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Acteoside inhibits PMA-induced matrix metallo-

proteinase-9 expression via CaMK/ERK- and JNK/NF-jB-

dependent signaling
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Scope: Acteoside, an active phenylethanoid glycoside found in bitter tea and many medicinal

plants, displays chemopreventive properties. The aim of our study was to determine the effect of

acteoside on tumor invasion and migration; the possible mechanisms involved in this inhibition

were investigated in human fibrosarcoma HT-1080 cells.

Methods and results: We employed invasion, migration and gelatin zymography assays to

characterize the effect of acteoside on HT-1080 cells. Transient transfection assays were

performed to investigate gene promoter activities, and immunoblot analysis to study its

molecular mechanisms of action. We found that acteoside suppresses phorbol-12-myristate-13-

acetate (PMA)-enhanced matrix metalloproteinase-9 (MMP-9) expression at the protein, mRNA,

and transcriptional levels through the suppression of NF-kB activation. In addition, acteoside

repressed the PMA-induced phosphorylation of ERK1/2 (ERK, extracellular regulated kinase)

and JNK1/2. Further, we found that acteoside decreased the PMA-induced influx of Ca21 and

repressed PMA-induced calmodulin-dependent protein kinase (CaMK) phosphorylation.

Furthermore, treatment with BAPTA/AM, W7, or capsazepine markedly decreased PMA-

induced MMP-9 secretion and cell migration, as well as ERK and JNK/NF-kB activation.

Conclusion: Acteoside inhibited PMA-induced invasion and migration of human fibrosarcoma

cells via Ca21-dependent CaMK/ERK and JNK/NF-kB-signaling pathways. Acteoside therefore has

the potential to be a potent anticancer agent in therapeutic strategies for fibrosarcoma metastasis.
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1 Introduction

There has been increasing interest in natural antioxidants

present in fruits, vegetables, herbs, and beverages. Several

studies have suggested that intake of food rich in antioxidants

is associated with a lower risk of some chronic diseases [1].

Tea is the most popular beverage consumed worldwide. Bitter

tea is brewed from the leaves of Ligustrum purpurascens which

contains acteoside as the major physiologically active compo-

nent of the plant [2]. Like green tea, bitter tea has also been a

popular beverage for a long time in southern China.

Acteoside is a well-studied phenylethanoid glycoside that

is widely distributed in the plant kingdom. Acteoside (also

called verbascoside) consists of several chemical groups,

including caffeic acid, 3,4-dihydroxyphenylethanol, glucose,

and rhamnose (Fig. 1A). Several studies have indicated that

acteoside exhibits anti-oxidative [3, 4], anti-inflammatory [5],

and neuronal protective activities [6]. Recently, it was
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suggested that acteoside has anti-metastatic [7], anti-prolif-

erative [8], and anti-apoptotic activities [9]. In addition,

acteoside inhibited tumor-induced angiogenesis and matrix

metalloproteinase (MMP) expression in confrontation

cultures of embryoid bodies and tumor spheroids [10].

MMPs play an important role in tumor invasion, angio-

genesis, inflammatory tissue destruction, and cancer cell

metastasis [11]. These enzymes may contribute to cell inva-

sion-favoring modifications to the matrix, resulting in tumor

cell invasion [12]. Invasive cancer cells utilize MMPs to

degrade the extracellular matrix (ECM) and basement

membrane during metastasis. Among the human MMPs

reported to date, MMP-2 and -9, which are expressed abun-

dantly in various malignant tumors, contribute to cancer

invasion and metastasis [13]. Generally, MMP-2 is over-

expressed constitutively in highly metastatic tumors, whereas
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Figure 1. Inhibitory effects of acteoside on the migration and invasion of human fibrosarcoma HT-1080 cells. (A) Structure of acteoside.

(B) HT-1080 cells were incubated with varying concentrations of acteoside in the absence or presence of PMA (10 nM) or acteoside for 24 h

in serum-free medium, and proliferation was determined by an MTT assay. The data are expressed as the mean7SD of triplicate

experiments. �Significantly different from the control (po0.01). (C) 80%-confluent HT-1080 cells were treated with various concentrations

of acteoside in serum-free medium. The conditioned media were collected after 24 h and gelatin zymography was performed. Each blot is

representative of at least three others. (D) Cells were scratched with a pipette tip and treated with acteoside (100 mM) for 24 h. Migrating

cells were imaged by phase-contrast microscopy. The data are expressed as the mean7SD of triplicate experiments. �Significantly

different from the control (po0.01). (E) Cells were pretreated with acteoside (100 mM) or vehicle (0.1% DMSO) followed by PMA treatment

(10 nM in 0.1% DMSO) for 24 h. After 24 h, the cells on the bottom of the filter were counted. The data are expressed as the mean7SD of

triplicate experiments. ]Significantly different from control (po0.01). �Significantly different from PMA treatment only (po0.01).
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MMP-9 can be stimulated by inflammatory cytokines,

epidermal growth factor, or phorbol-12-myristate-13-acetate

(PMA) through the activation of various intracellular signal-

ing pathways [11]. Recently, it was suggested that calcium

(Ca21) regulates the expression and activation of MMPs, with

particular involvement in the control of MMP-12 activity [14].

Increased extracellular Ca21 levels induce MMP-9 expression

in human keratinocytes [15], inhibiting the influx of Ca21 and

decreasing the mRNA expression of MMP-2 [16]. Further-

more, the modulation of intracellular Ca21 levels can alter the

secretion of MMP-1 from migrating keratinocytes [17].

Members of the transient receptor potential (TRP)

channel superfamily are interesting candidates for the

regulation of Ca21 influx and the intracellular Ca21

concentration ([Ca21]i) in migrating peripheral cells. TRP

channels are expressed in almost every cell type, and most

are Ca21-permeable [18]. TRP vanilloid-type 1 (TRPV1) is

one of the several nonselective cationic channels, the

activation of which induces Ca21 influx; however, this

influx can be inhibited by a specific antagonist, capsazepine

(CPZ) [19]. Recent data suggest that antagonists of

cannabinoid receptors 1 and 2 either alone or in combina-

tion with CPZ significantly suppress both cannabidiol-

induced tissue inhibitors of metalloproteinase (TIMP)-1

expression and the activation of MAPK p38 and extracellular

regulated kinase 1/2 (ERK1/2), thereby suppressing cancer

cell invasion [20].

It is accepted that TRPV1 can be phosphorylated

by several kinases, including PKA [21], PKC [22], and

Ca21/calmodulin (CaM)-dependent kinase II (CaMKII) [23].

Ca21/CaM is a Ca21-binding protein implicated in a variety

of cellular functions, including cell growth, proliferation,

and migration [24]. Ca21/CaM itself does not show any

catalytic activity, but it regulates the activity of a number of

Ca21/CaM-dependent enzymes, such as CaMK [25] and

MAPKs [15]. Previous studies have shown that tumor

growth is inhibited by Ca21 channel blockers [26]. Recent

evidence has implicated Ca21/CaM in cancer; abnormal

Ca21/CaM expression is common in certain tumors [27],

and specific antagonists of Ca21/CaM inhibit the growth of

a variety of tumor cells [28]. These reports indicate that the

inhibition of Ca21 currents could be responsible for the anti-

tumor activity of these drugs. Thus, Ca21/CaM is a potential

target for cancer chemotherapy [29].

Interestingly, recent studies have revealed the ability of

acteoside to inhibit the release of b-hexosaminidase and

Ca21 influx from IgE-mediated RBL-2H3 cells [30]. Acteo-

side also inhibited the glutamate-induced influx of Ca21 and

displayed significant neuroprotective activity [31]. Although

various bioactivity studies of acteoside have been performed,

the molecular mechanisms by which the expression of

MMP-9 and the invasiveness of HT-1080 cells are regulated

via acteoside remain unclear. In this study, we examined the

effects of acteoside on MMP-9 and -2 expression, and

explored the underlying upstream molecular signaling

events involved in this regulation.

2 Materials and methods

2.1 Materials

Acteoside was purchased from Chromadex (Santa Ana, CA,

USA). BAPTA/AM and N-(6-amino-hexyl)-5-chloro-1-naph-

thalensulfonamide (W7), NF-kB activation inhibitor (JSH-

23), PD98059, SB203580, and SP600125 were obtained

from Calbiochem (La Jolla, CA, USA). PMA and CPZ

were purchased from Sigma Chemicals (St. Louis,

MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenylte-

trazoliumbromide (MTT)-based colorimetric assay kits were

purchased from Roche (Indianapolis, IN, USA). RPMI1640,

fetal bovine serum (FBS), sodium pyruvate, and Trizol were

supplied by Gibco BRL (Grand Island, NY, USA). Anti-

bodies against phospho-MAP kinase, phospho-CaMKs,

MMP-2, MMP-9, and NF-kB were purchased from Cell

Signaling Technology (Beverly, MA, USA). Antibodies

against c-Jun, c-Fos, lamin B, and b-actin were obtained

from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The

MMP-9 promoter vector was kindly provided by Dr. W.

Eberhardt (Klinikum der Johann Wolfgang Goethe-

Universit.at, Frankfurt/Main, Germany) [32]. The pNF-kB-

Luc and pAP-1-Luc reporter plasmids were obtained from

Stratagene (La Jolla, CA, USA).

2.2 Cell culture and treatments

HT-1080 cells from the American Type Culture Collection

(ATCC, Manassas, VA, USA) were grown in RPMI1640

supplemented with 10% FBS, 100 IU/mL penicillin, and

100mg/mL streptomycin at 371C in a 5% CO2 humidified

incubator. Cells were treated with different concentrations

of acteoside in the absence or presence of 10 nM PMA for

24 h. Acteoside was dissolved in DMSO (final concentration

in culture, 0.1%).

2.3 Measurement of cell proliferation

Cell proliferation was determined by a conventional MTT

reduction assay using HT-1080 cells that had been plated at

a density of 4� 104 cells/500 mL in 48-well plates. Following

incubation, the cells were treated with MTT solution (final

concentration, 1 mg/mL) for 1 h. The dark blue formazan

crystals formed in intact cells were solubilized with DMSO,

and the absorbance at 570 nm was measured using a

microplate reader (Varioskan, Thermo Electron, Berthold,

Germany).

2.4 In vitro wound-healing assay

HT-1080 cells were seeded into 6-well plates and grown

overnight to confluence. The monolayers were then scratched
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with a 200-mL pipette tip to create a wound and washed twice

with serum-free RPMI1640 to remove floating cells; the

medium was then replaced with serum-free medium. The

rate of wound closure was assessed and imaged 24 h later.

Each value is derived from three randomly selected fields.

2.5 Matrigel invasion assay

HT-1080 cells were incubated in RPMI1640 with 10% FBS and

collected by trypsinization. Cells (1� 105 cells/mL) in serum-

free medium were added to the inner cup of a 48-well Trans-

well chamber (Corning Life Sciences, Oneonta, NY, USA) that

had been coated with 50mL of matrigel (BD Biosciences,

Franklin Lakes, NJ, USA; 1:10 dilution in serum-free medium).

Medium supplemented with 10% serum or the indicated agent

was then added to the outer cup. After 24 h, those cells that had

migrated through the matrigel and the 8mm pore size

membrane were fixed, stained, and counted under a light

microscope. Each experiment was performed in triplicate.

2.6 RNA preparation, semi-quantitative PCR, and

real-time PCR

Total RNA was isolated with an RNA extraction kit (Amer-

sham Pharmacia, Buckinghamshire, UK), and the total RNA

concentration was measured spectrophotometrically. RNA

(2mg) was converted to cDNA using an RT-PCR bead kit

(Amersham Pharmacia) according to the manufacturer’s

protocol. GAPDH (internal standard) and MMP-9, -2, MT1-
MMP, TIMP-1, and TIMP-2 mRNA levels were determined by

quantitative real-time RT-PCR as described previously [33, 34].

2.7 Western blot analysis

Following treatment, cells were lysed on ice for 30 min in

lysis buffer (120 mM NaCl, 40 mM Tris (pH 8), and 0.1%

NP40) and centrifuged at 13 000� g for 15 min. The super-

natants were then collected and the protein concentrations

determined using a BCA protein assay kit (Pierce, Rockford,

IL, USA). Lysates (40 mg of protein) were resolved by SDS-

PAGE, transferred to a PVDF membrane, and blocked with

1% bovine serum albumin at room temperature for 1 h

followed by labeling with primary antibodies for 3 h, and

with specific HRP-conjugated secondary antibodies (Santa

Cruz Biotechnology) for 1 h. Protein bands were detected

using an enhanced chemiluminescence Western blotting

detection kit (Pierce).

2.8 Gelatin zymography

The enzymatic activities of MMP-2 and -9 were determined

by gelatin zymography. Briefly, cells were seeded, grown to

confluence for 24 h, and maintained in serum-free medium.

The conditioned media were collected 24 h after stimulation,

mixed with nonreducing sample buffer, and subjected to

electrophoresis in 10% polyacrylamide gels containing

0.1% w/v gelatin. The gels were then washed with wash

buffer containing 2.5% Triton X-100 and 50 mM Tris-HCl

(pH 7.5) and incubated at 371C for 24 h in 50 mM Tris-HCl

(pH 7.5), 150 mM NaCl, 5 mM CaCl2, 1 mM ZnCl2, and

40 mM NaN3. The gel was stained with 0.25% w/v Coomassie

brilliant blue in 45% v/v methanol and 1% v/v acetic acid.

Gelatinolytic activity was normalized against protein content

of the cultured medium as assayed by the BCA kit (Pierce).

2.9 Transient transfection and luciferase assays

To examine promoter activity, we used a dual-luciferase reporter

assay system (Promega, Madison, WI, USA). Cells in 48-well

plates at 70–80% confluence were incubated with RPMI1640

without serum or antibiotics for 6 h. The cells were then

transfected with the MMP-9 promoter vector AP-1 (50-TGAC-

TAA-30)n (n 5 7) or an NF-kB (50-GGGGACTTTCC-30)n (n 5 5)

reporter vector (1mg; Stratagene) and pCMV-b-gal (0.5mg) using

Lipofectamine 2000 (Invitrogen, San Diego, CA, USA) accord-

ing to the manufacturer’s protocol. Following incubation, the

cells were lysed and luciferase activity was measured using a

luminometer (Luminoscan Ascent, Thermo Electron). Lucifer-

ase activity was normalized to b-galactosidase activity in the cell

lysates and is expressed as the average of three independent

experiments. For the analysis of basal NF-kB activity, cells were

transiently transfected with Lenti-NF-kB-GFP (System Bios-

ciences, Mountain View, CA, USA) and mixed with Lipofecta-

mine; GFP fluorescence was analyzed by fluorescence

microscopy (Axiovert 200M, Carl Zeiss, Jena, Germany).

2.10 Intracellular Ca21 measurement

HT-1080 cells cultured in 24-well plates (2� 105 cells/mL) in

media were loaded with 5mM Fluo-4-AM (Molecular Probes,

Eugene, Oregon), a Ca21-sensitive dye, for 45 min at 371C.

Following this preincubation, the cells were rinsed three times

with media to remove any free dye and incubated for 30 min

in medium to allow the de-esterification of all AM esters. The

Fluo-4-loaded cells were then stimulated with 100mM acteo-

side, 10 nM PMA, 10mM BAPTA/AM, 40mM W7, 2mM CPZ,

or the vehicle DMSO. Changes in intracellular Ca21 were

measured from fluorescence images obtained at 25 min using

an Axiovert 200 M Carl Zeiss Fluorescence microscope (exci-

tation at 385 nm, emission at 512 nm).

2.11 Statistical analysis

All experiments were repeated at least three times.

Means7SD were calculated for each group; Dunnett’s t-test
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was used to calculate statistical significance. Differences

were considered statistically significant at po0.01.

3 Results

3.1 Acteoside inhibits human fibrosarcoma cell

invasion and metastasis

Prior to investigating the pharmacological potential of

acteoside on PMA-induced MMP activity, we first deter-

mined the dose dependence of the cytotoxic effects of

acteoside in the absence or presence of PMA (10 nM) for

24 h in HT-1080 cells using the MTT assay. Acteoside at

concentrations lower than 100mM had no cytotoxic

effect on the cells and acteoside at 200 mM showed about a

16–25% decrease in cell proliferation in the absence or

presence of PMA (Fig. 1B). Thus, acteoside had no

significant cytotoxicity in tumor cells at these concentrations

(0–100 mM). We next used a gelatin zymography assay

to investigate the inhibitory effect of acteoside on MMP-9

and -2 secretion. Treatment with acteoside inhibited

the MMP-9 and -2 activity in a dose-dependent manner

(Fig. 1C). In vitro invasion and migration assays (including

Transwell and wound-healing assays) were used to

investigate the inhibitory effects of acteoside on the

invasive potency of fibrosarcoma HT-1080 cells. As shown

in Fig. 1D, HT-1080 cell migration was inhibited by

acteoside (Fig. 1D). Similarly, data obtained from matrigel

invasion assays demonstrated that PMA-stimulated

cell invasion was decreased in the presence of 100mM

acteoside by about 48% (Fig. 1E). Also, treatment with

acteoside only inhibited cell invasion by about 40% (Fig. 1E).

These results suggest that acteoside prevents the invasion

and migration of human fibrosarcoma cells at nontoxic

concentrations.
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Figure 2. Inhibition of MMP-9

and -2 activity by acteoside. (A)

Effects of acteoside on MMP-9

and -2 activity. HT-1080 cells

were incubated with varying

concentrations of acteoside in

the presence of PMA (10 nM)

for 24 h. MMP activity in the

medium was analyzed by gela-

tin zymography and Western

blotting. (B and C) Effects of

acteoside on MMP-9 and

-2 mRNA expression. HT-1080

cells were incubated with

acteoside and/or PMA (10 nM)

for 24 h. MMP-9 and -2 mRNA

expression was analyzed by

semi-quantitative RT-PCR or

real-time PCR. GAPDH was

used as an internal control. (D)

Effects of acteoside on MMP-9

and -2 promoter activity.

Cells were transfected with a

WT-MMP-9 or -2 promoter-

containing reporter vector and

incubated with various

concentrations of acteoside in

the absence or presence of

PMA (10 nM), as indicated.

Luciferase activity was

measured 24 h after transfec-

tion. �Significantly different

from PMA treatment only

(po0.01).
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3.2 Acteoside suppresses the expression of MMP-9

and -2

We next examined the effects of acteoside on MMP

activity, which is related to the invasion and metastasis of

HT-1080 cells. Figure 2A shows that acteoside inhibited

PMA-induced MMP-9 activity in a dose-dependent manner,

as demonstrated by gelatin zymography and Western

blot analysis. Acteoside also inhibited MMP-2 activity in a

same manner (Fig. 2A). To determine whether the

inhibition of MMP-9 secretion by acteoside was due to

decreased transcription, we performed RT-PCR and

promoter assays using a luciferase reporter gene linked

to the MMP-9 or -2 promoter sequence. As shown by

semi-quantitative RT-PCR and real-time PCR, the treatment

of HT-1080 cells with acteoside decreased the level

of PMA-induced MMP-9 mRNA expression (Fig. 2B and C),

indicating that acteoside decreases the transcription of

MMP-9 in response to PMA. In addition, Fig. 2D shows that

treatment with acteoside (10–100 mM) decreased PMA-

mediated luciferase activity in a dose-dependent manner.

Acteoside also inhibited mRNA expression and promoter

activity of MMP-2 in a same manner (Fig. 2B–D). No cyto-

toxicity was observed in the cells exposed to acteoside (data

not shown).

3.3 Acteoside suppresses PMA-induced membrane

type 1-MMP expression

Membrane type 1 (MT1)-MMP is a key enzyme in tumor

metastasis. MT1-MMP activity in pericellular proteolysis

directly influences ECM turnover [35]. Moreover, MT1-MMP

was identified as the first physiological activator of pro-

MMP-2 [12]. Therefore, we sought to determine whether

acteoside suppresses MT1-MMP expression in HT-1080

cells stimulated with PMA. Western blot and semi-quanti-

tative RT-PCR analyses revealed that acteoside suppressed

PMA-induced MT1-MMP expression at the mRNA (Fig. 3A)

and protein levels (Fig. 3B). As MMP activity is tightly

regulated by endogenous inhibitors, the TIMPs [36], we

further examined the expression of TIMP-1 and -2 by semi-

quantitative RT-PCR. Figure 3A shows that the expression

level of TIMP-1 and -2 was essentially unchanged by treat-

ment with acteoside, suggesting that acteoside decreases

pro-MMP-2 activation through a reduction in MT1-MMP

levels.

3.4 Acteoside inhibits the transcriptional activity of

MMP-9 through the suppression of PMA-

stimulated NF-jB activity

The expression of MMP-9 is regulated through transcrip-

tional-level interactions between AP-1 and NF-kB and their

binding sequences in the MMP-9 promoter [32]. To investigate

whether these transcription factors regulate MMP-9 in HT-

1080 cells, cells were transiently transfected with a reporter

gene that included the wild-type MMP-9 promoter, the NF-kB-

responsive promoter, or a promoter with mutations in one or

both AP-1 binding sites (Fig. 4A). In cells treated with acteo-

side in the presence of PMA, the transcriptional activity of the

reporter containing NF-kB mutations was unaffected,

suggesting that NF-kB is the target of acteoside (Fig. 4A). To
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Figure 3. Inhibition of PMA-

induced MT1-MMP expression

by acteoside. HT-1080 cells

were incubated with acteoside

and/or 10 nM PMA for 24 h. (A)

The mRNA expression of MT1-

MMP, TIMP-1, and TIMP-2 was

analyzed by semi-quantitative

RT-PCR. (B) The expression of

MT1-MMP was analyzed by

Western blotting. GAPDH or

b-actin was included as an

internal control. �Significantly

different from PMA treatment

only (po0.01).
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Figure 4. Inhibitory effects of acteoside on PMA-induced NF-kB activation. Mutations were introduced into the NF-kB- or AP-1-binding sites

in pGL-MMP-9WT. HT-1080 cells were transfected with pGL-MMP-9WT, pGL-MMP-9mNF-kB, pGL-MMP-9mAP-U, or pGL-MMP-9mAP-P

reporter plasmids (A) or with reporter plasmids containing tandem NF-kB- or AP-1-binding sites (B). Cells were cultured with acteoside and/

or PMA for 24 h, and the relative luciferase activity level was determined. �Significantly different from PMA treatment alone (po0.01).

(C) Effects of acteoside on PMA-induced NF-kB, c-Jun, and c-Fos nuclear translocation. HT-1080 cells were pre-treated with acteoside

(10–100mM) for 1 h, and then treated with PMA (10 nM) for 6 h. The nuclear extracts were subjected to SDS-PAGE, followed by Western

blotting with antibodies against NF-kB, c-Jun, c-Fos, and lamin B. �Significantly different from PMA treatment only (po0.01). (D) Effect of

acteoside on the PMA-induced IkBa degradation and phosphorylation of p65 and c-Jun. HT-1080 cells were pretreated with acteoside

(10–100mM) for 1 h and treated with 10 nM PMA for 3 h. Whole-cell extracts were subjected to SDS-PAGE, followed by Western blotting with

anti-IkBa, anti-phospho-NF-kB p65, and anti-b-actin antibodies. (E) Effects of acteoside on PMA-induced NF-kB activation. Cells were tran-

siently transfected with Lenti-NF-kB-GFP. GFP fluorescence was analyzed by fluorescence microscopy (magnification, � 100).
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further determine the promoter structure used by acteoside,

we transfected HT-1080 cells with pNF-kB-Luc or pAP-1-Luc

plasmids, which contain luciferase driven by NF-kB- or AP-1-

responsive elements, respectively. As shown in Fig. 4B,

acteoside suppressed the NF-kB-responsive promoters in a

dose-dependent manner, confirming NF-kB as the target of

acteoside. However, acteoside did not suppress the PMA-

induced AP-1 activity (Fig. 4B). To investigate which of these

transcription factors is involved in the inhibition of MMP-9
transcription by acteoside, we examined the effect of acteoside

on the PMA-stimulated nuclear translocation of p65 (a major

subunit of NF-kB) and c-Jun or c-Fos (major subunits of AP-

1), which are required for their respective transcriptional

activities. Figure 4C shows that the protein levels of NF-kB

p65 in the nuclear extracts were dose-dependently decreased

following acteoside treatment, whereas no inhibition of the

PMA-induced nuclear translocation of c-Jun and c-Fos was

observed (Fig. 4C). Furthermore, acteoside inhibited the

phosphorylation of NF-kB p65 and degradation of IkBa in a

dose-dependent manner (Fig. 4D). To confirm the specificity

of the acteoside-mediated inhibitory effects of NF-kB in HT-

1080 cells, cells were transiently transfected with reporter

vectors that included tandem repeats of the NF-kB-binding

sites. As shown in Fig. 4E, treatment with acteoside decreased

PMA-mediated GFP fluorescence. Collectively, these data

suggest that acteoside regulates the transcriptional activation

of MMP-9 through the inhibition of PMA-stimulated NF-kB

activity, but not AP-1 activity.

3.5 Acteoside inhibits MMP-9 activation by

suppressing PMA-stimulated NF-jB activity

We further examined whether the activation of NF-kB is

involved in PMA-induced MMP-9 expression using a selec-

tive NF-kB activation inhibitor, JSH-23 [37]. HT-1080 cells

were pretreated with 20 nM JSH-23 for 1 h then stimulated

with 10 nM PMA in the presence or absence of 100mM
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Figure 5. NF-kB is involved in

the acteoside-mediated down-

regulation of MMP-9. Cells

were treated with 10 nM PMA

for 24 h in the presence or

absence of acteoside or JSH-

23. (A) Conditioned media

were collected after 24 h and

gelatin zymography or Western

blotting was performed. (B)

MMP-9 mRNA expression was

analyzed by real-time PCR.

GAPDH expression was inclu-

ded as an internal control.

(C and D) HT-1080 cells were

transfected with pGL-MMP-

9WT and pNF-kB reporter

plasmids and cultured with

acteoside or JSH-23 and/or

PMA for 24 h. Luciferase activ-

ity in the cell lysates was

determined. �Significantly

different from PMA treatment

only (po0.01). (E) Cells were

transiently transfected with

Lenti-NF-kB-GFP. GFP fluores-

cence was analyzed by

fluorescence microscopy

(magnification, � 100).
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acteoside for 24 h. The culture media were subjected to

gelatin zymography, Western blotting, and real-time PCR.

Figure 5A and B indicate that JSH-23 inhibited PMA-

induced MMP-9 expression, whereas combined treatment

with JSH-23 and acteoside additively reduced PMA-induced

MMP-9 expression. To test which of these transcription

factors regulates MMP-9, cells were transiently transfected

with reporter genes that included the wild-type MMP-9
promoter or a promoter with mutations in the NF-kB site

(Fig. 5C–E). As shown in Fig. 5C, JSH-23 inhibited the

PMA-induced transcriptional activation of MMP-9, and

combined treatment with JSH-23 and acteoside additively

reduced PMA-induced MMP-9 transcriptional activation.

Furthermore, combined treatment with JSH-23 and

acteoside additively reduced PMA-induced NF-kB activity

(Fig. 5D and E).

3.6 Acteoside suppresses the PMA-mediated

phosphorylation of ERK, JNK, and CaMK

To identify the signal transduction pathways involved in

PMA-stimulated MMP-9 expression and its inhibition by

acteoside, the effects of specific kinase inhibitors on the
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Figure 6. Acteoside inhibits the

PMA-induced phosphorylation

of CaMKI, CaMKII, ERK1/2, and

JNK1/2 in HT-1080 cells. Cells

were treated with PMA (10 nM)

for 30 min in the presence or

absence of acteoside, and the

phosphorylation of ERK1/2,

JNK1/2, p38 MAPK (A), CaMKI,

and CaMKII (B) was measured

by Western blotting. b-Actin

was included as a loading

control. �Significantly different

from PMA treatment only

(po0.01). (C) Effects of acteo-

side, BAPTA/AM, W7, or CPZ

on the [Ca21]i in HT-1080 cells.

Cells (2� 105 cells/mL in a

24-well microtiter plate) were

treated with PMA (10 nM) for

30 min in the presence or

absence of acteoside, BAPTA/

AM, W7, or CPZ for 30 min. The

cells were then viewed under a

fluorescence microscope (exci-

tation at 385 nm, emission at

512 nm) (magnification, � 100).

Each figure is representative of

at least three others. (D) Effects

of acteoside, BAPTA/AM, W7,

or CPZ on the PMA-induced

phosphorylation of CaMKI,

CaMKII, ERK1/2, and JNK1/2 in

HT-1080 cells. Cells were trea-

ted with PMA (10 nM) for

30 min in the presence or

absence of acteoside (100 mM),

BAPTA/AM (10mM), W7

(40mM), or CPZ (2mM), and the

phosphorylation of the indi-

cated kinases was measured by

Western blotting.
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expression of MMP-9 in PMA-induced HT-1080 cells were

analyzed by gelatin zymography. PMA-induced MMP-9

secretion was completely inhibited by inhibitors of ERK1/2

(PD98059), p38 MAPK (SB203580), and JNK1/2 (SP600125)

(data not shown). To evaluate the effects of acteoside on

these signaling cascades, we used antibodies against the

phosphorylated activated forms of the kinases and assessed

their levels following acteoside treatment. As shown in

Fig. 6A, while PMA increased the levels of ERK1/2, JNK1/2,

and p38 MAPK phosphorylation, acteoside specifically

decreased PMA-induced ERK1/2 and JNK1/2 phosphoryla-

tion, whereas the level of phospho-p38 MAPK remained

unchanged. These results suggest that acteoside specifically

suppresses ERK and JNK activity.

Increased intracellular Ca21 following PMA stimulation

[38] is important as both a cofactor for the MAPKs activated

by PMA [39] and for the activation of the Ca21/CaM pathway

through binding to CaM [40]. We therefore examined the

effects of acteoside on the PMA-induced phosphorylation of

CaMKI and CaMKII, which are upstream modulators of

MAPK signaling. Figure 6B shows that while PMA activated

CaMKI and CaMKII phosphorylation, significant inhibition

of this stimulation was observed in the presence of

acteoside.

3.7 Acteoside suppresses PMA-induced MMP-9

activation through Ca21-dependent ERK1/2 and

JNK signaling pathways

We investigated the changes in intracellular Ca21 in PMA-

treated cells using the fluorescent indicator Fluo-4-AM.

PMA was added to HT-1080 cells that had been loaded with

5mM fluo-4-AM and the cells were viewed by fluorescence

microscopy after 30 min (Fig. 6C). We observed a transient

increase in Ca21 following PMA treatment (10 nM). As

shown in Fig. 6C, pretreatment with acteoside or the

intracellular Ca21 chelator BAPTA/AM (5 mM), Ca21/CaM

antagonist W7 (40 mM), or TRPV1 antagonist CPZ (2 mM)

blocked the PMA-induced transient increase in Ca21

(Fig. 6C). To evaluate the role of intracellular Ca21 in PMA-

mediated signaling, cells were first exposed to BAPTA/AM,

W7, or CPZ prior to PMA exposure and analyzed for

CaMKI, CaMKII, ERK1/2, and JNK1/2 phosphorylation. As

shown in Fig. 6D, BAPTA/AM, W7, and CPZ all modulated

CaMKI, CaMKII, ERK1/2, and JNK1/2 phosphorylation.

3.8 Acteoside suppresses invasion and migration

via Ca21-dependent NF-jB signaling

As shown in Fig. 7A and B, the level of NF-kB p65 in the

nuclear extracts and NF-kB promoter activity were decreased

by BAPTA/AM, W7, and CPZ treatment (Fig. 7A and B).

Furthermore, in the exposed cells, PMA-induced MMP-9

activation was significantly lower than in cells treated with

PMA alone (Fig. 7C and D). In vitro invasion and migration

assays were used to investigate the inhibitory effects of

BAPTA/AM, W7, and CPZ on the invasive potency of HT-

1080 cells. As shown in Fig. 7E and F, wound-healing and

matrigel invasion assays indicated that the migration and

invasion of HT-1080 cells were inhibited by an intracellular

Ca21 chelator, Ca21/CaM antagonists, or TRPV1 antago-

nists. These results suggest that acteoside suppresses PMA-

induced invasion and migration and MMP-9 activation via
Ca21-dependent CaMK, ERK, and JNK/NF-kB signaling

(Fig. 8).

4 Discussion

Accumulating evidence suggests that acteoside, a phenyl-

ethanoid glycoside, is a potential anti-cancer agent [7, 10].

However, the effect of acteoside on PMA-induced MMP-9

expression and the invasiveness of HT-1080 fibrosarcoma

cells were unclear. Here, we found that acteoside suppres-

sed cell invasion through the inhibition of MMP-9 expres-

sion and we examined the detailed molecular mechanisms

of this inhibition. Our data support the previous reports

regarding the therapeutic potential of acteoside in cancer.

MMPs belong to a family of closely related Ca21- and

zinc-dependent endopeptidases that are involved in the

degradation and remodeling of ECM proteins associated

with tumorigenic processes [13]. MMPs promote tumor

invasion and metastasis, and they regulate host defense

mechanisms and normal cell function. Thus, MMP inhibi-

tors are expected to be useful chemotherapeutic agents in

the treatment of malignant cancer, osteoarthritis, and

rheumatoid arthritis [41, 42].

We first evaluated the inhibitory effects of acteoside on

invasion and migration in the absence or presence of PMA

in HT-1080 cells. Our data show that acteoside inhibited

PMA-induced cell invasion (Fig. 1D). Also, treatment

with acteoside only inhibited the cell invasion and migration

in a same manner. Our previous study, in which we

determined the role of MMPs in PMA-induced

invasion, demonstrated that GM6001, a broad-spectrum

MMP inhibitor, inhibited the PMA-induced invasion of HT-

1080 cells [32], implicating the involvement of MMPs. We

therefore sought to determine the effects of acteoside on

MMP-9 and -2 expression. In PMA-treated cells, acteoside

suppressed the elevated expression and secretion of MMP-9

and -2 (Fig. 1C and 2).

MT1-MMP and TIMPs play a direct or indirect role in

pericellular proteolysis and ECM turnover [35]. Therefore,

the inhibition of ECM degradation and cell adhesion to ECM

molecules could be considered a preventive approach in

cancer metastasis. We thus determine the effects of acteo-

side on MT1-MMP, TIMP-1, and -2 expression. Our results

show that acteoside significantly reduced MT1-MMP levels

(Fig. 3). However, TIMP-1 and -2 expression was unchanged

by acteoside in our system, possibly due to system- and

S112 Y. P. Hwang et al. Mol. Nutr. Food Res. 2011, 55, S103–S116

& 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



+ ++- +
CPZ

BAPTA/AM
- -+- -
- +-- -

PMA

W7 - --- +

lamin B

NF-κB p65

A B

BAPTA/AM

0

20

40

60

80

100

120

*

N
F

-κ
B

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

*
*

+ ++ +-
CPZ - -+ --

- +- --

PMA

W7 - -- +-

DC

CPZ

BAPTA/AM

0

30

60

90

120

***

pG
L2

-M
M

P
-9

-w
t

R
el

at
iv

e 
lu

ci
fe

ra
se

 a
ct

iv
ity

+ ++ +-
- -+ --

- +- --

PMA

W7 - -- +-

+ ++- +
CPZ

BAPTA/AM
- -+ --
- +- --

PMA

W7 - --- +

MMP-9

MMP-9

GAPDH

E

BAPTA/AM

+ ++ +-
CPZ - -+ --

- +- --

PMA

W7 - -- +-

0

1

2

3

4

*
*

*

M
at

rig
el

 in
va

si
on

(F
ol

d 
of

 c
on

tr
ol

)

0

20

40

60

80

100

***

C
lo

su
re

 o
f d

en
ud

ed
 a

re
a 

(%
)

CPZ
BAPTA/AM

-+- -
+-- -

W7 --- +

F

Figure 7. Effect of BAPTA/AM, W7, or CPZ on PMA-induced NF-kB p65 translocation in HT-1080 cells. (A) Cells were pretreated with

BAPTA/AM (10 mM), W7 (40 mM), or CPZ (2 mM) for 1 h followed by treatment with 10 nM PMA for 6 h. Nuclear extracts were subjected to

SDS-PAGE followed by Western blotting with anti-NF-kB p65 and -lamin B antibodies. (B) Cells were transfected with pNF-kB reporter

plasmids and cultured with BAPTA/AM (10mM), W7 (40mM), CPZ (2mM), and/or PMA for 24 h. Luciferase activity in the cell lysates was

determined. �Significantly different from PMA treatment only (po0.01). (C) Effects of BAPTA/AM, W7, or CPZ on PMA-induced MMP-9

activity in HT-1080 cells. Cells were pretreated with the compounds for 1 h followed by treatment with 10 nM PMA for 24 h. MMP-9 activity

in the medium was assessed by gelatin zymography and Western blotting. (D) Cells were transfected with pGL-MMP-9WT reporter

plasmids. Luciferase activity in the cell lysates was determined. The data are expressed as the mean7SD of triplicate experiments.
�Significantly different from PMA treatment only (po0.01). (E and F) Effects of BAPTA/AM, W7, or CPZ on the migration and invasion of

HT-1080 cells. (E) Cells were scratched with a pipette tip and then treated with BAPTA/AM (10 mM), W7 (40mM), or CPZ (2mM) for 24 h.
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triplicate experiments. �Significantly different from PMA treatment only (po0.01).
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concentration-specific effects (Fig. 3). These results suggest

that acteoside decreases pro-MMP-2 activation by reducing

MT1-MMP levels.

We further investigated the mechanisms of MMP-9
transcriptional regulation by acteoside. The MMP-9
promoter contains cis-acting regulatory elements for tran-

scription factors, including two AP-1 sites and an NF-kB site

[32]. Acteoside suppressed MMP-9 induction by repressing

transcriptional activation of the MMP-9 promoter (Fig. 4A).

Mutational analysis of the promoter revealed that the

major target of acteoside was the NF-kB sites, a finding that

was confirmed using reporter plasmids containing

synthetic elements specific for these transcription factors

(Fig. 4A and B). In this study, acteoside did not block the

increased reporter activity of the AP-1 promoter in the

lysates obtained from the cells treated with PMA. This

suggests that the blocking effect of MMP-9 induction by

acteoside may not be associated with the AP-1 activation

pathway. Several lines of evidence have shown a close

relationship between NF-kB or AP-1 activation and

enhanced MMP-9 expression in various cell types. Acteoside

has been demonstrated to exhibit various anti-carcinogenic

mechanisms. Pastor et al. [5] reported that acteoside

impaired NF-kB and AP-1 DNA binding activity in HaCaT

cells. Furthermore, Lee et al. [43] reported that acteoside

blocks lipopolysaccharide-induced inducible nitric oxide

synthase expression in mouse macrophage RAW264.7 cells.

As the expression of inducible nitric oxide synthase is

dependent on NF-kB and AP-1 activation, our evidence that

acteoside did not inhibit the promoter activity of AP-1 in

HT-1080 cells suggests that acteoside may have some cell

type specificity. Additionally, acteoside blocked the translo-

cation of NF-kB p65 to the nucleus in PMA-treated

cells; however, suppression of the PMA-induced transloca-

tion of c-Fos and c-Jun (components of AP-1) was not

observed (Fig. 4C). Acteoside also inhibited the phosphor-

ylation of NF-kB p65 and the degradation of IkBa (Fig. 4D).

We also assessed the transcriptional activity of NF-kB and

AP-1 and found that acteoside decreased PMA-mediated

NF-kB-GFP reporter fluorescence (Fig. 4D). We next

investigated the functional significance of NF-kB transacti-

vation in MMP-9 activation. Treatment with JSH-23, a

potent inhibitor of NF-kB transcriptional activation, reduced

the PMA-induced enzymatic activity and expression of

MMP-9 (Fig. 5A–C). JSH-23 also reduced the PMA-induced

transcriptional activity of NF-kB (Fig. 5D and E). These

findings collectively suggest that acteoside inhibits the

PMA-induced activation of MMP-9 by suppressing NF-kB

activation in HT-1080 cells.

Several reports have shown that Ca21 channel antago-

nists have anti-cancer effects by inducing cytotoxicity

and apoptosis in human colon cancer, breast cancer,

and lung cancer cells [44, 45]. It has been shown that vera-

pamil reverses the resistance of cancer cells to some

chemotherapeutic agents [46]. Interestingly, recent studies

have demonstrated that acteoside inhibited the IgE-medi-

ated Ca21 influx in RBL-2H3 cells [30]. Acteoside also

inhibited the glutamate-induced Ca21 influx in rat cortical

cells [31].

Previous studies indicated that TRPV1 induces

Ca21 influx and TRPV1 can be activated by tissue injury

or inflammation and is also modulated by numerous

mediators, including growth factors, neurotransmitters,

chemokines, cytokines, and PMA [38, 47]. Alterations in

Ca21 are important for the function of several cell-signaling

pathways; for example, Ca21 can stimulate MAPK signaling

via Ca21/CaM-dependent CaMKs, a pathway involved in cell

migration [48]. We identified the signaling pathway-medi-

ated regulation of MMP-9 in PMA-induced cells in response

to acteoside treatment. Acteoside suppressed the PMA-

induced phosphorylation of CaMKI, CaMKII, ERK1/2,

and JNK1/2, which are involved in PMA-induced

cell invasion through MMP-9 expression (Fig. 6A and B).

Acteoside also inhibited the PMA-induced Ca21 influx in

HT-1080 cells (Fig. 6C). Furthermore, BAPTA/AM (intra-

cellular Ca21 chelator), W7 (Ca21/CaM antagonist), and

CPZ (TRPV1 antagonist) inhibited the PMA-induced phos-
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Figure 8. Model of the inhibitory effects of acteoside on PMA-

induced migration and invasion. Schematic highlights of the

signaling steps identified in this study. Acteoside significantly

suppressed MMP-9 activation by blocking the influx of Ca21 and

subsequent CaMK/ERK and JNK/NF-kB signaling. This inhibition

resulted in reduced migration and invasion of human fibro-

sarcoma cells. O minus, inhibition, or blockade; p, phosphor-

ylation.
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phorylation of CaMKI, CaMKII, ERK1/2, and JNK. In

addition, BAPTA/AM, W7, and CPZ also inhibited the

activation of NF-kB (Fig. 7A and B), as well as PMA-induced

MMP-9 expression (Fig. 7C and D), cell invasion, and

migration (Fig. 7E and F).

In summary, the present data demonstrate that acteoside

inhibits the PMA-induced invasion and migration of human

fibrosarcoma cells via Ca21-dependent CaMK, ERK, and

JNK/NF-kB signaling. Acteoside therefore has potential as a

potent anti-cancer drug in the treatment of fibrosarcoma

metastasis.
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