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The mechanisms of VEGF-mediated effects on endothelial cells during cancer development and pro-
gression is not clear. In present study the biological effects of VEGF, VEGF-rich culture medium of peritoneal
macrophages from mice with Lewis lung carcinoma were studied on MAEC cell line under conditions of unfed
culture. We have shown that VEGF increased cell proliferation by the 5" day of culturing vs control and anti-
VEGF-treated cells. This effect was associated with increased consumption of glucose and NO production by
the 2" day while decreased — on the 5" day of cell culturing. VEGF-mediated NO production was dependent
on Ca’ ions. Block of Ca’*-channels (LaCl,) had more pronounced inhibitory effect vs chelator of Ca’" ions
(EDTA). It was shown that peritoneal macrophages are the main suppliers of VEGF at tumor angiogenesis,
as evidenced by the data obtained on model system of endothelial cells synchronized in G /G, phase.
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he endothelial lining of blood vessels pro-
I vides a barrier for the exchange of nutrients
and is itself actively involved in the local
control of vascular homeostasis. Physiologically,
processes of proliferation and differentiation of en-
dothelial cells are determined and regulated by a
variety of biologically active molecules. The vascu-
lar endothelial growth factor (VEGF) is a potent and
critical inducer of angiogenesis. Signal transduction
involves binding to tyrosine kinase receptors and re-
sults in endothelial cell proliferation [1].

VEGEF affects the basic functional characteris-
tics of endothelial cells, such as adhesion, prolifera-
tion, migration, intracellular mitogenic signal trans-
mission, intercellular contacts, vascularization and
neovascularization [2]. All these processes are not
dependent on the presence of growth factors in the
environment, but also on the trophic substrates. Glu-
cose is an essential metabolic substrate of all mam-
malian cells for energy demand.

Glucose is taken up into cells by energy-in-
dependent transportation down its concentration
gradient, which is mediated by glucose transporter
proteins. Transport of glucose across the plasma
membrane of mammalian cells is the first rate-limi-
ting step for glucose metabolism and is mediated by
facilitative glucose transporter (GLUT) proteins [3].
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GLUT-1 is glucose transporter which is expressed in
endothelial cells.

VEGF plays a key role in angiogenesis and
there are only limited studies of the effects of VEGF
on endothelial cell amino acid and glucose transport.
VEGF enhances microvascular permeability and
modulates Ca*" signaling in endothelial cells and
causes an approximately threefold increase in 2-de-
oxyglucose uptake and a fivefold increase in GLUTI
transcript [4].

Glucose transporter is also a proliferation-re-
lated gene and its expression is associated with the
activation of signal transduction mechanisms, its
expression should also be induced when a growth
factor binds to its receptor. VEGF exerts its mito-
genic effects in various types of tumor cells, in part,
by inducing the expression of genes whose products
are required for endothelial cells proliferation and
cancer progression. Given evidence that VEGF may
act as a survival factor in tumor, the ability of VEGF
to regulate endothelial cell glucose transport in con-
junction with angiogenesis may serve to ensure ad-
equate substrate delivery and blood flow during tu-
mor progression [5].

Angiogenesis is initiated by vasodilatation,
a NO-mediated process. Nitric oxide (NO) is a
diffusible gas that is produced from L-arginine in
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the large number of tissues by the NO synthase
(NOS) family of enzymes. There are three isoforms
of NOS: nNOS (type 1), iNOS (type II), and eNOS
(type II). There is mounting evidence demonstrating
the interaction between NO and VEGEF. It has been
convincingly demonstrated that NO may be involved
in endothelial cell proliferation, migration, protease
release, increased vascular permeability and effects
important for initiation of angiogenesis [6].

Both inflammation and angiogenesis are
exacerbated by increased production of chemokines/
cytokines, growth factors, proteolytic enzymes, lipid
mediators and prostaglandins. Initiation and progres-
sion of cancer are also closely linked to angiogen-
esis. Infiltration of macrophages is a dramatic and
common feature of inflammation, angiogenesis and
cancer, and has been recently highlighted in an at-
tempt to develop novel strategies for treating cancer
[7]. By release of secretory products the activated
macrophages have the capability to influence each
phase of the angiogenic process, such as alterations
of the local extracellular matrix, induction of en-
dothelial cells to migrate or proliferate, and inhibi-
tion of vascular growth with formation of differenti-
ated capillaries [8].

The aim of the present work was to study bio-
logical effects of VEGF on endothelial cells in the
conditions of unfed culture.

Materials and Methods

All experiments were performed in compliance
with the “Guide for the Care and Use of Experimen-
tal Animals” approved by the Committee for control
of maintenance and use of experimental animals of
ESC Institute of Biology at Taras Shevchenko Na-
tional University of Kyiv.

Model systems. Mouse aortic endothelial cell
line (MAEC) isolated from mouse aorta and spon-
taneously immortalized in culture was used [9, 10].
MAEC preserves the main biological properties of
normal endotheliocytes, including the ability to dif-
ferentiation and formation of procapillary structures
in vitro. MAEC was incubated in DMEM medium
(Sigma, USA) supplemented with 10% FBS (Sigma,
USA), 2 mM L-glutamine and 40 mg/ml gentamicin.
Cell lines were cultured under the standard condi-
tions at 37 °C in humidified atmosphere with 5%
CO,.

Mononuclear phagocyte fraction of peritoneal
exudate of mice with Lewis lung carcinoma at vari-
ous stages of tumor growth was obtained by stand-

ard procedure of Pietrangeli [11]. Macrophages were
incubated under standard conditions at 37 °C, 100%
humidity and 5% CO, for 4 h and then their cultural
medium was added to MAEC culture.

Test agents. After adaptation of cells to cul-
ture medium test-agents were added: VEGF (vascu-
lar endothelial growth factor), obtained previously
[12], anti-VEGF (monoclonal antibody specific for
VEGF), condition medium from peritoneal mac-
rophages from mice with Lewis lung carcinoma at
various stages of tumor growth, chelator of Ca*
(EDTA) and blocker of Ca*'-channels (LaCl,).

Proliferative assay. The number of living cells
was determined in wells using MTT-colorymetric
test [13] and cell counts were performed using a
trypan blue dye after incubation with agents. The
biochemical essence of this method is based on the
fact that mitochondrial dehydrogenases of living
cells are capable of cleaving tetrazolium rings with
formation of insoluble purple crystals (formazan).
MTT (20 pl) was added to the culture medium 4 h
before the termination of the cells incubation in or-
der to achieve the final concentration of 0.6 mM.
Formazan crystals formed after the incubation with
MTT were dissolved in 100 ul of dimethylsulfoxide.
The plate was analyzed on the spectrophotometer at
540 nm.

Flow cytometry. Apoptotic level and distribu-
tion of cells in phases of cell cycle were assessed by
cytofluorimetry [14]. Cytofluorimetry was carried
out on the instrument FACS Calibur (Becton Dickin-
son, United States). Special mathematical program
Mod Fit LT 2.0 (BDIS, United States) for Macintosh
computers was used for acquisition and data analy-
sis. Narrowband filter 585/42 nm was used in order
to measure the fluorescence of PI.

Determination of glucose by glucose-oxidase
method. The level of glucose in the incubation me-
dium of endothelial cells was determined using
a standard set based on glucose-oxidase reaction
which we modified for culture medium of cells. Ini-
tial cell concentration was about 1x10° cells/ml in
the sample volume of 200 pl. Determination was
performed according to the protocol of the manufac-
turer “Felicit-Diagnostics” (Ukraine) [15].

Determination of the nitrite anion concentra-
tion. The content of NO was determined by colori-
metric assay using the Griess reagent [16]. Sodium
nitrite solution 0.2-10 uM was used for calibration.

Determination of the level of production VEGF.
ELISA was used to determine the level of VEGF in
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culture medium [17]. The procedure for determining
the concentration of VEGF was carried out in 96-
well plates with immobilized antibodies. The level
of VEGF was determined by the calibrating curve,
which was built as the absorbance dependence on the
concentration of VEGF.

Statistical analysis. Experimental data were
analysed using descriptive methods, by Student’s ¢-
criterion and by the method of nonlinear regression.

Results and Discussion

Angiogenesis is known as a multi-step process
which consists of remodeling of extracellular ma-
trix, proliferation and migration of endothelial cells,
changes in metabolism of endothelial cells, tube
formation and blood vessels stabilization [18]. It is
regulated by a well-orchestrated balance between
pro- and anti-angiogenic factors. Since VEGF plays
a key role in angiogenesis, we tested its effect on en-
dothelial cells (MAEC). At the first step of the study
the cultivation of endothelial cells with exogenous
VEGEF and anti-VEGF was conducted within 5 days.
The cultivation of endothelial cells was conducted
during five days for modeling 2 systems of growth -
exponential (cells proliferate actively) and stationary
(most of the cell is in G /G, phase) ones. Their ef-
fects on cell survival and changes in the metabolism
of glucose as the main energy substrate were deter-
mined. The cultivation is conducted under condi-
tions of unfed culture and determination of glucose
and counting of live/dead cells using trypan blue dye
was carried out at every stage.

VEGEF stimulates cell proliferation and increa-
ses the number of cells 1.6 and 2 times on the fifth
day compared with control and anti-VEGF, respec-
tively (Fig. 1). In addition, the number of dead cells
during the period of the experiment is the lowest
under the influence VEGF of about 4.0 £ 0.2%
(P < 0.05) and 6.0 = 0.4% (P < 0.05) compared
with the control and anti-VEGEF, respectively. Thus,
VEGF showed a significant proliferative, angiogenic
effect on endothelial cells and is a factor of cell sur-
vival.

The level of glucose consumption by cells
changes depending on the duration of cultivation
and the influence of agents. VEGF increased glucose
consumption by cells 1.5 times and 1.4 times com-
pared with the control and anti-VEGEF, respectively,
(Fig. 2) on the first day of incubation. However, on
other days the opposite situation was observed, the
number of cells was increased significantly, while
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Fig. 1. The influence of VEGF and anti-VEGF on
proliferation of endothelial cells

glucose consumption by cells was reduced. This ef-
fect may be explained by stimulation of glutamine
transport from culture medium by VEGF and its
involvement in metabolic pathways of cells. The
transport of amino acids (including L-glutamine)
is a Na‘-dependent process, so activation of L-glu-
tamine transport via the Na‘*-dependent system was
dependent on de novo protein and RNA synthesis,
and L-glutamine supplementation protected endothe-
lial cells from oxidant injury which promotes cell
survival [19]. In one of the few studies focused on
endothelial cell metabolism measurements of the
maximum catalytic activities of the major metabolic
pathways demonstrated that, in addition to glucose
and fatty acids, glutamine represents an important
fuel for these cells. In particular, the activity of glu-
taminase is about 20-fold higher in endothelial cells
than in lymphocytes (known to exhibit high rates
of glutaminolysis). These data confirm that the en-
dothelial cells like tumor cells can produce biosyn-
thetic intermediates via the TCA cycle independent
of coupling by OXPHOS machinery [20].

The angiogenic and inflammatory effects of
VEGEF can be mediated by NO, which is produced by
VEGF-activated eNOS in endothelial cell. It has been
reported that VEGFR-2 plays a major role in angio-
genesis, and its autophosphorylation leads to eNOS
activation [21]. NO-production during 5 days of cul-
tivation of endothelial cells under the conditions of
unfed culture was determined and its specific effects
were identified. As it can be seen in Fig. 3 VEGF
stimulates NO-production 2.3 times on the first day
and 3.5 times on the second day compared with the
control. Activating effect of anti-VEGF relative to
the production of nitric oxide on the 4*-5" day of
incubation is shown. More prolonged action of anti-
VEGEF can be explained by depletion of incubation
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Fig. 2. The influence of VEGF and anti-VEGF on consumption of glucose by endothelial cells; M = m, n = 5,

* P < 0.05 relative to control

medium on trophic substrates and humoral factors
which are contained in the serum.

Nitric oxide demonstrated multidirectional ac-
tion, because the increase of its concentration under
the influence of VEGF significantly stimulated the
proliferation of endothelial cells, while its increase
under the influence of anti-VEGF leads to increasing
the number of apoptotic cells. Nitric oxide showed
proapoptotic effect in relation to the endothelial cells
under the influence of anti-VEGF, as evidenced by
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the increasing number of apoptotic cells compared
with the control and under the influence of VEGF.
So, the effect of nitric oxide on endothelial cells de-
pends on its concentration in the incubation medium
and on microenvironment conditions.

The activity of eNOS by blocking Ca?*-chan-
nels was determined to confirm the data on eNOS
involvement in production of nitric oxide and speci-
ficity of its activation under the influence of VEGF in
our experimental conditions. The constitutive eNOS

pmol NO,/cell
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Fig. 3. The influence of VEGF and anti-VEGF on NO-production by endothelial cells. Calculation is conducted
according to the culture medium volume and the number of cells; M+ m, n = 5, * P <0.05 relative to control
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can be activated by receptor-dependent and -inde-
pendent agonists as a consequence of an increase in
the concentration of free Ca*" and the association of
a Ca*'/calmodulin (CaM) complex with the enzyme
[22]. For this purpose EDTA (100 uM) and LaCl,
(1 uM) were used that bind and block the entry of
calcium into cells. The most pronounced effect of
VEGF and anti-VEGF were found on the second and
fifth days of cultivation, so they were selected for
the experiment. Although a significant stimulation of
production of nitric oxide under influence of VEGF
on the second and the fifth days under influence of
anti-VEGF is shown, EDTA and LaCl, significantly
reduce the level of NO (Fig. 4).

In addition, both agents have different effect on
production of nitric oxide by endothelial cells. LaCl,
has more pronounced inhibitory effect, because it se-
lectively binds with Ca?*-channels.

It is known that macrophages are supposed
to play a key role in inflammatory and tumor
angiogenesis. The recruitment and infiltration of
tumor-associated macrophages in the tumor micro-
environment activates them to support the malig-
nant progression of cancer cells [7]. Therefore the
next stage of our study was aimed to identify the
angiogenic properties of the medium of cultivation
macrophages derived from animals with Lewis lung
carcinoma in various stages of tumor growth.

The peritoneal macrophages was obtained from
mice with Lewis lung carcinoma and cultured under
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standard conditions. Culture medium was collected
and added to the culture of endothelial cells, the
level of VEGF was determined.

The increase of VEGF production on the 7" day
about 2 times, 19" day — 4.5, 25" day — 4.7 was ob-
served as compared to intact group (Fig. 5). Since
the 19" and 25" days are characterized by intensive
development of tumors and metastasis, the hypoxic
areas are formed in this period of time. This pro-
cess induces macrophages to increase production
of VEGF for improving the access of oxygen and
nutrients in these areas.

The 15.0 + 0.4% (P < 0.05) increase of glucose
consumption by endothelial cells is shown, com-
pared to the intact group under the influence of incu-
bation medium of macrophages, on the 19" and 25%
days. This indicates an intensification of metabolic
processes in cells associated with the transition to
the synthetic phase of the cell cycle.

Endothelial cells of the control group passed
to S+G,/M by 5.32 = 0.34% (P < 0.05), while the
number of cells stimulated by incubation medium
of peritoneal macrophages on the 19" and 25" days
which passed to S+G,/M increased by 52.82 = 3.25%
and 49.72 + 2.82% (P < 0.05), respectively (Fig. 6).
The highest level of cells in S+G,/M observed on the
7" day of tumor growth and is 36.32 + 1.25%. Thus,
a significant stimulation of cells switching from G/
G, to S+G,/M under the influence of incubation me-
dium of peritoneal macrophages from animals with
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Fig. 4. The influence of EDTA (A) and LaCl, (B) on NO-production by endothelial cells. Calculation is con-
ducted according to the culture medium volume and number of cells; M + m, n = 5, * P < 0.05 relative to

control
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Fig. 5. The level of VEGF production by peritoneal macrophages of mice at the different stages of tumor
growth of Lewis lung carcinoma; M +m, n = 5, * P < (.05 relative to intact group
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Fig. 6. The distribution of phases of the cell cycle by MAEC after incubation with macrophages of mice at dif-
ferent stages of growth of Lewis lung carcinoma; M+ m, n =5, * P < 0.05 relative to intact group

Lewis lung carcinoma may be traced, that indicates
the involvement of macrophages in tumor angioge-
nesis.

In conclusion, the study detected a relationship
of glucose uptake and production of nitric oxide un-
der the influence of VEGF and anti-VEGF by en-
dothelial cells in conditions of unfed culture. Thus
activation of glycolysis is characteristic not only of
tumor cells but also of endothelial ones. Nitric oxide
demonstrated multidirectional action on endothelial

cells that depends on its concentration in the incu-
bation medium and microenvironment conditions. It
is shown that not only tumor cells are suppliers of
VEGEF at tumor angiogenesis but also the immuno-
competent cells, including macrophages. This was
demonstrated on a model system of endothelial cells
synchronized in G /G, phase with the medium of
cultivation macrophages derived from animals with
Lewis lung carcinoma at various stages of tumor
growth.
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MEXAHI3MH VEGF-
OIMOCEPEJKOBAHOT'O
BUKUBAHHSI TA IPOJIPEPAIIT
EHJIOTEJIAJBHUX KJITUH B
YMOBAX JOBIOTPUBAJIOTO
KYJbTUBYBAHHS BE3 3AMIHU
CEPEJIOBHIIIA

T B. Hixonaenxo, B. B. Hikynina,
/. B. llenecm, JI. B. 'apmanuyx

HHI] «IucturyT 6ionorii», KuiBcbkuii
HalllOHAJIEHUI yHIBepcuTeT iMeHi Tapaca
IlleBuenka, Ykpaina;
e-mail: nikolaenkotetiana@yandex.ua

Mexanizmu VEGF-omocepenkoBannx edexTiB
Ha EHJIOTeNiallbHI KJITHHU I 9ac PO3BUTKY Ta
mporpecii  paky /0Ci 3aJUIIAlOThCS TTOBHICTIO
Hes’sicoBaHnMHA. Jlocmimkeno OiomoriuHi edexTn
VEGF, VEGF-36arauenoro cepefoBuiia KyJIbTHBY-
BaHHS TIEPUTOHEATBEHUX MakpodariB MUIIen 3 Kap-
I[IITHOMOIO JIereH1B JIBI0IC Ha JTiHII0 €HI0TelalbHUX
kit MAEC 3a ToBroTpuBaioro KyJIbTHBYBaHHS
0e3 3amiHU cepeoBuIa iHKyOarrii. [lokazaHo, 1m0
VEGF migBumyBas mpodidepaniro KIiTHH Ha 5-i
JICHb KYJIBTUBYBAaHHS B IOPIBHSIHHI 3 KOHTPOJEM
Ta KIITHHAMH, 10 o0poonsnucs antu-VEGF. Leit
edekT OyB MOB’SI3aHUM 3 IMiIBUIIEHHSM CIIO)KHBaH-
Hs Ti1r0K03M 1 mpoaykmii NO Ha 2-i eHb Ta 3HH-
JKEHHSIM — Ha 5-U JIeHb KYJIBTHBYBAaHHS KIIITHH.
VEGF-omnocepenkoBana mponykmiss NO 3ajiexana
Big Ca*. brnokarop Ca’-kananis (LaCl,) BusBub
BHPaXCHIIMWH 1HTiOyBalIbHAN eEeKT B MOPiBHIHHI
3 xemaropom Ca?* (EJITA). Tloka3ano, 110
MIEPUTOHEATbHI Makpo(aru € OTHUMH 3 TOJIOBHUX
noctavadpbHUKiB VEGF B yMoBax aHrioreHesy myx-
JIMHH, TIPO IO CBiTUATh OJIEpKaHI JaHi HA MOJEIb-
Hiif CHUCTeMi €HJOTEeIIONNTIB, CHHXPOHI30BaHUX Y
G,/G, dasi.

Knwouosi cnoma: VEGF, okcun asory,
anriorenes, eNOS, EDTA, LaCl,.
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MEXAHHU3MBI VEGF-
OIIOCPEJOBAHHOT' O
BBI)KUBAHU S 1 TIPOJTUPEPALINH
SHJOTEJUAJBHBIX KJIETOK

B YCJIOBHUSIX JJINTEJBHOTO
KYJBTUBAPOBAHMS BE3 3AMEHBI
CPEJIBI
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Mexannsmbl VEGF-onocpenoBanabix 3ddex-
TOB Ha 3HJOTEJMAIbHBIC KJICTKHU MPH PAa3BUTHHU U
MIPOrPECCHH paKka IO CHUX IOP OCTAIOTCS IOJIHO-
CTBbIO HEBBISICHEHHBIMU. VccnenoBanbl OHoornye-
ckre d¢dextsr VEGF, VEGF-o6oramenHoi cpenbt
KYJIBTUBUPOBAHUSl TMEPUTOHEANIbHBIX Makpodaros
MBIIIEH C KapIMHOMOMW JIeTKHX JIpronc Ha JIMHHIO
sHAoTenua bHbIX kKi1eTok MAEC B ycnoBusix niu-
TEJIBHOIO KYJBTUBUPOBAHUS 0€3 3aMEHBI CPEbl NH-
kyOanuu. Ilokazano, uro VEGF moBwiman mpomnn-
(hepaLnio KIETOK Ha 5-1 1eHb KyJIBTUBUPOBAHHS IO
CPaBHEHHIO C KOHTPOJIEM U KJIETKaMH, KOTOpBIE 00-
pabareiBanuchk anTH-V EGF. O10T 3 dexT Ob1r cBA-
3aH C MOBBILIEHUEM NOTPEOJICHUS IIIOKO3bI U MPO-
nykuuu NO Ha 2-i1 1eHb U CHUKEHUEM — Ha 5-1 IcHb
KyJnbTUBUpOBaHu KiieTok. VEGF-onocpenoBanHas
nponykius NO 3aBucena ot Ca?'. biokarop Ca**-
kananos (LaCl,) nposiBuin Gonee BHIpaKEHHbBIA MH-
TUOUPYIOMIHH 3PPEKT M0 CPaBHEHUIO C XEITATOPOM
Ca?* (BATA). TlokazaHo, 4YTO TIEPUTOHEATbHBIC Ma-
Kpodaru SBISIOTCS OIXHUMHU M3 IVIABHBIX IOCTaB-
mukoB VEGF B ycroBusix aHruoreHesa Omyxosiw,
0 YeM CBHJETEJIbCTBYIOT IOJYUYCHHBIC AAHHBIC HA
MOJICTIBHOM CHCTEME 3HIOTEIHOLMTOB CHHXPOHU-
supoBannbIX B G /G, dase.

Knwuesnie caosa: VEGF, okcup azora,
anruorenes, eNOS, EDTA, LaCl..
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