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ABSTRACT

Purpose The objective of this study was to investigate the
effect of new 4-maleamic acid and 4-maleamide peptidy!
chalcone derivatives against human prostate cancer in vitro and
in vivo.

Methods From a series of 21 chalcones, the effects of the
three best inhibitors of PC-3 and LNCaP cell viability on
growth, including cell cycle changes, adhesion, migration, and
cell invasion, as well as their ability to inhibit angiogenesis,
clonogenic activity, and matrix metalloproteinases MMP-2 and
MMP-9, were tested. The effects in vivo were studied in PC-3
and LNCaP xenografts.

Results Three of the examined chalcones reduced cell viability
in both cell lines in a strong dose- and time-dependent
manner. An inhibition of the cell cycle progress was observed.
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These changes were accompanied with the inhibition of cell
adhesion, migration, and invasion as well as with reduced
neovascularization in chick embryos, tumor colony formation,
and MMP-9 activity. The in vivo results demonstrated the strong
activity of these structures as inhibitors of tumor development
in nude mice compared to non-treated animals.

Conclusion The results suggest the multitarget efficacy of 4-
maleamic acid and 4-maleamide peptidyl chalcones against
human prostate cancer cells and emphasize the potential
therapeutic relevance of these compounds.
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ABBREVIATIONS

CAM chick chorioallantoic membrane
Cl cell index

DMSO  dimethyl sulfoxide

ECM extracellular matrix

ICso concentration required for 50% inhibition of the
tumor cell viability

LNCaP  human prostate cancer cell line, hormone-dependent

MMP matrix metalloproteinase

PBS phosphate-buffered saline

PC-3 human prostate cancer cell line, hormone-
independent

PCa prostate cancer

PI propidium iodide

INTRODUCTION

Prostate cancer (PCa) is the most common malignant
cancer in men and the second leading cause of cancer
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deaths (1). As in other tumor entities, curative therapy such
as prostatectomy 1s limited to the organ-localized stage of
PCa. In the majority of cases, PCa leads to bone
metastases which become a major cause of morbidity
and are present in 10-30% of all patients at the initial
diagnosis (2). These patients and those with an advanced
tumor after primary treatment are submitted to androgen
ablation therapy. PCa is initially responsive to this
hormonal therapy; however, in most cases, it becomes
androgen-independent, evolving into a more aggressive
androgen refractory disease. At present, the treatment
modality for patients with hormonal refractory PCa is
chemotherapy (3), and this treatment is currently associ-
ated with significant side effects and a reduced quality of
life. Therefore, there is a need to develop novel approaches
for this malignancy.

Chalcones are organic compounds that have an enone
moiety between two aromatic rings. The development of
these structures as potential drugs with biological properties
has led to the discovery that these substances have
antimalarial, anti-inflammatory, and antitumor activities
(4-6). The antitumor activity of these compounds is related
to the inhibition of tubulin polymerization, a decrease in
the level of cyclins, thereby contributing to cell cycle arrest
and an increase in the expression of Bax and Bak, but also
decreases in the levels of Bcl-2 and Bcl-X(L) and
subsequent activation of the mitochondrial apoptotic
pathway (7,8). There are few and scarce data on the
effects of chalcones on the extracellular matrix (ECM)
(9,10). Since ECM proteins play an important role during
adhesion, migration, invasion, and angiogenesis of cancer
cells (11,12), detailed preclinical studies on the basic
processes of how chalcones act as potential antineoplastic
agents against PCa are necessary.

We recently synthesized a series of new 4-maleamic acid
chalcones and 4-maleamide peptidyl chalcones according
to a previously described procedure (5). The aim of this
study was to evaluate the effect of these new compounds in
in vitro and wn vwo experiments as potential antitumor agents
against human prostate cancer.

MATERIALS AND METHODS
Chalcone Compounds

Twenty-one 4-maleamic acid chalcones and 4-maleamide
peptidyl chalcone compounds, synthesized according to a
previous procedure (5) with structures as shown in Fig. 1,
were examined in this study. The compounds were
dissolved in dimethyl sulfoxide (DMSO). The final concen-
tration of this solvent in the culture media was always lower
0.2% without a cytotoxic effect.
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Fig. | Structure of 4-maleamic acid chalcones and 4-maleamide peptidyl
chalcones.

Cell Culture

Human prostate tumor cell lines PC-3 and LNCaP were
obtained from the German Collection of Microorganisms
and Cell Cultures (DSMZ, Braunschweig, Germany). Cells
were grown in RPMI medium supplemented with 10%
fetal bovine serum, penicillin (50 units/ml), and streptomy-
cin (50 pg/ml), in a humidified atmosphere (95% air, 5%
CO,, 37°C). Cell culture media were from Gibco-In
Vitrogen, Karlsruhe, Germany and PAA Laboratories,
Pasching, Austria.

Cell Viability and Cell Growth Evaluation

A 96-well microtiter plate containing 0.1 ml of growth
RPMI/well was seeded with 5x10° PC-3 or 1.2x10"
LNCaP cells. After 24 h of culture, cells were exposed to
the compounds for 72 h at concentrations ranging from 5
to 100 pg/ml. The compounds were dissolved in DMSO.
The final concentration of this solvent in the culture media
was always lower than 0.2%, a concentration that has
neither a cytotoxic effect nor causes any interference with
the colorimetric detection method. The dose-dependent
effects of each compound on cell viability were assessed
using the XTT test (Roche Applied Science, Mannheim,
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Germany) (13). After 72 h incubation with the compounds,
cells were incubated with XTT at 37°C for 4 h, and the
formazan was recorded at 492 nm (Microplate reader HT
II, Anthos, Salzburg, Austria). The IC5, value was defined
as the concentration of tested compound resulting in a 50%
reduction in viability compared to vehicle-treated cells. All
experiments were carried out in triplicates, with five
measurements at every concentration tested. Further
evaluations of the best compounds were performed using
the IC;5p values. The time-dependent effects of the
chalcones on cell growth were measured as previously
described (14). Briefly, PC-3 cells (1% 10%) and LNCaP cells
(2.4%10°) were seeded in six-well plates in RPMI contain-
ing 10% fetal bovine serum and the compounds at their
IC50. Trypsinized cells were counted after trypan blue
staining with a hemocytometer at 24 h intervals for a period
of 96 h. All experiments were carried out in triplicates.

Cell Cycle Analysis

For cell cycle analysis, LNCaP and PC-3 cells, seeded at the
previous day, were grown with their IC5, of Ch-18 for 24 h
and 72 h. Cells were trypsinized, washed twice in
phosphate-buffered saline (PBS) and fixed overnight in
70% ethanol/PBS at —20°C. After a PBS wash, cells were
incubated in the dark in a PBS solution of 300 pg/ml
RNase A and 50 pg/ml propidium iodide for 30 min at
room temperature. Cell cycle phases of 10,000 cells were
analyzed using the flow cytometer FACSCanto II and
FACSDiva software (Becton Dickinson, Franklin Lakes, NJ,
USA).

Cell Adhesion Assay

Measurements were performed using the xCELLigence
Real-Time Cell Analyzer (Applied Science Roche, Man-
nheim, Germany). This system monitors the biological
status of cells, including cell number and adhesion, by
measuring electrical impedance via microelectrodes placed
on the bottom of special 96-well tissue plates. The analyzer
automatically measures the electrical impedance as a cell
index (CI), which 1s transferred, analyzed, and processed by
the integrated software (15). The more cells that attach onto
the electrodes in the plate, the larger the impedance value,
leading to a larger CI number. The results are expressed as
CI and relative attachment and spreading. For the
measurements, the special 96-well ACEA E-plates® were
coated with fibronectin (20 pg/ml, 1 h, 37°C). The plates
were washed with PBS and coated with bovine serum
albumin solution in PBS (0.5%) (20 min, 37°C) after which
each well was washed with PBS. Fifty pl of medium was
added to record the background, and then 100 pl of PC-3
cell suspension (5 X 10° cells) was transferred to each well of

the ACEA E-plates® along with 50 pl of the compounds at
their IC;5. The adhesion and spreading of the cells were
monitored every minute using this real-time cell electronic
sensing system according to the manufacturer’s instructions

for a period of up to 4 h.
Cell Migration and Invasion Evaluation

Cell migration was tested using the scrape wound repair
assay (16). A culture of 8x10% PC-3 cells was grown to
confluence on 24-well plates (48 h, 37°C). A sterilized
micropipette tip was used to introduce a wound across the
entire cell monolayer, and the medium was removed. After
washing with PBS, the chalcones were added at their
respective 1C5, concentrations in fresh medium and
incubated for 24 h in the presence of endothelial growth
factor (1 pg/ml). Coverslips were mounted onto a light
microscope. Images of the wounds were captured on a
computer system using a digital camera immediately
following wounding (0 h) and after 24 h of incubation.
The wound area in each image was measured using the
Image] program for Windows (http://rsb.info.nth.gov/1j/)
and quantified by following the change in wound area over
time compared with the original wound area. The results
were expressed as the percentage of wound closure and
number of migrated cells/mm®.

For the cell invasion assay, LNCaP cells (1% 10” cells/ml)
were pretreated with the chalcones at their I1C5, concen-
trations for 24 h. Treated cells were seeded into the upper
part of the Boyden chamber membrane coated with
Matrigel (Becton Dickinson Biosciences, Heidelberg, Ger-
many) in 50 pl of serum-free media and incubated for 18 h
at 37°C. The bottom of the chamber contained 500 pul of
standard medium with 20% FBS. The cells that had
invaded the lower surface of the chamber were reacted
with calcein (4 pg/ml) in Hank’s Buffered Salt Solution for
1 h at 37°C. The fluorescence of invaded cells was read at
4857530 nm (Fluoroskan Ascent, Thermo Labsystems Oy,
Helsinki, Finland).

Measurement of Clonogenic Potential

To test for anchorage-independent growth, cells were
grown in 0.6% agar (17). Briefly, one milliliter of a mixture
of 1.2% Noble agar (Gibco-In Vitrogen, Karlsruhe,
Germany) and RPMI medium (1:1) was added into each
well of a six-well plate. PC-3 and LNCaP cells (1x10°)
suspended in completed RPMI medium with 20% FBS
containing 0.3% Noble agar were overlaid on the semi-
solid bottom layer. The plates were kept at room
temperature for 15 min and incubated for 24 h (37°C,
95% Og, 5% COy). The following day, one milliliter of
medium with the compounds at their IC5, concentrations
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was added to each well. After 2 weeks of incubation, the
cells were stained with crystal violet (0.01%) for 18 h at 37°
C. Pictures were taken under light microscopy, and the
total number of colonies and the relative colony size were
determined. Three sets of experiments were performed in
triplicate.

MMP Zymography

PC-3 and LNCaP cells (80% confluent in six-well plates)
were washed twice with PBS and treated with the
compounds at their respective ICj;; concentrations in
2.5 ml of serum-free medium (24 h at 37°C in a humidified
atmosphere of 95% Oy, 5% CO,). Twenty pl of a mixture
composed of the conditioned medium and sample buffer
(without mercaptoethanol, 0.75:0.25) were subjected to
electrophoresis on 10% SDS-polyacrylamide gels copoly-
merized with 1 mg/ml of gelatin as a substrate. The
gelatinolytic activity of MMP-2 and MMP-9 in the
conditioned culture medium was assayed as described (18)
using Image] Software for Windows. Pure human MMP-9
and MMP-2 protein were used as a positive control.

Chick Chorioallantoic Membrane (CAM)
Angiogenesis Assay

Fertilized chicken eggs (Lohmann Tierzucht, Cuxhaven,
Germany) were kept in an incubator at 37°C in constant
humidity for 3 days. After day 3, a square window was cut
into the shell of each egg to assure a living embryo, and
5 ml of albumin was removed to allow detachment of the
developing chorioallantoic membrane from the shell. The
window was sealed with tape, and the eggs were kept in the
incubator for an additional 7 days. On day 10, the tape was
removed, and the CAMs were treated with the different
compounds as described (19). In brief, two small rings were
placed onto the CAM, and either 100 pl of vehicle (negative
control) or 100 pl of the compounds at their highest IC5 in
the cytotoxic assay with the two cell lines were added. After
72 h, the CAMs were examined comparing alterations to
control and counting the numbers of blood vessels. In viwo
pictures were taken using a stereomicroscope equipped with
a Kappa digital camera system.

PC-3 and LNCaP Xenografts

Male athymic nude BALB/c (nu/nu) mice (Taconic
Europe, Ejby, Denmark, 5-7 weeks old, different batches
for the two cell lines PC-3 and LNCaP) were main-
tained in accordance with the Institutional Animal Care
and Use Committee guidelines, Germany. After one
week of settling in for the mice, a suspension of tumor
cells (PC-3 and LNCaP, respectively) in complete
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culture medium was mixed with BD Matrigel Matrix
High Concentration (Becton Dickinson) in a 1:1 ratio. A
suspension of 1x10° cells (0.1 ml) was injected subcuta-
neously into the left flank of each mouse. Tumor volume
was calculated every 24 h using a caliper and following the
formula V = Z#1.69(length=width)*/* (20).

Mice were randomized into groups of either 7 (LNCaP
experiment) or 10 animals (PC-3 experiment), and
treatment was started when a tumor was palpable in
cach animal. In the test groups, compounds were
dissolved in DMSO and suspended in saline solution-
Tween 20 (2%) to a final concentration of 4 mg/kg to be
injected intraperitoneally. For PC-3 xenografts, tumors
were palpable one week following the cell inoculation
and were then treated every 24 h for 21 consecutive
days, while for LNCaP xenografts, tumors were well
developed 25 days following the cell inoculation and
were then treated every 24 h for 5 consecutive days.
Control mice were injected with vehicle. At the end of
the experiment, animals were ecuthanized by cervical
dislocation.

Statistical Analysis

Statistical analysis was performed by Student’s t-tests and
one-way ANOVA using the software SPSS version 18.0
(SPSS, Chicago, IL, USA). P-values <0.05 (two-tailed) were
regarded as significant. IC5y values were calculated by
nonlinear regression of experimental data using the
equation Y :% of the program GraphPad
Prism (GraphPad Software, San Diego, CA, USA), where

X is logarithm of concentration and Y is the response.

RESULTS
Effects of Chalcones on the Viability and Cell Growth

A series of new acid chalcones and peptidyl chalcones were
tested for their ability to inhibit the viability of the human
PCa cell lines PC-3 and LNCaP (Fig. 1). The results are
summarized in Table I. From a total of 21 compounds, six
inhibited PC-3 cell viability (IC50<100 pg/ml), and the
three best compounds (Ch-10, Ch-18 and Ch-20) also had
a significant effect on LNCaP tumor cells (Table I). The
effect of Ch-10, Ch-18, and Ch-20 on cell viability was
dose-dependent in both of the cell lines tested, showing
reduced viability from 5 pg/ml onwards (Fig. 2a, b). The
activity of these compounds at their ICj5, concentrations
was also time-dependent (Fig. 3a, b). The different
inhibition effects of the chalcones observed in the dose-
response and time-course studies were apparently caused by
the use of different methods. The dose-response curves
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Table | Cytotoxic Effect of 4-Maleamic Acid Chalcones and 4-Maleamide (a) PC-3 cells
Peptidyl Chalcones on Human Prostate Tumor Cells Indicated as Half & Ch-10
Inhibitory Concentration % —- Ch-18
bt -© Ch-20
Compounds® ICso (ug/ml)° E 80
@
PC-3cells LNCaP cells £ i
5 804
bt
Ch-l >100 >100 3
:O:‘" - Lt
Ch-2 > 100 > 100 = 40
Ch-3 >100 > 100 F -
Ch-4 >100 >100 2 201 e
Ch-5 > 100 > 100 S *

— 0 Ll L] 1 T T
Ch-6 > 100 > 100 o 20 20 o 80 100
Ch-7 98.8+0.01 > 100 Chalcones (ug/mi)

Ch-8 80.5+5.0 > 100

Ch-9 63.3%5.2 >100 (b) LNCaP cells
Ch-10 38.9+3.5 44,1 +2.8

Ch-11 >100 >100 %’

Ch-12 >100 >100 =

Ch-13 >100 >100 o

Ch-14 >100 >100 £

Ch-15 > 100 >100 -

Ch-16 > 100 > 100 2

Ch-17 >100 >100 2

Ch-18 29.5+1.5 21.4+20 @

Ch-19 > 100 > 100 =

Ch-20 56.9+0.26 459=1.9 o

Ch-2l >100 >100 o = = & % .

“ Detailed structures of the chalcones are given in Fig. .

b . . . .
ICso values were calculated by nonlinear regression using the equation

v =%, where X is logarithm of concentration and Y is the

response. Results are expressed as mean =+ SEM of three different
experiments.

were established with the X'T'T assay, while the time-course
experiments were done in a low density environment, and
the cells were counted after trypan blue staining with a
hemocytometer.

Results of the cell cycle analysis of IC59 Ch-18-treated
cells are shown as exemplary histograms for LNCaP cells
(Fig. 4a, b) and PC-3 cells (Fig. 4c, d), respectively, and as
summarized distribution pattern (Fig. 4e, f). Comparison of
LNCaP control cells (Fig. 4a) and LNCaP Ch-18 cells
(Fig. 4b) showed a trend to increased sub-G1 and decreased
G0/G1 phases (Fig. 4e; p=0.086 and p=0.091, respective-
ly). The increase in sub-G1 was more pronounced in PC-3
cells (Fig. 4f; 17.1%), comparing PC-3 control cells (Fig. 4c)
with PC-3 Ch-18 cells (Fig. 4d), and accompanied by a
considerable decrease of GO/G1 phases (Fig. 4f; 31.8%).
After exposure to Ch-18, there was a significant accumu-
lation of PC-3 cells in the S and G2/M phases, whereas
LNCaP cells did not show it (Fig. 4e, f).

Chalcones (ug/ml)

Fig. 2 Dose-response curves for PC-3 (a) and LNCaP cells (b) treated
with 4-maleamic acid and 4-maleamide peptidyl chalcones. After 72 h
incubation with the compounds, cells were incubated with XTT at 37°C
for 4 h and the formazan was recorded at 492 nm. Results are expressed
as means = SEM, n=3. Data were analyzed by Student’s t-test.
Significances: *p<0.05, **p<0.0l, and ***» <0.00| compared to the
same treatment at the previous concentration.

Effects of Chalcones on the Adhesion, Spreading,
Migration, and Invasion

Chalcones inhibited cell attachment and spreading at their
cytotoxic IC5g concentrations (Fig. a, b).

To examine the effect of the chalcones on the migration
properties of the tumor cells, the wound-healing scratch
assay was used (16). Control chalcone-free cultures of PC-3
cells generally displayed wound recovery within 24 h and
migration of cells to the wound (Fig. 6a). Chalcones at their
IC50 reduced the ability to close the scrape wound and
decreased the number of migrating cells (Fig. 6b, c; not
tested on LNCaP cells). The results of the cell invasion
assay revealed that chalcones at IC50 also decreased
invasion significantly (Fig. 7; not tested on PC-3 cells). This
effect was remarkable, since the inhibition was already
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Fig. 3 Time-response effects of 4-maleamic acid and 4-maleamide
peptidyl chalcones at their ICsq concentrations on PC-3 (a) and LNCaP
(b) cell growth. PC-3 cells (1 X 10°) and LNCaP cells (2.4 X 10°) were
seeded in six-well plates in RPMI containing 10% FBS and the compounds
at their ICsq. Cells were collected from culture dishes after trypsin-EDTA
treatment for 7 min at 37°C, and the number of viable cells per well was
counted after trypan blue staining with a hemocytometer at 24 h intervals
for a period of 96 h. Results are expressed as means = SEM. Data were
analyzed by Student’s t-test. Significances are as in Fig. 2.

detectable in LNCaP cells, which have a lower invasive
capacity than PC-3 cells.

Effects of Chalcones on the MMP-9 Activity

As shown in Fig. 8, the chalcone compounds decreased
MMP-9 activity in PC-3 and LNCaP cells at IC5,, whereas
we did not detect any MMP-2 activity in either cell lines, as
also previously reported by Kumar et al. (21) in the same
tumor cell lines.

Effects of Chalcones on the Neoangiogenesis
In the control CAM, a regular vascular network with a
continuously perfused capillary plexus supplying branched

vessels was shown (Fig. 9a). The chalcone compounds at
IC50 induced a degeneration of the vascular network.
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Unperfused areas and changes in branching of the small
supplying vessels were characteristic of these alterations,
suggesting the potential antiangiogenic properties of these
structures (Fig. 9b, ¢, d). In addition, the number of the newly
formed blood vessels was significantly reduced (Fig. 9e).

Effects of Chalcones on the Colony Formation

Anchorage-independent growth is considered an u vitro test,
which correlates with tumorigenesis in nude mice (22). We
examined the ability of PC-3 and LNCaP cells to grow in a
semisoft agar medium. All the controls showed significant
growth in soft agar, forming colonies on day 14 (Fig. 10). In
cells treated with the chalcones at their ICj5(, colonies were
either reduced in size or number or even completely absent
(Fig. 10, Table II).

Effects of Chalcones on the Tumor Growth of PC-3
and LNCaP Xenografts

Due to the promising results i vitro, we tested the ability of
these chalcones (4 mg/kg body weight; intraperitoneal) to
inhibit tumor growth i vivo in PC-3 and LNCaP xenografts.
Mice bearing PC-3 xenografts and treated with the
chalcones showed distinctly lower tumor volumes compared
to non-treated mice (vehicle), from the second day of therapy
until day 21 of treatment (Fig. 11a). It is remarkable that the
initial tumor volume even decreased within the first ten days
of treatment. In order to verify the effects of the chalcones on
a different m viwo tumor model, we also tested their ability to
inhibit tumor development in LNCaP xenografts. The results
showed that the compounds inhibited tumor growth from
the beginning of therapy until the fifth day of treatment, at
which point the experiment was terminated (Fig. 11b).

The applications of the chalcones were well tolerated, as
indicated by the behaviour of the animals and by the body
weight observed both in the controls and treatment groups.
In the PC-3 xenograft experiment, the mean (£SD) body
weight of the control group was 29.1 (£1.73) g vs. 27.7
(£2.57) g of all treated animals at the beginning of the
treatment in comparison with 30.3 (+1.73) g and 29.1
(£2.74) g at the end of the treatment. In the LNCaP
experiment, the corresponding data were 22.7 (£1.60) g vs.
23.1 (£1.56) g at the beginning and 22.9 (£1.95) g vs. 23.5
(£1.78) g at the end of the experiment.

DISCUSSION

As briefly mentioned in the introduction, chalcones have
been reported as possible antitumor agents, showing effects
against neuroblastoma, breast, bladder, colon, and leuke-
mia cancer cells (6,7,23-25). Their mechanisms of action
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Fig. 4 Cell cycle analysis of
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involve the tubulin assembly inhibition, antiangiogenic
effects, reactive oxygen species generation, and apoptosis
induction through the release of cytochrome ¢ and
activation of caspase-9 and the inhibition of the nuclear
factor kappa B survival system (7,8,26,27). More recent
studies have shown the effect of different chalcones on PCa,
demonstrating substantial i vitro anti-proliferative activities
in LNCaP and PC-3 human prostate cancer cell lines as
antagonists of androgen receptors (28). However, there is
no information on compounds that share this chemical
activity against prostate cancer m vivo.

In this study, we demonstrated the @ witro and i vwo
antitumor activity of new 4-maleamic acid chalcones and
4-maleamide peptidyl chalcones against human prostate
cancer. Twenty-one compounds were tested, and three of
them (compounds Ch-10, Ch-18 and Ch-20) were active
against both androgen-independent (PC-3) and androgen-
sensitive (LNCaP) human PCa cells. Special attention was

Ga2m

Sub-G1 GO0/G1 S G2im

paid to compound Ch-18, a 4-maleamide peptidyl chalcone
analog with a leucine amino acid as a substituent group,
which was the most cytotoxic compound in both tumor cell
lines (IC50 of 29.5 pg/ml for PC-3 cells and 21.4 pg/ml for
LNCaP cells). These three active compounds demonstrated
the most potent antitumor effects, and we suggest that the
nitro group, the dichloride and the bromide atoms located in
the aromatic ring of the o,pB-unsaturated ketone system (Fig. 1)
play an important role in mediating the activity as antitu-
morals. They may cause stronger chemical interaction with
the biological substrate due to their lipophilic, electronegative
and electron withdrawing inductive effects. On the other
hand, our results showed that the incorporation of an amino
acid to form the peptidyl compounds increased the activity.
This clearly indicates that lipophilic together with electrostatic
interactions are responsible for improving their effects. We
could notice that the replacement of the withdrawing groups
by the hydrophilic and electron-donating groups such as
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Fig. 5 Effect of chalcone compounds on cell adhesion. Measurements
were performed with xCELLigence Real-Time Cell Analyzer (Roche). (a)
PC3 cells were incubated with the chalcones at their ICso (Ch-10=
38.9 ug/ml, Ch-18=29.5 ug/ml, and Ch-20=56.9 ug/ml). The cells
were applied onto the fibronectin-coated sensors, and their attachment
and spreading were quantified by real-time cell electronic sensing as cell
index values (Cl). (b) The extent of attachment and spreading over the
time post-seeding was also quantified by plotting the relative cell index for
vehicle-control (medium-DMSO, 0.2%) and chalcones-treated cells
(means + SEM, n=3). Data were analyzed by Student’s t-test.
Significances: *p <0.05, **»<0.01, and ***»<0.00] compared to
vehicle (relative cell index of 1.0).

methoxy and 3,4-methylendioxy in the aromatic ring de-
creased the activity. We also demonstrated that compound
Ch-17, which has both lipophilic attachments in the aromatic
ring, including the incorporation of a terminal amino acid
moiety, did not show antitumor actions. In this context, the
biological substrate could prefer a more electronic volume to
interact, which is the case of leucine instead of valine and a
more hydrophobic amino acid like leucine instead of
phenylalanine in the case of compound Ch-16, suggesting
that some electronic and lipophilic effects would take place.
These findings confirm that the antitumor activity of the
compounds correlates to the lipophilic nature together with
the electronic parameters of the amino acid moiety, the
halogens and nitro groups of the molecules.
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Fig. 6 Effect of chalcone compounds on wound closure in a single scrape
wound model on PC-3 cells. (a) Representative contrast images of PC-3
cells were captured at the time of wounding and 24 h following the
wound to illustrate recovery from scrape wound. (b) The percentage of
wound area closed at 24 h post-treatment is plotted for cell monolayers
with the chalcones at their ICsg (Ch-10=38.9 ug/ml, Ch-18=29.5 ug/
ml, and Ch-20=56.9 ug/ml) or without. () The number of migrated
cells was also plotted after 24 hours post-treatment. Data in (b) and (c)
are means *= SEM, n=3. Data were analyzed by Student’s t-test.
Significances: *p <0.05 and **p <0.01 compared to controls.
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Fig. 7 Effect of chalcones on the invasion of LNCaP cells. Cells treated
with the chalcones (Ch-10=44. ug/ml, Ch-18=21.4 ug/ml, and Ch-20=
45.9 ug/ml) or the vehicle were seeded onto a Matrigel-coated 0.8 um
porous membrane for 18 h, and the inhibition of invasion relative to the
control vehicle treated cells was determined (means = SEM, n=3). Data
were analyzed by Student's t-test. Significances are as in Fig. 2.

The inhibitory activity of each of these three compounds
at their IC5( was evident from the first day of incubation.
After 72 h of exposure of cach of the three substances to
both cell lines, there was almost 100% inhibition of cell
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Fig. 8 Activity of MMP-9 metalloproteinase by gelatin zymography in PC-
3 (a, b) and in LNCaP cells (c) when exposed to chalcones for 24 h (Ch-
[0=38.9 ug/ml, Ch-18=29.5 ug/ml, and Ch-20=56.9 ug/ml for PC-3
cells and Ch-10=44.1 ug/ml, Ch-18=21.4 ug/ml, and Ch-20=
45.9 ug/ml for LNCaP cells). Conditioned media prepared from
subconfluent cultures were collected and processed for zones of gel
degradation activity. Only the results in PC-3 cells (b) were quantified in
relation to controls (means *= SEM, n=3). Data were analyzed by
Student’s t-test. ***p <0.001 compared to control vehicle.

growth. The inhibition was dose- and time-dependent,
partly more efficient than described by isoliquiritigenin,
another chalcone (9).

Cell cycle analyses of ICs57 Ch-18-treated cells showed
characteristic changes in PC-3 cells and similar trends in
LNCaP cells. We observed an increased proportion of the
treated cells in the G2/M and sub-G1 phases accompanied
by a decreased proportion of cells in the GO/G1 phase.
Similar data were recently shown in Jurkat cells with other
chalcones that were related to the cell cycle arrest at the
G2/M phase (29). A G2/M accumulation of cells induced by
other chalcones was described in different tumor cells
(7,9,30-32). This effect was time- and dose-dependent as
well as dependent on the chalcone used. In addition, as
shown in our example of LNCaP and PC-3 cells and in
other cells, the chalcone-induced effect of cell arrest is also
cell-dependent (29). Thus, all these results and data evidence
that at least one of the anti-cancer mechanisms of the
chalcones is their cell cycle arrest-inducing effect. However,
the exact molecular mechanism remains to be elucidated.

Metastasis 1s the main cause of morbidity and mortality in
patients with cancer. The basis of this event is explained by
consecutive processes that include the adhesion of tumor cells
to the basement membrane, local proteolysis that leads to the
migration of tumor cells through the stroma and the invasion
of cells into the capillary wall, thus entering the blood and
leading to tumor cell spread into other organs (33). During the
process of metastasts, the invasion of cancer cells is the most
important and characteristic step. An agent that inhibits the
growth and invasion of these cells would be a hopeful
candidate for suppressing cancer development. The adhesion
and migration of cancer cells are also important steps leading
to invasion. Our results indicate that the chalcones tested act
as inhibitors of cell attachment and migration.

MMPs are also involved in cell migration by removing
sites of adhesion, exposing new binding sites, cleaving cell-
cell or cell-matrix receptors, and releasing chemo-
attractants from the ECM (34). In this context, these
proteases are involved in tumor development, establishing
a microenvironment that is appropriate for metastatic
growth, and angiogenesis for sustained growth. Thus,
MMPs contribute to the carcinogenic process at multiple
stages, including invasion, migration and angiogenesis, thus
leading to metastasis, and therefore represent an important
target (11,35,36). Our results showed that a possible
mechanism by which our chalcone compounds may inhibit
tumor cell attachment, migration, and invasion is the down-
regulation of the MMPs, since the compounds blocked the
activity of MMP-9. After 24 h of treatment, the activity of
MMP-9 was reduced by more than 50% compared to the
controls. Particular attention was paid to compound CH-
20, which inhibited MMP-9 almost completely in PC-3
cells. A recent study that experimented with a hydrox-
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Fig. 9 Blood vessel degeneration and reduced neovascularization by treatment of developing chicken choricallantoic membrane (CAM) with chalcone
compounds. Representative pictures show CAMs on day |3 of development, treated with (@) vehicle, (b) Ch-10 (44.1 ug/ml), (c) Ch-18 (29.5 ug/ml) or
(d) Ch-20 (56.9 ug/ml) for 72 h (@ = artery and v = vein). In the control CAM (a), the vascular network consists of a continuously perfused capillary
plexus and supplying vessels. The vessels are arranged symmetrically and have characteristic branches (arrow). Chalcones (b, ¢, d) induced a degeneration
of the vascular network shown as unperfused areas and changes in branching of the small supplying vessels. (e) Quantification of newly formed blood
vessels in 16 CAMs (4 eggs each compound). Numbers of blood vessels were counted in four sections of each CAM. Changes are shown as percentage
in relation to control (means = SEM, n=4). Data were analyzed by Student's t-test. Significances are as in Fig. 2.
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Fig. 10 Effect of the chalcone compounds on the formation of colonies in soft agar. PC-3 (a) and LNCaP cells (b) were plated over a semi-solid layer of soft
agar, treated with the chalcones (Ch-10=38.9 ug/ml, Ch-18=29.5 ug/ml, and Ch-20=156.9 ug/ml for PC-3 cells and Ch-10=44.1 ug/ml, Ch-18=
21.4 ug/ml, and Ch-20=45.9 ug/ml for LNCaP cells), and incubated for 14 days. The results represent standard images of three different experiments.
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Table Il Inhibition of Clonogenic Growth Potential of Prostate Cancer
Cells by Chalcones

Parameter Controls Chalcones
Ch-10 Ch-18 Ch-20

Colony formation,%

PC-3 cells 100=17.6 [.22 £0.09%%* 0 0

LNCaP cells 100183 0.03 =0.02%** 0 0
Relative colony size

PC-3 cells 1 +0.30 0.01 =0.01#** 0 0

LNCaP cells [ =0.05 0.025+0.02%* 0 0

Colony growth relative to non-treated PC-3 and LNCaP cells were
quantified, and the results given are means = SEM of three independent
experiments. Significances: **p <0.01 and ***» <0.00| compared to
control vehicle

ychalcone also showed an inhibitory effect on the MMP-9
expression in the PCa cell line DU-145 (10).

Inhibitors of MMPs, such as the synthetic MMP
inhibitor batimastat, blocked vascular invasion and tubule
formation wm vitro, two of the steps that are necessary for
successful angiogenesis (37). Our results showed that our
chalcones also inhibited angiogenesis according to the chick
embryo CAM model, suggesting the potential antiangio-
genic effect of these structures, as previously shown with the
2-hydroxy-4-methoxy chalcone via the blockade of the
vascular endothelial growth factor receptor signal pathway
(26,38). The effect of the chalcones on MMP-9 could also
be responsible for this inhibition of angiogenesis (39).

Neoangiogenesis can be initiated by the release of pro-
angiogenic factors (e.g., VEGF, bFGF, and tumor necrosis
factor-or) which bind to their respective cell-surface recep-
tors on endothelial cells, leading to their activation, which
involves the induction of cell proliferation, increased
expression of cell adhesion molecules, secretion of MMPs,
and increased migration and invasion (40,41). It is possible
that our chalcones also inhibited the production of these
pro-angiogenic factors, especially VEGF, leading to the
effects that are reported in this study. Further studies should
be performed to test this hypothesis, along with other
mechanisms of action, since another chalcone compound
(2'-hydroxy-4'-methoxychalcone) was reported to be an
antiangiogenic compound due to its anti-proliferative
activity following inhibition of the induction of COX-2
enzyme i vitro and m viwo (26).

Tumor cells are able to grow in soft agar, which
distinguishes them from normal non-tumorigenic cells
(22). This feature of phenotypic transformation has been
correlated with the i vivo development of murine tumor
cells and metastasis, since low-metastatic-potential cells did
not form visible colonies in Noble agar medium, indicating
the ability of these cells to avoid growth-dependent
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Fig. 11 Invivo antitumor activity of the chalcones in PC-3 and LNCaP

xenografts. Seven and 25 days after the injection of PC-3 (a) and LNCaP
(b) cells, respectively, the animals were treated every day (4 mg/kg body
weight, intraperitoneal injection). The results are expressed as the
mean = SEM of 10 animals in each group of the PC-3 experiment and
seven in each group of the LNCaP experiment given as percentage of the
initial tumor volume. Data were analyzed by Student’s t-test. Significant
differences of at least *»<0.05 and **» <0.01 between controls and
treated animals except for Ch-20 treated animals at day 4 (p =0.077) and
day 5 (p=0.082).

regulatory mechanisms (42). Our results showed that PC-3
or LNCaP cells developed into relatively large colonies,
whereas those cultured with the chalcone compounds at
their IC5( resulted in fewer and smaller-sized colonies for
Ch-10 or the complete abolishment of colonies (Ch-18
and Ch-20), indicating the loss of the transformed
phenotype.

These compounds were also tested in tumor murine
models, since there have not been i viwo studies regarding
the effects of chalcones in prostate cancer until now. Mice
with PC-3 xenograft implants treated with the chalcones
showed significant decreases in their tumor volumes
compared to vehicle-treated mice from the second day of
therapy until day 21 of treatment, indicating substantial
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activity m vwo. The chalcones were also evaluated in a
tumor murine model with different growth kinetics. Thus,
treatments were administered to mice bearing LNCaP
xenografts, which contained larger tumors. Treated mice
showed a reduction in tumor growth compared with controls
from the very first day until the fifth day of therapy, suggesting
that the chalcones could also be an option against a more
progressive cancer. Moreover, no toxic effects in animals were
observed at the dose tested during the entire assays. It is
important to note that the use of only 4 mg/kg gave promising
results; the effect could probably be improved by increasing
the dose. However, the strict regulations for animal experi-
ments did not allow a dose-finding trial in animals in these
preliminary experiments.

Overall, our results demonstrated that the wm wvitro
antitumor activity of the derivatives is mirrored by their
properties i vivo, and several mechanisms of the anti-cancer
effect have to be considered. We noted the potential
anticancer actions of these new chalcones either in their
acid form or with a peptide substituent. However, the
presence of a 2-NOj substitution in the phenyl group of the
acid chalcones and a halogen atom in the phenyl group of
the peptidyl chalcones seems to improve activity, along with
the incorporation of a leucine. Our data show that several
mechanisms of the anti-cancer effect of chalcones have to
be considered. Since the chalcones affect the different basic
processes, such as adhesion, proliferation, migration,
invasion, and clonogenic activity of prostate cancer cells,
as well as the anglogenesis, a multitarget action can be
assumed. Drugs that simultaneously attack different mole-
cules offer advantages in comparison to drugs selective for a
single target (43). These promising i vitro results and the
inhibition of tumor development i vivo could constitute the
basis for future research to explain the exact molecular
mechanism for using these chalcones as potential anti-
prostate cancer agents.
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