BELGRADE SATELLITE SYMPOSIUM

The chemotactic activity of beta-carotene in
endothelial cell progenitors and human umbilical vein
endothelial cells: A microarray analysis

Anna Polus PhD', Beata Kiec-Wilk PhD', Jadwiga Hartwich PhD', Adriana Balwierz MSc', Jerzy Stachura Prof?,
Grzegorz Dyduch PhD?, Piotr Laidler Prof?, Jacek Zagajewski MSc®, Thomas Langman PhD*, Gerd Schmitz Prof4,
Regina Goralczyk PhD?, Karin Wertz PhD?, George Riss PhD?, Jaap Keijer PhD®, Aldona Dembinska-Kiec Prof'

A Polus, B Kiec-Wilk, J Hartwich, et al. The chemotactic
activity of beta-carotene in endothelial cell progenitors and
human umbilical vein endothelial cells: A microarray analysis.
Exp Clin Cardiol 2006;11(2):117-122.

OBJECTIVES: Endothelial cells and their progenitors play an
important role in angiogenesis that is essential for organogenesis and
tissue remodelling, as well as for inflammatory responses and carcino-
genesis in all periods of life. In the present study, the authors concen-
trated on the direct effect of beta-carotene (BC) on human umbilical
cord-originated endothelial progenitor cells and human umbilical
vein endothelial cells.

METHODS: BC uptake was measured using high-performance liquid
chromatography. The effect on cell proliferation was measured based
on bromodeoxyuridine incorporation. Chemotaxis was performed in
a Boyden chamber. The influence on tubular-like structure formation
was investigated using a three-dimensional assay in Matrigel (Becton
Dickinson, USA) both in an in vitro and in vivo model. Changes in

gene expression were analyzed using the microarray hybridization
method. Quantitative gene expression was estimated using the real-
time polymerase chain reaction method.

RESULTS: It was shown that BC, in the physiological range of con-
centrations found in human blood, is a potent activator of chemo-
taxis of endothelial cells. Microarray data analysis revealed that the
genes involved in cell-cell and cell-matrix adhesion, matrix reorgani-
zation and activation of chemotaxis were the most affected by BC
genes in human umbilical vein endothelial cells and endothelial pro-
genitor cells. These results were also confirmed in an in vivo angio-
genesis model.

CONCLUSION: BC, in the range of physiological concentrations,
stimulates early steps of angiogenic activity of endothelial cells by
activation of cellular migration, as well as by matrix reorganization
and a decrease in cellular adhesion.
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vitamin A-derived retinoic acid (RA) is required for regula-
tion of both epithelial and mesenchymal cell differentiation
in embryogenesis, as well as in adult life (1-3). RA, in coopera-
tion with fatty acids and their metabolites, activates nuclear
receptors such as retinoid/rexinoid receptors or peroxisome pro-
liferation regulatory receptors (4,5). As regulators of transcrip-
tion, they influence cell differentiation, maturation of tissues
and body organization in fetal life, and tissue remodelling in
adolescence (2,6,7). Beta-carotene (BC) is the most active
provitamin A in humans; however, 15% of the BC that is
absorbed in the intestine is not metabolized and reaching target
cells (8). The effect of this event on gene expression has not
been recognized until now. Some of the large clinical studies
undertaken to prove the efficacy of BC supplementation in the
prevention of coronary artery disease and cancer revealed that
administration of BC or vitamin A may increase the risk of lung
cancer, especially in smokers and patients afflicted with asbesto-
sis (the Alpha-Tocopherol Beta-Carotene cancer prevention
study [ATBC] [9], the beta-CArotene and Retinol Efficacy Trial
[CARET] [10] and the Physician’s Health Study [PHS] [11]).
Angiogenesis plays a central role in a number of physiological
and pathological events, including vascular remodelling during
growth, revascularization of ischemic tissue, inflammation and

diabetic retinopathy, as well as in the promotion of solid tumour
growth and invasiveness (12,13). A number of growth factors
(eg, vascular endothelial growth factor [VEGF], basic fibroblast
growth factor [bFGF], transforming growth factor-beta [TGF-f}],
platelet-derived growth factor [PDGF] and insulin-like growth
factor [IGF]), cell-matrix interaction (integrins), cell-cell interac-
tions (vascular endothelial cadherins, catenins, endoglins, ephrins,
their receptors or the Jagged/Notch pathway) and environmental
factors (eg, shear stress, nutrients and oxygen supply) regulate
the most important steps in angiogenesis, which include detach-
ment, proliferation, migration, homing and differentiation of the
vascular wall, mainly endothelial or its progenitor cells (14,15).

Because 15% of ingested BC reaches target cells in the
unmetabolized form in humans and because angiogenesis plays
an important part in remodelling of ischemic tissue, as well as
in solid tumour malignancy, the present study was undertaken
to define the direct effects of BC on endothelial cells in terms
of angiogenic activity and regulation of gene expression.

METHODS
High-performance liquid chromatography (HPLC)-grade BC (1 mg)
stored in nitrogen in vials made of dark glass were kindly provided
by Roche (DSM) Vitamins AG (Switzerland).
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Primary endothelial cells (human umbilical vein endothelial
cells [HUVECs]) and umbilical progenitor cells were isolated and
grown according to a previously described protocol (16,17). The
suspension of umbilical progenitor cells after the stabilization of
CD34, ACI133, vascular endothelial growth factor receptor 2,
vascular endothelial cadherin and CD14/CD45 antigen expres-
sion after the fifth day of growing in proangiogenic conditions was
called ‘endothelial progenitor cells (EPCs)’ and used for the study.

Endothelial cells were incubated with solvent (0.075%
tetrahydrofuran/ethanol) containing medium (as the control) and
BC (3 uM) or arachidonic acid (AA) (3 pM) (Sigma, USA), or
both BC (3 uM) and AA (3 uM), for 24 h at 37°C in a 95%
C0O,/5% O; humid atmosphere (Jouan IG-150 incubator, Thermo
Electron Corporation, USA).

BC uptake following a 24 h incubation of HUVECs and EPCs
with the compounds under study was measured by the HPLC
method. The whole preparation procedure has been previously
described (16). The amount of BC is expressed as picomoles of BC
per 10° cells.

Migration of endothelial cells was analyzed using the Boyden
chamber assay. The chemotactic activity of the endothelial cells is
expressed as the chemotaxis index, which represents the ratio of
compound-stimulated migration to that of random, unstimulated
migration of EPCs and HUVEC: in the tetrahydrofuran/ethanol
control sample.

A three-dimensional (3D) in vitro model of tubulogenesis in
Matrigel (Becton Dickinson, USA) was used. HUVECs and EPCs
were resuspended in Matrigel (containing laminin, collagen IV,
entactin and heparan sulfate proteoglycans) to a final concentra-
tion of 1x10% cellsymL on ice. The formation of tubules by
HUVECs and EPCs, after a 24 h incubation with the investigated
factors, was assessed under a light microscope (magnification x10)
and photographed. The lengths of the analyzed tubule-like struc-
tures were calculated and expressed as an average sum of the total
length of tubules visible under the light microscope.

Analysis of angiogenesis in vivo was performed using a model
of subcutaneous injection of Matrigel into a mouse. The protocol
was accepted by the local university ethics committee. Female
BALB/c mice (n=10 per group) were fed for five weeks with two
different diets with BC (Kliba 2415 [Provimi Kliba AG,
Switzerland] vitamin A 1400 U/kg plus BC beadlet [10% or
1200 parts per millions of BC]) or without BC (Kliba 2415 plus
placebo [ie, vitamin A 1400 U/kg plus O parts per million BC]),
which were kindly supplied by Roche (DSM Switzerland). After
four weeks of the diet, the female BALB/c mice (n=6) received
sterile injections of 2x500 pL Matrigel subcutaneously (dorsally).
The Matrigel plug contained solvent for bFGF control or bFGF
(50 nM). Six days later, the animals were sacrificed and the
Matrigel plugs were removed, fixed and immersed in paraffin.
Immunohistochemistry was performed using a routine protocol
(16). The number of capillaries was counted under the microscope
in five different fields in each of the three slices taken from differ-
ent parts of each of the plugs. The number of capillaries detected
in slices from the plugs was expressed as the number of vessels with
or without the lumen. Separately, the number of detected separate
PECAM-positive, single cells, not connected with capillaries,
migrating to Matrigel, was examined.

Following 24 h incubation with the studied compounds, total
RNA was isolated from cell lines by the guanidine thiocyanate-
cesium chloride method (18) using Trizol (Invitrogen Life
Technologies, USA) and purified using the SV Total RNA
Isolation System Kit (Promega, USA). The aim of the microarray
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experiments was to screen the effects of BC on gene expression
patterns. Affymetrix HG-U133A GeneChips (Affymetrix Inc,
USA) (for cell lines) and 10,000-oligonucleotide custom-made
arrays based on the physical deposition of material (50 bp oligonu-
cleotides) on coated glass slides (for removed Matrigel plugs) were
used. Changes in relative gene expression were calculated versus
controls. Only spots with significant differences in signal intensity
(more than 1.4-fold in the in vitro model and more than 2.0-fold
in the in vivo model) and only significant differences of P<0.05
were included in the analysis.

To investigate the regulation of the expression of genes impor-
tant in the proangiogenic activity of BC, a quantitative expression
analysis of these genes was performed using real-time polymerase
chain reaction (PCR) with glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) as the reference gene. Real-time PCR in a reac-
tion mixture containing QuantiTect SYBR Green PCR (Qiagen,
Germany) mix and primers was performed using the DNA Engine
Opticon II system (M] Research, Germany). Results were calcu-
lated using the software Calculation Matrix for PCR Efficiency
REST-XL (Gene Quantification, Germany).

Statistical analysis

Statistical analysis was performed using Microsoft Excel (version 5.0,
Microsoft Corporation, USA) and by one-way ANOVA. All
results are expressed as means + SEM. Before statistical analysis,
normal distribution and the homogeneity of variables were tested.
Parameters that did not fulfill these tests were logarithmically
transformed. Statistical comparisons were made by unpaired t tests
for comparisons of quantitative variables. P<0.05 was considered
significant.

RESULTS
BC uptake by endothelial cells in culture was concentration
dependent, and the presence of AA (3 uM) augmented BC
uptake (Figure 1). A BC concentration of 3 utM was used for
further experiments because higher concentrations of BC
caused endothelial cell toxicity (especially in the presence of
AA), as evidenced by the lactate dehydrogenase leakage from
HUVECs and EPCs after 24 h of incubation (data not shown).

Unlike in the cells treated with proapoptotic staurosporine
(1 nM), no proapoptotic activity, as measured by caspase acti-
vation, was detected in endothelial cells incubated for 24 h
with BC or AA at 3 pM. Both BC and AA, which were used
in nontoxic concentrations, did not influence HUVEC and
EPC proliferation, as measured by bromodeoxyuridine incor-
poration (data not shown).

BC (3 uM) increased the migration of HUVECs and EPCs
fourfold and fivefold, respectively (Figure 2). AA alone did not
stimulate HUVEC migration, but cell migration was further
increased (sixfold) when AA was used in combination with
BC. In EPCs, AA alone inhibited migration by 50% compared
with the migration of control (nonstimulated) cells. In the
presence of AA, the mitogenic effect of BC in EPC decreased
by 20% (Figure 2). Sphingosine-1-phosphate (S1P), a potent
activator of endothelial cell migration, was used as a positive
control to confirm the chemotactic potential of the endothe-
lial cells (19).

The 3D Matrigel assay of tubulogenesis was used to verify
the angiogenic properties of BC and AA in vitro. Only a trace
of tubulogenic activity in HUVECs was detected in cells cul-
tured in Matrigel covered with medium (without factors).
No tubulogenic activity of BC and AA incubated alone or
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Figure 1) Beta-carotene (BC) uptake by endothelial progenitor cells
(EPCs) (A) and human umbilical vein endothelial cells (HUVECs)
(B). Cellular BC content was analyzed using high-performance liquid
chromatography after a 24 h incubation of HUVECs and EPC with
BC (3 uM) and arachidonic acid (AA) (3 uM). Values are expressed
as means + SEM. *P<0.05 versus control (n=10, performed in tripli-
cates). THF/EtOH Tetrahydrofuran/ethanol

together was observed in the HUVEC or EPC in vitro model
(data not shown).The proangiogenic factors VEGF (0.2 nM)
and bFGF (0.5 nM) potently increased the number of tubules
in the Matrigel HUVEC suspension. Contrary to HUVECs,
bFGF and VEGF did not stimulate tubule formation in the
EPC in vitro tubulogenesis model (data not shown).

The analysis of the proangiogenic activity of BC in the
in vivo mouse model showed that BC supplementation in the
diet significantly increased the density of the capillary network
(with lumen) and the amount of endothelial cells penetrating
into the Matrigel plug (stimulated by BC in the subcutaneously
administered Matrigel ) (Figure 3).

Using the criteria described in the Methods section, genes
were identified whose expression changed only in response to
stimulation with BC. The analysis of microarray data in both
endothelial cell lines, including genes regulated (up or down)
from 1.4-fold up to 10-fold, identified significantly regulated
genes (915 genes in EPCs and 838 genes in HUVECsS) coding
for proteins that belong to cellular pathways such as: pathways
contributing to proangiogenic activity (cell cycle, adhesion,
matrix remodelling and chemotaxis); apoptosis; receptor-
mediated signal transduction; transcription factors and regula-
tors of protein synthesis (zinc-finger proteins and ribosomal
proteins); xenobiotic metabolism; and inflammatory response.
Special attention was paid to the BC-regulated genes that were
involved in the cell cycle/proliferation of HUVECs and EPCs.
BC weakly upregulated the key genes coding for proteins that
participate in cell-cycle regulation connected with the G1/S
checkpoint. Among the proteins participating in intracellular
signalling pathways in both endothelial cell lines, the most
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Figure 2) Beta-carotene (BC)-induced chemotaxis of endothelial pro-
genitor cells (EPCs) (A) and human umbilical vein endothelial cells
(HUVEC:) (B). Cells treated with sphingosine-1-phosphate (S1P)
were used as positive controls. The chemotaxis index (CHI) is the ratio
of stimulated migration divided by that of basal unstimulated migration
of HUVECs in a control medium sample. Values are expressed as
means = SEM (n=3, performed in triplicates) . *Significantly different
(P<0.05) from the corresponding control. AA Arachidonic acid;
THF/EtOH Tetrahydrofuran/fethanol

evident changes in BC-induced gene expression were found
within the members of G-protein-coupled receptors and the
Rho-like small GTPase family or their regulators.

The group of BC-regulated genes that code for proteins par-
ticipating in cell-cell interactions, such as cadherins, catenins
and the leukocyte-endothelium adhesion mediating molecules,
was generally downregulated by both BC and AA. Contrary to
this, the expression of genes coding for proteins associated
with cell-extracellular matrix adhesion, such as integrins, was
upregulated by BC.

The expression of genes coding for extracellular matrix
degrading enzymes and stimulators of chemotaxis, which may
regulate matrix degradation, receptor shading and cell migra-
tion, was differentially regulated. Downregulation of different
types of extracellular matrix components, such as collagens,
fibrillin or laminin, was also observed.

The real-time PCR method confirmed the results of the
microarray (Figure 4). In HUVEC:s after incubation with BC,
changes in the expression of mitotic arrest deficient protein 1-
like 1 (MADILI) and mesenchyme homeobox 2 (MEOX2)
genes (regulators of proliferation), and interleukin-8 (IL8),
chemokine (CXC motif) receptor 4 (CXCR-4) and vascular
cell adhesion molecule 1 (VCAMI) genes (involved in the
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Figure 3) Influence of beta-carotene on tube-like structure formation
in the in vivo angiogenesis model. A Formation (length of tubules);
B Number of the single cells, most connected with tubules. bFGF Basic
fibroblast growth factor

activation of chemotaxis and homing), as well as early growth
response (involved in proangiogenic activity and differentia-
tion) were analyzed. Additionally, the expression of genes
related to chemotaxis was analyzed in EPCs. The analyzed
genes were early growth response 1 (EGRI) (cell differentia-
tion activator), baculoviral IAP repeat-containing 3 (BIRC3)
(inhibitor of apoptosis), IL8 and chemokine (CC motif) ligand 2
(CCL2) (activators of migration), CXCLI2 and CXCR4 (acti-
vators of homing) (Figure 4).

The obtained results of genes expression were also con-
firmed in cells harvested from Matrigel plugs — the in vivo
angiogenesis model. The quantitative analysis of changes in
gene expression of cells in Matrigel plugs under the influence
of BC was performed using the microarray and verified using
real-time PCR methods. The microarray analysis from these
cells showed changes in 214 genes (60 genes were changed by
BC). The genes with changed expression, as detected in the
microarray, were classified according to signalling pathways
and cell biological function. BC regulated expression of genes
involved in retinoid signalling. Among genes related to prolif-
eration, the activator of the S phase kinase gene expression
was significantly upregulated by BC. The microarray data
showed changes in the expression of several genes related to
adhesion. BC (or BC with bFGF) upregulated the gene expres-
sion of proteins participating in cell-cell adhesion, as well as
matrix proteins. The upregulation of extracellular matrix
degrading enzymes (matrix metalloproteinases) was also
observed. To verify the microarray changes in the expression of
some selected genes, real-time PCR was used. Genes were cho-
sen based on the magnitude of detected changes in the
microarray and based on the confirmation of the expression of
genes connected with retinoid signalling (RA receptor responder
[Rarres2] and chemokine-like receptor 1 [Cmkirl]), new vascular
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Figure 4) The expression of selected genes verified by quantitative real-
time polymerase chain reaction in endothelial progenitor cells (EPCs) (A)
and human umbilical vein endothelial cells (HUVECs) (B). The influ-
ence of beta-carotene (BC) and arachidonic acid (AA) on the following:
chemokine (CC motif) ligand 2 (CCL2); chemokine (CXC motif)
ligand 12 (CXCL12; also known as stromal cell-derived factor 1
[SDF1]); CXC receptor 4 (CXCR4; the receptor for SDF1);
interleukin-8 (IL8); wvascular cell adhesion molecule 1 (VCAM1);
mitotic arrest deficient protein 1-like 1 (MADIL1); mesenchyme
homeobox 2 (MEOX2; growth arrest-specific homeobox); early growth
response 1 (EGR1); and baculoviral IAP repeat-containing 3
(BIRC3) and BIRC5 (also known as survivin) apoptosis inhibitor.
Data are expressed as relative gene expression (mean = SEM) calcu-
lated versus control (HUVECs incubated in medium with 0.075%
tetrahydrofuran/ethanol [THF/EtOH]) . Significance at P<0.05 (n=3,
performed in triplicates)

network formation such as regulating homing of progenitor
cells (R-cadherin [Cdh4], zeta-chain [TCR] associated protein
kinase [Zap70], tenascin C [TnC] and metallothionein 1 [Mt-1]),
angiogenesis related to the VEGF-dependent pathway (c-fos
induced growth factor [Figf] and secreted acidic cysteine rich
glycoprotein [Sparc]) and regulators of the Ras/Rho/Rac sig-
nalling pathway (selenoprotein N 1 [Sepnl], DNA segment,
Chr 10 and ERATO Doi 610 [Geft]) — whose activation is con-
nected with cell chemotaxis (Figure 5).

DISCUSSION
BC causes the potent activation of chemotaxis of EPCs, as
well as HUVECs, parallelled by changes in gene expression
that confirm the observed effect. The expression of several
G-protein-coupled receptors and their activators in cells by
BC was found. Interaction with the induced extracellular
matrix components leads to activation of Rho/Rac/CDC42
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small GTPases, which regulate cytoskeletal changes involved
in cell motility, shape and contraction (20,21). Rho GTPases,
through regulation of the phosphorylation of the myosin light
chains (MLCs), promote actin-myosin interaction. MLC
phosphorylation is induced by specific MLC kinases, such as
MLCK Ca?*-dependent kinase, Rho kinase and p21-activated
kinase. Rho kinase also inhibits dephosphorylation of MLC by
inhibition of myosin phosphatase type I, which was evidenced
by the observed microarray gene expression pattern.

The real-time PCR results confirmed the microarray results.
The activation of the important genes for homing (CXCLI2;
also known as stromal cell-derived factor 1 [SDFI]) and for
chemotaxis (IL8 and CCL2) argues for the stimulatory effect of
BC on the chemotactic activity in HUVECs and EPCs that is
observed in cell culture experiments. Despite the fact that the
cell fate-determinant genes Jagged-1 and Notch-4 were down-
regulated (17) (which is an argument for the promotion of the
cell differentiation [22]), the effect of BC on von Willebrand
factor expression and endothelial nitric oxide synthase (17)
(the markers of endothelial cell maturation) was almost none,
thus confirming the lack of end-differentiation. The lack of
BC influence on tubulogenesis in the in vitro 3D Matrigel
model confirms the observed lack of cell differentiation under
BC treatment (no effect on tubulogenesis). BC also did not
influence the proliferation of the investigated endothelial
cells, which may add to the understanding of the absence of
tubulogenesis in vitro (because the proliferation of endothelial
cells plays an important role in this event) (23).

We have demonstrated that BC, in the physiological range
of concentrations found in human blood, is a potent activator
of chemotaxis of EPCs and HUVECs, which is accompanied
by the induction of the expression of genes mediating cell
adhesion and homing, but not by the final markers of endothe-
lial differentiation. The results obtained for the cells harvested
from Matrigel in the in vivo model showed that the proangio-
genic activity of BC seems to be related not to cell prolifera-
tion, but to the inhibition of apoptosis and stimulation of
chemotaxis/homing.

CONCLUSIONS

Our results originally documented the chemotactic effect of
BC on differentiated and undifferentiated endothelial cells
(umbilical cord progenitors), which may be an important factor
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