FCS, 1 mM
glutamine, 1% penicillin/streptomycin, 1.5 gL" sodium
bicarbonate and 1 mM sodium pyruvate (Sigma Chemical
Co., St. Louis, MO, USA).

Antibodies and other reagents

Glabridin, 298% (HPLC), powder was purchased from Sigma
Chemical Co. and a stock solution of glabridin was made at
10, 20 and 40 uM concentration in DMSO and stored at
—-20°C. The final concentration of DMSO for all treatments
was consistently less than 0.1%. Other chemicals, includ-
ing 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), paraformaldehyde, Triton X-100, were
obtained from Sigma Chemical Co. All antibodies were
obtained from Cell Signaling (Cell Signaling Technology,
Danvers, MA, USA).

The determination of cell viability

(MTT assay)

The effect of glabridin on cell viability was assayed by the
MTT method, as described previously (Yang etal., 2010).
Briefly, 2 x 10° cells per well were cultured in 6-well plates and
stimulated with different concentrations of glabridin (0, 10,
20, 40 uM). After 24, 48 and 72 h, MTT was added to each
well (at a final concentration of 0.5 mg mL™") and incubated
for a further 4 h. The number of viable cells was directly
proportional to the production of formazan, reflected by the
colour intensity measured at 595 nm, following solubiliza-
tion with isopropanol. Each condition was performed in
three replicate wells and data were obtained from at least
three separate experiments.

Colony formation assays
Huh?7 and Sk-Hep-1 cell lines were seeded at a concentration
of 1 x 10* cells per well in 6-well cell culture plates in appro-



priate media. After 24 h of incubation, the media were
replaced with fresh media containing either glabridin at 10,
20 and 40 uM, or DMSO. Both treated and untreated cells
were incubated and the media with added compounds was
changed every 3 days. Colonies were allowed to form for 2
weeks and then stained with 0.3% crystal violet solution.

In vitro wound closure

Cells (1 x 10° cells per well) were plated in 6-well plates for
24 h, wounded by scratching with a pipette tip, then incu-
bated with DMEM medium containing 0.5% FCS and treated
with or without glabridin (0, 10, 20, 40 uM) for O and 24 h.
Cells were photographed using a phase-contrast microscope
(6100; Olympus, MA, USA).

Cell invasion and migration assays

Cell invasion and migration were assayed according to the
methods described by Yang et al. (2010). After being treated
with glabridin (0, 10, 20, 40 uM) for 24 h, surviving cells were
harvested and seeded on a Boyden chamber (Neuro Probe,
Cabin John, MD, USA) at 10* cells per well in a serum-free
medium and then incubated for 24 h at 37°C. For the inva-
sion assay, 10 mL Matrigel (25 mg 50 mL™"; BD Biosciences,
MA, USA) was applied to 8 mm (pore size) polycarbonate
membrane filters; the bottom chamber contained standard
medium. Filters were then air-dried for 5 h in a laminar flow
hood. The invaded cells were fixed with 100% methanol and
stained with 5% Giemsa. Cell numbers were counted under a
light microscope. The migration assay was carried out as
described in the invasion assay with no coating of matrigel
(Yang et al., 2010).

Gelatin zymography

The activity of MMP9 in a conditioned medium was meas-
ured using a gelatin zymography protease assay, as described
previously (Yang et al., 2008). Aliquots of the media, of an
appropriate volume, were subjected to 0.1% gelatin-8% SDS-
PAGE electrophoresis. After electrophoresis, gels were washed
with 2.5% Triton X-100 and incubated in reaction buffer
(40 mM Tris-HCI, pH 8.0; 10 mM CacCl, and 0.01% NaN3) for
24 h at 37°C. The gel was, then, stained with Coomassie
Brilliant Blue R-250 (Bio-Rad, Hercules, CA, USA).

RNA interference

Small interfering RNAs (siRNA) targeting human MMP9
siRNA (sc-29400) or control siRNA-A (sc-37007) were from
Santa Cruz Biotechnology. Cells were transfected by siRNA
Transfection Reagent: sc-29528 according to the manufactur-
er’s recommendations (Santa Cruz Biotechnology, CA, USA).
The silencer negative control siRNA-A (sc-37007), a nonsense
siRNA duplex, was used as a control siRNA.

RNA preparation and SYBR green
quantitative real-time PCR

Total RNA was isolated from HCC cells using Trizol (Life
Technologies, Grand Island, NY, USA) according to the manu-
facturer’s instructions. Quantitative real-time PCR analysis
was carried out using SYBR Green One-step PCR Master Mix
(Applied Biosystems, Life Technologies, Waltham, MA, USA).
A total of 100 ng of cDNA was added to 25 mL reaction
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medium with MMP9 or GAPDH primers. Quantitative real-
time PCR assays were carried out in triplicate on a StepOne-
Plus sequence detection system. The threshold was set above
the non-template control background and within the linear
phase of target gene amplification to calculate the cycle
number at which the transcript was detected.

Western blot analysis

Cells were lysed in cell lysis buffer (RIPA buffer) supplemented
with protease inhibitor (Roche, Hoffmann-La Roche, Nutley,
NJ, USA). Protein concentrations of the extracts were meas-
ured with BCA assay (Thermo Fisher Scientific Inc., Waltham,
MA, USA) and equalized with the extraction reagent. Equal
amounts of the extracts or concentrated cell culture superna-
tants were loaded and separated on a 10 or 15% polyacryla-
mide gel and transferred onto a PVDF membrane (Millipore
Corporation, Billerica, MA, USA). The blot was subsequently
incubated with 3% non-fat milk in PBS for 1 h to block
non-specific binding, and probed with a corresponding
antibody [antibodies for MMP9, TIMP-1, NF-xB (p6S5),
phosphor-I, were from Cell Signaling; antibodies for C23,
GAPDH, c-Jun and c-Fos were from Santa Cruz Biotechnol-
ogy; antibodies for PI3K, Akt, phospho-Akt, p38, JNK1/2 and
B-actin were from BD Biosciences; antibodies for ERK1/2,
phospho-ERK1/2, phospho-p38 and phospho-JNK were from
Millipore Corporation] against a specific protein for 37°C at
2 h or overnight at 4°C, and then with an appropriate per-
oxidase conjugated anti-rabbit or anti-mouse IgG secondary
antibody for 1 h. Extensive washing with wash buffer was
conducted between incubations and after the final washing,
the signal was developed and identified using an ECL detec-
tion system. The relative photographic density was quantified
by a gel documentation and analysis system (Alpha Imager
2000, Alpha Innotech Corporation, San Leandro, CA, USA).
The quantitative results for the protein of interest levels are
expressed as relative to an internal housekeeping control
such as B-actin, C23 or GAPDH.

Transfection and MMP9 promoter-driven
luciferase assays

Cells were seeded at a concentration of 5 x 10* cells per well
in 6-well cell culture plates. After 24 h of incubation, pGL3-
basic (vector) and MMP9 promoter plasmid were cotrans-
fected with a B-galactosidase expression vector (pCH110) into
cells using Turbofect (Fermentas, Carlsbad, CA, USA). After
12 h of transfection, cells were treated with vehicle or glabri-
din (0, 10, 20, 40 uM) for 24 h. The cell lysates were har-
vested, and luciferase activity was determined using a
luciferase assay kit. The value of the luciferase activity was
normalized to transfection efficiency and monitored by
[-galactosidase expression.

Chromatin immunoprecipitation

analysis (ChIP)

ChIP was performed as described previously (Yeh et al., 2012).
DNA immunoprecipitated with anti-NF-xB (p65) and anti-
activator protein 1 (AP-1) was purified and extracted using
phenol-chloroform. Immunoprecipitated DNA was analysed
by PCR or quantitative PCR by using specific primers.
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Preparation of cell nuclear and

cytosolic extracts

Nuclear extracts and cytosolic extracts were prepared essen-
tially as described previously (Hsieh et al., 2012). Briefly, cells
were rinsed with cold PBS twice and then harvested with
trypsin-EDTA and then centrifuged at 500x g for 5 min. After
removal of the supernatant, cold reagents were added to the
cell pellet with a volume ratio of CER I:CER II: NER at
200:11:100. All of the reagents contained protease inhibitors.
After the addition of cold CER I, the samples were vortexed
for 15 s, incubated on ice for 10 min and then cold CER II was
added. After a 5-min centrifugation at the maximum speed
(12 000x g), the resultant supernatant (cytoplasmic extract)
was stored at —80°C. Meanwhile, the insoluble (pellet) frac-
tion was resuspended in cold NER. This vortex procedure was
repeated four times with a 10-min incubation on ice between
each vortex. After centrifugation at the maximum speed
(12 000x ), the resultant supernatant (nuclear extract frac-
tion) was stored at —-80°C.

Measurement of xenograft tumour growth
These experiments were carried out in 5-6-week-old male
BALB/c nude mice (18-22 g) (National Taiwan University
Animal Center, Taipei, Taiwan, ROC). All animal care and
experimental procedures were according to the guidelines of
the Institutional Animal Care and Use Committee of Chung
Shan Medical University (IACUC, CSMC) for the care and use
of laboratory animals. SK-Hep-1 cells (3 x 10° per mouse) were
resuspended in 200 pL of sterile PBS and injected s.c. into the
right flank of the mouse. Mice were randomized into two
groups (5 mice per group). All animals were housed with a
regular 12-h light/12-h dark cycle and water and food, stand-
ard rodent chow diet (LaboratoryRodent Diet 5001, LabDiet,
St. Louis, MO, USA), available ad libitum. They were kept in a
pathogen-free environment at the Laboratory Animal Unit,
temperature 22°C, humidity 30~70% and 5 mice per cage.
Seven days after tumour cell injection, the treatment group
received glabridin (10 mg kg™, i.p., three times per week). The
control group received an equal volume of DMSO vehicle.
Tumour volumes were determined from caliper measure-
ments obtained every 7 days. At the end of the experiment,
mice were killed and the tumours were excised and weighed.
The tumour volume was calculated by the following formula:
0.5 x length x width? Mean weight of mice at the beginning
and end of the study did not differ significantly between the
groups. All studies involving animals are reported in accord-
ance with ARRIVE guidelines for reporting experiments
involving animals (Kilkenny et al., 2010; McGrath etal.,
2010).

Statistical analysis

Values represent the means + SD and the experiments were
repeated three times (n = 3). Statistical analyses were per-
formed using the one-way aNovA followed by Tukey’s post hoc
test when more than three groups were analysed. Data com-
parisons were performed by use of Student’s -test (Sigma-Stat
2.0, Jandel Scientific, San Rafael, CA, USA) when two groups
were compared. A P value < 0.05 was considered to be statis-
tically significant.
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Results

Effects of glabridin on the cell cytotoxicity of
Huh7 and Sk-Hep-1 cells

The chemical structure of glabridin is shown in Figure 1A. To
assess the effects of glabridin on cell viability, Huh7 and
Sk-Hep-1 cells were treated with glabridin at various concen-
trations (0-40 uM) for 24, 48 and 72 h and then analysed by
the MTT assay. As shown in Figure 1B and C, glabridin had no
effect on the cell viability of Huh7 and Sk-Hep-1 cells, as
compared with that of untreated cells. Also treatment with
glabridin (0-40 uM) resulted in no significant change in
colony formation of the Huh7 and SK-Hep-1 cells
(Figure 1D). Thus, all subsequent experiments used glabridin
in this concentration range.

Effects of glabridin on wound closure,
invasion and migration in Huh7 and
Sk-Hep-1 cells in vitro

The results shown in Figure 2 display the findings from the
wound closure assay used to determine the effects of glabri-
din on the migration of Huh7 and Sk-Hep-1 cells. Figure 2A
shows representative photographs of Huh7 and Sk-Hep-1
cells migrating into scratch wounds. The number of cells
migrating into the wound was decreased by glabridin in a
concentration-dependent manner (Figure 2B). At 40 uM,
glabridin decreased the number of migrated cells number to
55% for Huh7 and 14% for Sk-Hep-1 at 24 h respectively.
Figure 2C and E show the cell invasion and migration of
Huh?7 and Sk-Hep-1 cells treated with glabridin for 24 h (cell
invasion) and 16 h (cell migration). At 40 uM, glabridin
decreased, the cell invasion to 58% for Huh7 and 53% for
Sk-Hep-1 (Figure 2D) respectively. In addition, glabridin
decreased the cell migration to 41% for Huh7 and 45% for
Sk-Hep-1 (Figure 2F) respectively. Hence, glabridin markedly
reduced the invasion and migration abilities of Huh7 and
Sk-Hep-1 cells in a dose-dependent manner.

Glabridin inhibits the expression of MMP9
and increases that of the endogenous
inhibitor TIMP-1

MMP9 is the protease involved in the degradation of the
basement membrane in tumour invasion and metastasis. Pre-
vious results have indicated that Terminalia catappa inhibits
HCC cell metastasis through regulation of MMP9 (Yeh et al.,
2012). To further investigate the mechanism by which glabri-
din inhibits cell invasion and migration in Huh7 and
Sk-Hep-1 cells, we analysed the expression levels of MMP9.
Glabridin (40 uM) significantly inhibited MMP9 enzyme
activity (Figure 3A and B) and protein expression (Figure 3C
and D) in a dose-dependent manner. In contrast, the expres-
sion of the endogenous inhibitor of MMP9, TIMP-1, was
increased in glabridin-treated Huh7 and Sk-Hep-1 cells. The
expression levels of MMP9 were also down-regulated by the
specific MMP9 siRNA (Figure 3E) and, similar to glabridin,
the cell invasion and migration ability were also inhibited in
both cells transfected with MMP9 siRNA. These results indi-
cate that the inhibitory effects of MMP9 siRNA on cell inva-
sion and migration ability were comparable to those of
glabridin (Figure 3F and G).
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Glabridin suppresses MMP9 expression at the
transcriptional level

To further investigate the inhibitory effects of glabridin on
MMP9 expression in Huh7 and Sk-Hep-1 cells, cells were
treated with 0, 10, 20 and 40 uM glabridin for 24 h. The
mRNA levels of MMP9 were then analysed by reverse-
transcriptase and real-time PCR and found to be significantly
decreased in a dose-dependent manner by glabridin
(Figure 4A and B). Promoter analysis using a luciferase assay
kit also identified significant inhibition of the luciferase
activities of MMP9 (Figure 4C). These results show that glabri-
din regulates the expression of MMP9 at a transcriptional
level in Huh7 and Sk-Hep-1 cells.

Glabridin suppresses MMP9 expression by
affecting the expression of NF-kB and AP-1

transcription factors
To determine whether certain transcription factors are
involved in the effects of glabridin on MMP9 in Huh7 and

Sk-Hep-1 cells, we evaluated the effect of glabridin on the
nuclear translocation of NF-xB and AP-1. Treatment of Huh7
and Sk-Hep-1 cells with 40 uM glabridin reduced the nuclear
translocation of NF-xkB and AP-1. Using the ChIP assay, we
then investigated the involvement of NF-xB and AP-1 tran-
scription factors in the glabridin-induced transcriptional
inhibition of MMP9 (Figure 5A). Results from the quantita-
tive real-time PCR indicated that glabridin significantly
reduced the binding of NF-xB and AP-1 to the MMP9 pro-
moters (Figure 5B). To further investigate the involvement of
NF-xB and AP-1 in the transcriptional regulation of MMP9 by
glabridin in these cells, we analysed the expression of NF-kB,
c-fos and c-Jun by Western blotting to confirm the effect of
glabridin on nuclear translocation. Cells treated with 40 uM
glabridin had reduced nuclear translocation of NF-xB
(Figure 5C and D). In addition, glabridin also inhibited the
expression of c-Fos, c-Jun and phosphorylation of IkB
(Figure SE and F). These findings indicate that glabridin
inhibits the transcription of MMP9 in Huh7 and Sk-Hep-1
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Glabridin inhibits wound closure, invasion and migration in Huh7 and Sk-Hep-1 cells. (A) Huh7 and Sk-Hep-1 cells were wounded and then treated
with vehicle (DMSO) or glabridin (0-40 uM) for 24 h in 0.5% FBS-containing medium. At 0, 2, 6 and 24 h, phase-contrast pictures of the wounds
at three different locations were taken. The cells migrating into the wound area were counted based on the dash line as time zero. (B) Quantitative
assessment of the mean number of cells in the denuded zone at 24 h, expressed as means + SD (n= 3). *P < 0.05 as compared with the untreated
Huh? cells. ###P < 0.001 as compared with the untreated Sk-Hep-1 cells. (C) Cell invasion was measured using Matrigel-coated transwell chambers
for 24 h. (D) Cell migration was measured using a Boyden chamber for 16 h with polycarbonate filters. (E and F) The invasion and migration abilities
of Huh7 and Sk-Hep-1 cells were quantified by counting the number of cells that invaded to the underside of the porous polycarbonate as described
in the Methods section. The values represent the means £ SD from three determinations per condition repeated three times (n=3). **P < 0.01, ***P
< 0.001 as compared with the untreated Huh7 cells. ##P < 0.01, ###P < 0.001 as compared with the untreated Sk-Hep-1 cells.
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Glabridin inhibits MMP9 and increases TIMP-1 protein expression. (A), (B) Huh7 and Sk-Hep-1 cells were treated with glabridin (0-40 uM) for 24 h
in serum-free medium and then subjected to gelatin zymography to analyse the activity of MMP9. ***P < 0.001 as compared with the untreated
Huh?7 cells. ###P < 0.001 as compared with the untreated Sk-Hep-1 cells. (C) Western blotting to analyse the protein levels of MMP9 and TIMP-1.
(D) Quantitative results of MMP9 and TIMP-1 protein levels after being adjusted to the B-actin protein level. The values represent the means = SD
from three determinations per condition repeated three times. *P < 0.05, ***P < 0.001 as compared with that of untreated cells. (E) Huh7 and
Sk-Hep-1 cells were transfected with the control or MMP9 siRNA at 24 h and then subjected to Western blotting to study the expression levels of
MMP9. (F) Huh7 and Sk-Hep-1 cells were transfected with the control or MMP9 siRNA. After a successful transfection, Huh7 and Sk-Hep-1 cells were
treated with glabridin 40 uM. Cell invasion was measured using Matrigel-coated transwell chambers for 24 h. (G) Cell migration was measured
using a Boyden chamber for 16 h with polycarbonate filters. The values represent the means + SD from three determinations per condition repeated
three times (n = 3). *P < 0.05 as compared with the untreated cells, #P < 0.05 as compared with the cells treated with glabridin (40 uM).
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MMP9 promoter reporter assay to analyse the promoter activity of MMP9. Luciferase activity, determined in triplicate, was normalized to
B-galactosidase activity. The values represent the means + SD from three determinations per condition repeated three times (n = 3). *P < 0.05,
**P < 0.01 as compared with the untreated Huh7 cells. #P < 0.05, ###P < 0.001 as compared with the untreated Sk-Hep-1 cells.

cells by suppressing the nuclear translocation and MMP9
promoter binding activity of NF-xB and AP-1.

Glabridin suppresses cell invasion and
migration by inhibiting the phosphorylation
of ERK1/2 and JNK1/2
The effects of glabridin on the expressions of MAPK and
PI3K/Akt pathways were investigated using Western blotting
to elucidate further the underlying mechanisms for its inhibi-
tory effect on cell migration/invasion. Glabridin reduced the
phosphorylation of ERK1/2 and JNK 1/2 in Huh7 and
Sk-Hep-1 cells (Figure 6A). From the densitometric analyses of
blots, compared to the control, treatment of glabridin at
40 uM resulted in a reduction in the phosphorylation of
ERK1/2 to 51% and reduction in the phosphorylation
of JNK1/2 to 64%. However, the phosphorylation of the
PI3K/Akt and p38 pathways remained unaffected (Figure 6B
and C).

To further determine whether glabridin’s inhibitory
effects on cell invasion and migration were cause mainly by
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inhibition of the phosphorylation of ERK1/2 and JNK1/2, we
investigated its effects on Huh7 and Sk-Hep-1 cells when
combined with specific inhibitors of ERK1/2 (U0126) and
JNK1/2 (SP600125). The inhibition of Huh7 and Sk-Hep-1
invasion and migration was further increased when glabridin
was combined with these specific inhibitors (Figure 7). There-
fore, the inhibition of the ERK1/2 and JNK1/2 signalling
pathways may result in a reduced expression of tumour cell
invasion and migration.

Glabridin inhibits tumour growth in
SK-Hep-1 tumour xenografted nude

mice model

The effects of glabridin on tumour growth in vivo were inves-
tigated in the xenograft nude mice model, BALB/c male mice
injected in the right flank with SK-Hep-1 human HCC cells. ).
The control group of animals treated with DMSO (i.p.)
showed a progressive increase in their tumour volumes,
whereas, experimental animals treated with glabridin
(10 mg kg', i.p.) developed tumours of significantly smaller
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volume (Figure 8A). The results show that treatment with
glabridin resulted in a dramatic suppression of tumour
growth of SK-Hep-1 xenografts, whereas there were no statis-
tically significant changes in body weight after drug exposure
compared with the DMSO control (Figure 8B).

Discussion

HCC is a common malignant neoplasm and major cause of
cancer-related deaths in Asian countries. Various ethnic soci-
eties worldwide have traditionally used herbal products in
the prevention and/or treatment of several chronic diseases
and their potential anticancer and antimetastatic effects are
currently under investigation (Jia et al., 2003; Li and Wang,
2005). Glabridin an isoflavane, a type of isoflavonoid, has
been reported to protect against oxidation, have anti-obesity
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effects and inhibit lung and breast cancer metastasis (Hsu
et al., 2011). However, so far, no studies have investigated the
antimetastasis (inhibition of migration and invasion) effects
of glabridin on HCC cells. In the present study we demon-
strated, for the first time, that glabridin inhibits the invasion
and migration of Huh7 and Sk-Hep-1 liver cancer cells.
Glabridin also inhibited the secretion and enzyme activity of
MMP9 and increased TIMP-1 expression, and inhibited NF-xB
and AP-1 nuclear translocation and their binding activity to
the MMP9 promoter. The breakdown of the basement mem-
brane is a critical step for invasion and metastasis of cancer
cells and requires activation of MMPs (Liotta and
Stetler-Stevenson, 1991; Coussens and Werb, 1996). Hence,
MMPs play an important role in tumour angiogenesis and
metastasis (Coussens and Werb, 1996). Inhibition of MMP
expression or enzyme activity can provide early targets for
prevention of cancer metastasis (Okada et al., 2001; Waas
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Effect of glabridin, ERK1/2 and JNK1/2 inhibitor on in vitro wound closure, cell migration and invasion in Huh7 and Sk-Hep-1 cells. (A-E) Huh7
and Sk-Hep-1 cells were pretreated with U0126 or SP600125 for 1 h and then incubated in the presence or absence of glabridin (20 uM) for 24 h
and the cells were then subjected to in vitro wound closure, cell migration and invasion assay. The migration and invasion abilities of Huh7 and
Sk-Hep-1 cells were quantified by counting the number of cells that invaded to the underside of the porous polycarbonate as described in the
Methods section. The values represent the means + SD from three determinations per condition repeated three times (n = 3). ***P < 0.001 as
compared with the Huh7 cells only treated with glabridin (20 uM). ###P < 0.001 as compared with the Sk-Hep-1 cells only treated with glabridin
(20 uM).
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etal., 2003; Guruvayoorappan and Kuttan, 2008). Previous
research has shown that MMP2 and MMP9 are associated
with the invasive metastatic potential of tumour cells (Zhang
et al., 2004; Hwang and Lee, 2008). In the present study, the
zymography data indicated that the secreted protein level of
MMP-2 from Huh7 and Sk-Hep-1 cells was quite low (data not
shown) whereas MMP9 expression was high. Furthermore,
glabridin significantly inhibited MMP9 enzyme activity and
protein expression in Huh7 and Sk-Hep-1 cells (Figure 3) and
also inhibited promoter activity and MMP9 mRNA expression
(Figure 4), indicating that glabridin regulates the expression
of MMP9, at least partially, at the transcriptional level.

The promoter regions of inducible MMP genes show
remarkable conservation of regulatory elements, including
AP-1, NF-xB and SP-1 (Vincenti etal., 1996; Benbow and
Brinckerhoff, 1997; Shapiro, 1998). Transcription of the
MMP9 gene is regulated by upstream sequences, including
motifs corresponding to NF-kB or AP-1 binding sites (Takada
et al., 2004; Chien et al., 2012). Inhibition of NF-xB and AP-1
activities has been shown to be effective at preventing and
treating cancer (Aggarwal, 2004). The transcription nuclear
factors NF-xB and AP-1 can promote tumourigenesis and are
linked to invasion and metastasis. In the present study,
glabridin inhibited the binding of NF-xB and AP-1 to the
MMP9 promoter in Huh7 and Sk-Hep-1 cells (Figure 5).
NF-xB, when activated, translocates from the cytosol to the
nucleus to regulate gene expression at a transcriptional level.
Activation of NF-xB occurs through the phosphorylation of
IxBo. AP-1 is a transcription factor, which is a heterodimeric
protein composed of proteins belonging to the c-Fos, c-Jun,
activating transcription factor and Jun dimerization partners
families. In the present study, glabridin treatment resulted in
inhibition of NF-kB and AP-1 DNA binding activity, accom-
panied by inhibition of IxkBa phosphorylation and decreased
expression of c-Jun and c-Fos, leading to the down-regulation
of MMPI. It is noteworthy that the expression levels of
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MMP9 mRNA and protein were not significantly changed by
20 uM glabridin in Huh?7 cells (Figures 3C, 3D, 4A, 4B). Fur-
thermore, cell invasion and migration ability of Huh7 cells
were not different from control in the presence of 20 uM
glabridin (Figures 2C, 2D, 7B, 7C), a significant inhibitory
effect on MMP9 activity and wound healing was observed in
these cells treated with glabridin 20 uM (Figures 2A, 2B, 3A,
3B). This suggests that MMP9 may not be the only target
whereby glabridin inhibits Huh7 cell invasion and migration.

MAPKs are a family of serine/threonine kinases, activa-
tion of MAPKs is followed by phosphorylation of various
cytosolic substrates and is involved in numerous cellular pro-
grammes, such as their proliferation, differentiation, inva-
sion, migration and death (Reddy etal., 2003; Yang et al.,
2010). Furthermore, glabridin inhibits the FAK/Src complex
and blocks Akt and ERK1/2 activation in MDA-MB-231 cells
(Hsu et al., 2011). Glabridin also inhibits the migration, inva-
sion and angiogenesis of A549 lung cancer cells by blocking
Akt activation (Tsai et al., 2011). Kim et al. (2010) showed that
glabridin inhibits the degradation of IxkBa/B, nuclear translo-
cation of NF-xB p65/p50 and phosphorylation of ERK, JNK
and p38 MAPKs. In the present study, we showed that glabri-
din inhibits the phosphorylation of ERK1/2 and JNK1/2 in
HCC cell lines (Figure 6). In addition, when glabridin was
combined with specific inhibitors of the JNK 1/2 pathway
(SP600125) and ERK1/2 pathway (U0126) it further reduced
the migration and invasion of these cells (Figure 7). This
shows that glabridin inhibits the phosphorylation of ERK1/2
and JNK1/2, leading to the down-regulation of cell invasion
and migration abilities in Huh7 and Sk-Hep-1 cells. Finally,
glabridin was found to effectively suppress the tumour for-
mation in the hepatoma xenograft model in vivo. The remark-
able effect on xenograft growth (Figure 8A) is somewhat at
odds with the in vitro data (Figure 1). This interesting result
may be associated with the inhibitory effects of glabridin on
mechanisms related to tumour growth, such as angiogenesis;



further research is needed to confirm this hypothesis. This is
the first time that the antimetastasis effect of glabridin on
HCC cells has been verified.

In conclusion, we demonstrated that glabridin inhibits
the phosphorylation of IxB and the expressions of c-Jun and
c-Fos and subsequently interferes with the binding activities
of NF-kB and AP-1 DNA, which eventually results in the
down-regulation of MMP9 expression and the inhibition of
metastasis. Glabridin also inhibited cell invasion and migra-
tion by up-regulating TIMP-1 expression and inhibiting the
phosphorylation of ERK1/2 and JNK1/2. By targeting the
signal transduction mediators and transcriptional factors, it
might be possible to develop specific mediators that are
involved in the glabridin-induced antimetastatic effects
in HCC cells. Glabridin might have potential for the
development of preventive and treatment agents for cancer
metastasis.
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