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Matrix metalloproteinases (MMPs) play an important role in glioma infiltration, facilitating
cell migration and tumor invasion through their ability to degrade the extracellular matrix.
Therefore, the inhibition of MMPs has been suggested to be a promising therapeutic strategy
for brain tumors. This study examined the effect of ginsenoside Rh2 on the expression of
MMPs in human astroglioma cells. Rh2 inhibited the PMA-induced mRNA expression of

Keywords: MMP-1, -3, -9, and -14, suggesting that Rh2 has a broad-spectrum inhibitory effect on MMPs.
Rh?2 The molecular mechanism underlying MMP-9 inhibition was further investigated because
Glioma invasion MMP-9 plays a major role in the invasiveness of glioma. It was found that Rh2 inhibited the
MMP secretion and protein expression of MMP-9 induced by PMA in human astroglioma cells. The
NF-kB Rh2-mediated inhibition of MMP-9 gene expression appears to occur through NF-«B and AP-
AP-1 1 because their DNA binding and transcriptional activities were suppressed by the agent.

Furthermore, Rh2 significantly repressed the PMA-mediated activation of p38 MAPK, ERK
and JNK, which are upstream modulators of NF-«kB and AP-1. Finally, Rh2 inhibited the in
vitro invasiveness of glioma cells, which might be attributed to the broad-spectrum inhibi-
tion of MMPs by Rh2. Overall, the strong inhibition of MMP expression by Rh2 might provide
a potential therapeutic modality for brain tumors.

© 2007 Elsevier Inc. All rights reserved.

MAP kinases

1. Introduction Progress in the treatment of gliomas now depends on better

understanding of the biology of these tumors. Recent

Malignant gliomas are characterized by rapid cell prolifera-
tion, a high level of invasiveness into the surrounding brain
and extensive vascularization through angiogenesis [1]. This
diffusely infiltrative nature of malignant glioma is one of the
major obstacles to successful curative treatments, leading
to a short survival time, generally less than 1 year [2].
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studies into the biology of gliomas have found that matrix
metalloproteinases (MMPs) and the related signal transduc-
tion pathways play a role in tumor initiation and main-
tenance [2,3]. In many reports, various MMPs have been
implicated as markers of tumor progression in gliomas,
due to the positive correlation between increasing expres-

Abbreviations: MMP, matrix metalloproteinase; ECM, extracellular matrix; PMA, phorbol myristate acetate; MAPK, mitogen-activated
protein kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase; NF-«B, nuclear factor-«B; AP, activator protein;

EMSA, electrophoretic mobility shift assay.
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sion levels and the histological grade of the malignancy
[2,4,5].

The matrix metalloproteinases (MMPs) are a family of
structurally related zinc-dependent endopeptidases that are
capable of degrading almost all the extracellular matrix (ECM)
components [4,6]. There is evidence suggesting that MMPs
contribute to glioma cell invasion to the surrounding normal
tissues through degradation of the cell surface ECM [2,4,6].
Studies assessing the invasiveness of glioma cells in vitro have
demonstrated a strong correlation between glioma invasion
and high levels of MMP-2 or -9 expression [7-9]. Although
many studies focused on the inhibition of gelatinases such as
MMP-2 and MMP-9, which play a major role in glioma invasion
and migration, a better solution would be to determine a way
to control the various MMPs simultaneously. This is because
several studies have reported that various MMPs (i.e. MMP-1, -
3, -9, -14, etc) are involved in glioma cell invasion and
angiogenesis [10-12].

Ginsenosides, which are glycosides containing an aglycone
(protopanaxadiol or protopanaxatriol) with a dammarane
skeleton, are the major effective components of ginseng and
have been shown to have a wide variety of biological activities
including immunomodulatory effects, anti-inflammatory and
anti-tumor activity [13-15]. Rh2 is produced by the bacterial
transformation of ginsenoside Rg3, and belongs to the
protopanaxadiol family. Rh2 has attracted considerable
attention owing to its potential tumor-inhibitory activity
[13,16]. It inhibits cell growth in MCF-7 human breast cancer
cells and SK-HEP-1 hepatoma cells [17,18] and can also induce
apoptosis in various cell lines including C6 rat glioma, SK-N-
BE(2)C human neuroblastoma, and A375-S2 human malignant
melanoma cells [19-21]. In addition, Rg3, the proform of Rh2,
and other ginsenosides have been reported to inhibit the
formation of PMA-induced mouse skin tumors and/or COX-2
expression in mouse skin and cultured mammary epithelial
cells [22,23].

However, there are no reports on the effects of Rh2 on
glioma invasion or the detailed molecular mechanism.
Therefore, this study examined the effects of Rh2 on the
expression of MMPs, which play a key role in glioma invasion.
Rh2 showed a broad-spectrum inhibitory effect against MMP-
1, -3, -9, and -14 at both the mRNA and promoter levels. The
effects of Rh2 on the PMA-induced activation of NF-«kB, AP-1,
and the upstream signaling MAP kinases were examined to
further analyze the molecular mechanism for the inhibition
of MMP-9 by Rh2. The results also showed that Rh2
remarkably inhibited the invasiveness of glioma cells, which
appears to be related to the broad-spectrum inhibition of
MMPs by Rh2.

2. Materials and methods
2.1. Reagents

Thered ginseng extract was prepared and its main constituent
ginsenoside Rg3 isolated based on the previously described
procedure [24]. To isolate the main metabolite of ginsenoside
Rg3, it (0.2 g) was anaerobically incubated with human fecal
suspension (1 g) in the anaerobic medium (0.5 L) according to
the previous method [25]. The reaction mixture was extracted
with n-BuOH (1 L) twice, and evaporated (dried extract, 0.15 g)
followed by being defatted with n-hexane. The deffated n-
BuOH extract was subjected to a silica gel column chromato-
graphy (2 cm x 20 cm) and eluted with a stepwise gradient of
CH,Cl;:methanol and then underwent further chromatogra-
phy onsilica gel columns, employing the same eluent systems,
to give a ginsenoside Rh2 (35 mg). The extracted ginsenoside
Rh2 was identified by comparison to an authentic standard by
nuclear magnetic resonance spectrometry (Bruker AM-500,
500 MHz) and FAB mass spectrometry, and their structures are
shown in Fig. 1.

All reagents used for cell culture containing penicillin/
streptomycin, trypsin, and DMEM were purchased from Gibco
BRL (Grand Island, NY). TRI reagent and phorbol 12-myristate
13-acetate (PMA) were purchased from Sigma Chemical Co.
(St. Louis, MO). Restriction enzymes, Taq polymerase, and
antibodies against phospho-/total form of p38 MAPK, ERK1/2,
and SAPK/JNK were purchased form Cell Signaling Technology
(Beverley, MA). All other chemicals were obtained from Sigma-
Aldrich, unless stated otherwise.

2.2 Cell culture and transient transfection assays

Human astroglioma U87MG and U373MG cells (American Type
Culture Collection, Manassas, VA, USA) were grown in
Dulbecco’s modified Eagle’s medium, supplemented with 10%
fetal bovine serum (Hyclone), streptomycin, and penicillin. The
CRT-MG human astroglioma cell line (a generous gift of Dr. Etty
N. Benveniste, University of Alabama, Birmingham, USA) was
grown in RPMI 1640 medium supplemented with 10 mM HEPES
(pH 7.2), 2mM L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, and 10% FBS. Transfection was performed by a
standard calcium phosphate method. Cells (2 x 10° in 60 mm-
diameter dishes) were transfected with 4 png of the reporter
construct, 1 pg of pRSV B-gal and pUC19 plasmid to a total of
10 pg of DNA. The MMP reporter plasmids (hMMP1-luc, hMMP3-
luc, hMMP9-luc) were constructed by our lab as described
previously [10], and NF-kB and AP-1 reporter plasmids were
purchased from Clontech (Mountain View, CA). Plasmids used

OH OH OH OH
metabolized by R
human intestinal bacteria
GlcGlcO H GlcO H

20(S)-ginsenoside Rg3

20(S)-ginsenoside Rh2

Fig. 1 - Structure of ginsenoside Rg3 and its metabolic compound Rh2.
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for transient transfection assays were prepared by using Qiagen
(Santa Clarita, CA) columns. After 48 h, cells were harvested and
luciferase assays were performed as previously described [26].
To correct for differences in transfection efficiencies among
different DNA precipitates, luciferase activity was normalized
to that of B-galactosidase activity determined by ONPG assay.
All transfection assays were performed at least three times in
duplicate.

2.3. RT-PCR

Total cellular RNA was extracted from appropriately treated
U87MG cells with TRI reagent according to the manufacturer’s
protocol. Total RNA (2 ug) was reverse transcribed for 1h at
37°C in a reaction mixture containing 5U RNase inhibitor
(Invitrogen), 0.5 mM dNTP (B&eringer Mannheim, Indianapo-
lis, IN), 2 uM random hexamer (Promega, Medison, WI), 1x RT
buffer and 5U reverse transcriptase (Qiagen). PCR was
performed using primers for human MMP-1, -2, -3, -9, -14
and GAPDH as below. Analysis of the resulting PCR products
on 1% agarose gels showed single-band amplification products
with expected sizes.

were heated with 4x SDS sample buffer and separated by SDS-
PAGE gel electrophoresis and transferred to nitrocellulose
membranes (Amersham, Piscataway, NJ). The membranes
were blocked with 5% bovine serum albumin in 10 mM Tris-
HCI containing 150 mM NaCl and 0.5% Tween-20 (TBST) and
then incubated with primary antibodies (1:1000) that recog-
nize the phospho- or the total forms of MAP kinases. After
thoroughly washing with TBST, horseradish peroxidase-
conjugated secondary antibodies (Amersham, Piscataway,
NJ; 1:2000 dilution in TBST) were applied and the blots were
developed using an enhanced chemiluminescence detection
kit (Amersham, Piscataway, NJ).

2.6.  Electrophoretic mobility shift assay (EMSA)

U87MG glioma cells were treated with PMA in the absence or
presence of Rh2, and nuclear extracts were prepared as
described [27]. Nuclear proteins (5pg) were incubated
with 3?P-labeled NF-«B or AP-1 probe on ice for 30 min, and
the DNA-protein complex was separated on a 5% acrylamide
gel. The oligonucleotide sequences of the NF-«xB and AP-1
probes were those from the human MMP-9 promoter: for

Forward primer (5 — 3') Reverse primer (5" — 3') Size (bp)
MMP-1 ATATCGGGGCTTTGATGTACC AGCTGTAGATGTCCTTGGGGT 408
MMP-2 GAAGTATGGGAACGCCGATGG TTGTCGCGGTCGTAGTCCTCA 311
MMP-3 GATATAAATGGCATTCAGTCCCTC TCCTTGCTAGTAACTTCATATGCG 287
MMP-9 ATGT ACCCTATGTACCGCTTCACT CAGAGAAGAAGAAAAGCTTCTTGG 496
MMP-14 CCGAAGCCTGGCTACAGCAAT ATGTGGCATA CTCGCCCACCT 317
GAPDH GGTCGGTGTGAACGGATTTGGCCG GGTTCACACCCATCACAAACATGG 395
2.4. Gelatin zymography NF-«kB, 5'-CCCCAGTGGAATTCCCCAGCCTTG-3' (sense), 5'-

The gelatinolytic activity of MMP-9 secreted in conditioned
media was assayed by means of gelatin-substrate gel electro-
phoresis to identify the levels of metalloproteinase activity.
Conditioned media were harvested and the protein concentra-
tion measured, followed by concentrating by precipitation with
2-volumes of absolute ethanol. Twenty micrograms of protein
was resuspended with 2x sample buffer withoutreducingagent
(0.5M Tris-HCI, pH 6.8, 10% SDS, 0.1% bromophenol blue, 10%
glycerol) and then subjected to 7.5% SDS-PAGE gel containing
0.1% (w/v) gelatin without prior boiling. After electrophoresis at
4 °C, the gel was washed with 2.5% Triton X-100 (v/v) for 30 min
at RT to remove SDS and allow protein to renature and
subsequently incubated in substrate buffer (50 mM Tris-HCI, pH
7.5, 1 mM ZnCl,, 5 mM CaCl,) at 37 °C for 48-72 h. The gel was
then stained with 0.5% (w/v) Coomassie blue in 10% acetic acid
(v/v) and 30% methanol (v/v) and then destained with the same
solution without Coomassie blue. Proteolytic activities were
detected by clear bands indicating the lysis of the substrate.
Quantification of MMP-9 band density was carried out using the
image analysis program luminescent image analyzer Las-3000
(Fujifilm, Japan).

2.5.  Western blot analysis

Cells were appropriately treated and total cell lysates were
prepared as described previously [27]. The proteins (20-100 p.g)

GCAAGGCTGGGGAA TTCCACTGGG-3' (antisense), for proximal
AP-1, 5'-CTGACCCCTGAGTCAGCAC TTGC-3' (sense), 5'-CAA-
GTGCTGACTCAGGGGTCAGG-3 (antisense), for upstream AP-1,
5'-GAGGAAGCTGAGTCAAAGAAGGC-3 (sense), 5-TCTCCTT-
CGACTCA GTTCTTCC-3 (antisense). The sense and antisense
oligomers were annealed and double strands were isolated with
PAGE gel and used for labeling. For supershift assay, antibodies
against the p65 or p50 subunits of NF-«kB (Santa Cruz
Biotechnology, Santa Cruz, CA) were coincubated with the
nuclear extract mix for 30 min at 4 °C before adding the
radiolabeled probe.

2.7.  Invasion assay

Invasion assays were carried out using modified Boyden
chambers consisting of Transwell (Corning Costar, Cambridge,
MA) membrane filter (6.5-mm diameter, 8-pm pore size). The
upper surfaces of the transwell membranes were coated with
1 mg/ml Matrigel matrix (Becton-Dickinson Labware, Franklin
Lakes, NJ). Cells were plated on the Matrigel-coated transwell
with or without Rh2 in the presence of PMA. The medium in
the lower chambers also contained 0.1 mg/ml bovine serum
albumin. The inserts were incubated at 37 °C for 24 h. Non-
invading cells were removed by wiping the upper side of the
membrane, and the invaded cells were fixed with methanol
and stained with hematoxylin. Random fields were counted
under a light microscope.
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2.8. Statistical analysis

Data are expressed as means =+ standard error (S.E). and
analyzed for statistical significance using analysis of variance
(ANOVA), followed by Scheffe’s test for multiple comparisons.
A P value <0.05 was considered significant.

3. Results

3.1.  Ginsenoside Rh2 inhibits the transcription of the
MMP-1, -3, -9, and -14 genes in human astroglioma cells

RT-PCR was carried out to examine the MMPs expressed from
U87MG human astroglioma cells. As shown in Fig. 2, the
expression of MMP-1, -3, -9, and -14 mRNA in U87MG cells was
induced significantly by a strong tumor promoter, PMA (50 ng/
ml), while MMP-2 expression was constitutive. Pretreatment
with Rh2 significantly suppressed the PMA-induced expres-
sion of MMP-1, -3, -9, and -14 in a dose-dependent manner
(Fig. 2A). Moreover, Rh2 repressed the promoter activities of
MMP-1, -3, and -9 induced by PMA (Fig. 2B). However, the
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expression of MMP-2 was not significantly altered by Rh2.
Similar results were obtained in other human glioma cells
such as U373MG and CRT-MG cells (data not shown). There-
fore, these results suggest that Rh2 is a potent broad-spectrum
inhibitor of the MMPs expressed in human astroglioma cells.
The molecular mechanism underlying MMP-9 inhibition by
Rh2 was further investigated because MMP-9 is a key enzyme
among the MMPs implicated in the invasiveness of glioma.

3.2.  Rh2 suppresses MMP-9 secretion in human glioma
cells

Gelatin zymography was carried out to determine the effect of
Rh2 on the PMA-induced MMP-9 secretion in human astro-
glioma cells. The gelatinolytic activity at 92kDa, which
corresponded to the molecular mass of pro-MMP-9, was
detected in the conditioned medium from PMA-stimulated
astroglioma cells. The most remarkable induction of MMP-9
gelatinolytic activity was observed with 50 ng/ml of PMA for
48 h (data not shown). As shown in Fig. 3, Rh2 markedly
suppressed the PMA-induced secretion of pro-MMP-9 in a
dose-dependent manner. The inhibitory effect of Rh2 on the
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Fig. 2 - The effects of Rh2 on MMPs expressed from human astroglioma U87MG cells. (A) RT-PCR was performed to detect
MMPs expressed from U87MG cells in the absence or presence of PMA (50 ng/ml). The mRNA expressions of MMP-1, -3, -9, -
14 were dramatically induced by PMA, whereas the expression of MMP-2 was constitutive. The elevated levels of MMPs
were significantly downregulated by pretreatment of Rh2. The MMP mRNA expression was normalized to GAPDH mRNA.
The data are representative of three independent experiments. (B) Inhibitory effects of ginsenoside Rh2 on promoter
activities of MMP-1, -3, and -9 in U87MG cells. U87MG glioma cells were transfected with three kinds of reporter plasmids
each containing one of the MMP-1, -3, and -9 promoters and treated with 50 ng/ml of PMA in the presence of indicated
doses of Rh2 for 18 h before harvest. Luciferase assay using the cell lysates revealed that Rh2 significantly decreased the
PMA-induced promoter activities of MMP-1, -3, and -9 in a dose-dependent manner. Values correspond to the mean * S.E.
of three independent experiments. *P < 0.05, significantly different from luciferase activities in cells treated with PMA alone.
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Fig. 3 - Rh2 repressed the secretion and protein expression of MMP-9. (A) Three kinds of human glioma cell were treated
with different concentrations of Rh2 in the absence or presence of PMA (50 ng/ml) in serum-free media. Conditioned media
were collected after 48 h, and gelatin zymography was performed. The data are representative of three independent
experiments. (B) Quantification of zymography data. Levels of the secreted MMPs were normalized with respect to the
amount of protein and expressed as relative fold changes in comparison to control samples, which were arbitrary set to 1.0.
Values correspond to the mean =+ S.E. of three independent experiments. *P < 0.05, significantly different from the PMA-
treated sample. (C) Western blot analysis using the conditioned medium of U87MG cells used for zymography also shows
that Rh2 decreased the protein amount of MMP-9 in a dose-dependent manner.

secretion of MMP-9 was observed in three human astroglioma
cell lines (U87MG, U373MG and CRT-MG) (Fig. 3A). The
concentration of Rh2 (up to 20 pM) used in these experiments
did not affect the cell-viability in the MTT assay (data not
shown). The band density of MMP-9 in the zymogram was
normalized to the amount of protein and the results are shown
in Fig. 3B. Western blot analysis was performed using the
conditioned medium used for zymography in order to
determine if the decrease in MMP-9 secretion was the result
of a decrease in the amount of protein. As shown in Fig. 3C,
Rh2 inhibited the PMA-induced expression of the MMP-9
protein in a dose-dependent manner. Therefore, the
decreased secretion of MMP-9 correlates with the reduced
level of MMP-9 protein synthesis after the Rh2 treatment.

3.3.  Rh2 inhibits the DNA binding and transcriptional
activities of NF-xkB and AP-1

The effects of Rh2 on NF-kB and AP-1 were examined to
determine the downregulation mechanism of MMP-9 by Rh2.
The NF-kB and AP-1 sites resided on the MMP-9 promoter

(Fig. 4A), and have been reported to play an important role in
controlling the basal and cytokine-induced MMP-9 expression
in various cancer cell lines. In order to determine the effect of
Rh2 on the NF-«B DNA-binding activity, the nuclear extracts
were prepared from the cells treated with PMA in the presence
or absence of Rh2 (20 pM), and were incubated with the 3%p-
labeled NF-kB probe. As shown in Fig. 4B, Rh2 reduced the NF-
kB binding activity. An antibody supershift assay using the NF-
kB specific antibody showed that the DNA-protein complex
contains the p50 and p65 subunits of NF-«B (Fig. 4C). Moreover,
Rh2 inhibited the NF-«kB-mediated transcriptional activity, as
shown by the NF-kB reporter gene assay (Fig. 4D). Next, the
effects of Rh2 on both AP-1 DNA binding and AP-1-dependent
transcriptional activity were examined. As shown in Fig. 5, Rh2
significantly inhibited the nuclear protein binding to the
proximal and upstream AP-1 sites that had been induced by
PMA. Competition assay using a molar excess of cold
oligonucleotides of their own or consensus AP-1 revealed
the DNA-protein complex to be specific to AP-1 (Fig. 5B). In
addition, the transient transfection assay showed that Rh2
inhibited the AP-1-mediated transcriptional activity in U87MG
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Fig. 4 - Effects of Rh2 on NF-«B activities in U87MG cells. (A) Structure of MMP-9 reporter plasmid (hMMP9-luc). Transcription
factor binding sites are indicated. (B) EMSA for NF-kB DNA-binding activity. Nuclear extracts were prepared from U87MG
cells after treatment with Rh2 (20 pM) for 6 h in the absence or presence of PMA (50 ng/ml). Bracket indicates a DNA-protein
complex of NF-kB. (C) Supershift assay indicated that the NF-«B complex is composed of p50 and p65 subunits because the
complex was supershifted by antibodies against the p50 or p65 subunit (ap50, ap65), but not by Sp1 antibody («Sp1). (D)
Effect of Rh2 on NF-kB reporter gene activity. NF-«B reporter plasmid was transfected into U87MG cells, and PMA with or
without Rh2 (20 pM) was added 6 h before harvest. Luciferase assay using cell lysates revealed that Rh2 inhibited the NF-
kB-mediated transcriptional activity induced by PMA. Values correspond to the mean =+ S.E. of three independent
experiments. *P < 0.05, significantly different from the PMA-treated sample.

glioma cells (Fig. 5C). Therefore, Rh2 suppresses MMP-9 gene
expression by inhibiting the activity of NF-«kB and AP-1.

3.4.  Rh2 suppresses the phosphorylation of three types of
MAP kinases

It was previously reported that MAP kinases play a role as
upstream modulators in MMP-9 gene expression as well as in
NF-«B and AP-1 activity [27,28]. Therefore, the effects of Rh2 on
the MAP kinase activities in U87MG glioma cells were examined.
As shown in Fig. 6, Rh2 significantly suppressed the phosphor-
ylation of the three types of MAP kinases (ERK, JNK, p38 MAPK)
induced by PMA. The degree of inhibition by 20 uM Rh2 was
approximately 80% for each MAP kinase (Fig. 6B).

3.5.  The effect of Rh2 on in vitro invasion of glioma cells

Matrigel invasion chambers were used to examine the effect of
Rh2 on the invasiveness of U87MG glioma cells. As shown in
Fig. 7, a treatment with 20 uM Rh2 for 24 h inhibited the cell
invasiveness by more than 90%, without affecting the cell
viability. To determine whether the inhibitory effect is directly
correlated with the repression of MMP activities by Rh2, we
examined the effect of various MMP inhibitors on PMA-
induced invasion of U87MG glioma cells: MMP inhibitors
significantly suppressed invasiveness (data not shown).
Therefore, the strong inhibitory effect of Rh2 on an in vitro
invasion appears to be related to its broad-spectrum inhibition
of MMP expression.
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were used as a probe and incubated with the same nuclear extracts used for NF-xB EMSA. The arrow indicates a DNA-
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mean = S.E. of three independent experiments. *P < 0.05, significantly different from the PMA-treated sample.</ce:figure

4, Discussion

Malignant human gliomas are pathophysiologically charac-
terized by their insidious infiltration to the brain. The invasion
of tumor cells into the surrounding normal brain is the
primary cause of local recurrence and treatment failure of
malignant gliomas [1,2]. The invasion of glioma cells into the
adjacent brain structures occurs through the activation of
multigenic programs, including matrix metalloproteinses
(MMP) such as MMP-2, -9, which degrade the extracellular
matrix to overcome the extracellular matrix barrier at the
invasive fronts of tumors [4-6]. Many studies have shown that
the up-regulation of MMPs correlates with the invasiveness of
human gliomas, and MMPs offer an interesting target for
examining the mechanism of glioma invasion [4,29,30].

The effect of Rh2 on the expression of MMPs induced by a
strong tumor promoter PMA in human astroglioma cells was
first examined to determine if ginsenoside Rh2 has potential
for controlling MMP and resultant glioma invasion. PMA
remarkably induced the mRNA expression of MMP-1, -3, -9,
and -14, which play key roles in brain tumor progression in
vivo. A pretreatment with Rh2 inhibited the expression of
those MMPs. In contrast, the expression of MMP-2 expression
was constitutive and was not affected by either PMA or Rh2.
Glioma invasion is known to occur through the complex
activities of various MMP molecules. It was reported that the

MMP-1 (collagenase-1) protein level increases with tumor
grade and is related to increased glioma invasiveness [9,31].
MMP-3 has also been detected in invasive astrocytoma cells,
and is up-regulated in primary adult and child astrocytomas
[32,33]. In addition, MMP-14 (MT1-MMP) appears to play an
important role in remodeling of the ECM because this
membrane-bound protease can stimulate proMMP-2 activa-
tion [34]. The up-regulation of VEGF by MMP-14 has also been
reported during the progression of human gliomas [35].
Moreover, among the MMPs, MMP-9 is a well-characterized
enzyme that has been implicated in the glioma invasiveness.
The MMP-9 level was found to increase during the growth of
glioblastoma cells, which had been intracerebrally implanted
in nude mice [36]. In addition, the antisense MMP-9 vector or
adenovirus expressing antisense-MMP-9 inhibited the PMA-
induced migration and invasion of glioblastoma cells [37,38].
Therefore, the strong inhibition of glioma invasion by Rh2
might be due to the broad-spectrum inhibition of these series
of MMPs.

A subsequent study was carried out to unravel the
inhibitory mechanism of MMP-9 by Rh2 because MMP-9 is a
key enzyme among the MMPs involved in glioma invasion. It
was demonstrated that Rh2 represses the NF-«B, AP-1 and
MAPK activities in PMA-stimulated glioma cells. Previously, it
was reported that the inhibition of three types of MAP kinases
results in the suppression of the MMP-9 promoter activity as
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Fig. 6 - Effect of Rh2 on MAP kinase activities. (A) Cell extracts were prepared from U87MG cells treated with PMA for 30 min
in the absence or presence of Rh2 and subjected to immunoblot analysis using antibodies against phospho- or the total
form of 3 MAPKs (p38 MAPK, ERK1/2, JNK). Arrows indicate bands recognized by each antibody. As to ERK and JNK, two
different isoforms were identified: pERK (p44 and p42) and pJNK (p54 and p46). (B) Quantification of Western blot data.
Levels of the active forms of MAPKs were normalized with respect to B-actin and expressed as relative fold changes in
comparison to control samples, which were arbitrarily set to 1.0. Values correspond to the mean * S.E. of three
independent experiments. *P < 0.05, significantly different from the PMA-treated sample.

well as the activities of NF-«B and AP-1 [27,28]. Furthermore,
three types of MAP kinase inhibitors significantly repressed
the in vitro invasiveness of glioma cells [28]. Therefore, these
results suggest that Rh2 represses the expression of MMP-9, at
least through the inhibition of NF-kB, AP-1 and MAPK
activities, and finally inhibit glioma invasion. Our previous
data showed that the extent of the involvement of each MAP
kinase in MMP gene regulation differs according to the MMP

(A) control PMA (50ng/ml)

Ty

R e git

PMA (50ng/ml)
+Rh2 (20 puM)

Rh2 (20 uM)

subtypes [10]. Therefore, the inhibition of MAP kinase activity
by Rh2 might also contribute to the inhibition of other MMPs
besides MMP-9 (i.e. MMP-1, MMP-3).

Several studies have reported the neuroprotective proper-
ties of Rh2 and its proform Rg3 [39-43]. Ginsenoside Rg3 has
been found to inhibit the ligand-gated ion channels such as
NMDA receptors, 5-HT receptors and nicotinic acetylcholine
receptors, which mediate neurotoxicity [40,41]. Ginsenoside

(B)
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Fig. 7 - Cell invasion assay in U87MG cells. (A) Cell invasion through Matrigel basement membrane was analyzed using a
modified Boyden chamber method, as described in Section 2. Cells that invaded to the lower surface of the membrane were
fixed and stained. (B) Mean cell counts from at least 10 fields and data represent the mean * S.E. of at least three

independent experiments.
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Rh2 has been also reported to reduce the level of ischemic
brain injury in rats [42] and ameliorate neuronal cell death
associated with hypoxia or glutamate toxicity [43]. These
results suggest that Rg3 and Rh2 exert their effect on various
CNS disorders. Generally, ginsenosides are barely absorbed as
intact forms from the intestine to the blood. They are
transformed by intestinal microflora and the transformants
should be absorbed into the blood [44]. As a main metabolite of
Rg3 by human intestinal bacteria, Rh2 is likely to have more
potent biological activity than ginsenoside Rg3. In support of
this, Rh2 inhibited the expression of MMP-9 more prominently
than Rg3 (unpublished data).

In conclusion, this study reports for the first time the
inhibitory effect of ginsenoside Rh2 on glioma invasion and
MMP expression. Considering that glioma invasion progresses
through the multiple interplay of many MMP molecules, the
broad-spectrum inhibition of Rh2 against MMP expression
might have therapeutic potential for controlling the growth
and invasiveness of brain tumors.
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