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Abstract

Vascular endothelial growth factor (VEGF) is a regulator of
vasculogenesis and angiogenesis. To investigate the role of
nitric oxide (NO) in VEGF-induced proliferation and in
vitro angiogenesis, human umbilical vein endothelial cells
(HUVEC) were used. VEGF stimulated the growth of HU-
VEC in an NO-dependent manner. In addition, VEGF pro-
moted the NO-dependent formation of network-like struc-
tures in HUVEC cultured in three dimensional (3D) collagen
gels. Exposure of cells to VEGF led to a concentration-
dependent increase in cGMP levels, an indicator of NO pro-
duction, that was inhibited by nitro-L-arginine methyl ester.
VEGF-stimulated NO production required activation of ty-
rosine kinases and increases in intracellular calcium, since
tyrosine kinase inhibitors and calcium chelators attenuated
VEGF-induced NO release. Moreover, two chemically dis-
tinct phosphoinositide 3 kinase (PI-3K) inhibitors attenu-
ated NO release after VEGF stimulation. In addition, HU-
VEC incubated with VEGF for 24 h showed an increase in
the amount of endothelial NO synthase (eNOS) protein and
the release of NO. In summary, both short- and long-term
exposure of human EC to VEGF stimulates the release of
biologically active NO. While long-term exposure increases
eNOS protein levels, short-term stimulation with VEGF pro-
motes NO release through mechanisms involving tyrosine
and PI-3K kinases, suggesting that NO mediates aspects of
VEGF signaling required for EC proliferation and organi-
zation in vitro. (J. Clin. Invest. 1997. 100:3131-3139.) Key
words: vascular endothelial growth factor « endothelium «
nitric oxide « angiogenesis « cGMP

Introduction

Vascular endothelial growth factor (VEGF),! a soluble angio-
genic factor produced by many tumor and normal cells, is a
46-kD dimeric glycoprotein with similarity to platelet-derived
growth factor (1-3). VEGF is secreted in four different forms
that arise from alternative splicing of the VEGF primary tran-
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script (3, 4). All four peptides are biologically active, but differ
in their physicochemical properties as well as their ability to
bind heparin (2). VEGF¢s is the most abundant of the four
isoforms in vivo and is commonly used in studies investigating
the biological effects of VEGF (3).

VEGTF selectively stimulates endothelial cells by binding to
cell surface receptors that possess intrinsic tyrosine kinase ac-
tivity. Two such receptors, VEGFR-1 (also known as Flt-1) and
VEGFR-2 (also known as Flk-1/KDR) have been reported on
endothelial cells (5, 6). Outside the endothelium, monocytes,
uterine smooth muscle, and pancreatic epithelial cells are the
only cells reported to express functional VEGF receptors
(7-9). The distribution of VEGF receptors suggests that VEGF
is an important regulator of endothelial cell development and
function. Indeed, transgenic animals with a null mutation for
the VEGF gene, VEGFR-1 or VEGFR-2 exhibit embryonic
lethality, characterized by absent or delayed endothelial cell
differentiation and impaired vasculogenesis and angiogenesis
(10-13).

Besides its involvement in vascular development, VEGF
has been demonstrated to play a key role in both physiologic
and tumor angiogenesis in adult mammals (3, 4, 14). Addi-
tional biological actions of VEGF in adult organisms have
been documented and include increased vascular permeability
(1, 15) and vasodilation that is accompanied by a decrease in
mean arterial pressure and tachycardia (16, 17). Recently, it
was demonstrated that vasodilation and increased vascular
permeability are inhibited by nitric oxide synthase inhibitors
(15-17). Brock et al. (18), demonstrated that VEGF increases
cytosolic calcium which is known to promote calmodulin bind-
ing on the endothelial isoform of nitric oxide synthase (NOS)
and stimulate NO production (19). More recently, VEGF was
shown to increase NO release in bovine, rabbit, and human en-
dothelial cells (20, 21). In vitro, VEGF is a potent and selective
mitogen for endothelial cells (2, 4). The mitogenic action of
VEGF on bovine microvascular endothelial cells is NO mediated
since nitric oxide synthase inhibitors block the VEGF-induced
proliferation (20). Although both VEGF and NO-stimulating
agents (substance P, endothelin) promote endothelial cell mi-
gration (22, 23), it is unknown whether NO contributes to the
chemotactic effects of VEGF.

Several reports have implicated NO in the angiogenic pro-
cess (22, 24-26). Using an in vitro system, we have recently
demonstrated that nitric oxide promotes TGF-81-driven capil-
lary organization in three dimensional (3D) cultures (27). The
aim of the present study was to determine if NO mediates the
angiogenic properties of VEGF in human cells by affecting
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proliferation and/or organization of human umbilical vein en-
dothelial cells (HUVEC) and to investigate the mechanism of
VEGPF-induced NO production.

Methods

Cell isolation and culture. Human endothelial cells were isolated
from umbilical veins and cultured as previously described (28) on gel-
atin-coated tissue culture flasks in M199 containing 20% FBS, 50 pg/ml
EC growth supplement (ECGS, a commercial preparation that con-
tains mainly fibroblast growth factor), 100 wg/ml porcine heparin, 10
U/ml penicillin, and 100 pg/ml streptomycin. Two to three individual
donors were pooled at passage one and used up to passage four. Cul-
tures had typical cobblestone morphology and stained uniformly for
von Willebrand factor, as assessed by indirect immunofluoresence.

Cell proliferation assays. HUVEC were seeded on rat tail type I
collagen coated wells at 6,000 cells/cm? in complete growth medium
and allowed to attach for 3—-4 h. Medium was then replaced with fresh
medium (M199 supplemented with 20% FBS and antibiotics, not con-
taining ECGS) with or without L-nitroarginine methylester (L-NAME)
(5§ mM). After 30 min ECGS or VEGF (50 ng/ml) was added to the
cultures. Cells were allowed to proliferate for 48 h, trypsinized, and
counted in a Coulter counter (Coulter Immunology, Hialeah, FL).

In vitro angiogenesis assay. 3D cultures were established as de-
scribed with minor modifications (29). Rat tail type I collagen was
mixed with 10X Earle’s balanced salt solution and neutralized with 1 N
NaOH. HUVEC were added immediately to achieve a final concen-
tration of 2 X 10° cells/ml collagen (final collagen concentration was 2
mg/ml). Drops (0.1 ml each) of the cell/collagen mixture were added
to tissue culture dishes, placed for 10 min in a humidified incubator at
37°C, and allowed to gel for 10 min. Growth medium was then added
to each dish. Cultures were preincubated for 30 min with vehicle or
L-NAME (5 mM) before being exposed to VEGF (25 ng/ml). VEGF
was readded to the cultures every 12 h. HUVEC were allowed to
form tube-like structures for 1 or 2 d. To evaluate tube formation in
3D cultures, cells were photographed and total network length (de-
fined as an elongation of cells into tube-like structures typically seen
in 3D cultures) was quantified in two to three fields per experiment
using the National Institutes of Health (NIH)-Image program.

Determination of cGMP accumulation. HUVEC were cultured
in 24-multiwell plates and used at confluence to determine cGMP ac-
cumulation as previously described (30). Briefly, cultures were washed
with HBSS to remove traces of serum and incubated with the test
compounds (DMSO as a vehicle up to 0.25%, BAPTA/AM, calmida-
zolium, genistein, geldanamycin, LY 294002, or wortmannin) for 45
min. After the pretreatment period, 1 mM isobutylmethylxanthine
(IBMX) was added to inhibit the phosphodiesterases (5 min incuba-
tion). Nitric oxide production from HUVEC in response to VEGF
was then assessed by the intracellular accumulation of cGMP over a
15-min period. HBSS was then aspirated and 250 ul of 0.1 N HCl
were added to each well to stop enzymatic reactions and to extract
¢GMP. 30 min later, the HCI extract was collected and stored until
analyzed by RIA. To normalize cGMP values, protein content in
each well was measured by the Bradford method after solubilization
of the protein with 1 N NaOH. To determine the effect of long-term
exposure of VEGF on NO production, HUVEC were treated for 24 h
with 20 ng/ml VEGF. They were then washed with HBSS and incu-
bated with 1 mM IBMX in the presence or absence of ionomycin
(1 pM). cGMP was extracted and processed as described above.

Calcium measurements. All calcium measurements were per-
formed on an ACAS 570 Interactive Laser Cytometer using a 488-nm
argon source (Meridian, Inc., East Lansing, MI). [Ca?*] was followed
by using the fluorescent calcium probe fluo-3. HUVEC were loaded
for 45 min with 2 uM fluo-3/AM, using 0.5% pluronic acid at room
temperature in the presence of vehicle (DMSO, 0.25%) or the test
compound (BAPTA/AM 12.5 pM, genistein 100 pM). They were then
washed twice and placed in Krebs-Ringer-Hepes (KRH) (125 mM NaCl,
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5SmM KCl, 1 mM KH,PO,, 1 mM MgSO,, 2 mM CaCl,, 25 mM Hepes,
6 mM glucose). Plates were placed onto the stage of the ACAS 570 and
visualized with an integrated, inverted microscope under phase con-
trast to select an appropriate field. After the addition of VEGF (20
ng/ml), repeated laser excitation of a field was performed with contin-
uous recording of the fluorescent data. Fluorescent intensity curves
were generated for individual cells using the kinetics software data
analysis program available with the ACAS. A value of 1 was assigned
to the fluorescence for each individual cell before stimulation with an
agonist; all subsequent values are presented as a ratio of the observed
fluorescence over the initial fluorescence (normalized fluorescence).

Immunoprecipitations and Western blotting. HUVEC were serum
starved for 18 h in medium containing 2% bovine serum albumin.
VEGF (40 pg/ml) was then added to the cells for an additional 24 h.
Cells were washed with phosphate buffered saline and lysed in a
modified RIPA buffer (100 mM Tris-HCI, 50 mM NaCl, pH 74, 1%
vol/vol Nonidet P-40, 10 wg/ml aprotinin, and 10 wg/ml leupeptin).
Lysates were then dounce homogenized and insoluble material pel-
leted by centrifugation (12,000 g for 10 min at 4°C). Protein was de-
termined by the Lowry method and 500 pg of protein from each
group (control or VEGF treated cells) were precleared. Lysates were
then incubated for 2 h with an anti-endothelial NOS (eNOS) mono-
clonal antibody (mAb) at 4°C, protein A-Sepharose was added and
incubated for an additional 1 h. The immune complexes were washed
three times with RIPA buffer and boiled in SDS-PAGE sample buf-
fer for 5 min. Immunoprecipitated samples were separated by SDS-
PAGE in a 7.5% gel followed by overnight transfer of the proteins to
nitrocellulose membranes. Membranes were blocked with 0.1%
Tween-20 in Tris-buffered saline containing 5% nonfat dry milk for 2 h
at room temperature, incubated with a anti-eNOS mAb for an addi-
tional 2 h and washed extensively. They were then incubated with a
horseradish peroxidase-conjugated goat anti-mouse Ab for 30 min
before being developed with the enhanced chemiluminescence sub-
strate (ECL).

Data analysis and statistics. Data are presented as means=SEM
or as percentage of control of the indicated number of observations.
Statistical comparisons between groups were performed using the
Student’s ¢ test or one-way ANOVA followed by a post hoc test
(Neuman-Keuls or Dunnett’s), as appropriate. Differences among
means were considered significant when P < 0.05.

Materials. Tissue culture plasticware, rat tail type I collagen, hu-
man recombinant vascular endothelial growth factor (VEGF,;), and
endothelial cell growth supplement were from Collaborative Bio-
medical Products (Bedford, MA). Growth medium, fetal calf serum,
and transforming growth factor B1 were purchased from GIBCO/
BRL (Grand Island, NY). BAPTA/AM, calmidazolium, genistein,
geldanamycin, LY 294002, and wortmannin were obtained from Cal-
biochem (San Diego, CA). Protein A Sepharose was obtained from
Pharmacia Fine Chemicals (Piscataway, NJ). The anti-eNOS mono-
clonal antibody was obtained from Transduction Labs (Lexington,
KY). The ECL detection system and the horseradish peroxidase con-
jugated anti-rabbit antibody was obtained from Amersham Life Sci-
ences (Arlington Heights, IL). Nitrocellulose membranes were pur-
chased from Gelman Sciences (Ann Arbor, MI). X-ray film was
obtained from Eastman Kodak Co. (Rochester, NY). The '»I-cGMP
radioimmunoassay kit was purchased from Biomedical Technologies
Inc (Stoughton, MA). All other chemicals including penicillin, strep-
tomycin, bovine serum albumin, NP-40, PMSF, aprotinin, EDTA,
L-NAME, ionomycin, and others were purchased from Sigma Chem-
ical Co. (St. Louis, MO).

Results

Effects of NO on endothelial cell proliferation. To investigate
if NO contributes to the proliferative response of human en-
dothelial cells to VEGF, proliferation assays were performed
in the absence and presence of the NOS inhibitor L-NAME



150 [ VEHICLE
* L-NAME
*
& 100
z #
5 -
E T
=
= 50
(]
O
W

CTL ECGS VEGF

Figure 1. L-NAME inhibits VEGF-induced proliferation in HUVEC.
HUVEC were seeded at 6,000 cells/cm? and allowed to attach for
3—4 h in complete growth medium. Medium was then changed to
M199 supplemented with 20% FCS with or without L-NAME (5 mM).
After 30 min, cells were stimulated with ECGS (50 pg/ml) or VEGF
(50 ng/ml) and allowed to proliferate for 48 h. Cells were then
trypsinized and counted using a Coulter counter. Means+SEM,;

n = 4 wells; *P < 0.05 from control (CTL), *P < 0.05 from vehicle.

(5 mM). This high concentration of L-NAME was found to be
necessary to completely block basal NO release in preliminary
experiments. Since we were unable to consistently document
basal release of NO in HUVEC (as assessed by L-NAME-
inhibitable cGMP accumulation), a smooth muscle-HUVEC
short-term coculture bioassay was used (31). Under these con-
ditions, basal NO release as estimated by cGMP accumulation
in the smooth muscle cells was 11.7+2.4, 10.9+3.0, and
2.3%+1.2 pmol/mg protein (n = 3) for control, 1, and 4 mM
L-NAME, respectively. The high concentration of this inhibi-
tor (L-NAME) needed to block NO release is justified by the
high concentration L-arginine (400 uM) found in the culture
medium.

Addition of ECGS (50 pg/ml) or VEGF (50 ng/ml) in the
culture medium stimulated HUVEC proliferation over the
course of 2 d (Fig.1). Inhibition of NO synthesis resulted in a
67% decrease in VEGF-stimulated proliferation without af-
fecting the response to ECGS, suggesting that NO is an impor-
tant mediator of VEGF signaling.

Effects of nitric oxide on VEGF-induced organization in
vitro. HUVEC cultured in conventional two dimensional cul-
tures exhibited a typical cobblestone morphology (Fig. 2A). In
contrast, HUVEC seeded in 3D type I collagen gels and ex-
posed to complete growth medium (containing ECGS), re-
mained rounded or were minimally spread out (Fig. 2 B). On
the other hand, cells exposed to complete growth medium sup-
plemented with VEGF (25 ng/ml), exhibited a distinct pheno-
type assuming a more elongated shape (Fig. 2 C). HUVEC
stimulated with VEGF appeared to engage in the formation of
a vascular network within 24-48 h that subsequently disassem-
bled. When control 3D cultures were grown for 7 d a large per-
centage of the cells underwent apoptosis (data not shown). It
should be noted that not all of the cells in the 3D cultures par-
ticipated in the formation of a vascular network and that vari-

ability was observed between individual HUVEC cultures
(pooled populations of two to three donors). The organization
of HUVEC into cords and network structures in the presence
of VEGF was inhibited by the addition of L-NAME to the me-
dium (Fig. 2 D). Morphometric quantitation of the vessel-like
structures in the 3D cultures revealed that L-NAME attenu-
ated this response to VEGF by 58%.

Short-term exposure to VEGF stimulates NO production in
human endothelial cells. Baseline cGMP levels in resting HU-
VEC are low (1.2 pmol/mg protein). Exposure of monolayers
to 20 ng/ml VEGF for 15 min, in the presence of the phos-
phodiesterase inhibitor IBMX, led to a significant increase in
cGMP levels (Fig. 3 A). This increase was inhibited by 100 uM
L-NAME, demonstrating that the rise in cGMP levels is due to
the release of biologically active NO after stimulation with
VEGF. A lower concentration of L-NAME is required to
completely block NO release under these conditions since no
arginine is present in the salt solution bathing the cells during
the bioassay. The magnitude of the VEGF response was com-
parable to that of 1 pM ionomycin, a nonreceptor agonist that
maximally stimulates NO production. Unlike VEGF, incuba-
tion of HUVEC with TGF-B1 (a known angiogenic factor, that
has been used to promote in vitro angiogenesis by rat EC in
this 3D culture model [27, 29]) did not lead to an increase in
NO production. The effect of VEGF on intracellular cGMP
was concentration-dependent (Fig. 3 B), with a steep rise in
cGMP levels between 1 and 10 ng/ml VEGF.

To investigate the mechanism of the VEGF-induced NO
release, cells were treated with the calcium chelating agent
BAPTA/AM (5 pM) or the calmodulin antagonist calmidazo-
lium (15 wM) for 45 min before stimulation with VEGF. Che-
lation of intracellular calcium and calmodulin antagonism, led
to an inhibition of the VEGF-induced NO release (Fig. 4 A).
Since tyrosine phosphorylation events are an integral part of
VEGTF signalling, we investigated the effects of two chemically
distinct protein tyrosine kinase inhibitors on VEGF-induced
NO production. Pretreatment of monolayers with genistein
(100 wM) (32, 33) or geldanamycin (1 pg/ml) attenuated
c¢GMP accumulation in response to VEGF (Fig. 4 B).

To investigate if exposure of EC to VEGF causes an in-
crease in the concentration of intracellular calcium, cells were
loaded with fluo-3/AM and stimulated with 20 ng/ml VEGF.
Fig. 5 depicts calcium fluxes in individual cells. VEGF caused a
delayed increase in [Ca?*]; compared to ionomycin or hista-
mine. It should be noted that not all of the cells within a given
field displayed calcium fluxes when exposed to VEGF. Incuba-
tion of the cultures with BAPTA/AM (12.5 puM) completely
blocked the VEGF-induced increase in [Ca2*];. Interestingly,
the tyrosine kinase inhibitor genistein did not inhibit the
VEGPF-induced calcium flux, but attenuated the VEGF-induced
NO release (see above).

Stimulation of bovine aortic endothelial cells with VEGF
has been shown to cause phosphorylation and activation of the
phosphoinositide- 3 kinase (PI-3K) (34, 35). To determine if
activation of PI-3K contributes to the increase of biologically
active NO in response to VEGF, HUVEC were pretreated with
two chemically different, specific inhibitors of PI-3K. Incuba-
tion of cells with L'Y294002 (LY; 10 or 100 uM) or wortmannin
(WM; 500 nM) attenuated the VEGF-induced NO release
(Fig. 6). It should be noted that none of the agents used to in-
hibit the production of VEGF-induced NO release affected
the ability of soluble guanylate cyclase (sGC) to respond to ex-
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Figure 2. VEGF stimulates in vitro angiogenesis in 3D cultures of HUVEC in an NO-dependent manner. Whole mount view of HUVEC grow-
ing in 3D cultures. HUVEC were grown in 3D cultures (2 X 10° cells/ml of collagen) for 2 d in the absence or presence of VEGF (25 ng/ml)
with or without L-NAME (5 mM). Data are from a representative experiment. Similar results were obtained in at least three experiments. Mag-
nification of 200. Arrow indicates the network structures that form with VEGF treatment. Morphometric quantification (E) of the effect of
L-NAME on VEGF-induced in vitro angiogenesis (two to three fields/experiment at a magnification of 200) was performed using the National
Institutes of Health (NIH) image analysis program. Means=SEM. *P < 0.05 from CTL, *P < 0.05 from VEGF.

ogenous NO. For these experiments, HUVEC were pretreated ~ was then determined by stimulation with 100 pM sodium ni-
with the same concentration of the agents used to inhibit troprusside (data not shown).

NO release (genistein, geldanamycin, L'Y294002, wortmannin, Long-term exposure to VEGF augments NO production in
BAPTA, and CMZ) for 45 min; sGC responsiveness to NO human endothelial cells. To investigate the effects of long-
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Figure 3. VEGF stimulates NO production in HUVEC. (A) Conflu-
ent HUVEC were washed with Hanks balanced salt solution and in-
cubated with or without L-NAME (100 uM) for 15 min. They were
then stimulated with transforming growth factor g1 (5 ng/ml), VEGF
(20 ng/ml), or ionomycin 10 uM in the presence of isobutylmethyl-
xanthine (1 mM) to inhibit phosphodiesterase activity, for an addi-
tional 15 min. cGMP was extracted with 0.1 N HCI and measured by
radioimmunoassay. Means=SEM; n = 3 wells; *P < 0.05 from
CTL. (B) HUVEC were washed with Hanks’ balanced salt solution
and stimulated with the indicated concentration of VEGF in the pres-
ence of isobutylmethylxanthine (1 mM) for 15 min. cGMP was then
extracted with 0.1 N HCI and measured by radioimmunoassay.
Means*+=SEM; n = 4 wells; *P < 0.05 from CTL.

term treatment of human EC with VEGF, HUVEC were incu-
bated with VEGF for 24 h, lysed and equal amounts of protein
from each group immunoprecipitated with an anti-eNOS mAb.
Western blot analysis revealed that eNOS protein levels were
increased (Fig. 7 A). This increase was accompanied by an in-
crease in the amount of NO released in response to ionomycin
(Fig. 7 B).

Discussion

The aim of the present study was to determine if NO plays a
role in different aspects (proliferation and organization) of the
angiogenic response to VEGF and to investigate the mecha-
nism mediating the release of NO in human endothelial cells
exposed to VEGF. The major findings of the present study are
that: (a) NO mediates the VEGF-induced proliferation in hu-
man EC; (b) VEGF stimulates organization of human EC in
3D cultures in an NO-dependent manner; (¢) short-term expo-
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Figure 4. Tyrosine kinase inhibitors and calcium/calmodulin antago-
nists attenuate VEGF-stimulated NO production. (A) HUVEC
monolayers were washed with HBSS and incubated with vehicle
(DMSO), BAPTA/AM (BAPTA; 5 pM) or calmidazolium (CMZ;
15 wM) for 45 min. Cells were then stimulated with VEGF (20 ng/ml)
in the presence of isobutylmethylxanthine (1 mM) to inhibit phos-
phodiesterase activity for an additional 15 min. cGMP was extracted
with 0.1 N HCI and measured by radioimmunoassay. Means=SEM;
n = 3 wells; *P < 0.05 from VEGF. (B) HUVEC monolayers were
washed with HBSS and incubated with vehicle (DMSO), genistein
(GEN; 100 M) or geldanamycin (GELD; 1 pg/ml) for 45 min. Cells
were then stimulated VEGF (20 ng/ml) in the presence of isobutyl-
methylxanthine (1 mM) to inhibit phosphodiesterase activity, for an
additional 15 min. cGMP was extracted with 0.1 N HCl and measured
by radioimmunoassay. Means=SEM; n = 3 wells; *P < 0.05 from
VEGF.

sure of HUVEC to VEGF causes increased NO production
mediated by activation of tyrosine and phosphoinositide ki-
nases; (d) long-term exposure of human EC to VEGF leads to
an increase in the protein levels of eNOS and the release of
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NO. These data collectively suggest that the NO produced af-
ter VEGF stimulation is involved in VEGF signaling and me-
diates various aspects of its angiogenic properties and that
VEGEF augments eNOS expression and the stimulated produc-
tion of NO. Recently, these in vitro findings were extended by
the demonstration that VEGF-induced angiogenesis, in vivo,
is significantly attenuated by NOS inhibition (36).
Angiogenesis, the process of new blood vessel formation
from preexisting ones, is comprised of several discrete steps in-
cluding dissolution of matrix, endothelial cell migration, prolif-
eration and organization into a network structure, followed by
lumen formation. NO has been implicated in all of the above
mentioned processes in a manner consistent with a proangio-
genic phenotype. Endogenously produced NO in response to
substance P and VEGF stimulates EC growth in bovine cells
(20, 22). In addition, NO released after endothelin ET recep-
tor activation promotes migration of HUVEC that is blocked

150+ Figure 6. Inhibition of
PI-3K attenuates the
VEGF-induced NO re-
lease. HUVEC mono-
layers were washed with
Hanks’ balanced salt so-
lution and incubated
with vehicle (DMSO),
wortmannin (WM; 500
nM), or LY294002
(LY; 10 or 100 uM) for
45 min. Cells were then
stimulated VEGF (20
ng/ml) in the presence
of isobutylmethylxan-
thine (1 mM) to inhibit phosphodiesterase activity, for an additional
15 min. cGMP was extracted with 0.1 N HCI and measured by radio-
immunoassay. Means=SEM; n = 3 wells; *P < 0.05 from CTL.
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Figure 5. Exposure of HUVEC to VEGF leads to
increases in intracellular calcium that are not attenu-
ated by the protein tyrosine kinase inhibitor geni-
stein. HUVEC were loaded with fluo-3 in the pres-
ence of vehicle (DMSO) or genistein (100 pM) as
described in the Methods section. Cells were then
stimulated with VEGF (20 ng/ml), ionomycin (1 uM)
or histamine (10 wM) and fluorescent signals, corre-
sponding to free cytosolic calcium concentrations
were recorded in real time.

by antisense oligonucleotides to eNOS (23). We have recently
shown that NOS inhibitors attenuate TGF-31-induced angio-
genesis in vitro (27). With the exception of the chick chorioal-
lantoic membrane (24), NO is shown to promote angiogenesis
in vivo: NOS inhibitors block neovascularization in response
to substance P and monocyte-derived lipopolysaccharide-stim-
ulated angiogenic activity in the cornea micropocket assay (22,
25), reduce flow in tumor associated neovasculature (37) and
delay healing of gastric ulcers (38). Moreover, a human colon
adenocarcinoma cell line, genetically engineered to produce
NO, gave rise to larger, more vascularized tumors when in-
jected in mice (26).

To determine if NO plays a role in the angiogenic response
to VEGF, 3D cultures of HUVEC in type I collagen gels were
established in the presence and absence of L-NAME. This in
vitro model for angiogenesis has been used to evaluate re-
sponses of rat and bovine microvascular cells to VEGF, TGF-
B1, basic fibroblast growth factor (bFGF), or combinations of
these growth factors (29, 39). Montesano and Orci (40), dem-
onstrated that PMA stimulates the formation of a vascular net-
work by HUVEC in 3D collagen gels. Although the develop-
ment of a tube-like network in response to VEGF was not as
striking as that observed in response to PMA, HUVEC cul-
tured in the presence of VEGF exhibited a greater degree of
elongation and appeared to engage in a network formation
more so than cells in control cultures. Morphometric quantifi-
cation of this response confirmed the visual observation that
NO mediates, in part, the VEGF response. Typically network
formation in 3D culture is independent of proliferatiion and
most likely reflects organization and stabilization of a complex
endothelial cell phenotype, therefore the inhibition of network
formation by L-NAME is unlikely due to inhibition of EC pro-
liferation in 3D culture.

Since endothelial cell proliferation is an important aspect
of angiogenesis, we investigated if NO mediates the prolifera-
tive effect of VEGF on human EC. HUVEC were allowed to
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Figure 7. Long-term exposure to VEGF increases eNOS protein lev-
els and NO release. (A) HUVEC were treated with VEGF (40 pg/ml)
for 24 h. Cells were then washed with phosphate buffered saline and
lysed. Equal amounts of protein (500 pg) from each group were im-
munoprecipitated with anti eNOS mAb. Immune complexes were
separated by SDS-PAGE, transferred to nylon membranes, and blot-
ted with an anti-eNOS mAb. (B) HUVEC monolayers were treated
with VEGF (20 pg/ml) for 24 h. They were then washed with HBSS
and stimulated with ionomycin (1 uM) or SNP (100 uM) in the pres-
ence of IBMX (1 mM) for an additional 15 min. cGMP was extracted
with 0.1 N HCI and measured by radioimmunoassay. Means*=SEM;
n = 3;*P < 0.05 from VEGF.

proliferate for 48 h with or without L-NAME in the presence
of VEGF. Inhibition of NO production attenuated the VEGF-
stimulated proliferation in HUVEC, without affecting the re-
sponse to ECGS. This observation is in agreement with previ-
ous reports that NOS inhibitors block the mitogenic effects of
VEGTF and substance P in bovine microvascular cells, without
affecting bFGF migration and angiogenesis (20, 22).

NO is generated from the guanidino groups of L-arginine in

a reaction catalyzed by the enzyme nitric oxide synthase (NOS)
(19, 41). Vascular endothelial cells constitutively express eNOS
(type IIT NOS), but are also capable of generating large
amounts of NO through the inducible NOS (type II or iNOS)
pathway after cytokine stimulation (19, 42). HUVEC are a no-
table exception, since they are unable to express iNOS even
when exposed to mixtures of cytokines. Interestingly, stimula-
tion of HUVEC with cytokines results in increased NO pro-
duction through eNOS, that is due to increased synthesis of
tetrahydrobiopterin, a necessary cofactor for all NOS isoforms
that is depleted in serially passaged HUVEC (28). NO synthe-
sis in endothelial cells can be stimulated by mechanical forces
(such as shear stress and cyclic strain) or after exposure to ago-
nists (such as acetylcholine, bradykinin, and substance P among
others) (19, 41). It was recently appreciated that short-term ex-
posure of EC to growth factors, such as IGF-1 and insulin, aug-
ments NO production (43, 44). However, the mechanism of
NO release caused by classic agonists has important differ-
ences with the mechanism by which mechanical forces or IGF-1
stimulate NO production in endothelial cells. The former, in-
crease the intracellular calcium concentration that promotes
calmodulin binding to eNOS leading to activation (19), while
the latter utilize calcium-independent, tyrosine kinase medi-
ated mechanisms to stimulate NO release (45). Here we show
that VEGF caused a concentration-dependent increase in
c¢GMP accumulation that was inhibited by L-NAME. Our re-
sults are in agreement with previous reports that VEGF stimu-
lates NO production in bovine microvascular cells (20). van
der Zee et al. (21), recently reported that exposure of HUVEC
to VEGF causes accumulation of nitrite in the medium. In this
case, nitrite accumulation increased up to 100 ng/ml VEGF,
whereas in the present study VEGF-induced cGMP accumula-
tion reached a plateau at a concentration that is one order of
magnitude smaller. Since the capacity of sGC to produce cGMP
is not a limiting factor under our experimental conditions
(cGMP accumulation in response to SNP is greater than the
cGMP levels at saturating VEGF concentrations), the greater
amounts of nitrite released at higher VEGF concentrations do
not represent biologically active NO. Exposure of EC to VEGF
promotes superoxide anion formation (20), that may prevail at
higher VEGF concentrations and inactivate part of the NO
produced. Stimulation of HUVEC with TGF-{31 another an-
giogenic cytokine, previously shown to promote capillary orga-
nization in the 3D cultures, failed to increase NO release.
Longer exposures of EC to TGF-1 have been shown to lead
to increased levels of eNOS protein and increased agonist in-
duced NO release (46).

In agreement with previously published results (18), we ob-
served that exposure of HUVEC to VEGF increased [Ca*],.
In addition, pretreatment of HUVEC with calcium chelators
or the calmodulin antagonist calmidazolium, blocked the
VEGF-induced NO release. Since calcium is required for the
activity of some protein kinases and affects a number of phos-
phorylation/dephosphorylation events, it is unclear whether
inhibition of NO production by BAPTA occurs at the level of
eNOS or upstream.

Unlike many EC in culture, HUVEC retain their Flk-1 and
Flt-1receptors (47, 48). Binding of VEGF to its receptors
causes receptor dimerization and autophosphorylation on ty-
rosine residues (3). The presence of phosphotyrosine on the
cytoplasmic tail of the receptor promotes interactions with
proteins that contain the Src homology region 2 (SH2), a con-
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served sequence of ~ 100 amino acids (49). Several proteins
that associate with the VEGF receptors have been identified
including PI-3K, phospholipase C-y (PLC- vy), GTPase activat-
ing protein and the oncogenic adaptor protein NcK (34, 35,
50). PLC-y activation leads to increased formation of diacyl-
glycerol and inositol 1,4,5 triphosphate (IP;), increased intracel-
lular calcium concentration, activation of protein kinase C and
calcium/calmodulin kinases (51, 52). PI-3K on the other hand,
leads to generation of phosphatidylinositol species phosphory-
lated at the D3 position of the inositol ring that serve as signal-
ing molecules activating protein kinase C and Akt (53, 54). To
further investigate the mechanism by which VEGF causes NO
release in human EC, pharmacologic inhibitors of tyrosine ki-
nases and PI-3K were used. Inhibition of protein tyrosine
kinases by two different agents (genistein, geldanamycin) at-
tenuated the VEGF-induced NO release. Tyrosine kinase
inhibitors have been shown to have varying effects on NO re-
lease; genistein blocked IGF-1-stimulated NO release in HU-
VEC and erbstatin A, a different tyrosine kinase inhibitor, at-
tenuated acetylcholine-induced vasorelaxation (44, 45). On the
other hand, genistein did not inhibit bradykinin-induced NO
production in cultured bovine aortic EC or coronary arteriolar
relaxations to substance P (55, 56), suggesting that the involve-
ment of tyrosine kinases in NO production is stimulus, vascu-
lar bed and/or species specific. It should be noted that tyrosine
kinase inhibition attenuates tumor angiogenesis in vivo, as well
as endothelial cell proliferation in vitro (35, 57). Previous stud-
ies have demonstrated the interdependence of tyrosine phos-
phorylation and calcium signalling in EC (32, 58). To deter-
mine if the effects of genistein were mediated by a decrease in
intracellular calcium, cells were loaded with fluo-3 in the pres-
ence and absence of genistein and stimulated with VEGF. In
spite of reports that genistein blocks VEGF-induced tyrosine
phosphorylation of PLC-y (34) we detected no inhibition of
calcium mobilization in cells pretreated with genistein, sug-
gesting that the decreased NO production seen in the presence
of tyrosine kinase inhibitors is not due to inhibition of the cal-
cium/calmodulin activation of eNOS. Perhaps genistein blocks
a tyrosine kinase cascade that indirectly, through another serine
kinase, may influence the phosphorylation of eNOS and subse-
quent activation by calcium and calmodulin.

VEGF-induced PI-3K phosphorylation or activation has
been shown to occur in some, but not all cultured endothelial
cells (34, 35, 59). To investigate the involvement of a different
signaling pathway in the VEGF-induced NO release, HUVEC
were pretreated with the PI-3K inhibitors LY294002 or wort-
mannin. Both agents attenuated the release of NO in response
to VEGF, suggesting that PI-3K activation mediates, at least in
part, the response of VEGF. This is in agreement with pre-
vious observations that PI-3K inhibition blocks insulin and
IGF-1-induced NO production in HUVEC (43). It is interest-
ing to note that PI-3K activation influences several aspects of
the angiogenic response. Wortmannin inhibits angiogenesis in
the chick chorioallantoic membrane in vivo and lipid products
of PI-3K increase cell motility (60, 61). It is, thus, tempting to
speculate that the antiangiogenic effects of both tyrosine and
PI-3K inhibitors are mediated through inhibition of NO syn-
thesis. The exact mechanism by which PI-3K is involved in NO
release is unknown. Several possibilities exist: PI-3K may be
affecting (directly or through downstream signalling molecules
such as Akt) the phosphorylation state of eNOS, or the PI-3K
lipid products may be directly acting on eNOS. The latter seems
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unlikely since eNOS does not contain a pleckstrin homology
domain required for most lipid-protein interactions. Alterna-
tively, PI-3K inhibitors may be affecting eNOS localization,
and thus optimal NO production (62, 63), as PI-3K is involved
in vesicular trafficking (53, 64).

In summary, we have demonstrated that in human cells,
NO production in response to short-term VEGF exposure is
mediated by the activation of tyrosine kinases and PI-3K; long-
term exposure to VEGF augments NO release through in-
creased expression of the eNOS protein. Moreover, NO medi-
ates a proliferative and angiogenic response to VEGF in vitro.
These observations taken together with previous results that
TGF-B1-driven capillary tube formation is sensitive to NO in-
hibition, suggest that NO may be an important modulator of
growth factor signaling in endothelial cells.
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