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Abstract In the present investigation a novel series of

chalcone analogues were synthesized and evaluated for

their anti-proliferative activity in human umbilical vein

endothelial cells (HUVECs). Among 14 tested compounds,

chalcone analogue (E)-3-(20-methoxybenzylidene)-4-chro-

manone (KRP6) exhibited the most potent activity with

IC50 19 lM. Moreover, HUVECs exhibited divergent,

even opposing concentration-dependent responses to

KRP6. This compound was the most potent inhibitor of cell

proliferation and extracellular matrix formation (fibronec-

tin and type IV collagen) at higher concentrations

(20–50 lM). In contrast, KRP6 stimulated the compensa-

tory increase in proliferative activity including extracellu-

lar matrix formation at low concentrations (1, 10 lM).

KRP6 concentration-dependently modulated phosphoryla-

tion of Akt and mitogen-activated protein kinases such as

extracellular signal-regulated kinase-1/-2 and p38 kinase,

suggesting that these pathways play a role in the effect

mediated by this compound. In addition, we found a

selective effect on activated endothelial cells, in particular

with resting endothelial cells. In conclusion, KRP6 is a

potent modulator of selected steps of the angiogenic pro-

cess in vitro. Accordingly, further in vivo research should

be performed to facilitate its use in clinical practice.
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Introduction

During the past decades anti-tumor chemotherapy has not

significantly reduced the mortality of several cancer-suf-

fering patients, thus the search for new anti-cancer drugs

has also been partially refocused on natural compounds. It

has been found that they can prevent cancer development

by many mechanisms, such as anti-oxidant [1], anti-

inflammatory [2], anti-proliferative, and anti-cancer [3]

activities. These bioactive compounds are generally safe

and efficacious, given that they have been consumed by

humans for centuries. However, understanding their

mechanisms of action as therapeutic modalities is the major

challenge for current medicine [4, 5].

Chalcones are naturally occurring compounds acting

as intermediates in the biosynthesis of flavonoids, which

are of high interest due to their wide range of biological

activities [6]. Chalcones are also well known due to their

pharmacological activity as anti-cancer and anti-prolif-

erative agents [7, 8]. Published data suggest that the anti-

proliferative activity of chalcone derivatives against

various human carcinoma cell lines is tightly linked with

cell cycle arrest and initiation of the cellular apopto-

tic machinery [9–12]. Although their mechanism of

action seems to be rather non-specific, chalcones are able

to selectively target distinct regulatory proteins that

modulate many other downstream signaling pathways

[13, 14].

Many lines of scientific evidence indicate the promi-

nent role of plant polyphenols, including members of the

chalcone family, in the fight against pathological angio-

genesis [15, 16]. The angiogenic cascade is a complex

process involving endothelial cell adhesion, proliferation,

survival, migration, tube formation, and protease secre-

tion. Several studies have reported that synthetic or semi-

synthetic chalcone analogues exhibit anti-angiogenic

activities in vitro and in vivo [17, 18]. These compounds

inhibited the growth of human vascular endothelial cells,

preferentially through multiple signaling pathways

including the phosphatidylinositol 3-kinase (PI3K)/Akt

pathway, extracellular signal-regulated kinase (ERK)-

1/-2, nuclear factor-jB pathway, as well as through

inhibition of receptor tyrosine kinases and many other

mechanisms [19–21].

Encouraged by these previous findings and our on-going

interest in developing more effective anti-cancer thera-

peutics using several different approaches, we synthesized

a series of new cyclic chalcone analogues that underwent

preliminary in vitro testing in our laboratory. Among the

tested compounds the compound (E)-3-(20-methoxyben-

zylidene)-4-chromanone (KRP6) presented itself as the

most potent modulator of cell proliferation and has there-

fore now become the main focus of our interest.

Materials and methods

Reagents

Medium 199 (M199) supplemented with 20 mM HEPES

(M199), and newborn calf serum (heat-inactivated prior use)

were obtained from Cambrex (Verviers, Belgium). L-gluta-

mine, sodium dodecyl sulfate (SDS), and dimethyl sulfoxide

(DMSO) were purchased from Sigma-Aldrich (St. Louis,

MO, USA). Human serum (heat-inactivated prior use) was

obtained from PAA (Pasching, Austria). Vascular endothe-

lial growth factor (VEGF)-A was purchased from Biosource

(Camarillo, CA, USA). The tested cyclic chalcone analogues

(synthesized in our laboratory): (E)-3-benzylidene-4-chro-

manone (KRP1), (E)-3-(40-methoxybenzylidene)-4-chro-

manone (KRP2), (E)-3-(40-methylbenzylidene)-4-chroma-

none (KRP3), (E)-3-(30-methylbenzylidene)-4-chromanone

(KRP4), (E)-3-(30-methoxybenzylidene)-4-chromanone

(KRP5), KRP6, (E)-3-(40-bromobenzylidene)-4-chroma-

none (KRP7), (E)-3-(20-bromobenzylidene)-4-chromanone

(KRP8), (E)-3-benzylidene-4-thiochromanone (KRP9),

(E)-3-(40-fluorobenzylidene)-4-chromanone (KRP10), (E)-

3-(40-methoxybenzylidene)-4-thiochromanone (KRP11),

(E)-3-(40-chlorobenzylidene)-4-chromanone (KRP12), (E)-

3-(40-chlorobenzylidene)-4-thiochromanone (KRP13), (E)-

3-(40-fluorobenzylidene)-4-thiochromanone (KRP14) were

dissolved in DMSO. The final concentration of DMSO in the

culture medium was \0.2 % and exhibited no cytotoxic

effect. Fetal bovine serum and antibiotics penicillin and

streptomycin were purchased from Invitrogen (Carlsbad,

CA, USA). Other materials used in the methods described

below are specified in detail in related references or in the

text or were purchased from standard commercial sources.

Cell culture

Human umbilical vein endothelial cells (HUVECs) were

isolated, cultured, and characterized as previously described

[22, 23]. Cells were cultured on gelatin-coated dishes in

cM199 (= M199 medium supplemented with 10 % heat-

inactivated human serum, 10 % heat-inactivated new born

calf serum, 150 lg/ml crude endothelial cell growth factor

(ECGF), 5 U/ml heparin, 100 IU/ml penicillin, and 100 lg/ml

streptomycin) at 37 �C under 5 % CO2/95 % air atmosphere.

Twenty-four hours prior to the experiments the endothelial

cell cultures were refreshed with a medium without crude

ECGF and heparin. Cell viability, estimated by trypan blue

exclusion, was[95 % before each experiment.

Methyl-thiazole-tetrazolium (MTT) assay

The anti-proliferative effect of the tested compounds was

studied using colorimetric microculture assay with the
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MTT end-point [24]. Briefly, aliquots of 80 ll cell sus-

pension (4,000 cells/well) were added to 96-well micro-

culture plates. Twenty-four hours after seeding, 20 ll

aliquots of drug solutions (1, 3, 10, 30, 100 lM) were

added to HUVECs in triplicate wells. After 48 h of cul-

turing, 10 ll of the MTT solution was added to each well,

incubated for another 4 h. Then the formazan crystals were

dissolved with 100 ll of 10 % SDS. The optical density

was measured at 540 nm with an EL-312 microplate reader

(Biotek Instruments Inc., Winooski, VT, USA), and cell

survival was calculated.

Assessment of monolayer integrity and cell viability

Endothelial cells were seeded and grown to confluence in

6-well plates and then treated with serial dilutions of KRP6

(1-100 lM) in cM199 medium. The number of cells was

counted in 3 independent visualization fields recorded by a

digital camera at time points 24, 48 and 72 h (Leica Mi-

crosystems, Wetzlar, Germany). In parallel, cell viability at

24 h was determined by Trypan blue exclusion test.

5-Bromo-20-deoxyuridine (BrdU) cell proliferation

assay

Cell proliferation activity was directly monitored by

quantification of BrdU incorporated into the genomic DNA

during cell growth. DNA synthesis was assessed using

colorimetric cell proliferation ELISA assay (Roche Diag-

nostics GmbH, Mannheim, Germany) following the ven-

dor’s protocol. Briefly, 4000 cells/well in 80 ll medium

were plated in a 96-well tissue culture grade flat bottom

plate. The next day, cells were treated with or without the

studied compound KRP6 (1–100 lM) in the presence of

25 ng/ml of recombinant VEGF for 48 h. After 24 h of

treatment, cells were incubated with BrdU labeling solution

(10 lM final concentration) for another 24 h at 37 �C

followed by fixation and incubation with anti-BrdU per-

oxidase conjugate for an additional 1.5 h at room temper-

ature. Finally, after substrate reaction, color intensity was

measured with multi-well microplate ELISA reader at

450 nm (reference wavelength: 690 nm).

Immunocytochemistry of HUVECs

HUVECs were seeded on cover glasses (22 9 22 mm)

coated with gelatin at a density of 10,000 cells/cm2 in

6-well plates and cultured for 24 h. Tested chalcone with or

without VEGF (25 ng/ml) was then added to the medium at

final concentrations of 1–100 lM. VEGF was added to

another well as a positive control. Cells were cultured for

another 48 h. After draining, cells were washed with

phosphate buffered saline (PBS) and fixed in 2 %

paraformaldehyde (pH = 7.2). Consecutively, the cell

membrane was permeabilized with 0.02 % Triton-X solu-

tion in PBS (not in the case of CD31). Non-specific binding

of the secondary antibody was blocked by pre-incubation

with normal Swine Serum (DAKO, Glostrup, Denmark)

diluted in PBS (1:30) for 30 min.

To visualize endothelial cells either monoclonal mouse

anti-human vimentin or polyclonal rabbit anti-human

CD31 primary antibodies were used. To visualize prolif-

erating cells monoclonal mouse anti-human vimentin, Ki67

primary antibody (1:50) (DAKO, Glostrup, Denmark) was

used. To demonstrate extracellular matrix production by

endothelial cells polyclonal rabbit anti-human fibronectin

(1:1,000) (DAKO, Glostrup, Denmark) and monoclonal

mouse anti-human collagen-IV (1:50) (DAKO, Glostrup,

Denmark) antibodies were employed.

To visualize stained structures either goat anti-mouse

immunoglobulin labeled by TRITC (diluted 1:30) (Sigma-

Aldrich, St. Louis, MO, USA) or swine anti-rabbit immu-

noglobulin labeled by FITC (1:30) (Sigma-Aldrich, St.

Louis, MO, USA) were used as the second step antibodies.

Control of specificity was performed by replacing the first-

step antibody with a monoclonal antibody of the same

isotype directed against antigens not occurring in the cells.

The nuclei of cells were counterstained by SlowFade�

Gold Antifade Reagent with DAPI (Invitrogen, Carlsbad,

CA, USA), specifically recognizing DNA.

Coverslips containing cultured cells were analyzed by

fluorescence microscopy using a Nikon Eclipse 90i

apparatus (Nikon, Tokyo, Japan) equipped with filter-

blocks specific for FITC, TRITC and DAPI, respectively, a

high-resolution CCD camera Cool-1300Q (Vosskühler,

Osnabrück, Germany) and a LUCIA 5.1 computer-assisted

image analysis system (Laboratory Imaging, Prague, Czech

Republic). Fluorescence intensity was measured under

standardized conditions [25] using the software given

above.

By evaluating Ki67 expression all cells were counted in

three visualization fields of one coverslip followed by

counting the Ki67 positive cells. The proliferation activity

was then expressed as the percentage of Ki67 positive cells

to the total number of cells.

Western blot analysis

Cell lysates were prepared as follows: equal numbers of

HUVECs cultured on gelatin-coated wells were washed

with ice-cold PBS and lysed using a lysis buffer contain-

ing: 0.02 M Tris/HCl (pH = 8), 0.15 M NaCl, 0.09 M

KCl, 2 mM EDTA/NaOH, 5 % Igepal (Sigma-Aldrich, St.

Louis, MO, USA), 0.5 % Triton-X-100, 1 mM Na3VO4,

0.05 M NaF, protease inhibitor cocktail (Sigma-Aldrich,

St. Louis, MO, USA) and phosphatase inhibitor cocktail.

Mol Biol Rep (2013) 40:4571–4580 4573
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Lysates were clarified by centrifugation at 14,000 rpm for

15 min at 4 �C. Protein concentration was measured using

Bio-Rad Dc Protein Assay (Bio-Rad, Hercules, CA, USA).

Equal amounts (20 lg) of protein samples were separated

on 12 % SDS-polyacrylamide gel and electrophoretically

transferred (100 V, 2 h) onto nitrocellulose membrane

(Pall Gelman Laboratory, Ann Arbor, MI, USA). After-

wards the membrane was blocked for 1 h using 5 % non-

fat dry milk. The following primary antibodies were used:

anti-phospho-ERK1/2 (Cell Signaling Technology, Bev-

erly, MA, USA, 1:2000), anti-phospho-Akt (Cell Signaling

Technology, Beverly, MA, USA, 1:2000) and anti-phos-

pho-p38 (Cell Signaling Technology, Beverly, MA USA,

1:1000). The membranes were incubated with the indicated

antibodies in 1 % non-fat milk at 4 �C for 18 h. After

quadruple washing with 0.2 % PBS-Tween 20, goat-anti-

rabbit-HRP (Santa-Cruz Biotechnology, Santa Cruz, CA,

USA, sc-2004, 1:2000) or goat-anti-mouse-HRP (Dako,

Carpinteria, CA, USA; p0447, 1:2000) antibodies were

added and membranes were incubated for 2 h at room

temperature. Each membrane was washed in 0.2 % PBS-

Tween 20 and protein was visualized by enhanced

chemiluminescence (Pierce, Rockford, IL, USA) according

to the manufacturer’s instructions on X-ray film (Pierce,

Rockford, IL, USA). Signal intensity of p-ERK, p-Akt and

p-p38 was determined densitometrically (software Quantity

One, Bio-Rad) and expressed relative to total ERK, Akt or

p38.

Two-dimensional migration (wound healing) assay

The motility of HUVECs was assayed using a wound

healing assay [26]. Briefly, endothelial cells were cultured

on a 24-well plate in the cM199 medium until confluent. A

2 mm pipette tip was used to wound the monolayer of

cells. Afterwards, the medium was replaced with fresh

ECGF and heparin-free medium containing the studied

compound at different concentrations in the presence of

25 ng/ml of recombinant VEGF. The wounded area was

photographed at the start (t = 0 h) and at a specific time

point t = 17 h. The migration distance (gap size) was

determined using image analysis software. The experi-

ments were performed in duplicate wells and repeated three

times with cells from different donors.

In vitro matrigel angiogenesis assay

The effect of KRP6 on the ability of HUVECs to reorga-

nize and differentiate into capillary-like networks was

assessed in the in vitro Matrigel morphogenesis assay as

described previously [27]. Matrigel (9.8 mg/ml) was

thawed at 4 �C, and 50 ll was quickly added to wells of a

96-well plate and allowed to solidify for 30 min at 37 �C.

HUVECs were seeded at a cell density of 15,000 cells/well.

A medium supplemented with VEGF (25 ng/ml) and dif-

ferent concentrations of studied compound (1–100 lM)

was added for 8 h. The formation of tube-like structures

was examined microscopically and photographs were taken

using a camera (Leica Microsystems, Wetzlar, Germany)

and Leica DM IL microscope (Leica Microsystems,

Wetzlar, Germany).

Statistical analysis

Results are expressed as mean ± SEM (standard error

mean). Statistical analyses of the data were performed

using standard procedures, with one-way ANOVA fol-

lowed by the Bonferroni multiple comparisons test. Dif-

ferences were considered significant when P values were

smaller than 0.05.

Results

Effect of newly-synthesized chalcone analogues

on HUVECs

A series of newly-synthesized cyclic chalcone analogues

was screened for potential anti-proliferative activity using

the MTT assay. Among the tested compounds, compound

KRP6 (see Fig. 1) exhibited the most significant modulatory

effects on the growth of HUVECs. KRP6 reduced the pro-

liferation capacity of HUVECs with an IC50 value of 19 lM.

Other tested cyclic chalcone analogues displayed a very

limited effect or no effect on cell proliferation at all (Fig. 2a).

The lack of cytotoxic activity of KRP6 in the range of

concentrations (10–50 lM) was confirmed when the

compound was added to confluent HUVECs (Fig. 2c, d)

cultured in gelatin-coated wells. In this experiment, no

significant decrease in cell number or increase in cell death,

as assessed by trypan blue exclusion staining (data not

shown), was observed when cells were incubated in the

presence of KRP6 up to 72 h. However, higher concen-

trations of the compound were cytotoxic.

KRP6 as a modulator of cell proliferation

To confirm the potential anti-proliferative effect of this

compound, the BrdU proliferation assay was used and the

proportion of cells expressing Ki67 was established.

To quantify the inhibition of cellular proliferation we

used the BrdU to monitor cellular proliferation at the

DNA level in HUVECs at concentrations 1–100 lM. As

shown in Fig. 2b, the tested compound showed different

effects on DNA synthesis in HUVECs at the concentra-

tion used. Unlike in the VEGF control, dose-dependent
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inhibition of proliferation capacity of HUVECs was

observed. At the concentrations of 20, 30, 40 and 50 lM

of KRP6, a significant decrease in BrdU incorporation

absorbance (A450nm–A690nm) in cells was found from

0.161 to 0.126 (approximately a 22 % decrease compared

with the control, P \ 0.001), 0.161 to 0.116 (approxi-

mately a 28 % decrease compared with the control,

P \ 0.001), 0.161 to 0.082 (approximately a 49 %

decrease compared with the control, P \ 0.001) and from

0.161 to 0.065 (approximately a 60 % decrease compared

with the control, P \ 0.001), respectively. The inhibitory

effect of BrdU on proliferation was not observed at the

concentrations 1 and 10 lM. Conversely, KRP6 treatment

of HUVECs resulted in 121 % (P \ 0.001) and 104 %

stimulation in BrdU incorporation at these particular

concentrations. Cell death was observed at the higher

tested concentrations (60–100 lM). These findings sug-

gest that KRP6 leads to reduced cellular expansion at

concentrations of 20–50 lM.

In the next step, the human Ki67 nuclear antigen (pKi67)

was used to confirm the potential anti-proliferative effect of

KRP6. The expression of human Ki67 protein is strictly

associated with cell proliferation. HUVECs were incubated

with KRP6 at different concentrations. The anti-proliferative

action of tested chalcone was confirmed by decreasing the

percentage of Ki67 positive human endothelial cells. KRP6

added to cell culture at 30 and 50 lM statistically signifi-

cantly reduced the percentage of proliferating cells as com-

pared to the control (Fig. 3a). At higher concentrations (60,

70 lM) Ki67-expressing cells were not observed, since these

concentrations were already cytotoxic to HUVECs (data not

shown). Interestingly, when 80 and 90 lM concentrations

were used, Ki67 was rarely expressed in cells with pyknotic

nuclei, which may be related either to the DNA repair or to

the effort of cells to undergo mitosis as a last resort. Sur-

prisingly, the tested compound significantly stimulated the

growth of human endothelial cells at the lowest tested con-

centration (1, 10 lM).

Effect of KRP6 on extracellular matrix production

by HUVECs

Cells isolated from umbilical veins were positive for both

vimentin, which confirms the mesenchymal origin of cells,

and CD31, which is a commonly-accepted marker of

endothelium. Our study demonstrates that HUVECs seeded

on a gelatin surface and cultured in a VEGF-free medium

Name of compound Structure Substituent R1; R2; R3 Abbreviation

(E)-3-benzylidene-4-chromanone A KRP1

(E)-3-(4 -methoxybenzylidene)-4-chromanone A R1 = OCH3 KRP2

(E)-3-(4 -methylbenzylidene)-4-chromanone A R1 = CH3 KRP3

(E)-3-(3 -methylbenzylidene)-4-chromanone A R2 = CH3 KRP4

(E)-3-(3 -methoxybenzylidene)-4-chromanone A R2 = OCH3 KRP5

(E)-3-(2 -methoxybenzylidene)-4-chromanone A R3 = OCH3 KRP6

(E)-3-(4 -bromobenzylidene)-4-chromanone A R1 = Br KRP7

(E)-3-(2 -bromobenzylidene)-4-chromanone A R3 = Br KRP8

(E)-3-benzylidene-4-thiochromanone B KRP9

(E)-3-(4 -fluorobenzylidene)-4-chromanone A R2 = F KRP10

(E)-3-(4 -methoxybenzylidene)-4-thiochromanone B R1 = OCH3 KRP11

(E)-3-(4 -chlorobenzylidene)-4-chromanone A R1 = Cl KRP12

(E)-3-(4 -chlorobenzylidene)-4-thiochromanone B R1 = Cl KRP13

(E)-3-(4 -fluorobenzylidene)-4-thiochromanone B R1 = F KRP14

S

O H

R1

R2

R3

O

O H

R1

R2

R3

A

B

Fig. 1 Chemical structures of newly-synthesized cyclic chalcone analogues used in this study
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are able to produce a fine-structured extracellular matrix

containing fibronectin and no type IV collagen. In contrast,

cells in VEGF-stimulated culture synthesized rather rough

bundles of fibronectin in a lower amount with poor

expression of type IV collagen. Interestingly, the lowest

tested concentration of KRP6 induced the most prominent

fibronectin network formation, but the type IV collagen

expression remained weak. Both fibronectin and collagen

production decreased with the increasing concentration of

the tested compound. The non-toxic concentration of

Fig. 2 Effect of KRP6 on HUVECs. a Inhibitory effect of chalcones

analogues on proliferation of HUVECs. IC50 was the concentration

causing 50 % growth inhibition for HUVECs. The results represent

the mean values of three independent experiments. b Proliferation

assay using quantitative ELISA analysis of BrdU incorporation into

HUVECs during exposure to KRP6 (1–50 lM) in the presence of

25 ng/ml of recombinant VEGF for 48 h. Data are presented as

mean ± SEM (***P \ 0.001). c, d Influence of KRP6 on the

monolayer of endothelial cells. HUVECs were cultured in cM199

medium in the presence or absence of various concentrations (10, 20,

30, 40 and 50 lM) of KRP6 for 72 h. At 24, 48 h and after 72 h

pictures were taken and the cells were counted. Values are

mean ± the standard error of the mean (SEM) from 3 cultures in

two independent experiments. The pictures shown are representative

of two independent experiments

4576 Mol Biol Rep (2013) 40:4571–4580
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50 lM provided complete inhibition of both fibronectin

and type IV collagen production (Fig. 3b, c).

Effect of KRP6 on endothelial intracellular signaling

The question whether signaling pathways (important in

stimulation of cell proliferation, differentiation, survival,

and growth) are involved in chalcone-mediated cell

growth inhibition in HUVECs was also investigated. We

attempted to elucidate the anti-proliferative activity and

machinery targets of KRP6 in the VEGF-induced sig-

naling pathways. These results provide evidence that

KRP6 dose dependently inhibited the VEGF-induced

activation of ERK, p38 MAPK and Akt in HUVECs.

Western blot analysis showed that the levels of p-ERK

(20–50 lM), p-Akt (20–50 lM) and p-p38 (30–50 lM)

were reduced in KRP6 treated cells compared to control

cells, although the total level remained the same. These

results indicate that KRP6 could inhibit the activation of

these pathways. Conversely, lower concentrations of this

chalcone (1, 10 lM) promoted the phosphorylation of

ERK and p38 MAPK, but not Akt kinase (Fig. 4). The

results presented here corroborate our previous results

discussed above.

Effect of KRP6 on migration and tube formation

of endothelial cells

Sprouting angiogenesis includes successive phases of

microvessel formation, neovessel growth, and neovessel

stabilization [28]. These steps require the migration of

endothelial cells from the parent vessel toward angiogenic

Fig. 3 Immunocytochemistry of HUVECs. a The anti-proliferative

action of KRP6 was confirmed by decreasing the percentage of Ki67

positive HUVECs. The pictures shown are representative of three

independent experiments. The results show the mean ± SEM of three

independent experiments, each performed in triplicate (***P \0.001).

Immunofluorescence staining of HUVECs shows the expression of

extracellular matrix proteins such as collagen IV (red) b and fibronectin

(green) c in the presence or absence of KRP6 at indicated concentrations.

Cell nuclei are stained with DAPI staining (blue). (Color figure online)
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growth factors, proliferation of endothelial cells behind

the migration front, and the organization of endothelial

cells into capillary-like structures. Since we observed the

potent capacity of KRP6 to inhibit proliferation of

endothelial cells, it prompted us to evaluate the potential

effect of this chalcone to inhibit other steps in the

angiogenic process. First, the ability of the examined

compound to inhibit endothelial cell migration observed

by the overgrowth of a cellular line in the wounded areas

of the confluent monolayer was studied. However, KRP6

did not influence the migration of endothelial cells in the

range of concentrations (1–50 lM, data not shown). The

studied compound displayed cytotoxic effect on endo-

thelial cells at higher concentrations. Similarly, KRP6

treatment did not prevent the ability of HUVECs to form

cord-like structures when seeded on matrigel (data not

shown). These results indicate the specificity of the effect

of KRP6 on cell proliferation.

Discussion

In the present study, we show for the first time that HU-

VECs exhibit divergent, even opposing—concentration

dependent—responses to newly-synthesized chalcone

analogue KRP6. Intriguingly, cells exposed to low con-

centrations of KRP6 showed markedly stimulated cell

proliferation, while higher concentrations significantly

reversed the proliferation activity. Similarly, our results

also suggest that KRP6 initiated modulation of DNA syn-

thesis in HUVECs in a concentration-dependent manner.

Monitored Ki67 expression confirmed that KRP6 is a

potent inhibitor of cell proliferation at concentrations of

20–50 lM (poor/no Ki67 expression) and a strong stimu-

lator at concentrations of 1 and 10 lM (marked Ki67

expression). The important observation was that the effi-

cient inhibitory concentrations of KRP6 (20–50 lM) had

no cytotoxic effects on endothelial monolayers, since

prolonged incubation of HUVECs with these concentra-

tions did not change the morphology of the cells and did

not induce cell death. Accordingly, based on the findings

presented here it may be concluded that this compound is a

potent modulator of cell proliferation.

Fig. 4 Western blot analysis after KRP6 treatment. HUVECs were

pre-treated with the indicated concentrations of KRP6 for 1 h and

then stimulated with 25 ng/ml of VEGF for 30 min before collection.

Phosphorylated and total ERK1/2 (a), p38 (b) or Akt (c) were

detected by specific antibodies. The pictures shown are representative

of three independent experiments. Western blots were quantified by

densitometry and the ratio of phosphorylated ERK, phosphorylated

p38 or phosphorylated Akt to their total counterpart was expressed as

mean ± SD of three experiments (***P \ 0.001 vs VEGF alone)

b
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The anti-proliferative activity could be explained by

interference with VEGF-induced signal transduction cas-

cades. Significantly, the MAPKs family including ERK and

p38 MAPK and PI3K/Akt are thought to play an important

role in cell proliferation [29]. Previous studies have shown

that several chalcones could inhibit the phosphorylation of

signaling molecules in cancer cell lines and in HUVECs

[19, 30]. In the case of KRP6, tested chalcone was capable

of suppressing VEGF-induced phosphorylation of ERK,

Akt and p38 at non-toxic concentrations. In contrast, KRP6

stimulated phosphorylation of ERK and p38 at low con-

centrations, whereas no effect was observed on the phos-

phorylation of Akt. Maximum levels of ERK and p38

activation were observed as a result of treatment with 1 and

10 lM of KRP6. These results are apparently consistent

with our experiments mentioned above and confirmed the

pleiotropic effect of KRP6. Only a limited number of

studies have been published that demonstrate similar

pleiotropic effects of natural compounds or their chemical

analogues. In breast cancer cells, apigenin was reported to

possess a biphasic effect on cell proliferation. At lower

concentrations, apigenin stimulated MCF-7 cell growth.

However, at high concentrations, the drug inhibited cell

growth [31]. Also quercetin exhibited a biphasic effect on

cancer cells, stimulation at 1 and 10 lM, and inhibition at

100 lM of cell growth [32]. Furthermore, Baron-Menguy

et al. [33] reported similar dual effect of red wine poly-

phenols. Recently, Choi and Kim [34] found that the iso-

flavones daidzein and genistein exhibited biphasic effects

(stimulatory or inhibitory) on proliferation in breast cancer

cells. Both flavonoids significantly stimulated cell growth

at low concentrations and inhibited cell proliferation at

high concentrations.

Although the concentration-dependent pleiotropic effect is

not a typical feature of chalcones, KRP6 is the first published

compound from this group with this effect in HUVECs. On the

base of our results, dose-dependent effect on proliferation may

be mediated in part by modulation of activities of protein

kinases p38 and ERK. However, the precise explanation of

why KRP6 exerts both proliferative and anti-proliferative

effects at different concentrations remains unclear.

The majority of chalcones are highly multifunctional and

have been investigated not only for their anti-proliferative

effects [6, 35, 36], but also for their potential to inhibit tumor

angiogenesis [15, 17, 37], which is an important consider-

ation because the growth and metastatic behavior of tumors

also depends on the formation of new blood vessels from

pre-existing ones. The compound KRP6 did not affect the

subsequent steps of angiogenesis such as migration and for-

mation of tubular structures, stimulated by VEGF. However,

KRP6 at non-toxic concentrations of 40–50 lM reduced

fibronectin and collagen IV (basement membrane compo-

nent) production in vitro. This observation indicates some

specificity of this chalcone in the initial stage of the angio-

genic cascade.

In conclusion, we have demonstrated that chalcone may

be a promising modulator of cellular proliferation in HU-

VECs. A unique dual effect of KRP6 offers therapeutic

perspectives for the treatment of angiogenesis-related dis-

eases such as cancer, rheumatic disorders, myocardial

infarction. However, it is necessary to perform many other

studies both in vitro and in vivo to determine its true

potential for the development of medicine.
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