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A variety of studies have suggested a cancer protective role of cruciferous vegetables. In the present
study, we investigated the effect of indole-3-carbinol (I3C), a major indole metabolite in cruciferous
vegetables, on cell proliferation and in vitro markers of angiogenesis in phorbol myristate acetate
(PMA)-stimulated endothelial EA hy926 cells. The results showed that I13C inhibited the growth of EA
hy926 cells in a concentration-dependent manner. The capillary-like tube formation by PMA-activated
endothelial cells was significantly suppressed by I13C, and such inhibition was associated with
decreased vascular endothelial growth factor (VEGF) and increased interleukin-8 (IL-8) secretion,
but not with the expression of VEGF receptor-2 protein. Additionally, gelatin zymography analysis
indicated that I3C suppressed activities of matrix metalloproteinases-2 (MMP-2) and MMP-9 stimulated
by PMA. These results suggest that the dietary I3C may be useful in the treatment of human cancers
and angiogenic diseases.
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INTRODUCTION but its role in angiogenesis has not been discussed yet. Because
I3C inhibits the growth of several lines of cell&Q, 11) and
suppresses the production of inducible nitric oxide (NO) (12),

a small molecule known to affect angiogenesis, this study
examined the effects of I3C on angiogenesis in a cell culture

Angiogenesis, the formation of new capillaries from preexist-
ing blood vessels, is essential in several physiological situations,
including embryo development, female reproductive cycle, and
wound healing, during which the process of angiogenesis is - ) : .
under strict cc?ntrol. Tgrlle angiogenti) process is rggugllated by amodel (i.e., the permanent endothelial (_;eII line EA hy926 in
variety of endogenous molecules (including vascular endothelial the presence or ab_senc_e of phorbol myristate acetate [PMA], a
growth factor [VEGF], basic fibroblast growth factor [bFGF], potent angiogenesis snmulatpr). TO understand the gffects of
transforming growth factors, and cytokines interleukin [IL]-2 I13C on angiogenesis, cell proliferation and tube formation were

and IL-8) (L, 2) and has the following steps: proliferation of evaluated. To determine the antiangiogenic mechanism of I3C,

endothelial cells, degradation of vascular basement membrane,angiogenesis-related factors, including VEGF, IL-8, VEGF

migration of endothelial cells, and tube formation. On the other receptor (VEGFR), matrix metalloproteinase (MMP)-2, and

hand, deregulated angiogenesis is related to a number c)fMMP-Q, were analyzed. Results from this study may increase

pathological diseases, such as rheumatoid arthritis, cardiovas-unders’[andlng of how compounds from cruciferous vegetables

cular diseases, and canc@—4). Therefore, compounds that suppress angi(_)genesis on the molecular level and of how these
suppress proliferation and endothelial cell angiogenesis haveCOMPoUNds might be used in cancer therapy.
been proposed as potential therapies for cancer and other
angiogenesis-related diseasesH35). MATERIALS AND METHODS

Cruciferous vegetables, including broccoli, cauliflower, Napa -~ amicals and Biochemicals.I3C, PMA, dimethyl sulfoxide
cabbage, and other cabbages, have anticarcinogenic activitypmso), Tween 20, phenylmethylsulfonyl fluoride (PMSF), and gelatin
which is thought to be due to their high content of glucosinolates were purchased from Sigma Chemical (St. Louis, MO). Dulbecco’s
and glucosinolate derivative3{9). Indole-3-carbinol (13C) is modified Eagle medium (DMEM) and fetal bovine serum (FBS) were
one of the major autolytic breakdown products of indole from GIBCO (Grand Island, NY). Protease inhibitor cocktail was from
glucosinolates iBrassicaplants. Several mechanisms have been Roche (Mannheim, Germany). All other laboratory chemicals were the

suggested to contribute to the anticarcinogenic activities of 13C, Ihigzesot g)uality available and purchased from Sigma and USB (Cleve-
and, .

*To whom correspondence should be addressed. Phone: 886-2- Cell Culture. EA hy926, a human endothelium-derived permanent

27361661 ext. 6551 ext. 118. Fax: 886-2-27373112. E-mail: yuehwa@ Cell line, was kindly provided by Dr. Cora-Jean Edgell (University of
tmu.edu.tw. North Carolina, Chapel Hill). This permanent cell line was used because
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it possesses endothelial characteristics including the formation of (A) 10 r [—e— oum

tubelike structures (13), and the difficulty in obtaining larger numbers 08 | | —o— 50uM

of uncontaminated cells as well as the requirement of expensive growth 08 | 100 M

factors associated with the used primary endothelial cells may befe“ 07 b e - 150 uM

avoided. Cells were grown as monolayers in DMEM supplemented Z g6 | "

with 10% FBS at 37°C in 95% air and 5% C@ I3C and PMA ~ § | |T° 20

dissolved in DMSO were added to the medium; the concentration of § |

DMSO in the medium never exceeded 0.2% (v/v). % 0'3
Cell Growth and Cell Proliferation Assays. To evaluate the effects o ’

of I3C on the growth of cultured EA hy926 cells, various concentrations 02

of 13C and/or 50 nM PMA were incubated with  10* cells/well, e

plated in six-well plates. Viable cells were estimated by the trypan 00 :

blue dye-exclusion method, and numbers of cells were counted with a 2 ) 4 8

Coulter counter. Cell proliferation was evaluated using the CellTiter Time (days)

96 Aqueous One Solution Cell Proliferation Assay kit (Promega,

Madison, WI). Basically, cells (3 10%well) were plated in 96-well Bos ¢ noPMA

plates and treated with 13C in the presence or absence of PMA for 24 .| | —* 0

h. The rate of proliferation was then determined by measuring the & | —o=—50uM

absorbance of the formazan product of 3-(4,5-dimethylthiazol-2-yl)- ¥ ™ ——100 uM o

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2&trazolium (MTS) g 05 = a= 150uM

reduction by live cells with a microplate reader at Dm 2oat —e—200 uM *
Tube Formation Assay.To understand whether I3C affected the 2 43 —O= 250uM *

angiogenic process, tube formation was evaluated using the BD BioCoat & .l _ - ol

Angiogenesis System: Endothelial Cell Tube Formation Assay kit (BD | e -

Biosciences, Bedford, MA). In brief, cells (2 10%well) were cultivated o1t == —~— 0"

in BD Matrigel Matrix coated 96-well plates for 30 min followed by o .

incubating with PMA and various concentrations of I3C in a serum- 2 4 6

free condition for 24 h. After staining with Calcein AM (Molecular Time (days)

Probes, Eugene, OR), the networks of vessel-like tubes were observedrigure 1. Effects of 13C on the growth of EA hy926 cells. Cells were

and photographed under a fluorescent microscope. treated with various concentrations of I3C in the absence (A) or presence
Assays for Production and Secretion of VEGF and IL-8.The of PMA (50 nM, B). Cells were then collected and counted with a Coulter

VEGF and IL-8 released into culture medium were determined by

commercial human ELISA assay systems (Amersham Biosciences

Buckinghamshire, England). Basically, cells were treated with various

concentrations of I3C or PMA or both for 24 h, and the culture medium

was then collected for the analysis of VEGF and IL-8 according to the

manufacturers’ instructions. between groups with the aid of SAS software version 6.12 (SAS
Western Blot Analysis. Because VEGF acts through VEGFR to  Institute, Cary, NC). Differences between means were considered

activate angiogenesis, the expression of membrane VEGFR wasSignificant atp < 0.05.

determined. Cell membrane was isolated by treating cells with HES

buffer (0.25 M sucrose, 10 mM HEPES, 10 mM MgCind protease RESULTS

inhibitor cocktail). Cell lysates were centrifuged at 80 §36r 1 h to Effects of 13C on Cell Growth and Cell Proliferation. EA
obtain the cell membrane proteins, andugof these were separated . . . : .

by 7.5% sodium dodecyl sulfate (SDS)olyacrylamide gel electro- hy926 cells were treated with various concentrations of |3C.WI'[h
phoresis (SDS—PAGE) and then electroblotted onto a nitrocellulose ©F Without 50 nM PMA, and numbers of cells were determined
membrane. The VEGFR-2 protein was detected by monoclonal after 2, 4, and 6 daysigure 1 indicates that I3C inhibited the
antimouse VEGFR Flk-1 antibody (Santa Cruz Biotechnology Inc., growth of EA hy926 cells in a concentration-dependent manner
Santa Cruz, CA) and peroxidase-conjugated IgG (Novocastra Labora-after 6 days treatment regardless of the presence of PMA, and
tories Ltd., Newcastle upon Tyne, UK). The specific binding of the 2504M I3C produced 53-65% growth inhibition after 6 days
VEGFR-2 was detected using an enhanced chemiluminescent ECLof incubation. On the other hand, PMA did not enhance the
Western detection system (Amersham Biosciences, Buckinghamshire,growth of EA hy926 cells, but 50M 13C (Figure 1B) inhibited

Englr?nd) and o)bserved after dSCie?]tiﬁc Imabging ﬁlmh(EaStm?” Iéogaka to a significantly greater extent the growth of PMA-treated than
Rochester, NY) was exposed to the membrane. The visualized bands__ : )
were quantitated using the Image-Pro Plus software package (Medianon PMA treated cellsHigure 1A), suggesting that the PMA

Cybemetics, Silver Spring, MD). treated cells were more sensitivz_a tq I_BC tr_eatment. MTS assay
Gelatin Zymography. To understand the effect of 13C on PMA- results also showed that I3C .|n_h|b|ted in a concentrqtlon-
induced MMP activities, gelatin zymography was performed according dependent manner, but the inhibition was not as great in the

to procedures described by Birkedan-Hansen and Tay®y Briefly, PMA-treated group as in the PMA-untreated groEjg(re 2).

the treated cultured medium containing§ of protein was separated ~ These 24-h MTS results indicated that the angiogenic-inhibitory
on a 10% SDSPAGE gel that was copolymerized with 1 mg/mL of  effects of I3C in the presence of PMA was not apparently due
gelatin. After removing SDS with 2.5% Triton-X100 solution, the gel  to cytotoxicity, because all the other assays were performed 24
was incubated with Zymoge_n devgloping buffer (Bio-Rad Laboratories, h gfter treatment of 13C and PMA. Additionally, the contradic-
Hercules, CA) and then stained with 0.5% Coomassie Blue R-250. The tory results presented in cell growth and in cell proliferation as

enzyme-digested regions, observed as clear bands in destained g - -
against a blue background, indicated the presence of MMP-2 (72 kDa) . easured by MTS assays may be explained by different

and MMP-9 (92 kDa). The visualized bands were also quantitated using incubation time, since only 24 h was used in MT.S assays.
the Image-Pro Plus software package (Media Cybernetics, Silver Spring, Effects of I3C 9” Tube Formation. Tqbe formgtlon IS one .
MD). of the key steps in the process of angiogenesis. As shown in
Statistical Analysis.Values were expressed as the mga8D. One- Figure 3, PMA (50 nM) markedly induced tube formation in
way ANOVA followed by Fisher’s least significant difference testand EA hy926 cells, whereas cotreatment of I3C inhibited such
Student’st test were performed to determine statistical differences induction. Additionally, the extent of inhibition by 25tM 13C

counter at the times indicated. Values represent the mean + SD from
"three measurements. * p < 0.05 compared with the control at the same
time point.
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Figure 2. Effects of I3C on the proliferation of EA hy926 cells. Cells
were treated with various concentrations of I13C in the absence or presence
of PMA (50 nM) for 24 h, and cell viability was measured with the MTS
assay kit. Values represent the mean + SD from six measurements. Data
with different superscripts significantly differ (p < 0.05).
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Figure 4. Effects of I3C on secretion of VEGF (A) and IL-8 (B) in EA
hy926 cells. Cells were treated various concentrations of 13C in the
absence or presence of PMA (50 nM) for 24 h. VEGF and IL-8 secreted
into the cultured medium were then determined by ELISA kits. Values
are the mean + SD from three measurements. Data with different
superscripts significantly differ (p < 0.05).
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Figure 5. Effects of I3C on the expression of membrane VEGFR-2 in EA
hy926 cells. (A) Cells were treated various concentrations of I3C in the
presence of PMA (50 nM) I3C for 24 h. The membrane proteins were
then separated by SDS—PAGE, and VEGFR-2 protein was detected. (B)
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Figure 3. Effects of I3C on vascular tube formation in PMA-stimulated
EA hy926 cells. (A) Cells were cultivated on Matrigel-coated plate treated

4

Relative density of bands normalized for c-tubulin. Values are the mean
* ranges from two measurements.

and MMP, were examined to gain further insight into this
inhibition. Figure 4 indicates that 100—250M I3C did not

affect the secretion of VEGF and IL-8. However, treatment with
PMA significantly enhanced the secretion of both VEGF and
IL-8, and treatment with 13C significantly suppressed the PMA-
stimulated VEGF levelsRigure 4A), but enhanced the PMA-
stimulated IL-8 levelsKigure 4B) in a concentration-dependent
manner. Additionally, because VEGF-induced activation of
endothelial cells is mediated by the binding of VEGF to
been shown to inhibit in vitro angiogenesiks]. VEGFRs, the expression of membrane VEGFR-2 was examined

Effects of I3C on Angiogenesis-Related Factor8ecause by Western blot analysis. As shown kigure 5, neither PMA
I3C inhibited in vitro angiogenesis, the effect of I3C on several nor PMA plus I13C affected the expression of membrane
angiogenesis-related factors, including VEGF, IL-8, VEGFR, VEGFR-2 protein in EA hy926 cells.

with PMA (50 nM) and different concentrations of I3C or genistein (100
uM) in serum-free medium for 24 h. Tube formation was analyzed by the
BD BioCoat angiogenesis system and photographed under a fluorescence
microscope (100x). Pictures are representative of three independent
experiments.

was similar to that of 10@M genistein, a compound that has
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(A) are potential candidate drugs for cancer chemoprevention and
M5 therapy (2,3, 5). Because both VEGF and MMPs act as
angiogenic factors during the process of angiogenesis or tube
MMP-2 formation, the results of this study suggest that the chemopre-
_ N N ventive effect of I3C may be mediated through suppression of
- - + + +

angiogenesis by inhibiting the secretions of VEGF and MMP-
2/MMP-9. However, more in vivo experiments are required to
confirm this possibility.

I3C(uM) O 100 150 200 250 0 100 150 200 250

iy g O-PMA The process of angiogenesis is always accompanied by
- 100 f f H+PMA increased endothelial cell proliferation, and antiangiogenic
*'é 80 e e d therapy can inhibit further endothelial cell proliferation or induce
1 % their apoptosis 43, 24). I13C has been shown to inhibit
2 oo b proliferation or induce apoptosis in various lines of cancer cells,
§ 40 ab a including breast10), human prostate2l), and non small-cell
g lung cancer cell§25), through inactivation of Akt activity26,
20 27), an event that is also involved in the angiogenesis. Therefore,
0 the inhibitory effects of I3C on PMA-stimulated in vitro
0 100 150 200 250 anEioAgingzig mallly b(e) pa}[LtIy d#]e tohthedinglgtion of apoztcizis
3 o y cells. On the other hand, suppressed the
fancentation (h growth of the cells without PMA treatment, but did not affect
the secretions of VEGF and IL-8, indicating I3C may not affect
(€120 c the cellular homeostasis under physiological conditions. The
_ 100 be b ab growth suppressive effect of I3C may be explained by its
.g a apoptosis-inducing activity.
g &0 VEGF is one of the most potent and extensively studied
"g 60 angiogenic stimulators, and it has been shown to promote
g endothelial cell proliferation, migration, and tube formatiéh (
g 40 After being released, VEGF binds to the VEGFR on the
20 endothelial cell membrane and initiates a cascade of signals for
vessel formation. There are indications that the induction of
0 endothelial cell proliferation and migration by VEGF and/or
PMA + + + + + PMA is dependent upon the activation of phosphatidyl inositol
13C (uM) 0 100 150 200 250 3-kinase (P13-kinase) and stimulation of phosphorylation of Akt
Figure 6. Effects of 13C on MMP-2 and MMP-9 activities in EA hy926 (28—31). Because 13C has been shown to inhibit Akt phospho-
cells. (A) Cells were treated various concentrations of 13C in the absence rylation in human prostate PC-3 cancer cel%§,(27), it is
or presence of PMA (50 nM) for 24 h. MMP-2 and MMP-9 secreted into plausible to hypothesize that 1I3C inhibited PMA-stimulated tube
the cultured medium were determined by gelatin zymography. (B) Relative formation by decreasing VEGF secretion and thereby inactivat-
density of MMP-2. (C) Relative density of MMP-9. Values are the mean ing Akt. Furthermore, VEGF mediates its signals through
+ SD from three measurements. Data with different superscripts tyrosine kinase VEGFRs3(). Binding of VEGF to VEGFR-2,
significantly differ (p < 0.05). one of the VEGFRs involved in angiogenic responses, leads to

receptor autophosphorylation and then to a cascade of angio-
Since gelatinase and collagenase MMPs are also involved ingenic signals. Although neither PMA nor I3C affected the
the angiogenic process$g), we utilized gelatin zymography to ~ €Xpression of membrane VEGFR-2 in our study, their effects
determine the activities of secreted MMP-2 and MMP-9. Like On active phosphorylated VEGFR-2 cannot be ruled out.
tube formation, the activities of MMP-2 (72 kDa) and MMP-9 Additionally, although the membrane, instead of total cellular
(92 kDa) were significantly stimulated by PMA and concentra- YEGFR-2, was determined, Western blot analysis may not be
tion-dependently inhibited by 13GF{gure 6). Meanwhile, the sensitive enough to detect the changes of VEGFR-2 protein on
results also indicated that EA hy926 cells released basal levelsth® membrane.

of MMP-2, but not MMP-9, when cultured in serum-free IL-8 has also been shown to enhance endothelial cell

medium. proliferation and angiogenesi34d—35) and to be overexpressed
in several human cancer36—38). Although our study showed

DISCUSSION that I3C inhibited PMA-stimulated tube formation, it also found

that 13C enhanced PMA-induced IL-8 production, suggesting

In the present study, we first demonstrated that I3C inhibits IL-8 may not play a significant role in angiogenesis in the
the proliferation and tube formation, an in vitro marker of system we used. Presta et 89) indicated that IL-8 differ-
angiogenesis, of PMA-activated EA hy926 endothelial cells, and entially regulates bFGF-activated proliferation of different
such suppression is associated with decreased secretion o&ndothelial cell types. The proliferation of primary HUVEC,
VEGF, MMP-2, and MMP-9, but increased secretion of IL-8. bovine aortic endothelial cells (BAECs), 1G11, and immortal-
I3C is one of the bioactive components in cruciferous vegeta- ized mouse brain microvascular endothelial cells (MBECs) was
bles that exhibit anticarcinogenic activitiég (7, 18). I3C has not affected by IL-8 treatment regardless of the presence of
been shown to modulate the activity of xenobiotic-metabolizing bFGF, whereas the bFGF-elicited mitogenic activity in primary
enzymes (1920), to induce apoptosis in cancer cell9(21), sponge-induced mouse endothelial cells (SIEC) and the fetal
to inhibit lipopolysaccharide-induced nitric oxide production bovine aortic endothelial GM 7373 cell line was abolished by
(12), and to regulate estrogen activig2], pathways that have IL-8 treatment. Therefore, the enhanced IL-8 secretion by I3C
been suggested to be involved in the anticarcinogenic processin EA hy926 cells may also be explained by cell specificity.
Accumulating evidence indicates that angiogenesis inhibitors On the other hand, IL-8 is affected by several other cytokines,
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