
B1 receptor involvement in the e�ect of bradykinin on venular
endothelial cell proliferation and potentiation of FGF-2 e�ects

1Lucia Morbidelli, 1Astrid Parenti, 1Lisa Giovannelli, 2Harris J. Granger, 1Fabrizio Ledda &
1,3Marina Ziche

1Department of Pharmacology, University of Florence, Viale G.B.Morgagni 65, 50134, Florence, Italy; 2Microcirculation Research
Institute and Department of Physiology, Texas A&M University System Health Science Center, College Station, TX 77843-1114,
USA

1 Bradykinin (BK) contributes to the in¯ammatory response inducing vasodilation of postcapillary
venules and has been demonstrated to induce neovascular growth in subcutaneous rat sponges.

2 In this study the ability of BK to stimulate cell growth and migration in cultured endothelium from
coronary postcapillary venules (CVEC) has been investigated.

3 [3H]-thymidine incorporation in subcon¯uent and synchronised CVEC was used to monitor DNA
synthesis over 24 h. BK promoted a concentration-dependent increase of DNA synthesis with maximal
activity at 100 nM. At this concentration BK also induced 18 fold accumulation of c-Fos protein
immunoreactivity in the nucleus within 1 h from peptide exposure.

4 The total number of cells recovered after 48 h exposure to BK was increased in a concentration-
dependent manner. Maximal e�ect was produced by 100 nM concentration of the peptide which
produced 50% increase in cell number. The selective B1 receptor agonist Des-Arg9-BK mimicked the
proliferative e�ect of BK, while the B2 receptor agonist kallidin was devoid of any activity. The
proliferation induced by BK was abolished in a concentration-dependent manner by the addition of the
B1 selective antagonist Des-Arg9-Leu8-BK, while the selective B2 receptor antagonist HOE140 did not
modify BK-induced growth.

5 DNA synthesis and growth promoted by a threshold concentration of ®broblast growth factor-2
(FGF-2) (0.25 nM) were potentiated by increasing concentrations of BK and Des-Arg9-BK.

6 Endothelial cell migration assessed by the Boyden Chamber procedure was not promoted by BK or
the selective B1 and B2 receptor agonists.

7 These data are the ®rst demonstration that BK promotes growth of endothelial cells from
postcapillary venules. The mitogenic activity of BK involves c-Fos expression and potentiates the growth
promoting e�ect of FGF-2. Only the B1 receptor appears to be responsible for the proliferation induced
by BK and suggests that this type of receptor might be implicated in favouring angiogenesis of coronary
venules.
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Introduction

Kinins are potent vasodilating peptides that are released from
precursor kininogens by kallikreins. Kinins bind to receptors

and mediate a broad spectrum of biological e�ects including
vasodilation, smooth muscle contraction and relaxation, pain
and in¯ammation. Bradykinin (BK) is a potent in¯ammatory

mediator capable of inducing vasodilation and dramatically
enhancing the transport of water and proteins across
postcapillary venules by its action on endothelial cells.

Increasing evidence demonstrates that vasoactive peptides

which control vascular tone also contribute to changes in cell
growth. In particular BK has been shown to possess opposite
e�ects on cell proliferation. In smooth muscle cells BK blocks

spontaneous and growth factor-induced cell proliferation
(Patel & Schrey, 1992; Yau et al., 1996; Dikson & Dennis,
1997), while in other cell types a growth promoting e�ect of

BK has been described (Goldstein & Wall, 1984; Marceau &
Tremblay, 1986; Kimball & Fisher, 1988; el-Dahr et al., 1996).

Angiogenesis is the process of new vessel generation which
leads to neovascularization (Folkman, 1982). In the adult

tissue, angiogenesis is of importance for various physiological

and pathological processes such as ovulation and corpus
luteum formation, healing processes including recovery from

myocardial infarction, tumour growth and metastasis, in¯am-
mation, chronic arthropathies and diabetic retinopathies. The
morphogenesis of capillaries involves a concerted sequence of

events usually described as migration of the endothelium in a
controlled direction, cellular proliferation and maturation
(Ziche et al., 1996). The promotion or inhibition of
angiogenesis has potentially important therapeutic applica-

tions.
Fan and coworkers (Hu & Fan, 1993; Hu et al., 1995)

reported on angiogenesis induced in vivo by BK in synergism

with interleukin-1 (IL-1). The receptor subtype involved in
BK-induced neovascular response and the mechanism by
which BK induced angiogenesis however were not elucidated.

The aim of the present study was to assess whether BK could
directly a�ect endothelial cell growth and migration, which are
necessary steps for angiogenesis. Endothelial cells from
postcapillary venules were selected for this study since these

vessels are the primary site of BK e�ects as well as of
neovascular growth (Folkman & Shing, 1992). Furthermore,
we attempted to characterize the BK receptor subtypes present

in cultured coronary venular endothelial cells and their role in
mediating BK e�ects.3Author for correspondence.
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Methods

Cell line and culture conditions

The coronary venular endothelial cells (CVEC) were obtained

by a bead-perfusion technique through the bovine coronary
sinus as previously reported (Schelling et al., 1988). The
endothelial nature of the cells was evidenced by labelling with

antibody to Factor VIII-related antigen and uptake of
acetylated low-density lipoproteins. At con¯uence, they form
a typical contact-inhibited monolayer with the usual cobble-

stone morphology. Cells were maintained in culture in DMEM
supplemented with 10% bovine calf serum (CS, Hyclone) and
antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin)
on gelatin coated dishes. Cells were cloned and each clone was
subcultured up to a maximum of 25 passages. Passages
between 15 and 20 were used in these experiments.

c-Fos immunohistochemistry

2500 cells were seeded onto 96 multiwell plates in DMEM

containing 10% serum and let adhere overnight. Cells were
starved from serum for 3 days. Treatment with test substances
was performed in 0.5% serum at 378C for the indicated times.

Cells were washed with phosphate bu�ered saline (PBS) and
®xed in 2% formaldehyde in PBS at room temperature for
20 min. Fixative was removed by three washes with PBS
containing 10 mM glycine. The cells were permeabilized for

5 min with 1% Nonidet P-40 in PBS-glycine and then
incubated at 48C overnight with polyclonal sheep c-Fos
peptide antiserum (Genosys, 1 : 500 dilution in PBS contain-

ing 1% of normal horse serum). The bound antibody was
detected with biotinylated anti-sheep IgG and the avidin-biotin
peroxidase (ABC, Vector Laboratories) according to the

manufacturer's instructions and visualized by incubation with
3,3'-diaminobenzidine tetrahydrochloride (0.3 mg/ml) and
hydrogen peroxide (0.015%) for 4 ± 8 min at room tempera-

ture. The number of labelled nuclei was counted in a blinded
manner at 106 magni®cation in three random ®elds/well with
the aid of an ocular grid.

[3H]-Thymidine incorporation

DNA synthesis was quanti®ed by [3H]-thymidine incorpora-

tion of subcon¯uent and synchronized cell monolayers (Ziche
et al., 1994). CVEC were seeded onto 24 multiwell plates
(16104 cells/well) in DMEM supplemented with 5% CS and

were let to adhere overnight. After 48 h in serum-free media
(0.1% CS medium), cells were incubated with increasing
concentrations of the agents for 24 h and pulsed for 1 h with
0.5 mCi [3H]-thymidine per well. DNA was precipitated with

5% trichloroacetic acid and extracted with 0.3 M NaOH and
the recovered radioactivity measured. Data are expressed as
percent thymidine incorporation of basal response.

Proliferation studies

For the proliferation studies, the same protocol as for [3H]-
thymidine incorporation was followed (Ziche et al., 1994). In
the experiments with selective B1 and B2 receptor

antagonist, cells were pretreated with antagonists 15 min
before the addition of BK. After 48 h incubation the
supernatants were removed from the multiwell plates. Cells
were ®xed with methanol and stained with Di�-Quik (Dade

International). Cell numbers were obtained by counting in
seven random ®elds at a magni®cation of 100 with the aid of

an ocular grid (21 mm2). Data are expressed as percent of
basal response.

Migration assay

The Boyden Chamber procedure was used to evaluate cell

migration (Ziche et al., 1994). The method is based on the
passage of endothelial cells across porous ®lters against a
concentration gradient of the migration e�ector. The Neuro
Probe 48-well micro-chemotaxis chamber (Nuclepore) was

used. The two wells were separated by a polyvinyl-pyrrolidone-
free polycarbonate ®lter, 8 mm pore size, coated with type I
collagen (100 mg/ml) and ®bronectin (10 mg/ml). Test solutions
were dissolved in 0.1% CS medium and placed in the lower
wells. Fifty ml of cell suspension (1.26104 cells) were added to
each upper well. The chamber was incubated at 378C for 4 h

and the ®lter was then removed and ®xed in methanol. Cells
migrated on the lower surface of the ®lter were stained with
Di�-Quik (Dade International) and counted using a light
microscope at a magni®cation of 400 in 10 random ®elds per

each well. Each experimental point was done in triplicate.
Migration was expressed as the number of total cells counted
per experiment.

Urokinase-type plasminogen activator (uPA) assay

The assay was performed on subcon¯uent cultured cells as
described (Ziche et al., 1997). Brie¯y, CVEC were plated in 24-
well dishes at 56104 cells/cm2. After 24 h, cells were washed

twice with serum-free medium and incubated in fresh medium
containing 0.4% CS and di�erent concentrations of test
substances. 24 h later, cell-associated uPA activity was
measured. To this purpose, cells were washed twice with PBS

and extracted with 100 ml of 0.05% Triton X-100 in 60 mM

Tris-HCl, pH 8.5 (T/T bu�er). Aliquots of the cell extracts
corresponding to 1 mg of protein were incubated in a microtiter
plate with 4.2 ng of puri®ed glu-plasminogen (Kabi AB) and
42 nmol of plasmin chromogenic substrate H-D-norleucyl-
hexahydrotyrosyl-lysine-p-nitroanilide-acetate (American Di-

agnostics) in 150 ml of T/T bu�er. After incubation at 378C,
the plate was read at 405 nm with an automatic microplate
reader. Human urokinase (Calbiochem) was used as a
standard.

Cyclic AMP measurements

Cyclic AMP (cAMP) levels were measured as previously
reported (Ziche et al., 1993). Cell monolayers were pretreated
for 30 min with 10 mM indomethacin and 50 mM 3-isobutyl-5-

methyl-xanthine and stimulated with test substances for 5 min.
At the end of incubation cells were scraped o� in 0.5 ml ice-
TCA (10%, w/v). After centrifugation at 1500 r.p.m. for

5 min, pellets were resuspended with 0.5 M tri-n-octylamine
dissolved in 1,1,2 trichloro-tri¯uoroethane (Sigma). The levels
of cAMP in the aqueous phase were measured by commer-
cially available radioimmunoassays in duplicate with iodinated

tracers from Amersham. Results are expressed as pmol/mg
protein.

Reagents

Bradykinin, Des-Arg9-BK, Des-Arg9-Leu8-BK, Kallidin

were from Sigma. HOE140 was kindly provided by
Menarini Pharmaceuticals, Florence, Italy. Fibroblast
growth factor-2 (FGF-2) was from Pre-Protech, Inalco,
Milan, Italy.
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Statistical analysis

Results are expressed as means+s.e.m. for (n) experiments.

Multiple comparisons were performed by one-way ANOVA
and individual di�erences tested by Fisher's test after the
demonstration of signi®cant inter-group di�erences by

ANOVA.

Results

E�ect of BK on DNA synthesis, c-Fos activation and
proliferation of microvascular endothelial cells

Subcon¯uent and synchronised endothelial cells were stimu-
lated with increasing concentrations of BK (0.01 nM± 1 mM) in
0.1% CS and DNA synthesis was evaluated after 24 h
exposure. BK induced a concentration-dependent thymidine
incorporation, with maximal e�ect at 100 nM (50% increase
over basal response). The EC50 was 0.2+0.1 nM (Figure 1).

The e�ect produced by the maximal e�ective concentration of
BK overlapped with the amount of thymidine incorporation
induced by FGF-2 (1 nM).

BK was evaluated for its ability to activate early gene
expression. BK (100 nM) induced c-Fos activation producing a
signi®cant accumulation of protein immunoreactivity in the

nucleus within 15 min (3.4 fold of basal control condition,
Table 1). Maximal activation was observed at 1 h, producing
an 18 fold increase of positive nuclei number, and after 3 h

stimulation the immunoreactivity was still signi®cantly
di�erent from basal levels (4 fold). FGF-2 (10 nM) activated
c-Fos to a much smaller extent than BK, producing its
maximal e�ect at 1 h (2 fold increase).

CVEC proliferation was also evaluated as the total number
of cells recovered after 48 h exposure to BK. BK (1 ± 100 nM)
sustained cell growth in a concentration-dependent manner

with maximal e�ect at 100 nM (148+3 counted cells/well vs a

basal value of 100+4.3, P50.05) (Figure 2). These ®ndings
clearly indicate a positive correlation between the induction of
DNA synthesis and cell proliferation.

Receptor subtype characterization

The receptor subtype involved in cell growth induced by BK
was assessed by the use of the selective B1 and B2 receptor
agonists, Des-Arg9-BK and kallidin, respectively. Cells were
treated with increasing concentrations of the two peptides (1 ±

100 nM) and cell growth was measured as total number of cells
counted after 48 h incubation. The selective B1 receptor
agonist Des-Arg9-BK reproduced the proliferative e�ect

induced by BK, while the selective B2 receptor agonist kallidin
did not (Figure 2).

To further characterize the receptor subtype activated by

BK on CVEC, cells were treated with selective B1 and B2
receptor antagonists and then exposed to BK. The e�ect of BK
on CVEC was reduced in a concentration-dependent manner
by the pretreatment with the B1 receptor antagonist Des-Arg9-

Leu8-BK. The maximal e�ective concentrations of the
antagonist able to completely block BK-induced growth were
0.7 and 1 mM (Figure 3a). The antagonist alone did not

Figure 1 E�ect of BK on DNA synthesis in postcapillary
endothelial cells. [3H]-thymidine incorporation was monitored
following exposure of synchronized and serum-starved CVEC to
increasing concentrations of BK for 24 h. DNA was precipitated,
extracted and the recovered radioactivity measured. Data are
expressed as % of basal response and represent the results of at
least six experiments run in duplicate. Basal thymidine incorporation
was 34345+5250 recovered c.p.m./well. The ®rst signi®cant value is
reported. *P50.01 vs basal.

Table 1 E�ect of BK in stimulating c-fos gene expression

Time (min)
15 60 120 180

Basal
BK 100 nM
FGF-2 10 nM

4+1.4
13.5+9*

7+2.8

26+0.5
469+48*
55+15*

29.5+5
327+50*
19.5+6

40+5.6
157+31*
62+17

c-Fos protein accumulation in the nucleus was detected by
immunohistochemistry in postcapillary endothelial cells
exposed to 100 nM BK and 10 nM FGF-2 for di�erent
times. Data are expressed as total positive nuclei counted/
well (n=4 in triplicate). *P50.01 vs basal.

Figure 2 E�ect of BK, selective B1 and B2 receptor agonists on
postcapillary endothelial cell growth. The total number of cells
recovered after 48 h exposure to BK, the selective B1 (Des-Arg9-BK)
and B2 receptor (kallidin) agonists was counted. Proliferation is
expressed as % of the basal response and represent the results of at
least four experiments run in duplicate. Control basal value was
100+4.3 counted cells/well. *P50.01 vs basal.
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substantially modify basal proliferation(116+5 and 107.8+5
counted cells/well with 0.7 and 1 mM antagonist, respectively,
vs a basal value of 110+6). Trypan blue exclusion experiments

did not reveal any cytotoxic e�ect by the antagonist.
In parallel experiments, the selective B2 receptor antagonist

HOE140 (Hock et al., 1991) used at the concentration of 0.1

and 1 mM, did not signi®cantly a�ect BK-induced proliferation
(Figure 3b). The speci®city of B1 antagonist was assessed on
the growth of CVEC induced by a di�erent endothelial cell
mitogen, FGF-2. Des-Arg9-Leu8-BK at the dose of 1 mM did

not modify FGF-2-induced proliferation (Figure 3a). The
presence of B1 and B2 receptors in CVEC was con®rmed by
assessing the activation of adenylate cyclase following BK

treatment in the presence of the selective B1 and B2 receptor
antagonists. cAMP levels measured by radioimmunoassay
increased by 53+15% over basal when CVEC were exposed to

100 nM BK for 5 min (6.87+1.7 pmol/mg protein in resting
conditions; n=3 experiments). The preincubation for 15 min
with 1 mM Des-Arg9-Leu8-BK abolished the accumulation of
cAMP (87.3+12.5% inhibition, P50.01), while 1 mM HOE

140 reduced BK-induced cAMP formation by 67.3+15.6%
(P50.05). The antagonists did not a�ect basal cAMP levels.

E�ect of BK on migration and uPA activity

During angiogenesis endothelial cells migrate and acquire an

invasive capacity by increasing proteolytic activity. The e�ect
of BK was then assayed on migration and uPA assays. BK

(0.1 ± 100 nM) had no e�ect on CVEC chemotaxis and uPA
activity, while endothelial cells were highly responsive to FGF-
2 in both assays (Figure 4a and b). Moreover, neither the B1

nor the B2 receptor agonist stimulated CVEC mobilization
(Figure 4a).

BK and B1 receptor agonist potentiate FGF-2-induced
proliferation

Di�erent growth factors cooperate to promote neovascular

growth. Thus, the e�ect of BK was assessed for its ability to
synergize in promoting endothelial cell growth with the
angiogenic factor FGF-2. FGF-2 produced concentration-

dependent proliferation of CVEC with maximal e�ect at 1 nM
(data not shown). The threshold concentration of 0.25 nM of
FGF-2, which increased DNA synthesis and cell proliferation

by approximately 125 and 20%, respectively, was used in these
experiments.

When BK was administered to the cells together with FGF-
2, the peptide did not further promote FGF-2-induced DNA

synthesis (Figure 5a). Since data from early gene expression
had indicated that BK rapidly activated c-Fos in CVEC, we
postulated that transient exposure of the cells to the peptide

could trigger the [3H]-thymidine incorporation and reproduce

a

b

Figure 3 E�ect of selective B1 (a) and B2 (b) receptor antagonists
on BK-induced proliferation. The total number of cells was counted
after 48 h exposure to BK in cells treated with di�erent concentra-
tions of the selective B1 (Des-Arg9-Leu8-BK) (panel a) and B2
(HOE140) (panel b) receptor antagonist. Data are expressed as % of
the e�ect of antagonists alone, and represent the results of at least
four experiments run in duplicate. Control basal value was 110+6
counted cells/well. *P50.01 vs BK alone.

a

b

Figure 4 E�ect of BK, selective B1 and B2 receptor agonists and
FGF-2 on the migration (a) and uPA activity (b) of postcapillary
endothelial cells. (a) The 48-well microchemotaxis chamber was used
to assess migration. The chamber was incubated at 378C for 4 h.
Data are means+s.e.m. from at least four experiments run in
triplicate. (b) Cell-associated uPA activity was measured in
subcon¯uent CVEC after 24 h exposure to increasing concentrations
of FGF-2 or BK, by a spectrophotometric assay using a plasmin
chromogenic substrate. Data are means+s.e.m. from at least two
experiments run in triplicate. The ®rst signi®cant value is reported.
*P50.01 vs basal.
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a better setting to test the potentiating e�ect of FGF-2.
Increasing concentrations of BK added to the supernatant for
30 min and removed, induced an increase of DNA synthesis

although the extent of the response was 3 fold lower compared
to that obtained in the continuous presence of the peptide
(Figure 5). In cells which received increasing concentrations of

BK for 30 min and fresh medium containing 0.25 nM FGF-2,
a potentiation of DNA synthesis with a synergistic e�ect was
observed. BK e�ect was evident at all concentrations tested.
After the transient exposure to 0.01 and 0.1 nM BK, DNA

synthesis by FGF-2 was potentiated by 1.25 and 1.75 fold,
respectively (Figure 5b).

Similar results were obtained evaluating cell growth as total

cell number after 48 h incubation. Submaximal concentration
of both BK and the selective B1 agonist (1 nM) was able to
cooperate with FGF-2 producing an additive e�ect (Table 2).

Transient exposure of the cells to BK or to the B1 agonist for
30 min was su�cient to potentiate FGF-2 e�ect. Simultaneous
addition of the growth factor and the peptides to the cells

revealed that the B1 agonist was e�ective in potentiating FGF-
2 e�ect while the natural peptide was not (Table 2).

Discussion

This study was aimed to investigate by which mechanism BK
contributed to angiogenesis. We demonstrate for the ®rst time

that BK exerts a speci®c and direct growth promoting e�ect on
coronary postcapillary endothelial cells while it does not
induce their migration. Early gene expression of c-fos is

substantially increased by BK exposure in parallel with DNA
synthesis. Nanomolar concentrations of BK favour the growth
of cultured endothelium whose extent is similar to that
produced by the angiogenic protein FGF-2. We document

that this e�ect is concentration-dependent and is mediated by
B1 receptor activation and that threshold concentrations of
BK, through B1 receptor activation, synergistically increase

FGF-2-induced endothelial cell proliferation.
The role of bradykinin in angiogenesis was demonstrated by

Hu and coworkers by showing that in vivo neovascularization

induced by IL-1 was potentiated by BK and abolished by a
selective antagonist for the B1 receptor (Hu & Fan, 1993; Hu
et al., 1995). Angiogenesis occurs as the end result of a cascade
of interdependent steps leading to endothelial cell migration,

growth and organization into a new capillary bud. Although
the growth promoting e�ect of BK on di�erent cell types has
been reported in the literature, no information was available

on the e�ect of BK on endothelial cells. Our data are the ®rst
demonstration that BK promotes the proliferation of
endothelial cells. These data indicate that the contribution of

BK to angiogenesis is direct and linked to the speci®c e�ect of
the peptide on the growth of postcapillary endothelium since
BK does not a�ect endothelial migration and uPA activity.

The receptor involved in BK-induced endothelial cell
proliferation was characterized. Two subtypes of bradykinin
receptors, B1 and B2 have been de®ned based on their
pharmacological properties (Regoli & Barabe, 1980; Hall,

1992; Regoli et al., 1994). In physiological conditions the B2
receptor is constitutively expressed at vascular level. The B1
receptor expression, undetectable in physiological conditions,

is found strongly up-regulated following tissue injury and
in¯ammation (hyperemia, exudation, hyperalgesia etc.)
(Schnerck et al., 1994; Drummond & Cocks, 1995). Our

®ndings demonstrate that in postcapillary venular endothelial

a

b

Figure 5 Potentiating e�ect of BK and FGF-2 on DNA synthesis of
postcapillary endothelial cells. DNA synthesis was quanti®ed by [3H]-
thymidine incorporation of subcon¯uent and synchronized cell
monolayers. Experimental protocol: in panel (a) BK alone: cells
were treated with BK for 24 h; BK+FGF-2: increasing concentra-
tions of BK and 0.25 nM FGF-2 were given simultaneously. In panel
(b) BK 30'?FGF-2: BK was given for 30 min, removed by
aspiration and fresh medium containing 0.25 nM FGF-2 was added;
BK 30': cells were treated with BK for 30 min, the supernatant was
removed and substituted with medium alone. Data are expressed as
per cent thymidine incorporation of basal response. Data are the
results of six experiments (run in duplicate) di�erent from the ones
reported in Figure 1. The ®rst signi®cant value is reported. *P50.01
vs FGF-2 alone.

Table 2 Potentiation of BK and selective B1 receptor
agonist (Des-Arg9-BK) with FGF-2 in proliferation

Tested peptide
Treatment BK Des-Arg9-BK

None
Peptide 30'?FGF-2
Peptide+FGF-2
Peptide
FGF-2

100
151.6+6#
124+5.5*
122+2.7*
125+5*

100
149+7#
155+9#

131.3+5*
123+5#

The potentiation in CVEC proliferation by BK and FGF-2
was assessed by two experimental approaches: (a) BK or the
B1 agonist (1 nM each) was given for 30 min, then removed
and substituted with a threshold concentration of FGF-2
(0.25 nM), (b) BK or the B1 agonist was given simulta-
neously with FGF-2. Cellular proliferation was evaluated by
the number of total cells counted after 48 h incubation.
Data are expressed as % increase over basal response and
represent the results of at least three experiments run in
triplicate. Control basal value was 117+3.5 counted cells/
well. *P50.05 vs basal and #P50.05 vs FGF-2 alone.
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cells both B1 and B2 receptors are present and that activation
of only the B1 receptor is required to promote endothelial cell
growth. The B1 receptor agonist Des-Arg9-BK is able to

mimic BK-induced proliferation, while the B2 receptor agonist
kallidin is devoid of any activity. Consistent with these data the
selective B1 receptor antagonist Des-Arg9-Leu8-BK blocks

endothelial cell proliferation promoted by BK while it does not
a�ect FGF-2 action on endothelial cell growth. Conversely,
the highly speci®c B2 receptor antagonist, HOE140 (Hock et
al., 1991), does not modify BK-induced responses.

Multiple factors contribute to angiogenesis in vivo. Hu and
coworkers described that in vivo IL-1 synergized with BK in
promoting angiogenesis. This e�ect was apparently linked to

B1 receptor induction by the IL-1 treatment since it was
sensitive to a B1 receptor antagonist. Here we demonstrate
that FGF-2 and BK synergize in producing DNA synthesis on

endothelial cell, inducing an additive e�ect on cell growth. BK
as well as the B1 agonist Des-Arg9-BK are able to cooperate
with FGF-2. The lack of e�ect of the B1 antagonist on FGF-2
action con®rms that in coronary postcapillary endothelium

BK and FGF-2 are independent promoter of cell growth.
Preincubation with either BK or the selective B1 agonist is able
to increase cell proliferation in response to FGF-2 in an

additive manner, further indicating that the B1 and FGF-2
receptors are coupled to di�erent signal transduction path-
ways. In keeping with these observations it is interesting to

note that a substantial activation of c-Fos occurs very rapidly
in response to BK, while FGF-2 appears a weak activator of
the early gene. This rapid activation induces endothelial cells

to increase DNA synthesis and to be more responsive to FGF-
2. The di�erent behaviour of BK and the B1 agonist in
potentiating FGF-e�ect when added together could be due to
fact that the B1 agonist is a full agonist and can provide a more

stable activation of B1 receptor when compared to the natural
peptide. Conversely, a reduction of the BK concentration
needed to activate the B1 receptor can occur when BK and

FGF-2 are given in combination, since FGF-2 increases
protease activity in CVEC, an event which can potentially
reduce BK half-life.

Angiogenesis plays a crucial role in di�erent pathological
and physiological processes including wound healing and the
recovery from myocardial infarction. Proliferation of coronary

endothelial cells in the border zone of the ischemic
myocardium contributes to limit the damage to the
myocardium and the infarct size by favouring angiogenesis

(Granger et al., 1994). It has been reported that brief periods of
myocardial ischemia are cardioprotective (Yellon et al., 1993).
Increased levels of bradykinin are produced as a result of the
ischemic damage together with other vasoactive agents (as

adenosine, angiotensin, endothelin) which can a�ect the
neovascular processes (Dusseau et al., 1986; Noda et al.,
1993; Le Noble et al., 1993; Hu & Fan, 1993; Morbidelli et al.,

1995; Cohen & Downey, 1996). Our results suggest that on the
coronary endothelium of postcapillary venules kinins exert a
trophic e�ect which may result in a protective action of

ischemic heart disease (Vegh et al., 1991; Starkopf et al., 1997).
The direct e�ect of BK on coronary endothelium shown here
provides a further evidence in support of the cardioprotective
e�ect of ACE inhibitors in vivo through their action on

endogenous kinins (Martorana et al., 1990; Noda et al., 1993;
Schriefer et al., 1997). In conclusion our ®ndings indicate a role
for BK on coronary postcapillary endothelial cell proliferation

relevant for the promotion of angiogenesis. Pharmacological
agents mimicking BK e�ect linked to B1 receptor activation
such as a B1 agonist or PKC inducer, and favouring BK action

such as ACE inhibitor, have the potential to confer
cardioprotection by inducing angiogenesis in ischemic heart
diseases or during revascularization surgery.
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