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Abstract. Dibenzoylmethane (DB), a minor constituent of
the root extract of licorice, belongs to the flavonoid family.
Hydroxydibenzoylmethane (HDB) and hydroxymethyldiben-
zoylmethane (HMDB) have an identical structure to DB, but
also possess a hydroxyl group and a hydroxyl and methyl
group bonded to aromatic rings, respectively. They inhibit
cellular proliferation and induce apoptosis in a variety of types
of cancer cell, however, the antimetastatic effects of DB, HDB
and HMDB on human breast carcinoma cells remain to be
elucidated. The present study aimed to clarify the molecular
mechanisms underlying the effects of DB and its analogues
on phorbol-12-myristate 13-acetate (PMA)-induced MCF-7
cell metastasis. The results revealed that DB, HDB and
HMDB inhibited cell migration and invasion. In addition,
PMA-mediated MCF-7 cell invasion was inhibited by DB,
HDB and HMDB by inhibiting the expression of matrix metal-
loproteinase (MMP)-9. Rottlerin, a protein kinase C (PKC)
0 inhibitor and LY294002, a phosphatidylinositide 3-kinase
(PI3K) inhibitor, reduced the PMA-mediated expression of
MMP-9 and cell invasion. Furthermore, DB, HDB and HMDB
prevented the activation of PKCd and PI3K by inhibiting their
phosphorylation. The present study was the first, to the best of
our knowledge, to demonstrate the antimetastatic potential of
DB, HDB and HDMB, which decreased cancer cell invasion
through the PI3K/PKCd-mediated MMP-9 pathway.
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Introduction

The majority of malignant solid tumors, including breast
cancer, proceed to metastases, which is the most frequent cause
of cancer-associated mortality (1). Metastasis is the ability of
cells to detach from a primary tumor, invade and intrava-
sate into the lymphatic or blood vessels, disseminate in the
lymphatic or circulatory systems and initiate the development
of new tumor cells in distant organs (2). The migration and
invasion of a cancer cell are two crucial steps in metastasis, as
is proteolytic enzyme degradation of the extracellular matrix
(ECM) (3). Matrix metalloproteinases (MMPs) are essential
for ECM degradation and remodeling. MMP-9 and MMP-2 are
associated with elevated levels of metastasis in several types of
cancer, including breast carcinoma, lung carcinoma and mela-
noma (4). Inhibition of the expression of MMP-9 by MMP-9
antisense and small interfering RNA constructs suppresses
the invasiveness and metastatic ability of tumor cells (5,6).
The formation of melanoma and lung carcinoma metastases
is reduced in MMP-9-deficient mice (7) and the inhibition of
MMP-2 and MMP-9 by potential therapeutic agents, such as
snake venom metalloproteinase inhibitor BJ46A, apigenin,
quercetin and resveratrol, reduces cancer metastasis in vitro
and in vivo (8). Therefore, agents possessing the ability to
repress the activation of MMP-2 or MMP-9 warrant develop-
ment to take advantage of their antimetastatic properties.

The phytochemical, dibenzoylmethane (DB), is a constit-
uent of the root extract of licorice (Glycyrrhiza inflata of the
family Leguminosae) and has been identified as a promising
antimutagenic and anticarcinogenic compound (9-13). DB
inhibits S9-mediated mutagenicity of food-derived hetero-
cyclic amine mutagens (9). Furthermore, it decreases the
formation of DNA adducts following exposure to benzo(a)
pyrene, 1,6-dinitropyrene and 7,12-dimethylbenz(a)anthra-
cene (DMBA) (10,11). Dietary DB prevents DMBA-induced
mammary carcinogenesis and azoxymethane/dextran sulfate
sodium-induced colon carcinogenesis (12,13) and deregulation
of the cell cycle by DB has been observed in human prostate
carcinoma cells (14). Treatment with DB promotes the apoptosis
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of human lung carcinoma cells, epidermoid carcinoma cells
and leukemia cells (15-17). Hydroxydibenzoylmethane (HDB)
and hydroxymethyldibenzoylmethane (HMDB) are important
DB analogues, which are identical in structure to DB with
the exception of a hydroxyl group and hydroxyl and methyl
groups on one of the aromatic rings, respectively. They are
more potent than DB in inhibiting the proliferation and
inducing apoptosis in COLO 205 colorectal carcinoma cells,
A431 epidermoid carcinoma cells, A549 lung adenocarcinoma
cells and CH27 lung squamous carcinoma cells (15,16,18).
However, whether DB, HDB and HMDB are involved in inhib-
iting cancer metastasis remains to be elucidated. The present
study aimed to examine the effects of DB, HDB and HMDB
on the metastatic properties of PMA-treated MCF-7 human
breast adenocarcinoma cells.

Materials and methods

Cell culture and reagents. The MCF-7 human breast adeno-
carcinoma cell line (Bioresource Collection and Research
Center, Hsinchu, Taiwan) was routinely grown in RPMI-1640
medium (Biological Industries, Kibbutz Beit Haemek, Israel),
supplemented with 10% fetal bovine serum (FBS; Biological
Industries) at 37°C in an atmosphere of 5% CO,/95% air under
saturating humidity. DB, HDB, HMDB, phorbol-12-myristate
13-acetate (PMA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). LY294002 was obtained
from Merck Millipore (Darmstadt, Germany). Mouse
monoclonal MMP-2, mouse monoclonal MMP-9, rabbit
polyclonal phosphorylated (phospho)-phosphatidylinositide
3-kinase (PI3K) p85 (Tyr458)/P55 (Tyrl199), rabbit polyclonal
phospho-protein kinase Cd (Thr505) and mouse monoclonal
[-actin antibodies were supplied by Thermo Fisher Scientific,
Inc. (Fremont, CA, USA), Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA) and Cell Signaling Technology, Inc.
(Beverly, CA, USA), respectively.

MTT cell viability assay. The MCF-7 cells (2x10*) were seeded
into 96-well plates for 24 h prior to treatment with 5, 10, 25,
50 and 100 M DB, HDB or HMDB, followed by the addition
of 10 ng/ml PMA, for 24 h. Following the exposure period, the
cells were treated with MTT solution (5 pg/ml) for 4 h. The
formazan was solubilized in isopropanol (Merck Millipore)
using 0.04 N HCI (Sigma-Aldrich) and measured spectro-
photometrically at 595 nm (Synergy™ HT Multi-Detection
Microplate Reader; BioTek Instruments, Inc., Winooski, VT,
USA).

Migration assay. Cell migration was assessed by a
wound-healing assay using a culture insert (19). Briefly,
the cells were seeded into the culture insert (ibidi GmbH,
Martinsried, Germany) and grown overnight to 100% conflu-
ence. Following removal of the culture insert, a cell-free gap
(500 um) was created and the medium was replaced with
10% FBS RPMI-1640 medium. The cells were treated with
DB, HDB or HMDB at 25, 50 and 100 uM, followed by
10 ng/ml PMA and images of cell migration from the leading
edge were captured and quantified at 12 h, using an Axio
Imager Al microscope and Axio Vision Rel.4.7 software (Carl
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Zeiss, Gottingen, Germany). Each value was observed from
three randomly selected fields and the data are expressed as
the mean number of the migrating cell numbers per field.

Invasion assay. A cellular invasion assay was performed in
a modified Boyden chamber (GenePure, Taichung, Taiwan)
with 8 ym polycarbonate nucleopore filters (Neuro Probe,
Inc., Gaithersburg, MD, USA) coated with 250 pg/ml Matrigel
(BD Biosciences, San Diego, CA, USA). RPMI-1640 medium
containing 2% FBS was added to the lower compartment
of the chamber. The cells (2.5x10*) were resuspended in
RPMI-1640 medium without FBS and added to the upper
compartment of the chamber in the presence or absence of
DB, HDB or HMDB at 25, 50 and 100 M, or 1 uM rottlerin
and 10 M LY294002, followed by 10 ng/ml PMA for 12 h.
Following incubation, the cells were fixed in methanol
(Sigma-Aldrich) for 10 min, stained with Giemsa (Merck
Millipore) for 30 min and washed with H,O for 3 min. The
cells on the upper side of the filters were removed using
cotton-tipped swabs and the cells on the underside of the filters
were observed and counted under a light microscope (Axio
Imager Al).

Gelatin zymography assay. MCF-7 cells were seeded at
a concentration of 2x10° cells/ml and incubated for 24 h at
37°C. Following incubation, the culture medium was replaced
with serum-free RPMI-1640 medium. The cells were treated
with 100 M DB, 50 uM HDB or 25 M HMDB, followed
by 10 ng/ml PMA and the supernatants were collected and
subjected to gel electrophoresis on an 8% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel
containing 0.1% gelatin. Following electrophoresis, the SDS
was removed from the gels by incubation with renaturation
buffer (2.7% Triton X-100; Amresco LLC, Solon, OH, USA)
for 1 h. The gels were gently agitated and incubated at 37°C
for 24 h in the developing buffer containing 50 mM Tris-HCl
(pH 7.5), 0.2 M NaCl, 0.2% Brij-35 and 5 mM CaCl, and
stained using coomassie brilliant blue (USB Corporation,
Cleveland, OH, USA) and destained with destaining solution
(7% acetic acid, 5% methanol, Sigma-Aldrich; 88% H,0O) for
30 min, respectively. The proteolytic activity of MMP-9 and
MMP-2 were observed as clear bands against the blue back-
ground of the stained gelatin.

Reverse transcription polymerase chain reaction (RT-PCR).
The RNA was isolated from the cells using TRIzol reagent
(MDBio, Inc., Piscataway, NJ, USA) according to the manu-
facturer's instructions. The synthesis of complementary
DNA (cDNA) was performed using the extracted total
RNA (3 ug), reverse transcriptase (200 units; Promega
Corporation, Madison, WI, USA) and dT15 primers (0.5 ug;
MDBio, Inc.) and the reaction mixture was incubated for
90 min at 37°C. For the PCR assay, 0.04 ug cDNA was added
to mixture buffer containing 75 mM Tris-HCI (pH 8.8),
20 mM (NH,),SO,, 0.01% Tween-20 (v/v), 1 mM MgCl,,
0.2 mM dNTPs, 0.5 uM forward and reverse primers and
1 unit Tag DNA polymerase (MDBio, Piscataway, NJ, USA).
The PCR was performed as follows: 5 min at 95°C, 36 cycles
(30 sec at 5°C; 30 sec at 55°C and 90 sec at 72°C) and 10 min
at 72°C using a PC818 program temperature control system
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Figure 1. Effects of DB and its analogues, HDB and HMDB, on MCF-7 breast cancer cell migration. The MCF-7 cells were treated with various concentrations
of DB, HDB and HMDB, followed by 10 ng/ml PMA for 12 h. Images of the migrating cells were captured using phase contrast microscopy (magnification,
x100). The quantification data are expressed as the mean = standard deviation of three independent experiments. ‘P<0.05, compared with the PMA only group.
DB, dibenzoylmethane; HDB, hydroxydibenzoylmethane; HMDB, hydroxymethyldibenzoylmethane; PMA, phorbol-12-myristate 13-acetate; C, control.

(Astec, Fukuoka, Japan). The PCR products were analyzed
on a 2% agarose gel. The following primer pairs were used:
B-actin (309 bp) forward 5" AGCGGGAAATCGTGCGTG-3'
and reverse 5'-CAGGGTACATGGTGGTGC-3"; MMP-2
(346 bp) forward 5'-CTTTGACGGTAAGGACGG-3' and
reverse 5'-CTGGAAGCGGAATGGAA-3' and MMP-9 (479
bp) forward 5'-CAACATCACCTATTGGATCC-3' and reverse
5'-CGGGTGTAGAGTCTCTCGCT-3.

Immunoblotting. To purify the total protein, the cells
were harvested and lysed in cold lysis buffer containing
10% (v/v) glycerol, 1% (v/v) Triton X-100, 1 mM sodium
orthovanadate, | mM EGTA, 10 mM NaF, 1 mM sodium pyro-
phosphate, 20 mM Tris (pH 7.9), 100 uM B-glycerophosphate,
137 mM NaCl, 5 mM EDTA, 1 mM PMSF, 10 pg/ml apro-
tinin and 10 pg/ml leupeptin. Equal concentrations of protein
were separated on SDS-PAGE gels and then transferred
onto polyvinylidene difluoride (PVDF) membranes (Pall
Corporation, Ann Arbor, MI, USA). Following blotting, the
PVDF membranes were incubated with anti-phospho-PKCd
(Thr505), anti-phospho-PI3K p85 (Tyr458)/anti-phospho-p55
(Tyr199) or anti-p-actin antibodies (dilutions 1:2,500) for 6 h
at 4°C. Following washing with washing solution [S0 mM
tris-HCI (pH 7.5), 150mM NaCl, 0.1% Tween-20 (v/v)], the
secondary antibody labeled with horseradish-peroxidase was
added for 1 h at 4°C. The targeted proteins were visualized
using enhanced chemiluminescence (Western Lightning Plus
ECL; PerkinElmer, Inc., Waltham, MA, USA).

Statistical Analysis. Data are expressed as the mean + standard
deviation. GraphPad Prism 5 software (GraphPad Software,
Inc., La Jolla, CA, USA) was used for statistical analysis.
Statistical comparisons were made by a one-way analysis of
variance, followed by Dunnett's multiple-comparison test.
P<0.05 was considered to indicate a statistically significant
difference.

Results

DB, HDB and HMDB reduce PMA-induced MCF-7 cancer
cell migration and invasion. To determine whether DB and
its analogues were involved in inhibiting the PM A-induced
migration of the MCF-7 cells, the cells were treated with PMA
and/or DB, HDB or HMDB and migration was assessed using
a wound-healing assay. Treatments with DB, HDB and HMDB
significantly inhibited PMA-induced cell migration (Fig. 1).
Treatment with 25, 50 and 100 M DB reduced the migration
of the cancer cells by 21, 60 and 84%, respectively, compared
with those treated with PMA only. PMA-induced MCF-7 cell
migration was reduced by 44, 79 and 90% following exposure
to 25, 50 and 100 xuM HDB, respectively, which was more
markedly inhibited to 67, 79 and 92% following treatment with
25,50 and 100 uM HMDB, respectively, compared with those
treated with PMA only. To undergo invasion, cancer cells
promote the degradation of the extracellular matrix in order
to cross it (3). Therefore, the effect of DB, HDB or HMDB
on PMA-induced MCF-7 cancer cell invasion was determined
using an invasion chamber assay. The MCF-7 cells were
seeded onto Matrigel-coated filters in the presence of DB,
HDB or HMDB at 25, 50 and 100 M and the number of cells,
which invaded through the Matrigel were counted following
incubation for 12 h. Treatments with DB, HDB and HMDB
significantly inhibited PMA-induced cell invasion (Fig. 2).
Treatment with 25, 50 and 100 xuM DB reduced the cancer
cell invasion by 1, 32 and 68%, respectively, compared with
the PMA-only-treated cells. The PMA-induced MCF-7 cell
invasion was reduced by 33, 81 and 90% following exposure
to 25,50 and 100 xM HDB, respectively, and was significantly
inhibited to 57,75 and 98% following treatment with 25, 50 and
100 uM of HMDB, respectively, compared with the PMA-only
group. On the basis of these results, it was concluded that DB,
HDB and HMDB inhibited the migration and invasion of the
MCF-7 cells.
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Figure 2. Effects of DB, HDB and HMDB on MCF-7 breast cancer cell invasion. The MCF-7 cells were treated with various concentrations of DB, HDB and
HMDB, followed by 10 ng/ml PMA for 12 h. The invasive ability was assessed using a Matrigel-coated in vitro invasion assay, as described (magnification,
x200). The quantification data are expressed as the mean + standard deviation of three independent experiments. "P<0.05, compared with the PMA only group.
DB, dibenzoylmethane; HDB, hydroxydibenzoylmethane; HMDB, hydroxymethyldibenzoylmethane; PMA, phorbol-12-myristate 13-acetate; C, control.
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Figure 3. Effects of DB, HDB and HMDB on MCF-7 breast cancer cell
viability following PMA treatment. The MCF-7 cells were treated with
various concentrations of DB, HDB and HMDB, followed by the addition
of 10 ng/ml PMA for 24 h. The cell viability was assessed using an MTT
assay. The quantification data are expressed as the mean + standard deviation
of three independent experiments. “P<0.05, compared with the PMA only
group. DB, dibenzoylmethane; HDB, hydroxydibenzoylmethane; HMDB,
hydroxymethyldibenzoylmethane; PMA, phorbol-12-myristate 13-acetate;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

Effects of DB, HDB and HMDB on the viability of the
PMA-treated MCF-7 cells. To determine the cytotox-
icity of DB and its analogues, HDB and HMDB, on the
PMA-mediated MCF-7 cancer cells, the cells were treated
with different concentrations (5, 10,25, 50 and 100 M) of DB,
HDB or HMDB followed by the addition of PMA for 24 h.
The cellular viability was then assessed using an MTT assay.
The proportional viability (%) of the cells was determined by
comparing each treated group with the PMA-only group, the
viability of which was assumed to be 100% (Fig. 3). Treatment
of the MCF-7 cells with DB, up to a maximal concentration
of 100 uM, caused no significant change in cell viability. The
cells had significantly lower viability following treatment with
100 xuM HDB and 50 uM HMDB. Therefore, the antimeta-
static effects of DB, HDB and HMDB were not associated
with cell viability.

DB and its analogues inhibit the PMA-induced expression
of MMP-9. The MMPs are a family of extracellular matrix
degrading enzymes, which are associated with cancer cell
metastasis. The type I'V collagenases and gelatinases, MMP-9
and MMP-2, have been linked with high metastatic potential in
breast carcinoma (20). Therefore, the effects of DB, HDB and
HMDB on the enzyme activities and the gene expression levels
of MMP-2 and MMP-9 were examined. The MCF-7 cells were
treated with various concentrations of DB, HDB or HMDB
followed by treatment with PMA in serum-free medium. The
enzyme activities of the secreted MMP-2 and MMP-9 were
assayed by gelatin zymography. As shown in Fig. 4A, DB, HDB
and HMDB inhibited the enzyme activity of MMP-9, but not
MMP-2, in a time-dependent manner. To determine whether
DB, HDB and HMDB can inhibit the enzymatic activity of
the secreted MMP-9 through the direct inhibition of these
enzymes, various concentrations of DB,HDB and HMDB were
incubated with conditioned medium derived from PM A-treated
MCF-7 cells. The enzymatic activities of MMP-9 and MMP-2
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Figure 4. DB, HDB and HMDB inhibit the PMA-induced expression of MMP-9 in MCF-7 cells. (A) MCF-7 cells were treated with 100 xM DB, 50 xM HDB
and 25 yM HMDB, followed by the addition of 10 ng/ml PMA for 6, 12 and 24 h. The activity of the secreted MMP-9 and MMP-2 proteins was analyzed by
gelatin zymography. (B) MMP-9 and MMP-2, derived from PMA-treated conditioned medium following stimulation for 24 h, was incubated with various
concentrations of DB, HDB and HMDB for 30 min. The enzyme activities of MMP-2 and MMP-9 were analyzed using gelatin zymography. The light areas
represent zones of lysis in gelatin gel were quantified by laser scanning densitometry. (C) MCF-7 cells were treated with DB, HDB and HMDB followed by
the addition of 10 ng/ml PMA for 24 h. The protein and mRNA expression levels of MMP-9 and MMP-2 were analyzed using immunoblotting and reverse
transcription polymerase chain reaction. (D) MCF-7 cells were treated with or without M9I-I and with PMA and then invasive ability was assessed using a
Matrigel invasion assay (magnification, x200). The data are expressed as the mean + standard deviation ‘P<0.05, compared with the PMA only group. DB,
dibenzoylmethane; HDB, hydroxydibenzoylmethane; HMDB, hydroxymethyldibenzoylmethane; PMA, phorbol-12-myristate 13-acetate; M9I-I, MMP-9

inhibitor I; C, control.

were assessed using gelatin zymography. As shown in Fig. 4B,
MMP-9 and MMP-2 activity was detected in the conditioned
media, and no significant differences were observed between
the groups with or without treatment. Subsequently, to deter-
mine whether the inhibition of the enzymatic activities of
MMP-9 and MMP-2 by DB, HDB or HMDB was due to a
decreased level of mRNA transcription and protein synthesis,
immunoblotting and RT-PCR were performed to examine the
protein and mRNA expression levels of MMP-9 and MMP-2.
As shown in Fig. 4C, DB, HDB and HMDB reduced the
protein expression of the PMA-induced MMP-9, however no
changes in the protein or mRNA expression of MMP-2 were
observed. MMP-9 inhibitor I, a cell-permeable and reversible
inhibitor of MMP-9, deceased the PMA-induced MCF-7 cell
invasion (Fig. 4D). These results demonstrated that DB, HDB
and HMDB disrupted the mRNA transcription and protein
synthesis of MMP-9 in PMA-mediated metastasis.

PMA-induced activation of PKC6 and PI3K is reduced by
DB, HDB and HMDB. The PKCd and PI3K signaling path-
ways are important in cancer invasion (21,22). The present
study aimed to determine the involvement of the activation of
PKC9 and PI3K in the PMA-induced expression of MMP-9.
The MCF-7 cells were treated with rottlerin (Rot), a PKCd
inhibitor or LY294002, a PI3K inhibitor, for 24 h, followed
by the addition of PMA. As shown in Fig. 5A, Rot and LY
effectively reduced the PMA-induced enzymatic activity
and the mRNA expression of MMP-9 in a dose-dependent
manner, as measured by gelatin zymography and RT-PCR,
respectively. In addition, it was observed that the MCF-7 cells
treated with 1 uM Rot and 10 uM LY reduced PMA-induced
MCF-7 cell invasion (Fig. 5B). The activity of PKCd was
increased by the phosphorylation of Thr 505 and the activity
of PI3K kinase was increased by the phosphorylation of
Tyr458 in PI3K-p85 and of Tyr199 in PI3K-p55. Therefore, the


https://www.spandidos-publications.com/10.3892/mmr.2015.3304

4602

LIAO et al: DB, HDB AND HMDB INHIBIT BREAST CARCINOMA CELL INVASION

A PMA
Rot (uM) - 0.03 01 03 1
MMPQ_ Zym
RT-PCR
B-Actin i
PMA
LY@M) - - 03 1 3 10
RT-PCR
PMA PMA + Rot PMA + LY
3 a0
‘:-2300- -
2
5200-
8
E 1004
g 1L 1]
= 8 £ £3 2>
= o o 4+ o+
[=]
[&]
C PMA
DB HDB HMDB
Time(h) 0 0.5 3 05 1

3 05 1

Figure 5. Effects of DB, HDB and HMDB on the PMA-induced activation of PKCd and PI3K. (A) MCF-7 cells were treated with various concentrations of
Rot or LY and the addition of PMA for 24 h. The activity and mRNA expression of MMP-9 were assessed using gelatin zymography and reverse transcription
polymerase chain reaction, respectively. (B) MCF-7 cells were treated with Rot or LY followed by PMA and the invasive ability was assessed using a Matrigel
invasion assay (magnification, x200). The data are expressed as the mean + standard deviation. "P<0.05 compared with the PMA only group. (C) MCF-7
cells were treated with 100 xM DB, 50 uM HDB and 25 xM HMDB followed by the addition of PMA for 0.5, 1 and 3 h. The expression levels of p-PKCo
and p-PI3K were analyzed by immunoblotting. DB, dibenzoylmethane; HDB, hydroxydibenzoylmethane; HMDB, hydroxymethyldibenzoylmethane; PMA,
phorbol-12-myristate 13-acetate; PKC9, protein kinase C 6; PI3K, phosphatidylinositide 3-kinase; Rot, rottlerin; LY, LY294002; p-, phosphorylated; MMP,

metalloproteinase, Zym, zymography; C, control.

phosphorylation levels of PKCO-Thr505, PI3K p85-Tyr458 and
p55-Tyr199 were assessed by immunoblotting. As shown in
Fig. 5C, the PMA-stimulated MCF-7 cells exhibited increased
phosphorylation levels of PKCO and PI3K. The increases in
phosphorylated PKCS and PI3K by PMA-stimulation were
suppressed by treatment for 0.5, 1 and 3 h with 100 xM DB,
50 uM HDB and 25 M HMDB. The order of potency of these
compounds on the inhibition of PKCd and PI3K phosphoryla-
tion were in the order HMDB>HDB>DB.

Discussion

The cause of mortality in the majority of patients with breast
cancer is not from the primary cancer growth, but due to spread

of the cancer cells to other parts of the body (23). Synthesized
chemotherapeutic compounds demonstrate efficacy in treating
metastatic breast cancer, however, certain chemotherapeutic
agents possess toxic side effects (24). Therefore, the identifica-
tion of naturally-derived antimetastatic, non-toxic, compounds
is of particular interest. Natural products containing phenolic
compounds have been widely reported to have the ability to
prevent cancer metastasis (25). Flavonoids are a large subclass
of phenolic compounds, prevalent in food and herbal nutraceu-
ticals (26). DB, a (3-diketone analogue of curcumin, belongs
to the flavonoid family. Skin cancer frequently occurs at
sun-exposed sites of the body, and sunscreen derivatives from
DB have been used for protection against ultraviolet radia-
tion (27). DB modulates the phase I/phase II detoxification



enzymatic systems (10,28) and with its analogues, HDB and
HMDB, induces apoptosis in various types of cancer (15-18).
However, their antimetastatic effects remain to be elucidated.
The present study found that DB, HDB and HMDB signifi-
cantly inhibited PMA-mediated MCF-7 cell migration and
invasion (Figs. 1 and 2) and was the first, to the best of our
knowledge, to demonstrate that DB, HDB and HMDB inhibiti
cancer cell migration and invasion.

MMPs are a family of Zn**- and Ca**-dependent endopep-
tidases, comprising four subclasses (collagenases, gelatinases,
stromelysins and membrane-type MMPs) based on their
substrate (4). Increased levels of MMP-9 and MMP-2 are
functionally associated with metastasis in several types of
malignant tumor, including breast cancer (4,20). The present
study indicated that DB, HDB and HMDB inhibited the
expression of MMP-9, but not MMP-2, following PMA treat-
ment (Fig 4). MMP-2 is generally constitutively expressed in
tissues and is maximally present in malignant neoplasms (29).
By contrast, the expression of MMP-9 can be induced by
various growth factors and inflammatory mediators during
pathological states and by agents, including PMA (19,30).
PMA is a tumor promoter and an inflammatory stimulator,
which increases the invasiveness of cancer cells, including
breast cancer, by activating MMP-9 (19). DB is an effective
inhibitor of PMA-induced mouse skin inflammation and tumor
promotion (31). In the present study, the potency of inhibition
by DB and its structural analogs on the expression of MMP-9
and their effects on the invasive potential of the PMA-treated
MCEF-7 cells was in the order HMDB>HDB>DB. Higher
numbers of OH groups are present in flavonoid structures with
increased anti-MMP activation (32,33). Compared with DB
and HDB, HMDB has more marked anticancer effects in solid
cancer cell lines (15).

PMA is a diacylglycerol mimic, which directly binds to
and activates classical (o, 3 and y) and novel (0, €, 6 and
1) PKC isozymes (34). The activation of PKC involves the
phosphorylation of PKC isoforms, causing cell prolifera-
tion, apoptosis, and cancer metastasis. The phosphorylation
of PKC9 is involved in promoting cell invasion (35). PKCd
is an important signaling molecule for the expression of
MMP-9 in cancer cell lines, including MCF-7 human
breast carcinoma cells, CaSki cells and HP-75 pituitary
adenoma cells (32,36,37). The present study found that the
DB analogues inhibited the phosphorylation of PKCd in
the MCF-7 cells following PMA treatment (Fig. 5C). PKCd
activates Ha-Ras-mediated signal transduction pathways (38)
and human telomerase reverse transcriptase (hTERT) is
phosphorylated by PKC9 (39). DB attenuates the expression
of oncogenes Ha-Ras and hTERT oncogenes (40). The activa-
tion of MMP-9 is downstream of Ha-Ras (41) and knockdown
of hTERT reduces the expression of MMP-9 in human glio-
blastoma cell lines (42). Inhibiting the activity of PKCd by
Rot enhances p38 mitogen activated protein kinase (MAPK)
activation (43). HMDB activates p38 MAPK signaling (44),
which suppresses the expression of MMP-9 in human stomach
cancer (45). Nutraceuticals derived from spices, including
curcumin, capsaicin and diosgenin, target the PI3K signaling
pathway to regulate cancer metastasis (25) and activation
of this pathway in breast cancer is associated with a poor
prognosis (46). In the present study, DB, HDB and HMDB
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prevented the PMA-induced phosphorylation of PI3K in the
MCF-7 cells (Fig. 5C). PI3Ks are heterodimeric serine/threo-
nine kinases consisting of pl10 catalytic and regulatory
subunits and tyrosine phosphorylation of the p85 regulatory
subunit reduces its inhibitory activity on PI3K (47). The PI3K
inhibitor, LY294002, significantly diminishes the expression
of phosphorylated PI3K-p85 (Tyr458)/p55 (Tyr199) (48). The
results of the present and previous studies have revealed that
the inhibition of PI3K activity can suppress the expression
of MMP-9 and cancer cell invasion (21). These findings
suggest that DB analogues inhibits PM A-induced metastasis
by interfering with the PI3K/PKCd-mediated expression of
MMP-9.

In conclusion, the present study demonstrated that
DB, HDB and HMDB exerted antimetastatic effects in
PMA-treated MCF-7 breast cancer cells. The mechanism
underlying this was the inhibiton of the activity and expres-
sion of MMP-9 via the PKCd and PI3K signaling pathways.
Therefore, DB, HDB and HDMB may be potent chemopre-
ventive agents in therapeutic strategies for metastatic cancers
in the future.
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