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Abstract

Genistein has been reported to be a natural chemopreventive in several types of human cancer. In our prior study, soy isoflavones were
shown to induce cell cycle arrest and apoptosis of bladder cancer cells in the range of human urine excretion. This study was designed to
identify the novel molecular basis underlying anti-angiogenic activities of soy isoflavones. An immortalized E6 and five human bladder
cancer cell lines were studied by immunoassay, flow cytometry, functional activity, reverse transcription-polymerase chain reaction,
immunoblotting, and transwell co-culture in vitro. The efficacy of soy isoflavones on angiogenesis inhibition in vivo was examined by
nude mice xenograft and chick chorioallantoic membrane bioassay. Factors analyzed included angiogenic factors, matrix-degrading
enzymes, and angiogenesis inhibitors. Genistein was the most potent inhibitor of angiogenesis in vitro and in vivo among the isoflavone
compounds tested. It may also account for most of the reduced microvessel density of xenografts observed and the suppressed endothelial
migration by soy isoflavones. Genistein exhibited a dose-dependent inhibition of expression/excretion of vascular endothelial growth
factor¢s, platelet-derived growth factor, tissue factor, urokinase plasminogen activator, and matrix metalloprotease-2 and 9, respectively.
On the other hand, there was an up-regulation of angiogenesis inhibitors—plasminogen activator inhibitor-1, endostatin, angiostatin, and
thrombospondin-1. In addition, a differential inhibitory effect between immortalized uroepithelial cells and most cancer cell lines was also
observed. Altogether, we discovered that tissue factor, endostatin, and angiostatin are novel molecular targets of genistein. The current
investigation provides further evidence in support of soy-based foods as natural dietary inhibitors of tumor angiogenesis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Angiogenesis, the generation of new blood vessels, is
required for the growth as well as expansion of solid
tumors, especially those at 1-2 mm in diameter [1]. The

Abbreviations: CAM, chick chorioallantoic membrane; COX-2,
cyclooxygenase-2; MMPs, matrix metalloproteinases; PAI-1, plasminogen
activator inhibitor-1; PDGF, platelet-derived growth factor; RT-PCR,

reverse transcription-polymerase chain reaction; TSP-1, thrombospondin-
1; TF, tissue factor; TIMP-2, tissue inhibitor of metalloproteinase-2; tPA,
tissue-type plasminogen activator; MT-MMP, transmembrane MMP; uPA,
urokinase-type plasminogen; and VEGEF, vascular endothelial growth factor
* Corresponding author. Tel.: +886 6 2353535x5288;
fax: +886 6 2766195.
E-mail address: chownh@mail.ncku.edu.tw (N.-H. Chow).

0006-2952/$ — see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcp.2004.09.025

initiation of this vascular phase marks a period of accel-
erated growth, local invasion, and, ultimately, metastasis of
epithelial neoplasm. The prognostic importance of estimat-
ing the degree of angiogenesis in patients with carcinoma,
including bladder cancer, supports the hypothesis that
tumor angiogenesis is imperative in the development
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and progression of human cancer [2]. Hence, therapeutic
agents are being devised either to interrupt the pathogenic
steps of tumor angiogenesis or to directly destroy the tumor
vasculature. Currently, chemicals that can cut off the tumor’s
blood supply, so-called angiogenesis inhibitors, are consid-
ered one of the most promising anticancer therapies.

A number of epidemiological studies show that the con-
sumption of soy products may have a protective effect against
human cancers of the breast, colon, or prostate in the Far East
Asia[3,4]. The beneficial effects of a traditional Japanese diet
are thought to come from isoflavones, the plant pigments
found in soybeans. Experiments both in vitro and in vivo for
bladder cancer have supported the notion that isoflavonoids,
flavonoids, or lignans are able to suppress tumor growth
[5-8]. We also found that isoflavone compounds tend to have
adose-dependent growth inhibition on human bladder cancer
cells in vitro and a tumor suppressor effect in vivo [9]. It is
interesting to note that the cooperative action of a mixture of
isoflavone compounds generates greater anti-tumorigenic
effects than any single compound does, and that the ICs
values of most cancer cell lines (3-5 pg/ml or 7.9-13.2 uM)
are within the reach of the urine levels of daidzein (7,4'-
dihydroxyisoflavone) (14.7 wM), and genistein (5,7,4'-trihy-
droxyisoflavone) (8.4 uM) following a soy challenge [10].
Nevertheless, genistein is one of the most potent soy iso-
flavones. These results have produced the hypothesis that
soy isoflavones, especially the genistein, may be practical
chemopreventives for human urinary tract cancer.

It is well-known that angiogenic activity can be detected
in the urine of patients with bladder cancer [11,12]. In
cases of flat dysplasia or non-invasive transitional cell
carcinoma, there are also increased numbers of sub-urothe-
lial capillaries, suggesting the existence of an angiogenic
stimulus in the early stage of bladder tumorigenesis [13].
For this reason, bladder cancer is a particularly good
paradigm to use for investigating anti-angiogenic agents.
Many molecules released by tumor and host cells are
known to play a role in tumor angiogenesis, and the final
outcome in vivo depends on the net balance between
positive (angiogenic factors) and negative (angiogenesis
inhibitors) regulatory elements. Factors known to be
involved in human bladder carcinogenesis include (1)
angiogenic growth factors, such as vascular endothelial
growth factor (VEGF) [14-16] and platelet-derived growth
factor (PDGF) [17,18]; (2) other pro-angiogenic factors,
such as cyclooxygenase-2 (COX-2) [19-21] and tissue
factor (TF) [22]; (3) matrix-degrading enzymes, such as
urokinase- and tissue-type plasminogen activator (uPA and
tPA) [23-26], the matrix metalloproteinase (MMP)
family [27-34], and their activator of transmembrane
MMP (MT-MMP) [34]; and (4) angiogenesis inhibitors,
such as tissue inhibitor of metalloproteinase-2 (TIMP-2)
[28-30,33], plasminogen activator inhibitor-1 (PAI-1)
[35], and thrombospondin-1 (TSP-1) [15,36], angiostatin
[37], and endostatin. A number of biochemical targets and
pharmacological actions have been proposed [38,39], and

anti-angiogenesis is one of the important mechanisms
responsible for anti-cancer effects of soy isoflavones
[5,7,40,41]. Despite of the fact that in vitro anti-angiogenic
mechanisms of genistein have been described in several
cancer models, the information is far from complete. Using
human bladder cancer as a paradigm, we performed this
study to identify the molecular basis, especially the novel
targets, for anti-angiogenesis of genistein in the range of
urine excretion.

2. Materials and methods
2.1. Cell culture

The E6 cell line was an immortalized human uroepithe-
lium [42]. Human bladder cancer cell lines RT4 (grade 1
bladder cancer), J82 (grade 3 bladder cancer), 5637 (grade
3 bladder cancer), and T24 (grade 3 bladder cancer) were
obtained from the American Type Culture Collection
(Rockville, MD). TSGH8301 (grade 2 bladder cancer)
was established locally and has been reported in detail
previously [43]. The E6 cells were grown in F12 medium
(GIBCO BRL), the RT4 cells in McCoy’s 5A medium
(GIBCO BRL), and the rest of cancer lines were in
Dulbecco’s modified Eagles medium (DMEM) containing
10% fetal bovine serum (GIBCO BRL) at 37 °C. Each cell
line was seeded at 1 x 10° cells/well and grown for experi-
ment. An immortalized human microvascular endothelial
cell line, HMEC-1, was from Centers for Disease Control
and Prevention and were grown in MCDB131 medium.

2.2. Nude mice xenograft model

The mice were maintained and all animal experiments
were conducted according to institutional ethical standards
established for, and have been approved by, the Animal
Core Facility at the Medical College, National Cheng Kung
University. TSGH8301 cells (1 x 107) were first injected
subcutaneously into the flank of 6-week-old male mice as
described previously [9]. Since we found that only intra-
tumoral injection gives satisfactory suppressor effect com-
pared with intra-peritoneal administration [9], engrafted
tumors (approximately 5 mm in diameter) were treated
with local injection of 0.025% DMSO (as a control), 10 g
of genistein, or a mixture regimen (10 wg of genistein,
daidzein, and biochanin-A) every 3 days for 3 weeks. Five
mice were used in each treatment group. The tumors were
then excised and fixed for assessment of the degree of
angiogenesis.

2.3. Immunohistochemistry and quantification of
microvessel density (MVD)

For immunohistochemistry, the frozen tumors were
fixed with acetone/methanol mixture at 4 °C, and blocked
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for endogenous peroxidase by 3% hydrogen peroxide. The
sections were incubated for 18 h at 4 °C with the appro-
priate dilution (1:100) of rat monoclonal anti-CD31 anti-
body (PharMingen). Then samples were incubated for
60 min at room temperature with the appropriate dilution
of the secondary antibody: peroxidase-conjugated goat
antimouse IgG1l (Jackson ImmunoResearch Laboratory,
Inc.). The slides were rinsed with PBS and incubated
for 5min with diaminobenzidine (Zymed Laboratory,
Inc.). The sections were then washed with PBS and coun-
terstained with Gill’s hematoxylin (Biogenex Labora-
tories). Clusters of stained endothelial cells distinct from
adjacent microvessels, tumor cells, or other stromal cells
were counted as one microvessel. MVD was counted by
two independent observers (CLH and NHC) and expressed
as the average of the five highest areas identified within a
single 200x field. Furthermore, for each tumor, the same
hot spots were evaluated using an image-analysis system.
Images were captured using a microscope coupled to a
color video camera (Sony Dxc-M3a) and then processed
with an image analysis device (Ibas 2000, Kontron Bild
Analyse). The parameters automatically detected by the
system were the number of microvessels, the area of the
microvessels, and the overall area. For each tumor exam-
ined, the following measures were recorded: the mean area
of individual vessels, the total microvascular area/field,
corresponding to the sum of the areas of all CD31*
structures located in each field, and the mean microvas-
cular perimeter, corresponding to the mean of the peri-
meters of all CD31" structures identified.

2.4. Chick chorioallantoic membrane (CAM) bioassay

The technique of CAM treatment was performed as
described with slight modification [44]. Briefly, fertilized
White Leghorn chick eggs were incubated under constant
humidity at a temperature of 37 °C. On the seventh day of
incubation, a square window was opened in the eggshell.
The CAM of the embryo was treated with 5 or 10 pg/ml
genistein (GIBCO BRL) dissolved in dimethyl sulfoxide
(DMSO) (Sigma) either as a cocktail mixture of genistein,
daidzein (Calbiochem—Novabiochem), and biochanin-A
(Sigma) in equal proportions). DMSO was kept below
0.05% (v/v) was used as control. The CAMs were photo-
graphed on day 11 using a laser-scanning confocal micro-
scope (Leica model TCS2) after injection with FITC-
dextrin 1 mg/ml (Cat#FD-2000S; Sigma). The mean fluor-
escent vascular density was measured by two independent
observers (S.J.S. and C.L.H.) and scored the degree of
angiogenesis with support of imaging software [45].
Average values for six embryos were recorded.

2.5. Cell migration assay

Cell migration assay was performed with 8 pm-pore size
Transwell migration chamber (Corning Inc.) as previously

described [46]. To examine the effect on cell migration,
monolayer of T24 or TSGH8301 cells was formed in the
lower chamber and treated with isoflavones for 12 h. After
that, HMEC-1 (5§ x 104) suspended in MCDB131 medium
containing 0.5% FCS were added to the upper chambers.
Endothelial cell migration was allowed to proceed for addi-
tional 18 h at 37 °C in CO, incubator. Then cells were
removed from upper surface of the membranes with a cotton
swab. All of the cells migrated to the lower surface were fixed
in methanol and stained with hematoxylin. Dried membranes
were cut out and mounted on glass slides in mounting
medium. At least 15 random fields from each membrane
were counted. All migration assays were repeated at least
twice with similar results.

2.6. Immunoassay for angiogenic factors, MMPs,
proteases and angiogenesis inhibitors

Supernatants of each cell line were collected after
treatment with appropriate concentrations of genistein or
controls (0.5% bovine serum albumin) for 12 h. The
analysis included VEGF,¢5, PDGF-A, MMP-2, MMP-9
by using the Quantikine ELISA kit (Research and Diag-
nostics Systems, Inc.), angiostatin (Research and Diag-
nostics Systems, Inc.), endostatin (CHEMICON
International, Inc.), and TSP-1 (Lab Vision Corporation).
The immunoassay for proteases included uPA, tPA, or PAI-
1 (American Diagnostica Inc.). Briefly, the microtiter plate
was pre-coated by murine monoclonal antibody specific
for each angiogenesis factor or protease. Both the recom-
binant standards and supernatants of culture medium (100
or 200 pl, according to the manufacturer’s suggestion)
were pipetted into the wells and reacted for 2 h at room
temperature. After thorough washing, horseradish perox-
idase-linked polyclonal antibody specific for angiogenic
factors or proteases was added to the wells to “sandwich”
the immobilized immune complexes. Substrate solution
was then added to develop the color after washing off the
unbound antibody-enzyme reagent. The reaction was ter-
minated by the addition of stop solution (2N H,SO,) and
the optical density was read using a spectrophotometer
(Molecular Devices Corp.) set at 450 nm. At least two
batches of conditioned media were tested, and the mean
values were used as the final concentration. The sensitiv-
ities were 5 pg/ml for VEGF¢s, 5 pg/ml for MMP-2,
1.7 pg/ml for PDGF-A, and 0.05 ng/ml for uPA and
PAI-1. The values obtained after ELISA were corrected
with a dilution factor and were finally expressed in pg/ml.

2.7. Reverse transcription-polymerase chain reaction
(RT-PCR) amplification

The expression of COX-2, MT-MMP, and TIMP-2 in
RT4, TSGH8301, and J82 cells was examined by RT-PCR.
The expression of MMP-2 was analyzed in J82, 5637 and
TSGHS8301 cells, and TSP-1 or uPA in RT4 and
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TSGHS8301 cells. Briefly, total RNA was extracted from
cells with TRIzol reagent (Life Technologies) according to
the manufacturer’s instructions. We synthesized cDNA
from 1 pg total RNA using a first strand cDNA synthesis
kit (Amersham Pharmacia Biotech). The cDNA was ampli-
fied with AmpliTaq DNA polymerase (Perkin-Elmer/
Applied Biosystems). Primers used for priming each gene
were as the followings: the COX-2 gene, sense, 5'-GTG
CCT GGT CTG ATG ATG TAT GC-3’, and anti-sense, 5'-
CCA TAA GTC CTT TCA AGG AGA ATG-3' (product
size 402 bp) [47]; the MT-MMP gene, sense, 5'-CCCT-
ATGCCTACATCCGTGA-3/, and anti-sense, 5’-TCCATC-
CATCACTTGGTTAT-3" (product size 550 bp) [48]; the
TIMP-2 gene, sense, 5'-CCGAATTCTGCAGCTGCTCC-
CCGGTGCACCCG-3/, and anti-sense, 5'-GGAAGCTTT-
TATGGTCCCTCGATGTCGAG-3' (product size 590 bp)
[34]; the MMP-2 gene, sense, 5'-ACAAAGAGTGGCAG-
TGCAA-3', and anti-sense, 5'-CACGAGCAAAGGCAT-
CATCC-3' (product size 480 bp) [49]; the uPA gene, sense,
5'-AGAATTCACCACCATCGAGA-3', and anti-sense 5'-
ATCAGCTTCACAACAGTCAT-3’ (product size 474 bp);
the PAI-1 gene, sense, 5'-ATGGGATTCAAGATTGAT-
GA-3/, and anti-sense 5'-TCAGTATAGTTGAACTTGT-
T-3/(product size 452 bp) [50]. the TSP-1 gene, sense, 5'-
CGTCCTGTTCCTGATGCATG, and anti-sense, 5'-GGCA-
GGACACCTTTTTGCAGA (product size 1000 bp) [51],
and the PDGF-A gene, sense, 5-CCCCTGCCCATTCG-
GAGGAAGAG-3', and the anti-sense, 5'-TTGGCCACCTT-
GACGCTGCGGTG-3' (product size 237 bp) [52]. The B-
actin gene was amplified as an internal control. The RT-PCR
conditions were as follows: for COX-2 were 94 °C for
0.5 min, 60 °C for 0.5 min, and 72 °C for 2 min (25-30
cycles); for MT-MMP or TIMP-2 were 93 °C for 90 s,
58 °C for 90 s, and 72 °C for 3 min (40 cycles); for MMP-
2were 93 °Cfor90 s, 58 °C for 90 s, and 72 °C for 3 min (40
cycles); for uPA and PAI-1 genes were 94 °C for 40 s, 48 °C
for 1 min 30 s, and 72 °C for 1 min 20 s (25 cycles); for TSP-
1 were 95 °C for 1 min, 55 °C for 1 min, and 72 °C for 1 min
at (35 cycles); for PDGF-A were 94 °C for 30 s, 50 °C for
40 s, and 72 °C for 60 s (25 cycles). Amplified products were
separated on 1 or 2% agarose gel and stained with ethidium
bromide. Stained bands on the gel were visualized under UV
light and then photographed. Each RT-PCR test was con-
firmed by independent duplicate reactions. The amount of the
RNA of interest, expressed as arbitrary densitometric units,
was normalized to the densitometric units of 3-actin, then the
density of the band was expressed as the relative density
compared to that of untreated cells as a control (taken as
100%).

2.8. Immunoblotting analysis

The procedure of Western blotting was performed as
previously described [53]. Briefly, total cell lysate was
prepared by direct adding 150 pl of 2x SDS loading buffer
to confluent cells on a 10-cm dish, and detaching the cells

with a rubber policeman. Protein concentration was
determined by the Bio-Rad protein assay. Twenty-five
micrograms of total cell lysates were separated by electro-
phoresis on a 8% SDS—polyacrylamide minigel. The pro-
teins were electro-transferred onto a nitrocellulose filter at
100 mA for 2 h using an electroblot apparatus (Hoefer
TE70 semidry transfer unit; Amersham Pharmacia Bio-
tech). The nitrocellulose filter was first blocked with 5%
skim milk (Difco Laboratories, Inc.) for 1 h and then
probed with monoclonal antibody to MT-MMP and
TIMP-2 (Fuji Chemical Industries), COX-2 (Cayman
Chemical Inc.), angiostatin (Research and Diagnostics
Systems, Inc.), endostatin (CHEMICON International,
Inc.), VEGF,45 (CHEMICON International, Inc.), and
TSP-1 (Lab Vision Corporation) for 2 h. The protein
bands were visualized with an enhanced chemilumines-
cence detection kit (Amersham Corp.) using horseradish
peroxidase-labeled secondary antibody, as suggested
by the manufacturer. The amount of the protein of interest,
expressed as arbitrary densitometric units, was normalized
to the densitometric units of $-actin, then the density of the
band was expressed as the relative density compared to that
of untreated cells as a control (taken as 100%).

2.9. Measurement of TF activity and its expression
on cell surface

A functional TF assay was performed using a one-stage
clotting test as previously described [54]. Briefly, J82 cells
were first treated with various concentrations of genistein for
different periods of time. TF activity was then measured on
0.1 ml of cell lysate (10° cells/ml). It was incubated with
0.1 ml of pre-warmed human plasma and 0.1 ml 25 mM
CaCl,. The rate of fibrin formation was recorded on a
coagulometer (Diagnostica Stago ST4). A linear standard
curve (log TF versus log clotting time) was used to quantify
TF activity. One unit of TF was defined as the concentration
of extracted rabbit brain clotting time within 25 s. Generally,
100 U/ml of TF clotted normal human plasma in 12-14 s.
Each experiment was performed in triplicate.

The assessment of TF expression on the cell surface of
tumor cells was performed as previously described [24].
Briefly, J82 cells were labeled with 10 pl of FITC-con-
jugated anti-human tissue factor monoclonal antibody
(#4508CJ; American Diagnostica) after treatment with
appropriate concentrations of genistein for 12 h. The
expression of TF on the cell surface was determined
directly by flow cytometry. Ten milligrams of mouse
IgG (FITC-conjugated; Dako) was used as a negative
control. The percentage of positive fluorescence was deter-
mined in comparison to an isotype control for TF antigen.

2.10. Statistical analysis

The means of the CAM scores and mean vessel areas
were analyzed by the Wilcoxon Signed Rank test and pair-
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wise comparisons of the different treatment groups. The
differences in the MVD among xenografts treated with
10 pwg/ml genistein, biochanin A, or daidzein or a mixture
of 10 wg isoflavones and controls were analyzed by
ANOVA test, and the differences between treatment groups
and the controls were estimated by Mann—Whitney U test.
The angiogenic factors and proteases in each group were
compared and the significance of the results analyzed by
the Student’s t-test. A value of P < 0.05 was considered
significant.

3. Results

First, we used a previously described xenograft model to
evaluate the direct anti-angiogenic effect of isoflavones on
bladder cancer cells [9]. A significantly reduced MVD of
TSGHS8301 cells in SCID mice was observed at 10 wg/ml
genistein (50.7 £ 4.0/mm?) or 10 wg/ml isoflavone mix-
ture (28.4 + 5.3/mm?) (P < 0.0001 by ANOVA, respec-
tively) (Fig. 1A). The difference between treatment groups
and the controls (70.2 + 7.6/mm?) was also statistically
significant (P < 0.001). The mean area of individual ves-
sels also showed a significant reduction after treatment
with genistein (0.19 £ 0.09/mm?) or isoflavone mixture
(0.11 £ 0.05/mm?) compared with controls (0.32 £ 0.15/
mm?) (P = 0.0001 by ANOVA, respectively) (Fig. 1B). The
results support the efficacy of isoflavones in the suppres-
sion of tumor angiogenesis in vivo. It is interesting to note
that two of five control mice developed pulmonary metas-
tasis compared to none in the treatment groups in vivo,
implying that the cancer protective effect of isoflavones
occurs at early stages of bladder carcinogenesis.

Next, we evaluated the direct effect of soy isoflavones on
endothelial cells in vivo (details in Table 1). Using CAM
bioassay, a significantly reduced angiogenesis was
observed when the embryos were treated with 10 pwg/ml
genistein or a cocktail mixture of isoflavones (10 wg/ml)
compared with controls (P < 0.05, respectively). A com-
parable reduced growth and DNA synthesis of HMEC-1
cells was detected (data not shown), supporting recent
notion that isoflavones may also exert direct suppressor
effect on endothelial cells. On the contrary, no significant
angiogenesis inhibition was noticed for daidzein or bio-

Table 1

The effect of isoflavones on angiogenesis assessed by CAM bioassay
Chemicals Mean scores £ S.D. P-values
DMSO (control) 3.00 £ 0.10

Daidzein (10 pg/ml) 2.70 + 0.50 0.81° 0.01°
Biochanin-A (10 pg/ml) 2.37 £0.58 0.21* 0.03°
Genistein (10 pg/ml) 1.33 £0.62 0.02* 0.04°
Cocktail mixture (10 pg/ml) 0.40 +£0.32 0.01*

S.D.: standard deviation.
* Compared with the control group.
® Compared with those treated with isoflavone mixture.
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Fig. 1. Evaluation of the anti-angiogenesis of isoflavones in vivo. The
engrafted tumors of TSGH8301 cells were taken for MVD measurement
after treatment with isoflavones for 3 weeks. (A) The mean MVD (number/
mm?) was expressed as the average of the five highest areas within a 200x
field. Tumor MVD was reduced significantly in mice treated with 10 pg/ml
genistein (G10) or 10 wg/ml isoflavone mixture (T10) compared with
controls (P < 0.0001, respectively). The difference between treatment
groups and the controls was also statistically significant (P < 0.001). (B)
For each tumor, the same hot spots were evaluated using an image-analysis
system and analyzed for the mean area of individual vessels identified by
CD31 immunohistochemistry. The mean area of individual vessels showed a
significant reduction after treatment with genistein or isoflavone mixture
compared with controls (P = 0.0001). The asterisk indicates the significance
of the study group compared with controls.

chanin-A at 10 wg/ml levels compared with controls (data
not shown).

Then, transwell co-culture systems were used to mimic
the in vivo paracrine interaction between tumor cells and
endothelial cells. A pronounced inhibition of endothelial
migration was observed when T24 or TSGHS8301 cells
were treated with 10 pg/ml isoflavone mixture
(P =0.0001, respectively) (Fig. 2). The inhibitory effect
at 5 pg/ml isoflavone mixture was observed in T24 cells
(P=0.0001), and genistein at 10 pwg/ml observed in
TSGHS8301 cells (P =0.0001). In TSGH8301 cells, bio-
chanin-A at 10 pwg/ml still had some migration inhibitory
effect. But, daidzein produced the lowest level of angio-
genic response. Altogether, genistein is among the most
effective inhibitor of tumor-induced angiogenesis than
daidzein or biochanin-A, and may well account for most
of the reduced MVD of xenografts and migration inhibi-
tory effect. The following model experiments in vitro thus
were performed using genistein alone.

Given that tumor angiogenesis is the consequence of a
net balance between pro- and anti-angiogenic factors, the
effects of isoflavones on the expression/excretion of angio-
genic factors (VEGF,gs and PDGF-A, COX-2 and TF),
matrix-degrading enzymes (uPA, tPA, and PAI-1, MMP-2,
MMP-9, MT-MMP, and TIMP-2), and angiogenesis inhi-
bitors (endostatin, angiostatin, and TSP-1) were examined
in an immortalized uroepithelial cell line (E6) and five
human bladder cancer cell lines.



312 S.-J. Su et al./Biochemical Pharmacology 69 (2005) 307-318

T24

100 *

> Migration % of control
-3
=)

) C TS5 T10 G10BA10D10

TSGH8301

=1 W&l

C TS T10 G10BA10D10

]

@ Migration % of control
s
(=]

Fig. 2. The inhibitory effect of isoflavones on cell migration in vitro. The
cancer cells in the lower transwell chambers were first treated with iso-
flavoens for 12 h. Then, HMEC-1 cells from upper chamber were allowed to
migrate for additional 18 h at 37°. The numbers of endothelial cells present
in the lower surface were counted. Error bars indicate standard deviations of
duplicate experiments. The greatest inhibition of endothelial migration was
observed at 10 pg/ml isoflavone mixture for both T24 (A) and TSGH8301
cells (B) (P =0.0001, respectively). The inhibitory effect at 5 ug/ml iso-
flavone mixture was observed in T24 cells (P =0.0001), and at 10 pg/ml
genistein in TSGH8301 cells (P = 0.0001). Biochanin-A at 10 pg/ml still
had some inhibitory effect on TSGH8301 cells. But, daidzein exhibited the
lowest amount of tumor-induced angiogenic responses. (T5: 5 pg/ml iso-
flavone mixture; T10: 10 wg/ml isoflavone mixture; G10: 10 pg/ml genis-
tein; BA10: 10 pg/ml biochanin-A; D10: 10 pg/ml daidzein). The asterisk
indicates the significance of the study group compared with controls.

To establish the kinetics of angiogenic balance in
response to isoflavones treatment, alterations of VEGF 45
and PDGF-A were assessed on a 24 h basis, respectively.
The excretion of VEGF 45 was inhibited as early as 15 min
after treatment with isoflavone mixture (10 pg/ml), but
reverted to baseline levels 24 h later (data not shown). The
most striking suppressive effect was observed between
15 min and 3 h after treatment with isoflavones. Thus,
the subsequent in vitro experiments were basically ana-
lyzed 3 h after genistein treatment. It is interesting to note
that each cell line has its own expression profile in the
production/excretion of angiogenic factors and proteases.
In general, those cell lines showing higher expression
levels of angiogenic factors in the supernatants were
selected in the following analyses. Basically, the response
of each molecule to genistein was screened by immunoas-
say, and then examined by Western blot or RT-PCR
(Table 2).

The Fig. 3 illustrated the alterations of VEGFgs for
RT4, TSGH8301 and T24 cells analyzed by immunoassay
and Western blot, respectively. The dose-related suppres-
sion of VEGF¢5 protein excretion was observed at 10 g/
ml genistein, with the most obvious inhibitory effect
observed in RT4 cells. A comparable suppression of

Table 2
The inhibitory effects of genistein on angiogenic factors and matrix-
degrading enzymes

Cell lines VEGF;¢s PDGF-A uPA PAI-1 MMP-2 MMP-9 TF
E6 ND ND +*  +++ ND ND +
RT4 +4° +° LI + -
TSGH8301 +° +° T + +
T24 40 + 4 + —
82 - - -+ 40 ++P ++°
5637 +° +° T LI L

? Relative levels of angiogenic factors or matrix-degrading enzymes

R ”

were arbitrarily categorized from “+++” to “+” scales, and “—"" means
non-detectable level by immunoassay (ND: not done).

" A significant inhibitory effect by soy isoflavones was observed.

¢ A significant stimulatory effect by soy isoflavones was observed.

VEGF,¢5 protein excretion was confirmed in the RT4,
T24 and TSGH8301 cells (P < 0.05). The dose-related
suppression of PDGF-A by genistein was first demon-
strated by immunoassay in TSGH8301 and 5637 cells,
and then confirmed by RT-PCR (Fig. 4).

As for plasminogen activators and their inhibitor, no
apparent inhibitory effect was observed for tPA in any cell
line tested (data not shown). In contrast, genistein showed a
significant dose-related suppression of uPA (P < 0.05).
Representative results on uPA in RT4 and TSGH8301 cells

1000
""a 800
& 600
5 400
=
= 200
0 T T T T
Cc G25 G5 GIo
Concentration (pg/ml)
(A) —&— RT4 —_—— T24
RT4 T24 TSGH8301
C G10 C G110 C G10
VEGF o — -— e

B-actin  —— S LW

T 120 T 120 T 120
E 100 £ 100 E 100 "
S 80 3 80 S g0 =
% 60 . % 6 . % 60
40 £ 40 € a0
=20 = 20 = 20
2 o 2 o 2 o
(E) c Glo =* cC Glo ~* C GI0

Fig. 3. The inhibitory effect of genistein on the production/excretion of
VEGF¢s. (A) Supernatants of RT4 and T24 cells were collected after
treatment with genistein from 2.5 to 10 wg/ml (G2.5-G10), or 0.5% bovine
serum albumin as a control (C) for 12 h. The dose-related suppression of
VEGF 45 protein excretion was observed at 10 pg/ml genistein (G10), and
RT4 cells showed the most pronounced inhibitory effect. (B) Alteration of
VEGF|¢s in response to genistein treatment was assessed by Western blot. A
comparable suppression of VEGF,¢s protein excretion was examined in
RT4, T24 and TSGHS8301 cells (P < 0.05). The asterisk indicates the
significance of the study group compared with controls.
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Fig. 4. Suppressive effect of genistein on the production/excretion of
PDGF-A. (A) The dose-related suppression of PDGF-A was assessed on
the supernatants of 5637 and TSGH8301 cells. Apparent inhibitory effect
was observed at 10 pg/ml genistein (G10). (B) Alteration of PDGF-A in
response to genistein was examined by RT-PCR. A comparable transcrip-
tional suppression of PDGF-A was demonstrated in both 5637 and
TSGH8301 cells (P < 0.05). The asterisk indicates the significance of
the study group compared with controls.

were shown in Fig. 5. The results for PAI-1 were shown in
Fig. 6. Although RT4 showed a suppressive effect,
TSGHS8301 cells exhibited an induction of PAI-1 produc-
tion by isoflavone treatment (P < 0.05). Of interest, E6
cells did not respond to genistein in terms of protease
production, supporting our hypothesis regarding differen-
tial suppressive effect between cancer cells and non-neo-
plastic uroepithelium [9].

The effect of isoflavones on MMP-2 was shown in Fig. 7.
A comparable inhibitory effect was also observed for
MMP-9 (data not shown). However, there was no apparent
inhibitory effect on MT-MMP or TIMP-2. The lack of
modulating effect on these two angiogenesis-related mole-
cules was verified by Western blotting (data not shown).

We then evaluated the involvement of pro-angiogenic
factor TF in the tumor suppressor effect of soy isoflavones.
Then flow cytometry confirmed a dose-dependent inhibi-
tion of TF expression on the surface of J82 cells (Fig. 8). A
comparable inhibitory effect on TF expression was also
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Fig. 5. The inhibitory effects of genistein on the matrix-degrading enzyme
uPA. (A) Supernatants of E6, RT4 and TSGHS8301 cells were collected after
treatment with appropriate concentrations of isoflavones, from 2.5 to 10 pg/
ml genistein (G2.5-G10), or 0.5% bovine serum albumin as a control (C).
Genistein alone did not exhibit apparent inhibitory effect on proteases
produced by EG6 cells. In contrast, a significant dose-related suppression of
uPA (P < 0.05) was demonstrated in RT4 cells, and TSGH 8301 cells. (B)
Alteration of uPA RNA in response to genistein was assessed by RT-PCR.
Comparable transcriptional suppression of uPA was present in both RT4
cells and TSGH8301 cells (P < 0.05, respectively). The asterisk indicates
the significance of the study group compared with controls.

observed for 5637 cells (data not shown). Similarly, gen-
istein exhibited a dose-dependent suppression of TF activ-
ity of J82 cells (P < 0.05). A trend toward time-related
inhibition of TF activity by isoflavones was more apparent
when genistein was higher than 30 wg/ml. Nevertheless,
genistein did not exhibit any inhibitory effect on COX-2
expression (data not shown).

As for angiogenesis inhibitors, we examined the effect
of genistein on the expression of endostatin, angiostatin
and TSP-1. The potential stimulatory effect of genistein on
the endostatin was supported by immunoassay and Western
blot (Fig. 9). A parallel up-regulation of angiostatin expres-
sion induced by genistein was also noticed (Fig. 10).
Furthermore, a significant dose-related stimulation of
TSP-1 production/excretion was demonstrated in both
RT4 and TSGH8301 cells (P < 0.05) (Fig. 11). Taken
together, soy isoflavones, especially the genistein, appears
to exhibit suppressor effect on multiple angiogenesis-
related pathways on human bladder cancer cells in vitro.
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Fig. 6. The effects of genistein on the matrix-degrading enzyme PAI-1. (A)
Supernatants of E6, RT4 and J82 cells were collected after treatment with
appropriate concentrations of genistein from 2.5 to 10 pg/ml (G2.5-G10),
or 0.5% bovine serum albumin as a control (C) for 12 h. Genistein alone did
not exhibit apparent inhibitory effect on proteases produced by E6 cells, but
exhibited a significant dose-related suppression of PAI-1 production in both
RT4 cells and J82 cells (P < 0.05, respectively). (B) Alteration of PAI-1
RNA in response to genistein treatment was analyzed by RT-PCR. Although
RT4 showed a suppressive effect, TSGH8301 cells exhibited an induction of
PAI-1 production after treatment with isoflavones (P < 0.01, respectively).
The asterisk indicates the significance of the study group compared with
controls.

4. Discussion

Tumorigenesis of the human bladder is a multi-step and
multifocal (field effect) process, possibly involving the
spread of pre-malignant clones along the urothelial
mucosa. As a result, human bladder cancer is uniquely
suited to the development of chemoprevention, in which
noncytotoxic drugs or nutrients are used to prevent, retard,
or delay carcinogenesis. In this study, we demonstrated that
both a cocktail mixture of isoflavones or genistein by itself
drastically inhibit angiogenesis in vivo, as suggested pre-
viously [5,7,9]. Since angiogenic activity begins with a
pre-neoplastic lesion of the human bladder, it is important
to clarify the mechanism(s) of the anti-angiogenic effects
of soy isoflavones.

We showed that genistein did not exhibit toxicity to
normal bladder cells within the physiological range of
urine excretion (10 wg/ml). The compound inhibits the
expression or secretion of angiogenic factors (such as
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Fig. 7. The suppressive effects of genistein on the production/excretion of
MMP-2. (A) Supernatants of J82 and 5637 cells were collected after
treatment with appropriate concentrations of genistein or 0.5% bovine
serum albumin as a control (C) for 12 h. Genistein alone, from 2.5 to
10 pg/ml (G2.5-G10), showed a significant dose-related suppression of
MMP-2 production in both J82 and 5637 cells (P < 0.05, respectively). (B)
Alteration of MMP-2 RNA in response to isoflavones was analyzed by RT-
PCR. A comparable transcriptional suppression of MMP-2 was noticed in
RT4, 5637 and TSGH8301 cells (P < 0.01, respectively). The asterisk
indicates the significance of the study group compared with controls.

VEGF,¢5, PDGF-A, and TF) and matrix-degrading
enzymes (such as uPA, MMP-2, and MMP-9) of human
bladder cancer cells. On the contrary, genistein upregulates
the expression of angiogenesis inhibitors (PAI-1, angios-
tatin, endostatin, and TSP-1). The results indicate that soy
isoflavones can inhibit tumor angiogenesis through inhibi-
tion of cell proliferation and interruption of the breakdown
of ECM surrounding growing vessels and tumor. Soy
isoflavones, especially genistein, thus appear to restore
the balance between pro- and anti-angiogenesis on the side
of angiogenesis inhibition, resulting in growth arrest of the
tumors.

However, such angiogenic inhibition of genistein might
have cell-specific relevance. The reported biological tar-
gets of genistein were MMP-9, VEGF,¢5, TGF-31, and
tissue inhibitor of MMP for breast cancer [41], MMP-2 and
MMP-9 for head and neck cancer [55], VEGF for oral
cancer [56], MMP-9, VEGF, uPA-R and TSP-1 for prostate
cancer [57,58], and uPA, PAI-1, VEGF, or MMP-2 for
endothelial cells [59]. Despite of the fact that MMP-2
appears to implicate in the anti-angiogenesis of genistein
for bladder cancer cells, it was not relevant in oral and
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Fig. 8. The inhibitory effect of genistein on surface expression of TF and its biological activity. (A) J82 cells were labeled with FITC-conjugated anti-human TF
monoclonal antibody after treatment with appropriate concentrations of genistein for 12 h. The expression levels of TF antigen on the cell surface was analyzed
by flow cytometry. There was a dose-dependent inhibition of TF expression on the cell surface of J82 cells (arrowhead) compared with controls (arrow). (B) The
functional assay of TF was performed using one-stage clotting test as previously described (54). J82 cells were first treated with genistein in various
concentrations for different period of time (3, 6, and 18 h, respectively). Then TF activity was measured by incubation with 0.1 ml of pre-warmed human plasma
and 0.1 ml 25 mM CaCl,. The rate of fibrin formation was recorded on a coagulometer and a linear standard curve (log TF versus log clotting time) was used to
quantify TF activity. There was a dose-dependent inhibition of TF activity by genistein. A trend toward time-related suppression of TF activity was also

observed.

prostate cancer cells [56,57]. At present, both VEGF¢s
and MMP-9 seem to be the common biological targets of
soy isoflavones. Thus, a more comprehensive investigation
is required to elucidate the common biochemical targets, as
well as the tissue-specific mechanism(s), of soy isoflavones
on human cancer.

Expression of membrane TF on cancer cells was
reported to positively correlate with the metastatic poten-
tial of human cancer [22]. Evidence supporting TF as a
marker of early angiogenesis comes from its co-localiza-
tion with VEGF in breast cancer [22,60] as well as in
bladder cancer [14-16]. The suppressive effects of genis-
tein on the surface expression and activity of TF support
the importance of TF in the pathogenesis of human bladder
cancer and the tumor angiogenesis. Our data is the first
proof that TF is an innovative target for soy isoflavones.

It is now known that a number of endogenous inhibitors
of angiogenesis, such as angiostatin, endostatin, and TSP-
1, could be generated by tumors. TSP-1 was thought to be a
tumor suppressor, possibly through inhibition of tumor
angiogenesis [15,36]. Actually, loss of TSP-1 accounts
for the angiogenic phenotype in the early stage of bladder
carcinogenesis (15). The up-regulation of TSP-1 by gen-
istein in RT4 and TSGH8301 cell lines corresponds to Li

and Sarkar [57] in their analysis of human prostate cancer
cells.

Both endostatin and angiostatin are known to target
endothelial cells and thus comprise the new blood vessel
formation of tumors. In addition, endostatin exerts a direct
anticancer action by blocking the activation of MMP-2, -9,
and -13 in tumor cells [61]. Angiostatin was recently
shown to significantly inhibit the growth and MVD of
human bladder cancer in SCID mice [62]. The capability of
genistein in up-regulation of both endostatin and angios-
tatin provides novel mechanisms for isoflavones to reverse
the angiogenic switch of epithelial cancer.

The results of the present study indicate that the anti-
angiogenic effects of soy isoflavones may be diverse. In
sharp contrast to the cancer cells considered in our model,
isoflavones also suppress the growth and DNA synthesis of
endothelial cells in vitro in our preliminary survey. Actu-
ally, some of the above-mentioned biochemical targets of
soy isoflavones, such as TF [60], VEGF [63], PDGF [64],
and MMP-2 [65], are over-expressed in the endothelial
cells of tumor tissue. In addition, the stromal cells and/or
inflammatory cells of tumor tissue have also been report to
express VEGF [14,16], PDGF [18], PAI-1 [23], MMP-2,
and MMP-9 [27]. Accordingly, soy isoflavones are
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Fig. 9. The effect of genistein on the expression of endostatin. Cell lysates
of RT4 and TSGH8301cells were collected after treatment with 10 pg/ml
genistein or 0.5% bovine serum albumin as a control (C) for 12 h. (A)
Concentrations of endostatin in RT4 and TSGH8301 cells were measured by
immunoassay. The stimulatory effect on endostatin expression by genistein
in RT4 cells (P <0.01). (B) Alteration of endostatin expression was
examined by Western blot. An elevation of endostatin expression was
demonstrated in RT4 and TSGH8301 cells at 10 wg/ml genistein
(P < 0.05). The asterisk indicates the significance of the study group
compared with controls.
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Fig. 10. The effect of genistein on the angiostatin expression. Cell lysates of
T24 and TSGH830lcells were collected after treatment with 10 pg/ml
genistein or 0.5% bovine serum albumin as a control (C) for 12 h. Alteration
of angiostatin expression was examined by Western blot. Both T24 and
TSGH8301 cells exhibited stimulatory effect after treatment with 10 pg/ml
genistein (P < 0.05). The asterisk indicates the significance of the study
group compared with controls.
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Fig. 11. The stimulatory effect of TSP-1 production/excretion induced by
genistein. (A) Supernatants of RT4 and TSGH8301 cells were collected
after treatment with appropriate concentrations of genistein or 0.5% bovine
serum albumin as a control (C) for 12 h. Genistein from 5 to 10 pwg/ml
showed a significant dose-related stimulation of TSP-1 production in both
cell lines tested (P < 0.05). (B) Alteration of TSP-1 RNA in cell lysates was
measured by RT-PCR. A comparable transcriptional activation of TSP-1 by
genistein was demonstrated in both RT4 (30 min) and TSGH8301 cells (3 h)
(P < 0.01). The asterisk indicates the significance of the study group
compared with controls.

suspected of having a combination of suppressor effects on
tumor cells, the stromal compartment of tumor and the
neovasculature.

In conclusion, we demonstrated the involvement of
pleiotrophic regulators of angiogenesis in the anti-angio-
genic activities of genistein. Among them, tissue factor,
endostatin, and angiostatin are novel molecular targets of
genistein. Taken together with their tumor suppressor
effect in vivo, we support the relevance of soy-based foods
as natural dietary inhibitors of angiogenesis for human
cancer.
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