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Abstract

Phenylethyl isothiocyanate (PEITC), a hydrolysis compound of gluconasturtiin, is metabolized to N-acetylcysteine (NAC)-PEITC in the

body after the consumption of cruciferous vegetables. We observed an inhibitory effect of PEITC and its metabolite NAC-PEITC on cancer

cell proliferation, adhesion, invasion, migration and metastasis in SK-Hep1 human hepatoma cells. PEITC and NAC-PEITC suppressed SK-

Hep1 cell proliferation in a dose-dependent manner, and exposure to 10 AM PEITC or NAC-PEITC reduced cell proliferation by 25% and

30%, respectively. NAC-PEITC inhibited cancer cell adhesion, invasion and migration to a similar or to an even larger degree than PEITC.

The expression of matrix metalloproteinase (MMP) 2, MMP-9 and membrane type 1 matrix metalloproteinase (MT1-MMP) is a known risk

factor for metastatic disease. Gelatin zymography analysis revealed a significant downregulation of MMP-2/MMP-9 protein expression in

SK-Hep1 cells treated with 0.1–5 AM PEITC or NAC-PEITC. PEITC and NAC-PEITC treatment caused dose-dependent decreases in MMP-

2/MMP-9 and MT1-MMP mRNA levels, as determined by reverse transcription polymerase chain reaction. PEITC and NAC-PEITC also

increased the mRNA levels of tissue inhibitors of matrix metalloproteinase (TIMPs) 1 and 2. Our data suggest that this inhibition is mediated

by downregulation of MMP and upregulation of TIMPs.

D 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Glucosinolates are naturally occurring thioglucosides

that are present in cruciferous vegetables such as broccoli,

Brussels sprout, cabbage, cauliflower, turnip, radish and

watercress [1]. Although glucosinolates do not appear to be

bioactive, their enzymatic hydrolysis products, isothiocya-

nates (ITCs), appear to have anticarcinogenic activities in

the liver, intestine, pancreas, mammary gland and lung

[2–5]. Gluconasturtiin, one of the predominant glucosino-

lates in cruciferous vegetables, is hydrolyzed to yield

phenylethyl isothiocyanate (PEITC) [6]. The absorption
0955-2863/$ – see front matter D 2006 Elsevier Inc. All rights reserved.
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and metabolism of PEITC in humans involve glutathione

conjugation followed by conversion, via the mercapturic

acid pathway, to an N-acetylcysteine (NAC) conjugate that

is excreted in the urine [7,8].

Naturally occurring PEITC has been reported to inhibit

carcinogenesis induced by several carcinogens, such as

7,12-dimethylbenz[a]anthracene, benzo[a]pyrene, diethyl-

nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-buta-

none and methyl-benzylnitrosamine, particularly in the

initiation period by influencing phase I and phase II enzyme

activities [9–11]. These observations indicate that PEITC

may represent a class of potential chemopreventive agents

that plays an important role in modulating carcinogenesis.

Rat or human ingestion of cruciferous vegetables has

been shown to lead to glutathione conjugation of PEITC and

subsequent NAC-PEITC excretion in urine [8], and several

researches have suggested that NAC–ITC conjugates are at

least as effective as unconjugated ITCs [10–13]. The free

and NAC-conjugated forms of PEITC and its NAC

conjugate have previously been shown to inhibit cancer
chemistry 17 (2006) 837–846
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cell growth and to induce phase II detoxification enzymes in

culture [5,14,15]. Furthermore, NAC conjugates of PEITC

and sulforaphane are reported to be effective not only in cell

culture but also when administered to whole animals

[10,11]. These results suggest that NAC-PEITC may also

have chemopreventive activity.

Metastasis is the process through which malignant cells

escape from the primary tumor and develop tumors at a

secondary site via the blood or lymphatic vessels. It occurs

as a complex multistep process involving cancer cell

adhesion, invasion and migration [16]. These processes

require the degradation of extracellular matrix (ECM)

components by proteolytic enzymes [17]. Among various

types of proteinases, matrix metalloproteinases (MMPs) are

the principal ECM-degrading enzymes. Although no single

gene has been identified as a major regulator of metastasis in

all tumors, many animal studies have indicated a critical role

for MMPs, including MMP-2 (gelatinase A) and MMP-9

(gelatinase B) [18]. In particular, MMP-2 and MMP-9 have

the capacity to degrade type IV collagen — a major

component of basement membranes. Degradation of base-

ment membranes is considered to be essential in invasive

growth and metastasis [18,19]. MMPs are also involved in

cell differentiation, apoptosis, angiogenesis and cancer cell

growth [20,21]. Therefore, inhibition of MMP activity is

important for preventing early-stage carcinogenesis, partic-

ularly in tumor promotion.

Membrane type 1 matrix metalloproteinase (MT1-

MMP) is a potent modulator of the pericellular environ-

ment through its proteolytic activity and promotes the

migration, invasion and proliferation of tumor cells. MT1-

MMP specially catalyzes pro-MMP-2 [22], and increased

expression of MT1-MMP has previously been reported to

correlate with an increasing grade of malignancy in

gliomas and surgically resected cultured hepatocellular

carcinoma tissues [23,24]. Most members of the MMP

family are tightly regulated on several levels, with most

being secreted from cells as proenzymes and subsequently

undergoing proteolytic conversion to an active form.

Unlike MMPs, MT-MMPs are membrane-bound, and

studies have shown that they can be activated either

intracellularly or on the cell surface [25,26]. In general,

once activated, MMPs are inhibited by tissue inhibitors of

matrix metalloproteinase (TIMPs). Studies have demon-

strated that the regulation of pericellular proteolysis

by MT-MMPs could provide an additional target for

the inhibition of tumor cell invasion by inhibiting

MMP activators.

In this study, we used gelatin zymography to examine the

possible inhibitory activities of PEITC and NAC-PEITC

toward MMP-2 and MMP-9 enzyme activities. We exam-

ined mRNA expression levels for MMP-2 and MMP-9 in

SK-Hep1 cells. In addition, we investigated the influence of

PEITC and NAC-PEITC on metastasis-related properties of

SK-Hep1 cells, including cell viability, adhesion, invasion

and migration.
2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), 3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide

(MTT) and RNase A were obtained from Sigma Chemical

Co. (St. Louis, MO, USA). Trypsin–EDTA and penicillin/

streptomycin were from Gibco Life Technologies, Inc.

(Paisley, UK), and fetal bovine serum (FBS) was obtained

from Gemini Bio-Products (Calabasas, CA, USA). All

solvents were from Fisher Scientific (Los Angeles, CA,

USA) and were of analytical high-performance liquid

chromatography grade. Cell culture supplies were purchased

from Costar (Corning, Inc., Cypress, CA, USA) and Sigma-

Aldrich Chemical Co. (St. Louis, MO, USA). PEITC (99%)

was purchased from Sigma. The NAC conjugate of PEITC

was synthesized according to published methods, with some

modifications [8].

2.2. Cell culture

SK-Hep1 human hepatocellular carcinoma cells were

obtained from the Korean Cell Line Bank (Seoul, South

Korea). Cells were cultured in DMEM supplemented with

10% FBS and penicillin/streptomycin in a 378C humidified

incubator containing 5% CO2 and 95% air.

2.3. Cell proliferation assay

SK-Hep1 cells (5�103/well) were cultured in 96-well

plates at 378C for 24 h. The medium was then removed

and replaced with fresh FBS-free medium containing

various amounts of PEITC or NAC-PEITC, and the cells

were incubated for another 24–72 h. The medium was

removed, and cell viability was determined using MTT

assay. Briefly, MTT was dissolved in phosphate-buffered

saline (PBS) at 5 mg/ml and then filtered to sterilize the

solution and to remove a small amount of insoluble

residue. A mixture of 10 Al of the MTT stock solution

and 90 Al of the medium was added to each well, and the

plates were incubated for 4 h at 378C. DMSO was then

added to the wells and mixed by pipetting to dissolve the

resulting dark blue formazan product. Optical densities for

each well were read at 570 nm using a microplate reader

(Molecular Devices, CA, USA).

2.4. Cell adhesion assay

Each well of a 24-well tissue culture plate was coated

with 25 Ag/well Matrigel and left to air-dry for 40 min. SK-

Hep1 cells (5�104) suspended in DMEM containing 0.5%

bovine serum albumin were then dispensed into each well.

The plate was incubated in 5% CO2 at 378C for 1 h and

then gently washed thrice with PBS to remove unattached

cells. Attached cells were then stained with hematoxylin

and eosin reagent and counted under a microscope (I�70;
Olympus, Okaya, Japan). At least four independent experi-

ments were performed.



Table 1

Sequences of PCR primers used in this study

Target gene Primer Sequence (5VY3V) Product

size (bp)

MMP-2 Sense GGC CCT GTC

ACT CCT GAG AT

474

Antisense GGC ATC CAG

GTT ATC GGG GA

MMP-9 Sense CGG AGC ACG

GAG ACG GGT AT

573

Antisense TGA AGG GGA

AGA CGC ACA GC

MT1-MMP Sense TGG GTA GCG

ATG AAG TCT TC

317

Antisense AGT AAA GCA

GTC GCT TGG GT

TIMP-1 Sense GAT CCA GCG CCC

AGA GAG ACA CC

677

Antisense TTC CAC TCC

GGG CAG CAT T

TIMP-2 Sense GGC GTT TTG CAA

TGC AGA TGT AG

500

Antisense CAC AGG AGC CGT

CAC TTC TCT TG

GAPDH Sense TGA AGG TCG GAG

TCA ACG GAT TTG GT

983

Antisense CAT GTG GGC CAT

GAG GTC CAC CAC

ig. 2. Effect of PEITC and NAC-PEITC on SK-Hep1 cell proliferation, as

easured by the MTT assay. Optical density was determined at 570 nm and

expressed as cell survival relative to control. Data represent the

eanFS.D. from four independent experiments.
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2.5. Cell invasion assay

A Transwell system with a 6.5-mm-diameter polycar-

bonate filter membrane with 8-Am pores (Corning, Inc.,

Corning, NY, USA) was used to assess the rate of cell

invasion. Matrigel (12.5 Ag in 50 Al of PBS) was added to

the filter to form a thin gel layer, and the filter was dried in a

laminar hood overnight. The filter was then reconstituted

with 100 Al of PBS at 378C for 2 h.

SK-Hep1 cells at 90% confluency were harvested from

culture wells using a cell dissociation solution. The cells

(1�105) were suspended in 100 Al of serum-free medium

with or without treatment compounds and then added to

the upper chamber of the Transwell insert. The lower

chamber was filled with 500 Al of the same medium as

the upper chamber. After 24-h incubation at 378C, the
Fig. 1. Mass spectrum of synthetic NAC-PEITC.
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cells on the upper surface of the filter were completely

removed by wiping with a cotton swab. Cells that had

penetrated to the lower surface of the filter were stained

with hematoxylin and counted under an Olympus I�70
microscope in 13 randomized fields at �400 magnifica-

tion. The assay was performed in at least four separate

experiments.

2.6. Wound migration assay

Cell motility was examined using wound migration

assay. Cells were cultured in a six-well plate to 100%

confluency and then pretreated with mitomycin C (25 Ag/
ml) for 30 min. An injury line was then made by drawing

a plastic pipette tip across the center of the well to produce

a clean 1-mm-wide wound area. The wells were rinsed

with PBS, and the attached cells were allowed to migrate

into the medium. An Olympus computer-based micro-

scopic imaging system was used to measure wound healing

at �200 magnification. At the indicated time points,

migration was assessed by quantification of the number

of cells observed across the wound, as compared to the
Fig. 3. Effect of PEITC and NAC-PEITC on cell adhesion with Matrigel.

SK-Hep1 cells were exposed to different concentrations of PEITC or NAC-

PEITC for 24 h in wells precoated with Matrigel. After 60-min incubation

at 378C, the percentage of adhering cells was counted under the

microscope. Data were presented as the meanFS.D. of three separate

experiments. The values marked as * and ** indicate significant differences

with other treatments ( P b.05).



Fig. 4. Effects of PEITC and NAC-PEITC on SK-Hep1 cell invasion. The

invasiveness of SK-Hep1 cells toward endothelial-cell-conditioned medium

was measured using Transwell chambers with tissue-culture-treated filters

with 8-Am pores. Each bar represents the meanFS.D. of three separate

experiments. The values marked as * and ** indicate significant differences

with other treatments ( P b.05).
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same frame at 0-h migration. At least five wound areas

were measured per plate. The distances between the leading

edge of the migrating cells and the edge of the wound were

compared, and the migration rates of the treated cells

were calculated as a percentage of the migration rates of
Fig. 5. Effects of PEITC and NAC-PEITC on wound healing migration of SK-He

pipette tip. Representative photographs of invading treated and untreated cells ar
untreated cells. At least four independent experiments

were performed.

2.7. Gelatin zymography

Gelatinase activity was determined using gelatin

zymography. Briefly, after SK-Hep1 cells had been

incubated in serum-free DMEM for 48 h, the conditioned

medium was collected and the protein level was deter-

mined. The protein-standardized conditioned medium was

subjected to sodium dodecyl sulfate (SDS) polyacrylamide

gel electrophoresis on a 10% polyacrylamide gel contain-

ing 1 mg/ml gelatin. Electrophoresis was carried out at a

constant voltage of 105 V.

After electrophoresis, the gel was washed twice with

2.5% Triton X-100 for 30 min to remove SDS. The gel was

then incubated in a buffer containing 50 mM Tris–HCl (pH

7.6), 200 mM NaCl and 5 mM CaCl2 for 18 h at 378C to

allow proteolysis to proceed. The gel was stained with 0.5%

Coomassie brilliant blue for 1 h and then destained in water

containing 10% glacial acetic acid and 30% methanol.

Proteolysis was detected as a white zone in a dark field. The

intensity of the bands was quantitated using ImageJ

software (version 1.34; NIH, Bethesda, MD, USA).
p1 cells. A wound was introduced by scraping confluent cell layers with a

e presented.
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2.8. Isolation of total RNA

Total RNA was isolated from 107 SK-Hep1 cells using

TRIzol reagent (Life Technologies, Inc., Rockville, MD,

USA). Homogenized samples were incubated for 5 min at

room temperature to permit the complete dissociation of

nucleoprotein complexes. After the addition of 0.2 vol of

chloroform, samples were shaken vigorously for 15 s,

incubated for 2–3 min and centrifuged at 12,000�g for

15 min at 48C. The total RNA remaining in the upper

aqueous phase was precipitated by mixing with an equal

volume of isopropanol. The mixtures were incubated for

10 min at 48C and then centrifuged at 12,000�g for 10 min

at 48C. The total RNA pellet was washed with 70% ethanol,

dried and dissolved in RNase-free water. The concentration

and purity of total RNA were calculated based on optical

density at 260 and 280 nm.

2.9. Semiquantitative reverse transcription polymerase

chain reaction (RT-PCR)

The primer sets used in this study are shown in Table 1.

First-strand cDNA was synthesized with 1 Ag of total RNA

and 1 AMoligo(dT)15 primer using Omniscript Reverse Tran-

scriptase (Qiagen, Valencia, CA, USA). A Taq PCR Master

Mix kit (Qiagen) was then used to perform PCR with 0.5 Al
of first-strand cDNA and 20 pmol of primers. The PCR

protocol consisted of an initial denaturation step at 948C for

3 min; 30 cycles of 948C for 1 min, 608C for 1 min and 728C
for 1 min; and a final extension step at 728C for 10 min.
Fig. 6. Effects of PEITC and NAC-PEITC on MMP expression. MMP-2/MM

performed on media conditioned by 2�105 SK-Hep1 cells treated with PEITC or

experiments yielding essentially the same results. The enzyme activities of MMP-2

in untreated cells (B). The values marked as * and ** indicate significant differe
Amplified PCR products were loaded into a 0.8%

agarose gel. After ethidium bromide staining, the gel was

photographed on a UV transilluminator using Polaroid film

(Kodak, Needham, MA, USA). Band densities were

determined using ImageJ 1.34 software.

2.10. Statistical analysis

All experiments were performed in triplicate. Mean

standard deviation, mean square errors, analysis of

variance, correlation and interaction of main effects were

calculated using the Sigmastat 1.0 computer program 1.0

(Jandel Corp., San Rafael, CA, USA). Appropriate

comparisons were made using the Student–Newman–Keuls

test for multiple comparisons. Pb.05 was considered

statistically significant.
3. Results

3.1. Confirmation of synthetic NAC-PEITC

The presence of a synthetic product was confirmed by

positive ion electrospray ionization tandem mass spectrom-

etry (MS/MS; Quattro Micro, Manchester, UK). The

electrospray ionization source had a capillary voltage of

4.2 kV, a source temperature of 1208C, a desolvation

temperature of 2408C and a desolvation nitrogen gas flow

rate of 650 l/h. Argon was used as collision gas at a pressure

of 2.5 mbar. The synthesized NAC-PEITC exhibited a major

peak in its mass spectrum at m/z=327, corresponding to a
P-9 protein expression was analyzed by gelatin zymography, which was

NAC-PEITC for 48 h (A). Data shown are representative of three different

and MMP-9 in treated cells are expressed as a percentage of their activities

nces with other treatments ( P b.05).
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strong molecular ion (M+) as the major peak at 263, which

is the molecular weight (+1) of the NAC conjugate of

PEITC. A distinct M+Na+ peak at m/z=349 was obtained

due to sodium ion in the matrix (Fig. 1).

3.2. Effect of PEITC and NAC-PEITC on cell proliferation

The cytotoxicity of PEITC and NAC-PEITC toward SK-

Hep1 human hepatoma cells was evaluated using the MTT

assay. The effects of 0.1–10 AM PEITC or NAC-PEITC on

cell growth after 24 h are shown in Fig. 2. After 24 h of

incubation, PEITC inhibited cell proliferation in a dose-

dependent fashion (n=4), with cell numbers significantly

reduced by 9.6–69% compared to the control. NAC-PEITC

also exhibited a dose-dependent inhibition of SK-Hep1 cell

proliferation; after 24 h of incubation, cell numbers decreased

by 42% and 65% at 5 and 10 AM NAC-PEITC, respectively.

3.3. Effect of PEITC and NAC-PEITC on adhesion

To investigate the effects of PEITC and NAC-PEITC on

the adhesion of SK-Hep1 cells, adhesive cells were quanti-

tated using an enzyme-linked immunosorbent assay reader.

The incubation of SK-Hep1 cells with 1–5 AM PEITC or

NAC-PEITC for 60 min significantly inhibited cell adhesion

to the Matrigel-coated substrate in a concentration-dependent
Fig. 7. Expression of MMP-2/MMP-9 mRNA in SK-Hep1 cells after treatment wi

by RT-PCR analysis. The experiment was repeated thrice with similar results. (A)

GAPDH and MMP-9/GAPDH PCR product ratios were determined by densitomet

treatments ( P b.05).
manner (Fig. 3). The magnitude of the decrease was in direct

relationship to the concentrations of PEITC or NAC-PEITC

treatment. Approximately 50% and 53% reductions were

observed with 5 AM PEITC and NAC-PEITC, respectively.

3.4. Effect of PEITC and NAC-PEITC on invasion

We next examined the inhibitory effect of PEITC and

NAC-PEITC on the ability of SK-Hep1 cells to invade a

reconstituted ECM (Matrigel). Results were similar to those

of the wound migration assay; PEITC and NAC-PEITC at

0.1–5 AM inhibited cell invasion in a dose-dependent manner.

When the SK-Hep1 cells were grown on Matrigel, a

significant reduction in the number of invasive cells was

observed when the cells were treated with PEITC or NAC-

PEITC for 18 h compared to the control (fresh medium alone).

The levels of invasion were reduced to 50% and 52% of

control levels at 5 AM PEITC and NAC-PEITC, respectively

(Fig. 4). A significant reduction in invasion was not observed

when the cells were treated with lower doses of PEITC or

NAC-PEITC (0.1–2.5 AM) for only 6 h (data not shown).

3.5. Effect of PEITC and NAC-PEITC on migration

We assessed the effects of PEITC and NAC-PEITC on

the migration of SK-Hep1 cells using wound migration
th various concentrations of PEITC and NAC-PEITC for 24 h, as measured

PCR products were separated by agarose gel electrophoresis. (B) MMP-2/

ry. The values marked as * and ** indicate significant differences with other
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assay. As shown in Fig. 5, cellular motility was controlled in

a time-dependent manner by 5 AM PEITC at 24- and 48-h

incubations. NAC-PEITC exhibited an inhibitory pattern

similar to that of PEITC treatment.

3.6. Effect of PEITC and NAC-PEITC on MMP expression

To examine the possible antimetastatic mechanisms of

PEITC and NAC-PEITC, we determined the effect of these

compounds on the expression of MMP-2 and MMP-9. First,

cultured conditioned media of SK-Hep1 cells were sub-

jected to zymographic analysis. In the absence of treatment,

SK-Hep1 cells constitutively secreted high levels of MMP-9

and relatively low levels of MMP-2. After 24 h, NAC-

PEITC treatment at 0.1–5 AM did not show any inhibitory

effect on MMP-9 activity, whereas PEITC treatment at

0.1–5 AM decreased MMP-9 expression by 21% and 30%

with 1 and 5 AM PEITC, respectively (Fig. 6). Treatment

with 1–5 AM PEITC did not show a dose–response

relationship. Treatment with 5 AM PEITC or NAC-PEITC

suppressed MMP-2 activity by 90% and 91%, respectively,

and the inhibition was dose-dependent at 0.1–5 AM. Thus,

in the SK-Hep1 cell system, MMP-2 was downregulated by

PEITC and NAC-PEITC treatments. However, MMP-9 was

not inhibited by NAC-PEITC even though PEITC sup-

pressed MMP-9 activity compared to the control.

We also quantified MMP-9 mRNA expression in SK-

Hep1 cells by RT-PCR with an internal standard [glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH)] (Fig. 7). In

the presence of PEITC and NAC-PEITC, MMP-9 and
ig. 8. Expression of MT1-MMP mRNA in SK-Hep1 cells after treatment with various concentrations of PEITC and NAC-PEITC for 24 h, as measured by RT-

CR analysis. The experiment was repeated thrice with similar results. (A) PCR products were separated by agarose gel electrophoresis. (B) MT1-MMP/

APDH PCR product ratios were determined by densitometry. The values marked as * and ** indicate significant differences with other treatments ( P b.05).
F

P

G

MMP-2 activities were reduced in a dose-dependent

manner. MMP-9 expression was not potent at low concen-

trations (b1 AM) of PEITC and NAC-PEITC, but was

highly inhibited at both 5 AM PEITC and NAC-PEITC by

80% and 90%, respectively, compared to the control. MMP-

2 mRNA expression was more readily inhibited over all the

doses used in this study, with 70% and 75% inhibition after

24 h of exposure to 5 AM PEITC and NAC-PEITC,

respectively. For both MMP-2 and MMP-9, NAC-PEITC

appeared to be a similarly potent inhibitor of mRNA

expression due to PEITC.

3.7. Effects of PEITC and NAC-PEITC on TIMP and

MT1-MMP expression

To further explore the modulation of the activation of pro-

MMPs mediated by PEITC or NAC-PEITC, MT1-MMP and

TIMP-1/TIMP-2 gene expression levels were determined. As

shown in Fig. 8, both PEITC and NAC-PEITC suppressed

MT1-MMP mRNA levels in a dose-dependent manner.

Treatment with 5 AM PEITC or NAC-PEITC suppressed

MT1-MMP activity by 68% and 81%, respectively. The

effects of 24-h exposure to PEITC and NAC-PEITC on

TIMP-1/TIMP-2 activities in SK-Hep1 cells are shown in

Fig. 9. TIMP-1 mRNA was expressed in control, PEITC-

treated and NAC-PEITC-treated cells, but there was no dose–

response relationship in (1–5 AM) PEITC treatment. With

5 AM NAC-PEITC, TIMP-1 mRNA expression increased.

TIMP-2 mRNAwas expressed to a greater extent compared

to TIMP-1, with 1.5- and 2.2-fold increases after 24-h



Fig. 9. Expression of TIMP-1/TIMP-2 mRNA in SK-Hep1 cells after treatment with various concentrations of PEITC and NAC-PEITC for 24 h, as measured

by RT-PCR analysis. The experiment was repeated thrice with similar results. (A) PCR products were separated by agarose gel electrophoresis. (B) TIMP-1/

GAPDH and TIMP-2/GAPDH PCR product ratios were determined by densitometry. The values marked as * and ** indicate significant differences with other

treatments ( P b.05).
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exposure to 5 AM PEITC and NAC-PEITC, respectively.

There were also significant correlations between mRNA

expression and the protein expressions of MMP-2/MMP-9,

MT1-MMP and TIMP-1/TIMP-2.
4. Discussion

Many in vitro and in vivo studies have indicated that the

consumption of cruciferous vegetables protects against

cancers, including prostate, colon and liver cancers, and

that this might be due to the protective effects of ITCs

[5,27,28]. In our previous study, we have determined the

inhibitory effects of allylisothiocyanate (AITC) and its NAC

conjugate on cell proliferation, expression of MMP,

adhesion, invasion and migration in SK-Hep1 human

hepatoma cells [29]. NAC-AITC inhibited cancer cell

adhesion and invasion much more potently than AITC.

NAC-AITC at 5 AM caused excellent inhibition of cell

migration for 48 h. AITC and NAC-AITC suppressed

MMP-2/MMP-9 activities in both protein and mRNA levels.

The inhibition of MMP-2 mRNA expression was greater

than that of MMP-9 mRNA, with 40% and 80% inhibition

by 5 AM AITC and NAC-AITC, respectively. TIMP-1/

TIMP-2 mRNA levels were expressed in control, AITC-

treated and NAC-AITC-treated cells, but there was no dose–

response relationship: TIMP-1/TIMP-2 activities were
unaffected following treatment with AITC or NAC-AITC

in our experiments. There were also no significant cor-

relations between mRNA expression and the protein

expressions of MMP-2/MMP-9 and TIMP-1/TIMP-2.

In this study, PEITC, another naturally occurring

compound in cruciferous vegetables, and its major metab-

olite NAC-PEITC were examined for their antimetastatic

activities. Several ITCs, such as AITC and sulforaphane,

induced biologically relevant increases in the activities of

phase II xenobiotic-metabolizing enzymes. Furthermore,

some ITCs selectively modified the proliferation of precan-

cerous cells, while their metabolites, such as NAC-AITC

and NAC sulforaphane, modulated the growth of LNCaP

prostate cancer cell growth and apoptosis [13,14].

Cell migration is a complex process involving many

types of both intracellular and extracellular components and

their associated signaling events. More specifically, cancer

cell migration can be viewed as a process regulated by

matrix-degrading proteinases, integrins and other cell

adhesion molecules [30–32]. As migration is a critical

event in cancer progression and especially metastasis, the

inhibition of cell migration represents an attractive thera-

peutic agent.

Tumor invasion is defined as the penetration of tissue

barriers, such as the basement membrane, by migrating

cancerous cells [32,33]. During tumor progression, invasive
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capacity is required at multiple steps. Tumor cells frequently

invade surrounding tissues when the tumor starts to grow.

Next, capillary endothelial cells invade the tumor and create

tumor blood vessels. Thereafter, some tumor cells intra-

vasate into the blood circulation for metastasis, whereas host

immune cells invade the tumor. Finally, tumor cells arrest in

distant organs, extravasate and migrate into new metastatic

sites, and then start the invasive cycle again [32].

Metastasis is one of the most important factors in cancer

prognosis and therapy. The development of novel antimeta-

static drugs with low toxicity and high efficacy is an active

area of cancer research. In this study, we found that PEITC

and NAC-PEITC inhibit proliferation, adhesion, invasion

and migration of SK-Hep1 human hepatoma cells. Migra-

tion of cancer cells through a coated membrane involves not

only ECM degradation, but also the formation of adhesive

interactions between cells and the matrix. Therefore, we

used adhesion and invasion assays to demonstrate that

PEITC and NAC-PEITC effectively inhibit the migration of

SK-Hep1 human hepatoma cells. Decreased migration was

correlated with decreased adhesion and invasion.

The expression of MMPs, in general, and of gelatinases,

in particular, has been extensively studied in biopsies and

resected materials from primary tumors and metastases of

colon cancer patients. MMP-2 mRNA levels have been

found to be overexpressed in carcinomas [34–36]. MMP-2

mRNA was more often present in tumor lesions than in

normal colon tissues, whereas MMP-9 mRNA expression

was not significantly different between tumors of the colon

and healthy mucosa in the study by Masuda and Aoki [37].

MMPs are not only ECM-degrading proteases, they have

other functions as well. They are involved in growth factor

release, growth factor activation, immune surveillance and

angiogenesis [21,38,39].

Giannelli et al. [40] investigated the expression of MT1-

MMP, MMP-2 and TIMP-2 in the sera and tissues (primary

and metastatic nodules) of hepatocellular carcinoma patients

with and without metastasis whose clinical outcomes were

followed over a 2-year period. In the results, they found that

MT1-MMP expression was similar among primary nodule

tissues of patients with and without metastasis. Serum and

tissue levels of MMP-2 were not statistically different

between patients with and without metastasis, but MMP-2

was concentrated at the invasive edge of metastatic tissues.

In contrast, serum and tissue levels of TIMP-2 were

significantly higher in hepatocellular carcinoma patients

without metastasis than in those with metastasis. This

situation was not only observed in primary hepatocellular

carcinoma tissues, but also in metastatic nodules. These

results indicate that an imbalance between the proteolytic

activities of MMP-2 and TIMP-2 is responsible for the

degradation of ECM components and plays a critical role in

tumor invasion and metastasis.

In conclusion, PEITC and NAC-PEITC inhibited SK-

Hep1 cell proliferation, invasion and metastasis by decreas-

ing MMP-2/MMP-9 and MT1-MMP expression and by
increasing TIMP-1/TIMP-2 expression. These data may

represent the antimetastatic activities of PEITC and NAC-

PEITC in SK-Hep1 human hepatoma cells.
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