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1 Tranilast, ®rst developed as an anti-allergic drug, has been reported to inhibit vascular
endothelial growth factor (VEGF)-induced angiogenesis and vasopermeability. To further clarify the
inhibitory mechanism, we investigated the e�ects of tranilast on VEGF binding and subsequent
intracellular signalling pathway linked to angiogenic activities and gene expression of bovine retinal
microcapillary endothelial cells.

2 Tranilast signi®cantly (P50.01) inhibited VEGF, basic ®broblast growth factor (bFGF), and
hypoxia conditioned media-induced BREC proliferation in a dose dependent manner with IC50's of
22, 82 and 10 mM, respectively.

3 VEGF-induced migration was also inhibited by tranilast in a dose dependent manner, with IC50

of 18 mM, and complete inhibition was observed at 300 mM (P50.01). Tranilast suppressed VEGF-
induced tube formation in a dose dependent manner with maximum (46%) inhibition observed at
300 mM (P50.05).

4 Tranilast inhibited phorbol myristate acetate (PMA)-dependent stimulation of [3H]-thymidine
incorporation and VEGF- and PMA-induced gene expression of integrin av and c-fos in BREC.

5 Tranilast suppressed VEGF- and PMA-stimulated PKC activity in BREC.

6 Tranilast did not a�ect VEGF binding or VEGF-induced phosphorylation of tyrosine residues of
VEGF receptor- and phospholipase Cg and their associated proteins.

7 These data suggest that tranilast might prove an e�ective inhibitor to prevent retinal
neovascularization in ischaemic retinal diseases, and that its inhibitory e�ect might be through
suppression of PKC-dependent signal transduction in BREC.
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Abbreviations: bFGF, basic ®broblast growth factor; BREC, bovine retinal microcapillary endothelial cell; BSA, bovine serum
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Introduction

Tranilast, an anti-allergenic drug, has been used clinically
primarily for patients with allergic diseases such as bronchial

asthma, allergic rhinitis, and atopic dermatitis, but also for
those with keloids and hypertrophic scars (Suzawa et al.,
1992). Its e�ects have been shown to be exerted through its
inhibition of abnormal ®broblast proliferation, collagen

synthesis, and the production of cytokines and oxygen-free
radicals from activated macrophages and neutrophils (Suzawa
et al., 1992). In addition, tranilast has been shown to inhibit

platelet derived growth factor (PDGF)-induced migration,
proliferation, collagen synthesis and suppression of cytokine-
dependent nitric oxide production in vascular smooth muscle

cells (Fukuyama et al., 1996b; Hishikawa et al., 1996;
Miyazawa et al., 1996) and in mesangial cells (Hishikawa et
al., 1995). The drug has also been used to prevent restenosis
after percutaneous transluminal coronary angioplasty (PTCA)

(Kato et al., 1996), and a multicentre clinical trial and an
animal study (Fukuyama et al., 1996a) have proven the potent

inhibitory e�ects of tranilast.
Complications from pathologic angiogenesis underlie most

eye diseases that cause severe and irreversible loss of vision.
These diseases include diabetic retinopathy, age-related

macular degeneration, retinopathy of prematurity, and retinal
vein occlusion, of which recent studies have implicated
vascular endothelial growth factor (VEGF) as a possible

mediator (Adamis et al., 1996; Aiello et al., 1994; 1995; Amin
et al., 1997; Lopez et al., 1996; Lutty et al., 1996; Robinson et
al., 1996). Thus, VEGF might be a viable target for

pharmacological intervention in ischaemic retinal conditions
and other retinal neovascular diseases.

VEGF is a highly endothelial cell-speci®c mitogen and
vasopermeability factor (Berse et al., 1992; Leung et al., 1989)

whose expression is dramatically increased by hypoxia
(Shweiki et al., 1992), which is a primary stimulus of ocular
neovascularization. VEGF mediates its e�ects through

endothelial cell-speci®c, high a�nity phosphotyrosine kinase
receptors: Flt-1 (VEGFR1, Aiello et al., 1995) and (KDR)/
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Flk-1 (VEGFR2, Adamis et al., 1996). VEGF has been shown
to also mediate its mitogenic e�ects and vaspermeable response
through activation of the phospholipase Cg (PLCg) and

protein kinase C (PKC) pathways (Aiello et al., 1997, Xia et
al., 1996).

While this study was in preparation, Isaji et al. (1997; 1998)
reported the inhibitory e�ects of this drug on angiogenesis in

dermal vascular endothelial cells in vitro and in an animal
model and on VEGF-induced permeability in rat air pouch
model. Its inhibitory mechanism, however, have to our

knowledge not been previously described. In the study
described herein, we investigated the e�ects of tranilast on
VEGF binding and subsequent intracellular signalling path-

way linked to angiogenic activities and gene expression in
cultured bovine retinal microcapillary endothelial cells
(BREC).

Methods

Cell cultures

Bovine retinal endothelial cells (BREC) were isolated by

homogenization and a series of ®ltration steps, as previously
described (King et al., 1996). Primary BREC were grown on
®bronectin (Sigma, St. Louis, MO, U.S.A.) coated dishes

(Iwaki Glass Inc., Tokyo, Japan) containing Dulbecco's
modi®ed Eagle's medium (DMEM) with 5.5 mM glucose,
10% plasma derived horse serum (PDHS, Wheaton, Pipers-

ville, PA, U.S.A.), 50 mg l71 heparin and 50 U l71 endothelial
cell growth factor (Boehringer Mannheim, Indianapolis, IN,

U.S.A.). Smooth muscle cells (SMC) were also isolated from
bovine aorta and cultured in DMEM containing 10% calf
serum (Gibco, Grand Island, NY, U.S.A.). All cells were

cultured in 5% CO2 at 378C, and media were changed every 3
days. After the cells reached con¯uence, the medium was
changed every 3 days, cells from passages 6 ± 9 were used for
these experiments. Endothelial cell homogeneity was con-

®rmed by immunoreactivity with anti-factor VIII antibodies
analysed by confocal microscopy and cellular characteristics,
such as cell shape and growth rate were carefully observed

until passage 15, and remained unchanged throughout the
observation period.

Hypoxia studies

Con¯uent cell monolayers were exposed to 1+0.5% oxygen

using a water-jacketed mini-CO2/multi-gas incubator with
reduced oxygen control (model BL-40M, Jujikagaku, Tokyo,
Japan). All cells were maintained at 378C in a constant 5%
carbon dioxide atmosphere with oxygen de®cit induced by

nitrogen replacement. Hypoxia-conditioned medium was
collected from con¯uent cultures after 24 h, and ®ltered before
use to remove cellular components. Medium from dishes

cultured under normoxic conditions (95% air, 5% CO2) was
used as a control.

Cell growth assay

BREC growth was determined by measuring DNA content, as

previously described (Takagi et al., 1996). The cells were plated
sparsely (*3000 cells per well) in 24-well cluster dishes (Iwaki
Glass, Tokyo, Japan) overnight in DMEM containing 10%
PDHS to maintain the cell viability. The medium was then

changed to DMEM with 10% calf serum containing various
concentrations of tranilast and human recombinant VEGF
(25 ng ml71, Genzyme, Cambridge, MA, U.S.A.), basic

®broblast growth factor (bFGF, 10 ng ml71, Genzyme,
Cambrige, MA, U.S.A.) or hypoxia-conditioned media.
Tranilast, purchased from Kissei Pharmaceutical Co. (Naga-

no, Japan), was solubilized with 1% NaHCO3 solution at 708C
and diluted with assay media. After incubation at 378C for 4
days, the cells were lysed in 0.1% sodium dodecylsulfate and
DNA content was measured using Hochst-33258 dye and a

¯uorometer (model TKO-100, Hoefer Scienti®c Instruments,
San Francisco, CA, U.S.A.).

Figure 1 E�ect of tranilast on proliferation of BREC. BREC were
incubated in DMEM containing several concentrations of tranilast
and (a) VEGF (25 ng ml71) or (b) bFGF (10 ng ml71). Data are
shown as mean+s.e.mean of three experiments. Statistically sig-
ni®cant di�erence compared with responses in the absence of
tranilast, *P50.05, **P50.01.

Figure 2 E�ect of tranilast on proliferation of BREC stimulated by
hypoxia-conditioned medium. BREC were incubated the hypoxia or
normoxia conditioned media containing several concentrations of
tranilast. Statistically signi®cant di�erence compared with responses
in the absence of tranilast, *P50.05, **P50.01.
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[3H]-thymidine incorporation assay

Sub-con¯uent BREC (grown on a 24-well dish) were serum

deprived for 24 h in DMEM with 0.1% bovine serum albumin
(BSA) and were stimulated with 10 nM phorbol myristate
acetate (PMA, Sigma, St. Louis, MO, U.S.A.) with 300 mM of
tranilast or a selective PKC inhibitor, GF 109203 X (GFX,

Calbiochem-Novabiochem Co., La Jolla, CA, U.S.A.), 10 mM
for 1 h. The cells were then washed three times with PBS and
further incubated for 18 h. After labelling with 1 mCi ml71 of
3H-thymidine (Amersham, Arlington Height, IL, U.S.A.) for
4 h, the cells were washed with ice-cold PBS and ®xed in ice-
cold 10% trichloroacetic acid, then lysed with 0.5 N NaOH.

The incorporated [3H]-thymidine was extracted by ®ltration
(Whatman GF/C ®lter, Whatman, Kent, England) and
measured in a liquid scintillation counter (Aloka, Tokyo,

Japan).

Migration assay

Migration of BREC was assessed using a Boyden chamber
(Becton Dickinson, Franklin Lakes, NJ, U.S.A.) (Sakamoto et
al., 1995). The BREC were resuspended in DMEM and loaded

into the upper half of the Boyden chamber. The DMEM
containing 25 ng ml71 VEGF with various concentrations of
tranilast were loaded into the lower half of the Boyden

chamber. Preliminary experiments indicated that these condi-
tions of VEGF induced submaximal stimulation of BREC in
the assay system. The upper and lower compartments were

separated by a nucleopore ®lter (8.0 mm pore size). After 6 h
incubation at 378C, the ®lter was removed, ®xed with
methanol, stained with Di�-Quik (International Reagents,
Kobe, Japan) and mounted bottomside up on a glass slide. The

numbers of cells in ®ve di�erent microscopic ®elds (610
objective) were counted. The e�ect of tranilast was expressed
as a percentage of the di�erence between fully stimulated and

unstimulated controls.

In vitro tube formation assay

The tube forming activity was determined by measuring the
length of tube-like structures in type I collagen gel (Otani et

al, 1998). An 8 : 1 : 1 volume of Vitrogen 100 (Celtrix, Palo
Alto, CA, U.S.A.), 0.2 N NaOH and 200 mM HEPES, and
106RPMI medium (Gibco, Grand Island, NY, U.S.A.)

containing 5 mg ml71 ®bronectin and 5 mg ml71 laminin, was
made to 400 ml and added to 24-well plates. After
polymerization of the gels, 1.06105 BREC were seeded and
incubated with DMEM containing 10% PDHS for 24 h at

378C. The medium was then removed and additional
collagen gel placed on the cell layer. VEGF at 25 ng ml71

with various concentrations of tranilast were added to the

media. After 5 days, tube-like structures were photographed.
Five di�erent ®elds (106objective) were chosen and the
total tube-like structures were measured using NIH Image

(by Wayne Rasband, National Institutes of Health,
Bethesda, MD, U.S.A.). No remarkable di�erences in the
complexity of tube organization was observed. The lengths

of the tube structures were measured and expressed as a
percentage of control.

Northern blot analysis

Total RNA was isolated from individual tissue culture plates
using guanidium thiocyanate (Chomczynski & Sacchi, 1987).

Northern blot analysis was performed on 20 mg total RNA
after 1% agarose-2 M formaldehyde gel electrophoresis and
subsequent capillary transfer to Biodyne nylon membranes

(Pall Bio Support, East Hills, NY, U.S.A.) and ultraviolet
crosslinking using a FUNA-UV-LINKER (FS-1500, Funa-
koshi Inc., Tokyo, Japan). Radioactive probes were

generated using Amersham Megaprime labelling kits and
[a-32P]-dCTP (Amersham, Arlington Height, IL, U.S.A.).
Blots were pre-hybridized, hybridized and washed in 0.56
SSC, 5% SDS at 658C with four changes over 1 h in a

rotating hybridization oven (TAITEC, Koshigaya, Japan).
All signals were analysed using a densitometer (BAS-2000II,
Fuji Photo Film, Tokyo, Japan) and lane loading di�erences

were normalized using a 36B4 cDNA probe, which
hybridizes to acidic ribosomal phosphoprotein PO (Liang
& Pardee, 1992). Human integrin av cDNA was made by a

polymerase chain reaction (PCR) (Suzuma et al, 1998) and a
cDNA probe for c-fos was purchased from Takara (Tokyo,
Japan).

Figure 3 E�ect of tranilast on migration of BREC stimulated by
VEGF at 25 ng ml71. Migration of BREC was assessed using a
Boyden chamber. The e�ect of tranilast was expressed as a
percentage of control with s.e.mean of three experiments. Statistically
signi®cant di�erence compared with responses in the absence of
tranilast, *P50.05, **P50.01.

Figure 4 E�ect of tranilast on tube forming activity of BREC
induced by VEGF. VEGF at 25 ng ml71 with various concentrations
of tranilast was added to the media. The lengths of the tube
structures were measured and expressed as a percentage of control.
Data are shown mean+s.e.mean of three experiments. Statistically
signi®cant di�erence compared with responses in the absence of
tranilast, *P50.05, **P50.01.
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Protein kinase C assay

The measurement of PKC activity in situ was performed

according to Xia et al. (1996). Cells were made quiescent by
24 h incubation in DMEM with 0.1% BSA and then
stimulated with 25 ng ml71 VEGF or 10 nM PMA in the
presence or absence of tranilast (100 or 300 mM) for 10 min.

The cells were washed with DMEM and placed in 60 ml of a
bu�ered salt solution ((mM): NaCl 137, KCl 5.4, Na2HPO4 0.3,
KH2PO4 0.4, glucose 5.5, and HEPES 20) supplemented with

50 mg ml71 digitonin, 10 mM MgCl2, 25 mM b-glycerophos-
phate, and 100 mM [g-32P]-ATP (5000 c.p.m. pmol71). Further
additions for the speci®c assay of PKC were 5 mM EGTA,

2.5 mM CaCl2, and 200 mM of PKC-speci®c peptide substrate
(RKRTLRRL). The kinase reaction was terminated after a
10 min incubation at 308C with 20 ml of 25% (w v71)

trichloroacetic acid. Aliquots (65 ml) of the acidi®ed reaction
mixtures were spotted on 262 cm phosphocellulose squares
(Whatman P-81, Whatman, Kent, England) and washed
batchwise with three changes of 75 mM phosphoric acid and

one change of 75 mM sodium phosphate (pH 7.5). The PKC-
dependent phosphorylated peptide substrate bound to the ®lter
was quanti®ed by scintillation counting.

Tyrosine phosphorylation

Cells were made quiescent by 24 h incubation in DMEM with
0.1% BSA and were stimulated with 25 ng ml71 VEGF in the
presence or absence of tranilast (300 mM). Cells were washed

three times with cold phosphate bu�ered saline (PBS) and then
solubilized in 1 ml of lysis bu�er (1% Triton X-100,
50 mmol l71 HEPES, 10 mmol l71 EDTA, 10 mmol l71

sodium pyrophosphate, 100 mmol l71 sodium ¯uoride,

1 mmol l71 sodium orthovanadate, 1 mg ml71 aprotinin,
1 mg ml71 leupeptin, and 2 mmol l71 phenylmethysulfonyl
¯uoride). After centrifugation at 12,000 r.p.m. for 10 min, the

protein concentration was determined by BCA protein assay
reagent (Pierce, Rockford, IL, U.S.A.). Equal protein for each
sample was reacted with excess rabbit anti-human KDR/Flk-1

(Santa Cruz, CA, U.S.A.), or anti-human PLCg antibodies
(Up State Biotechnology, Lake Placid, NY, U.S.A.), and
immunoprecipitated with protein A-Sepharose beads. Each
sample was electrophoresed on a 7.5 or 5 ± 15% gradient SDS-

polyacrylamide gel, and was transferred electrically to a

nitrocellulose membrane (Schleicher & Schuell, Keene, NH,
U.S.A.). After blocking with PBS containing 0.1% Tween-20
(PBS-T; Bio-Rad), including 3% BSA (Sigma, St. Louis, MO,

U.S.A.), for 1 h at room temperature, the ®lter was incubated
with anti-phosphotyrosine antibody for 1.5 h. After washing
with PBS-T, the ®lter was incubated with peroxidase
conjugated anti-mouse antibody for 45 min and signals were

detected by ECL Western blotting detection reagent (Amer-
sham, Buckinghamshire, U.K.).

Figure 5 E�ect of tranilast on PMA-induced DNA synthesis in
bovine retinal endothelial cells. BREC were incubated with 10 nM
PMA containing 300 mM of tranilast of GFX, a selective PKC
inhibitor 10 mM for 1 h. [3H]-thymidine activity was then measured
and expressed as a percentage of control. Data are shown mean+
s.e.mean of three experiments. Statistically signi®cant di�erence
compared with responses in the absence of tranilast, *P50.05,
**P50.01.

Figure 6 E�ect of tranilast on mRNA expression in VEGF-
stimulated BREC. E�ect of tranilast on integrin av (a) and c-fos
(b) mRNA expression in VEGF-stimulated BREC for 4 h. Typical
autoradiograms of Northern blot analysis of BREC mRNA (top) and
quantitation of multiple experiments after normalization to the
control signal (bottom) are shown. Data are shown mean+s.e.mean
of three experiments. Statistically signi®cant di�erence compared with
responses in the absence of tranilast, *P50.001, **P50.0001.
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VEGF binding analysis

Monolayers of con¯uent BREC grown in 12-well dishes (Iwaki

Glass, Tokyo, Japan) were incubated in DMEM with 0.1%
BSA for 24 h, then placed on ice and washed three times with
ice-cold PBS containing calcium and magnesium. 125I-labelled
VEGF (Amersham, Buckinghamshire, U.K.) was added along

with increasing amounts of unlabelled VEGF in the presence

or absence or tranilast (300 mM) and binding was carried out
by rocking for 4 h at 48C. Binding was terminated by washing
each well three times with ice-cold PBS containing 0.1% BSA.

The cells were lysed in 1 ml of 0.1% SDS and counted in a
gamma counter (ARC-600 Aloka, Tokyo, Japan). Protein
concentrations were determined using BSA protein assay
reagent.

Statistical analysis

Determinations were performed in triplicate, and experiments
were performed at least three times. Results are expressed as
mean+s.e.mean unless otherwise indicated. For multiple

treatment groups, a factorial ANOVA followed by Dunnett's
least signi®cant di�erence test was performed. Statistical
signi®cance was accepted by P50.05.

Results

Tranilast inhibits VEGF, bFGF, and hypoxic conditioned
media-induced cell growth of BREC

VEGF and bFGF each stimulated cell growth of BREC in a
dose dependent manner. The EC50 value was 8.9 ng ml71 and

Figure 7 E�ect of tranilast on mRNA expression in PMA-
stimulated BREC. E�ect of tranilast on integrin av (a) and c-fos
(b) mRNA expression in PMA-stimulated BRECs for 4 h. Typical
autoradiograms of Northern blot analysis of BREC mRNA (top) and
quantitation of multiple experiments after normalization to the
control signal (bottom) are shown. Data are shown mean+s.e.mean
of three experiments. Statistically signi®cant di�erence compared with
responses in the absence of tranilast, *P50.001, **P50.0001.

Figure 8 E�ect of tranilast on PKC activity (a) VEGF- or (b) PMA-
stimulated of BREC. Statistically signi®cant di�erence compared with
responses in the absence of tranilast, *P50.05.
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2.54 ng ml71, respectively (data not shown). To investigate
the e�ect of tranilast on VEGF or bFGF-induced cell
proliferation, we stimulated BREC by 25 ng ml71 VEGF

and 10 ng ml71 bFGF in the presence of various concentra-
tions of tranilast. These growth factor concentrations had
been shown to course submaximal stimulation of BREC
proliferation. As the results indicate (Figure 1a and b),

tranilast (10 ± 300 mM) signi®cantly and dose dependently
inhibited both VEGF- and bFGF-induced cell growth. The
IC50 values were 22 mM for VEGF stimulation, 88 mM for

bFGF stimulation.
Since paracrine/autocrine action of VEGF has been

implicated in ischaemia-induced neovascularization, we in-

vestigated whether the stimulatory e�ect of hypoxia-condi-
tioned media on BREC growth would be suppressed by
tranilast. Conditioned medium from SMC under hypoxic

condition produced a 2.6 fold increase (P50.001) in BREC
cell growth compared to that of normoxia (Figure 2). This
stimulatory capacity was inhibited by tranilast in a dose-
dependent manner, with signi®cant inhibition observed at

concentrations above 10 mM. The IC50 value was 56.9 mM.
Using the trypan blue dye exclusion test, cell viability was
shown to be greater than 95% in every group after incubation,

even for as long as 5 days (data not shown).

Tranilast inhibits VEGF-induced migration of BREC

VEGF at 25 ng ml71 stimulated BREC migration by 80%
compared to the non-stimulated control. As shown in Figure 3,

tranilast at concentrations above 30 mM inhibited this
migratory e�ect signi®cantly and in a dose-dependent manner.
The IC50 value was 18.4 mM. Maximal and complete inhibition
was observed at 300 mM (P50.01 vs VEGF stimulated

control). Tranilast did not a�ect migration of non-stimulated
cells (data not shown).

Tranilast inhibits tube formation by VEGF in BREC

Further, the e�ect of tranilast was determined on tube-like

structure formation. As indicated in Figure 4, VEGF
(25 ng ml71) induced tube-like formation compared to
unstimulated control by 30+1.0 fold (P50.0001). In the
presence of tranilast, tube formation was dose-dependently

inhibited with an IC50 value of 193 mM. Tranilast at 300 mM
inhibited VEGF-induced tube formation by 46% (P50.01 vs
VEGF stimulated control).

Tranilast's e�ect on PMA-induced stimulation of DNA
synthesis

VEGF appears to exert its mitogenic e�ects partly through
activation of PKC-dependent pathways in vascular endothelial

cells (Xia et al., 1996). We determined if tranilast a�ects PKC-
dependent cell proliferation in BREC. PMA (10 nM) induced a
1.5+0.1 fold increase in [3H]-thymidine incorporation in
BREC (P50.05), which is almost completely suppressed

(98%) by GFX (10 mM), a selective PKC inhibitor. Tranilast
at 300 mM signi®cantly inhibited this stimulatory e�ect of
PMA by 48% (Figure 5). Tranilast did not a�ect DNA

synthesis of non-stimulated cells.

Tranilast inhibits VEGF- and PMA-induced gene
expression

Integrin av has been suggested to be a potent mediator of
ischaemia-induced and other types of retinal neovasculariza-

tion (Friedlander et al., 1996; Hammes et al., 1996; Luna et
al., 1996), of which expression was stimulated by VEGF
(Suzuma et al., 1998). Immediate early genes, such as c-fos

have been shown to be involved in PKC-dependent gene
transcription and in controlling cell proliferation. We
determined the inhibitory e�ect of tranilast on VEGF- and
PKC-dependent gene regulation of these molecules. VEGF

at 25 ng ml71 increased av mRNA levels after 4 h (2.4+0.2
times, P50.0001). Tranilast at 100 and 300 mM suppressed
the increase of mRNA levels by 85 and 96% (P50.0001),

respectively (Figure 6a). Similarly, VEGF (25 ng ml71)
induced an increase in mRNA levels of c-fos (8.4+0.9
times, P50.0001), which was suppressed by tranilast.

Tranilast at 100 and 300 mM suppressed the observed c-fos
induction by 90 and 98% (P50.0001), respectively
(Figure 6b).

To investigate the e�ect of tranilast e�ect on PKC-
dependent induction of these genes, we studied the
tranilast e�ect on PMA-stimulated gene expression. PMA
at 10 nM increased av mRNA levels after 2 h (1.9+0.2

times, P50.0001). Tranilast at 100 and 300 mM suppressed
the increase of mRNA levels by 80 and 96% (P50.0001),
respectively (Figure 7a). Similarly, PMA (10 nM) induced

an increase in mRNA levels of c-fos (5.2+0.8 times,
P50.0001), which was suppressed by tranilast. Tranilast at
100 and 300 mM suppressed the observed c-fos induction

by 54% (P50.001) and 89% (P50.0001), respectively
(Figure 7b).

Tranilast inhibits VEGF- and PMA-induced PKC
activity

Tranilast suppressed VEGF- and PMA-induced cell pro-

liferation and gene expression. VEGF appears to exert its
mitogenic and vasopermeable e�ects partly through activa-
tion of the PLCg and PKC-dependent pathways in vascular

endothelial cells (Aiello et al., 1997, Xia et al., 1996). We
determined if tranilast a�ects VEGF- and PMA-induced
PKC activity in BREC. The addition of VEGF (25 ng ml71)

for 10 min increased the speci®c activity of PKC by 2.9+0.3
fold in BREC (P50.05), which is completely suppressed
(105%) by GFX (10 mM), a selective PKC inhibitor.
Tranilast at 100 and 300 mM signi®cantly inhibited this

stimulatory e�ect of VEGF by 40 and 89% (P50.05),

Figure 9 Replacement curve of receptor binding of VEGF to
BREC. 125I-labelled VEGF was added along with increasing amounts
of unlabelled VEGF in the presence or absence of tranilast and
binding was carried out on rocking for 4 h at 48C. The cells were
lysed in 1 ml of 0.1% SDS and counted in a gammacounter.
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respectively (Figure 8a). PMA (10 nM) increased the speci®c
activity of PKC by 2.8+0.1 fold (P50.05), which is
completely suppressed (119%) by GFX (10 mM), a selective

PKC inhibitor. Tranilast at 300 mM signi®cantly inhibited
this stimulatory e�ect of PMA by 62% (P50.05)
(Figure 8b).

Tranilast does not a�ect VEGF-binding in BREC

To determine if tranilast interacts with VEGF receptors in

BREC to exert the observed inhibitory e�ects on VEGF-
induced stimulation of angiogenic activity, we investigated

tranilast e�ects on VEGF binding in BREC. As shown in
Figure 9, tranilast did not shift the [125I]-VEGF replacement
curve compared to the control, suggesting no inhibitory e�ect

of tranilast on VEGF binding to its high a�nity receptors on
BREC cell surface.

Tranilast does not a�ect VEGF-stimulated tyrosine
phosphorylation of KDR/Flk-1 and PLCg and their
associated proteins in BREC

To determine if tranilast a�ects VEGF-dependent tyrosine
phosphorylation of VEGF receptor, KDR/Flk-1 and PLCg,
serum-starved BREC were stimulated with 25 ng ml71 VEGF

for 8 min in the presence or absence of 300 mM tranilast. KDR-
Flk-1 and PLCg in cell lysates were then immunoprecipitated
and separated from other protein by SDS ±PAGE. The

phosphorylation state was evaluated by Western blotting
using anti-phosphotyrosine antibodies. As expected, VEGF
induced tyrosine phosphorylation of KDR/Flk-1 at 230 kDa
and other KDR/Flk-1-associated proteins at 145 kDa with

lesser responses observed at 97, 66, 52 and 46 kDa (Figure
10a). Tranilast did not have an inhibitory e�ect on the
observed VEGF-induced phosphorylation in tyrosine residues

of these proteins, while 6 mg ml71 of genistein, a general
inhibitor of tyrosine kinase, did reduce the responses at 230,
145 and 97 kDa and reduced the responses of proteins at other

molecular weights to a lesser extent.
Similarly, immunoprecipitation using ant-PLCg antibody

revealed that VEGF stimulated tyrosine phosphorylation of

PLCg at 145 kDa and other PLCg-associated proteins at 230,
185 and 125 kDa (Figure 10b). Tranilast did not a�ect the
tyrosine phosphorylation of these proteins compared to non-
stimulated control. In contrast, genistein (6 mg ml71) sup-

pressed VEGF-induced tyrosine phosphorylation to non-
stimulated level.

Discussion

To the best of our knowledge, this study ®rst demonstrated
that tranilast suppressed PKC activity and PKC-dependent
signalling pathway linked to cell proliferation and gene
expression in retinal microcapillary endothelial cells. The drug

also suppressed VEGF-stimulated angiogenic activities and
gene expression of the cells. Since it did not a�ect VEGF
binding and tyrosine phosphorylation of the receptor, PLCg,
and their associated proteins and showed inhibitory e�ect on
VEGF-stimulated PKC activity, its inhibitory e�ect on VEGF-
induced responses probably depends on its inhibition of PKC-

dependent signalling pathway in part.
Angiogenesis involves several steps, i.e., proliferation and

migration of vascular endothelial cells, transformation of

endothelial cells to form tubes, and destruction of the
basement membrane. We found that tranilast inhibits three
of these steps in BREC. In ocular neovascular diseases, not
only VEGF but also other growth factors such as bFGF have

been reported to be involved. In ischaemia, various angiogenic
factors such as PDGF (Kourembanas et al., 1990), transform-
ing growth factor (TGF)-b (Khaliq et al., 1995), interleukin

(IL)-1a (Shreeniwas et al., 1992), IL-6 (Ala et al., 1992), and
VEGF increase. Indeed, hypoxia-conditioned media from
SMC produced a greater stimulatory e�ect on BREC

proliferation than did VEGF stimulation alone. In the present
study, this drug inhibited bFGF- and hypoxia-conditioned
media-induced cell proliferation as well as VEGF-induced cell
growth. These data might further support the substantial

Figure 10 Analysis of tyrosine phosphorylation of the KDR/Flk-1
(a) and PLCg (b) in VEGF stimulated BRECs. Cultured BREC were
pretreated with a tranilast or a tyrosine kinase inhibitor, genistein,
for 30 min and then stimulated with VEGF for 8 min.
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inhibitory e�ect of this drug in ischaemia-induced angiogenic
activity. A recent study revealed that tranilast suppresses
induction of TGF-b isoforms and their receptors in the animal

model of PTCA and cultured vascular smooth muscle cells
(Ward et al., 1998). Because TGF-b up-regulates VEGF
induction (Pertovaara et al., 1994) and hypoxia induces both
growth factors, its inhibitory e�ect on the TGF-b system might

contribute to the observed suppression of hypoxia-conditioned
media-induced cell proliferation.

In the present study, we ®rst determined the e�ect of

tranilast on VEGF-induced gene expression. For this, we chose
the integrin av gene since this molecule has been reported to
mediate angiogenic activity of vascular cells such as cell

migratory capacity, regulation of metalloproteinase activity
(Brooks et al., 1996), cell proliferation (Stromblad et al., 1996)
and expression of which is up-regulated by VEGF (Suzuma et

al., 1998). In addition, we determined tranilast's e�ect on gene
expression of an immediate early gene, c-fos, which is known
to regulate gene transcription of other genes to control cell
proliferation and which is induced following stimulation of

susceptible cells with serum or growth factors, including
VEGF (Seetharam et al., 1995). Tranilast had a pronounced
inhibitory e�ect on VEGF-induced mRNA increase of both

molecules. The response was observed at concentrations as low
as 100 mM and was dose-dependent, although we did not
perform a complete dose dependent study, which is compar-

able to the inhibitory e�ect of the drug on VEGF-induced cell
proliferation, migratory capacity and tube formation. These
data suggest that tranilast has an inhibitory e�ect on VEGF-

induced gene expression and this inhibition might be
associated with suppression of angiogenic activity in BREC.

Tranilast has been suggested to suppress PDGF-induced
cell proliferation through inhibition of Ca2+ ¯ux (Nie et al.,

1996) and S phase blockade, probably through inhibition of c-
myc expression (Miyazawa et al., 1996). Although the precise
mechanism of how tranilast suppresses VEGF-induced

angiogenesis is not known, VEGF has been shown to mediate
its mitogenic and vasopermeable e�ects partly through the
activation of the PLCg and PKC-dependent pathways in

vascular endothelial cells (Aiello et al., 1997, Xia et al., 1996).
We determined that tranilast signi®cantly suppresses PMA-
stimulated DNA synthesis in BREC, which was completely
suppressed by a PKC selective inhibitor, GFX. Furthermore,

tranilast suppressed PMA-dependent induction of c-fos and
integrin av (Figure 6c and d). These data suggest that tranilast
probably has an inhibitory e�ect on PKC-dependent signal

transduction linked to these cellular responses.
Because VEGF has been shown to activate tyrosine

phosphorylation of PLCg and PKC-dependent signal trans-
duction and tranilast inhibited PMA-induced responses, we

determined if the drug inhibits PKC activity itself. We found
that tranilast does suppress VEGF- and PMA-induced PKC
activity in BREC. These data suggest that the observed

inhibitory e�ect of tranilast on VEGF-induced angiogenic
activity and gene expression might depend partly on the
inhibitory of PKC activity linked to cell proliferation and gene

expression. Our observation that tranilast has no obvious
e�ect on VEGF binding and tyrosine phosphorylation of
KDR/Flk-1 and PLCg and their associated proteins suggests

that tranilast might not a�ect the upstream signal transduction
linked to PKC, although further studies are necessary.

From a clinical standpoint, tranilast has already been used
clinically for allergic diseases and vascular injuries such as

restenosis after PTCA, and the inhibitory e�ects of tranilast
against VEGF-induced angiogenesis in retinal vascular cells
occurred at concentrations within the range attainable in

plasma during therapeutic dosing by oral administration of
600 mg day71 (Miyazawa et al., 1996). Although the drug at
higher doses suppressed cell proliferation of the unstimulated

cells, it did not a�ect cell viability, suggesting that growth
inhibition is probably the result of its inhibition of growth
stimulating factor included in the control media. These data

suggest tranilast might probe to be e�ective in the prevention
of VEGF-related angiogenic diseases such as diabetic
retinopathy and age-related macular degeneration. Further,
the inhibitory e�ect of PKC-dependent cellular responses

suggests a bene®cial e�ect of the drug in the prevention of the
diabetic retinopathy, in which hyperglycemia-related intracel-
lular metabolic abnormalities cause PKC activation linked to

microvascular complications (King et al., 1996).

We thank Dr Mortimer Poncz for integrin b3 plasmid. This study
was supported by a grant-in-aid for scienti®c research from the
Ministry of Education and Ministry of Health and Welfare of
Japanese Government.
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