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Abstract

Angiogenesis is a multi-stage process of new vessel development which involves migration, prolif-
eration and differentiation of endothelial cells. Pathological angiogenesis plays a crucial role in the
pathomechanism of various ischemic, malignant and inflammatory disorders. Among eye diseases,
macular degeneration (AMD) and proliferative diabetic retinopathy are a major public health issue as
the most common causes of blindness. Since angiogenesis plays a crucial role in these conditions, there
has been an increased interest in evaluating anti-angiogenic agents in their treatment. The polyphe-
nol resveratrol found in the skin of red grapes, red wine, peanuts and other natural sources, controls
proliferation of the cells, induces differentiation and induces apoptosis in various malignant cell lines.
Modulation of angiogenesis by this compound has been considered as a very exciting topic and subject
of further investigations.

The aim of our study was in vitro assessment of resveratrol’s influence on proliferation, migration
and invasion of an immortalized murine endothelial cell line from peripheral lymph node HEC clone
al0. Resveratrol was shown to inhibit the proliferation of the endothelial cells in MTT (at 1, 10 and
50 uM) and AlamarBlue (at 50 uM) assays, and at a concentration of 50 uM significantly inhibited
migration of endothelial cells. A concentration-dependent decrease in invasion potential of endothelial
cells incubated with resveratrol 10 uM and 50 uM was detected.

These promising in vitro results might encourage investigators to test efficacy and safety of resver-
atrol more extensively in the clinical practice, as a natural and safe anti-angiogenic agent.
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Introduction

Angiogenesis is a multi-stage process of new vessel
development which involves migration, proliferation and
differentiation of endothelial cells. These actions lead to
the formation of solid endothelial cell sprouts, followed
by the development of vascular loops and finally capillary
tubes with interendothelial tight junctions [1]. Migration
and proliferation also underlie a non-sprouting (intussus-
ceptive) microvascular growth [2]. The entire process of
angiogenesis is highly regulated by diverse pro-angio-
genic and anti-angiogenic proteins and growth factors. In

contrast to embryogenesis, postnatal angiogenesis is as-
sociated with abnormalities in a vascular structure and/or
functions [3]. The unbalanced pro-angiogenic course is an
essential key element in the pathomechanism of a vicious
cycle development in various ischemic, malignant and in-
flammatory disorders [4]. Since angiogenesis plays a cru-
cial role in these conditions, there has been an increased
interest in evaluating anti-angiogenic agents in their treat-
ment [5]. Numerous data revealed a beneficial effect of
such approach [6-8]. Recently available monoclonal hu-
manized anti-VEGF antibodies such as ranibizumab and
bevacizumab or aflibercept (VEGF-Trap), a fusion protein
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with high VEGF affinity, have brought effects especially
in tumor development and in ocular neovascularization [9].

Public health data indicate that the global burden of
malignancies in the population, measured by incidence,
mortality, as well as social and economic costs, is sub-
stantial. Based only on US data, the number of new cases
of all cancer sites was 463.0 per 100,000 men and women
per year [10].

Taking into account eye diseases, well recognized
age-related macular degeneration (AMD) is a major public
health issue. It is considered as the most common cause of
legal blindness in the developed world and it will become
more prevalent with an expected increase in the population
aged over 65 years of age. Overall, the 3-year incidence of
exudative AMD in the US is estimated to be between 9.4
and 11.4 per 1000 Americans aged 65 and older (based
only on those diagnosed and treated by ophthalmologists
for the condition) [11].

An estimated 700,000 Americans have proliferative di-
abetic retinopathy, actually an advanced stage of this dis-
ease, with an annual incidence of 65,000. Approximately
500,000 persons have clinically significant macular edema,
with an annual incidence of 75,000 [12].

Indeed there is a growing demand to develop new ther-
apeutic compounds to treat various diseases or at least to
modify their typical course.

The polyphenolic phytoalexin, resveratrol (3,5,4’-tri-
hydroxystilbene) (RSV), found in the skin of red grapes,
red wine, peanuts or Polygonum cuspidate roots, known
for its pleiotropic mode of action [13, 14], has received
wide attention due to its possible role in the prevention
of human pathologic processes, including cancer, diabetic
retinopathy, or cardiovascular diseases [14, 15].

Results of numerous basic researches suggest that res-
veratrol controls cells’ proliferation, induces differentia-
tion and apoptosis in various malignances [15]. In turn,
the impact of resveratrol on vascularization in certain con-
ditions seems to be vague [16]. Pro-angiogenic effects of
this agent were observed in the infarcted myocardium [17,
18], whereas anti-angiogenic effects have been noted in
other tissues [14]. The modulation of the angiogenesis by
this compound has been considered as a very exciting topic
and subject of further investigations.

The aim of our study was to assess resveratrol’s in-
fluence on the proliferation, migration and invasion of an
immortalized murine endothelial cell line from peripheral
lymph node HEC clone al0 [19, 20].

Material and methods

Cell culture

HECal0 mouse endothelial cell line was kindly pro-
vided by professor Claudine Kieda from the Centre of Mo-
lecular Biophysics, Orléans, France. The murine HECal0
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cell line obtained from endothelial cells of the mouse
peripheral lymph nodes immortalized by transfection of
plasmid with the gene for the large T antigen of Simian
virus 40 was used in the experiments [19, 20]. Typical en-
dothelial features of HECal0 mouse endothelial cell line,
such as the presence of angiotensin-converting enzyme,
von Willebrand factor, VE-cadherin, and the intracellular
E-selectin, are preserved [20].

Cells were maintained in 75 cm? (Becton Dickinson
Falcon) culture flasks under standard culture conditions
(5% CO,, 37°C, 95% R.H.) with medium renewal every
2-3 days.

Proliferation assays

Proliferation of endothelial cells was estimated using
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny] tetra-
zolium bromide], and AlamarBlue® (resazurin), a dye that
measures the metabolic activity of living cells.

MTT assay

The cells (in log phase growth stage) were harvested
(Accutase, PAA), centrifuged (400 g, 5 min.), suspended
in culture medium (DMEM, 4.5 g/ml glucose with L-glu-
tamine, 10% FBS, 50 U/ml penicillin, 50 ug/ml strepto-
mycin, Gibco) to the final density of 0.5 x 10° cells/ml and
seeded into a 96-well plate (100 ul per well). Twenty-four
hours after seeding, cells were washed twice with PBS,
and resveratrol (1, 5, 10, 50 or 100 pM, Sigma Aldrich)
dissolved in culture medium was added.

Twenty-four hours later the culture medium was dis-
carded and fresh culture medium with MTT (0.5 mg/ml)
was added directly to the wells. After 4-hour incubation
(37°C and 5% CO,) the medium was discarded and 100 pl
of DMSO was added to all the wells to dissolve the for-
mazan crystals. The absorbance was measured at 570 nm
by FLUOstar Omega reader (BMG Labtech).

AlamarBlue

AlamarBlue assay was performed as described pre-
viously [21]. The cells (in log phase growth stage) were
harvested, centrifuged, suspended in culture medium
(DMEM, 4.5 g/ml glucose with L-glutamine, 10% FBS,
50 U/ml penicillin, 50 pg/ml streptomycin), to the final
density of 0.5 x 10° cells/ml and seeded into a 96-well
plate (100 pl per well). Twenty-four hours after seeding,
cells were washed twice with PBS, and resveratrol (1, 5,
10, 50 or 100 uM) dissolved in culture medium was added.

Twenty-four hours later the culture medium was dis-
carded and fresh culture medium with AlamarBlue (1 : 10
PAA) was added directly to the wells. Fluorescence (ex-
citation 544 nm and emission 590 nm) was measured di-
rectly in the wells after 24 h incubation using FLUOstar
Omega reader.
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Migration assay

The cells (in log phase growth stage) were harvested, cen-
trifuged, suspended in medium (DMEM, 4.5 g/ml glucose
with L-glutamine, 10% FBS, 50 U/ml penicillin, 50 ug/ml
streptomycin) with the addition of 10 pg/ml DilC , (3) flu-
orescent dye (Becton Dickinson) and stained for 1 hour in
standard conditions. Next, cells were harvested, centrifuged
and suspended in FBS-free culture medium to the final densi-
ty of 8 x 10° cell/ml. 250 pl of the prepared cells suspension
(2 x 10° cell) was added on the 3 um FluoroBlok inserts
(Becton Dickinson) and placed in a 24-well plate. Chambers
under the inserts were filled with 750 pl of culture medium
(DMEM,, 4.5 g/ml glucose with L-glutamine, 5% FBS, 50 U/
ml penicillin, 50 pg/ml streptomycin). 10 or 50 uM of resver-
atrol were added to the lower chamber. As a control, culture
medium without resveratrol was used. As a negative control,
FBS-free culture medium was used. The fluorescence (ex-
citation 549 nm and emission 565 nm) was measured after
24 h exposure directly in the inserts using the FLUOstar Ome-
ga reader with “bottom optic” option. The results were shown
as the relative fluorescence units — RFU (mean + SEM).

Invasion assay

The cells (in log phase growth stage) were harvested,
centrifuged, suspended in FBS-free culture medium to the
final density of 8 x 10° cell/ml. 250 pl of the prepared cells
suspension (2 x 10° cell) was added on the 3 um Fluoro
Blok inserts covered with Matrigel TM (Becton Dickin-
son) and placed in a 24-well plate. Chambers under the
inserts were filled with 750 pl of culture medium (DMEM,
4.5 g/ml glucose with L-glutamine, 5% FBS, 50 U/ml pen-
icillin, 50 pg/ml streptomycin). 10 or 50 uM of resveratrol
were added to the lower chamber. As a control, culture
medium without resveratrol was used. As a negative con-
trol, FBS-free culture medium was used. After 24 h incu-
bation the medium was discarded and 4 uM of fluorescent
dye Calcein AM (Becton Dickinson) in PBS was added.
One hour later both plate and inserts were washed twice
with PBS and fluorescence (excitation 485 nm and emis-
sion 510 nm) was measured directly in the inserts using
the FLUOstar Omega reader with “bottom optic” option.
The results were shown as the relative fluorescence units
— RFU (mean + SEM).

Statistical analysis

Statistical analysis of the results was performed with
two-way (proliferation) and one-way (migration and in-
vasiveness) ANOVA with Tukey’s Multiple Comparison
Test (GraphPadPrism).

Results and discussion

Proliferation and migration of endothelial cells are cru-
cial for new blood vessel formation during angiogenesis
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MTT assay was performed on a 96-well plate on cells in log phase
growth stage. The cells were exposed to resveratrol for 24 hours. The
absorbance was measured at 570 nm by FLUOstar Omega reader.
The results are shown as a percentage of values obtained from control
condition (mean + SEM).

AlamarBlue assay — The cells (in log phase growth stage) were
harvested, centrifuged, suspended in the culture medium (DMEM,
4.5 g/ml glucose with L-glutamine, 10% FBS, 50 U/ml penicillin,
50 pg/ml streptomycin), to the final density of 0.5 x 10° cells/ml and
seeded into a 96-well plate (100 pl per well). Twenty-four hours after
seeding, cells were washed twice with PBS, and resveratrol (1, 5, 10,
50 or 100 uM) dissolved in the culture medium was added.
Twenty-four hours later, the culture medium was discarded and fresh
culture medium with AlamarBlue (1 : 10, PAA) was added directly to
the wells. Fluorescence (excitation 544 nm and emission 590 nm) was
measured directly in the wells after 24 h incubation using FLUOstar
Omega reader.

Fig. 1. The effect of resveratrol concentration (1, 5, 10, 50
and 100 pM) on the proliferation rate of HECal0 mouse
endothelial cell line measured by MTT or AlamarBlue as-
says

[22]. Most steps in this cascade and the influence of po-
tential anti-angiogenic agents on behavior of endothelial
cells can be analyzed in vitro including their proliferation,
migration and invasion potential.

The impact of resveratrol on the angiogenic activity
of endothelial cells line HECal0 was assessed in our re-
search.

Resveratrol was shown to inhibit, in a concentra-
tion-dependent manner, the proliferation of endothelial
cells measured by MTT-assay. The results are shown in
Figure 1 as a percentage of mean control values (mean
+ SEM).

The maximal concentration of resveratrol of 100 uM
was cytotoxic for this cell line and therefore it was not
considered during further examinations.
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Migration was performed on a 24-well plate with 3 pm FluoroBlok
inserts. Cells were placed on inserts and resveratrol (10 or 50 uM) was
added to a lower chamber of the plate. Fluorescence of migrating cells
was measured after 24 hour incubation with resveratrol. The results
are shown as the relative fluorescence units (RFU) (mean + SEM).

Fig. 2. The effect of resveratrol concentration (10 and 50
uM) on HECalO migration measured by the fluorescence
method (staining with 10 pg/ml DilC,, (3) fluorescent
dye)

Total number of cultures: 40
##%p < 0.001

Invasion potential was performed on a 24-well plate with 3 um
FluoroBlok inserts covered with matrigel. Cells were placed on
inserts and resveratrol (10 or 50 uM) was added to a lower chamber
of the plate. Fluorescence of migrating cells was measured after 24
hour incubation with resveratrol. The results are shown as the relative
fluorescence units (RFU) (mean = SEM).

Fig. 3. The effect of resveratrol concentration (10 and
50 uM) on HECalO0 invasion potential measured by the
fluorescence method (staining 4 uM Calcein AM fluores-
cent dye)

These results were confirmed in AlamarBlue colori-
metric method as seen in Figure 1. Our results obtained
from these two proliferation assays (MTT/resazurin)
proved to be consistent. According to our knowledge, this
is one of the first reports utilizing both methods in assess-
ing resveratrol effect in MTT/resazurin proliferations’ as-
says [23].

Except for RSV higher concentrations, which per-
formed consistently in both assays, the AlamarBlue assay
was less sensitive than the MTT assay for lower concentra-
tions of RSV (1, 5, 10 uM). One has to be conscious when
interpreting data that variation between replicates should
be considered.

The results of the migration assay are shown in Figure 2
as the relative fluorescence units (RFU) of treated and con-
trol cells (mean + SEM). As presented, resveratrol only
at higher concentration of 50 uM significantly inhibited
migration of endothelial cells.

Figure 3 presents the results of the invasion assay,
shown as the RFU of treated and control cells (mean
+ SEM). A concentration-dependent decrease in invasion
potential of endothelial cells incubated with resveratrol
10 uM and 50 uM was detected. It should be underlined
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that a higher concentration of resveratrol practically com-
pletely inhibited endothelial cells’ migration at the level of
the negative control.

This preliminary study focused on the impact of res-
veratrol on the proliferation, migration and invasion poten-
tial of endothelial cells under normal conditions. However,
that will be a good starting point for our further research to
evaluate a response to resveratrol in a stimulated endothe-
lial cell line in hypoxia conditions.

Furthermore, in every biological model the role of
cytokines, signaling molecules, cannot be overestimated.
Vascular endothelial growth factor (VEGF), basic fibro-
blast growth factor (bFGF) and interleukin (IL)-8 are
thought to be linked to the significant stimulation of an-
giogenesis [24, 25]. The influence of resveratrol on cyto-
kines and cell adhesion molecules as vascular cell adhesion
molecule 1 (VCAM-1), intercellular adhesion molecule 1
(ICAM-1) would be very helpful to understand underlying
mechanisms in angiogenesis’ modulation exerted by these
molecules. In human lung adenocarcinoma cells, the in-
hibitory effect of resveratrol on cells invasion is mediated
through inactivation of stress-activated protein kinase/c-
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JUN, N-terminal kinase (SAPK/INK) phosphorylation and
decreasing matrix metalloproteinase-2 expression [26].

Certainly it would allow for its wider use in clinical
trials assessing the efficacy and safety in clinical practice.
Nowadays, there are numerous data indicating potential
efficacy of resveratrol in inhibition of cell growth and in-
duction of apoptosis in several cancer cell lines [27-32].

Resveratrol seems to be a promising agent in combina-
tion with radiation therapy probably due to the increase in
cancer cells’ radiation sensitivity (including e.g. melano-
ma, non-small cell lung cancer, prostate cancer or Merkel
cell carcinoma) by inhibiting proliferation and promoting
apoptosis or via enhancing ionizing radiation-induced pre-
mature senescence [33-36].

Resveratrol received recently an increasing attention
due to its possible role in the prevention of exudative
age-related macular degeneration or diabetic retinopathy.
Recent data demonstrate that resveratrol suppressed hy-
poxia-induced choroidal vascular endothelial cell (CVEC)
proliferation characteristic of exudative age-related mac-
ular degeneration. The mechanism seems to be mediated
through activation of the SAPK/INK pathway [37].

Potential inhibitory effect of three polyphenolic agents
such as epigallocatechin gallate (EGCQG), resveratrol and
curcumin on the proliferation of human retinal pigment
epithelial (RPE) cells was investigated by Alex et al. The
three molecules inhibited the increase in RPE cell numbers
at all time points, with resveratrol being the most efficient
and curcumin being the least efficient [38].

Conclusions

These promising in vitro results with resveratrol might
encourage investigators to test efficacy and safety of this
agent more extensively in the clinical practice, in the pre-
vention of exudative age-related macular degeneration or
diabetic retinopathy.

The authors declare no conflict of interest.
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