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Abstract

Our previous study revealed that rhizoxin ([1S-[1R*,3R*,5S*,8R*(1R*,2S*,3E,5E,7E),10R*,11S*,13S*,14E,16S*,17S*]]-10-hydroxy-8-

[2-methoxy-1,3,7-trimethyl-8-(2-methyl-4-oxazolyl)-3,5,7-octatrienyl]-11,16-dimethyl-4,7,12,18-tetraoxatetracyclo[15.3.1.03,5.011,13]he-

neicos-14-ene-6,19-dione) has a potent inhibitory effect on in vivo angiogenesis. However, little is known regarding the mechanism by which

rhizoxin exhibits antiangiogenic activity. In this study, we examined its effects on the functions of endothelial cells associated with

neovascular formation in vivo, using cultured vascular endothelial cells. Rhizoxin concentration-dependently inhibited the proliferation of

bovine carotid artery endothelial cells, human umbilical vein endothelial cells and human dermal microvascular endothelial cells, the IC50

values being 7, 5 and 0.4 nM, respectively. In addition, it reduced the extracellular plasminogen activator level in bovine vascular endothelial

cells in the low nM range, and suppressed the migration of human dermal microvascular endothelial cells in the pM range. Furthermore, it

blocked the tubular morphogenesis of human umbilical vein endothelial cells and human dermal microvascular endothelial cells on Matrigel

in a concentration-dependent manner; the IC50 values being 40 and 130 pM, respectively. These results suggest that rhizoxin exhibits

antiangiogenic activity through the combined inhibition of some functions of endothelial cells responsible for induction of in vivo

angiogenesis.

D 2002 Elsevier Science B.V. All rights reserved.

Keywords: Rhizoxin; Microbial angiogenesis inhibitor; Angiogenic endothelial function; Plasminogen activator; Tube formation

1. Introduction

Pharmacological research faces the critical problem of

how effective means of treatment of diseases difficult to

cure, including cancer, rheumatoid arthritis, diabetic retin-

opathy and acquired immunodeficiency syndrome, can be

developed. Recent studies have revealed that these refrac-

tory diseases depend largely on neovascularization, indica-

ting that the inhibition of angiogenesis could be a new

strategy for their treatment (Battegay, 1995; Folkman,

1995; Carmeliet and Jain, 2000; Oikawa, 2001). This is

the major reason why angiogenesis has attracted recent

attention in the field of pharmacological research. The key

to the development of such an angiostatic therapy is to

develop useful angiogenesis inhibitors, because they are

likely to improve the treatment of these angiogenesis-related

diseases. A number of research groups have shown that

various substances are effective in inhibition of angio-

genesis and/or in the treatment of angiogenic diseases like

cancer at the experimental animal model level. Examples are

TNP-470 ((3R,4S,5S,6R)-5-methoxy-4-[(2R,3R)-2-methyl-

3-(3-methyl-2-butenyl)-oxiranyl]-1-oxaspiro[2,5]oct-6-yl

(chloroacetyl) carbamate) (Ingber et al., 1990), angiostatin

(a 38-kDa plasminogen fragment) (O’Reilly et al., 1994),

endostatin (a 20-kDa C-terminal fragment of collagen

XVIII) (O’Reilly et al., 1997), matrix metalloproteinase

inhibitors like batimastat (N4-[(1S)-2,2-dimethyl-1-[(meth-

ylamino)carbonyl]propyl]-N1,2-dihydroxy-3-(2-methyl-

propyl)-(2S, 3R)-butanediamide) (Hidalgo and Eckhardt,

2001), inhibitors of the vascular endothelial growth factor
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signaling pathway (Kim et al., 1993; Brekken et al., 2000),

and antagonists of some integrins, such as avh3 and av,

(Brooks et al., 1994; Kerr et al., 1999). The use of these

antiangiogenic agents for cancer treatment is being eval-

uated through clinical trials.

Using our chorioallantoic membrane assay, we have

attempted to find a low molecular weight compound that

exhibits antiangiogenic activity from among microbial prod-

ucts. This is based on the finding that microorganisms are

well known to provide a lot of useful substances such as

antibiotics and enzyme inhibitors. With such an approach,

we have found that different microbial metabolites, such

as herbimycin A (17-demethoxy-15-methoxy-11-0-methyl-

geldanamycin) (Oikawa et al., 1989) and eponemycin

((4S)-1,2-epoxy-2-hydromethyl-4-(N-isooctanoyl-L-seryla-

mino)-6-methylhept-6-ene-3-one) (Oikawa et al., 1991),

have antiangiogenic activity. This might imply that micro-

organisms constitute a rich repository of natural antiangio-

genic agents (Oikawa, 2001). Eponemycin is the most potent

inhibitor of angiogenesis with our chorioallantoic membrane

assay, the ID50 value being 250 fmol (0.1 ng) per egg. Re-

cently, we found that rhizoxin ([1S-[1R*,3R*,5S*, 8R*(1R*,

2S*,3E,5E,7E),10R*,11S*,13S*,14E,16S*,17S*]]-10-

hydroxy-8-[2-methoxy-1,3,7-trimethyl-8-(2-methyl-4-oxa-

zolyl)-3,5,7-octatrienyl]-11,16-dimethyl-4,7,12,18-tetra

oxatetracyclo[15.3.1.03,5.011,13]heneicos-14-ene-6,19-

dione), which was isolated from Rhizopus chinensis, sup-

presses embryonic and tumor cell-induced angiogenesis

(Onozawa et al., 1997). On a molar basis, this microbial

agent is the second strongest inhibitor of angiogenesis with

our chorioallantoic membrane assay system, the ID50 value

being 3.2 pmol per egg. However, it remains unclear which

event(s) in the angiogenesis process is affected by rhizoxin.

In the present study, our aim is to determine the effects of

rhizoxin on the vascular endothelial cell functions associ-

ated with angiogenesis, including plasminogen activator

production, migration and proliferation, and tube formation

in cultured vascular endothelial cells.

2. Materials and methods

2.1. Materials

Rhizoxin was a generous gift from Prof. Shigeo Iwasaki

(Institute of Molecular and Cellular Bioscience, University

of Tokyo, Tokyo, Japan). Its chemical structure is shown in

Fig. 1. Dulbecco’s modified Eagle’s medium (DMEM),

Molecular, Cellular and Developmental Biology (MCDB)-

131, epidermal growth factor, heparin and medroxyproges-

terone acetate were purchased from Sigma (St. Louis, MO).

Fetal bovine serum was obtained from Moregate (Mel-

bourne, Australia). A mixture of penicillin and streptomycin

was purchased from Gibco (Grand Island, NY). H-D-Val-L-

Leu-L-Lys-p-nitroanilide (S-2251), a chromogenic substrate

of plasmin, and plasminogen were purchased from Chro-

mogenix (Mölndal, Sweden). Matrigel was from Collabo-

rative Biochemical Products, Becton-Dickinson Labware

(Bedford, MA); and endothelial cell growth supplement

was from Upstate Biotechnology (Lake Placid, NY).

2.2. Cells

Human umbilical vein endothelial cells and human

dermal microvascular endothelial cells were obtained from

Cell Systems (Kirkland, WA). Bovine carotid artery endo-

thelial cells were kindly provided by Prof. Ikuo Morita

(Tokyo Medical and Dental University, Tokyo, Japan).

2.3. Chromogenic substrate assay for plasminogen activator

Plasminogen activator activity secreted by bovine carotid

artery endothelial cells into conditioned medium was deter-

mined as described previously (Oikawa et al., 1993). In

short, bovine vascular endothelial cells (2� 105 cells/well)

were plated onto and grown in a 24-multiwell dish contain-

ing 1 ml of DMEM supplemented with 10% fetal bovine

serum (growth medium for bovine carotid artery endothelial

cells) at 37 jC for 24 h under humidified 5% CO2–95% air

in an incubator, and then further incubated in 0.5 ml of

serum-free growth medium containing various concentra-

tions of rhizoxin or medroxyprogesterone acetate (1 AM) for

an additional 24 h. Medroxyprogesterone acetate was

included as a positive control because it is a potent inhibitor

of angiogenesis and of plasminogen activator secretion by

endothelial cells (Ashino-Fuse et al., 1989; Oikawa et al.,

1993). Following collection and centrifugation of the serum-

free conditioned medium, the resulting supernatant was

examined as to its plasminogen activator activity. The assay

mixture contained 0.5 CU/ml plasminogen and 0.76 mM S-

2251 (the chromogenic substrate for plasmin). At the same

time, cells after 24-h incubation were counted with a Coulter

counter. The activity was expressed in urokinase units (U)

per 105 cells.

2.4. Zymography of plasminogen activator

Zymographic analysis of plasminogen activator in serum-

free conditioned medium prepared above was performed by a

modification of the method of Vassalli et al. (1984). Aliquots

Fig. 1. Chemical structure of rhizoxin.

K. Aoki et al. / European Journal of Pharmacology 459 (2003) 131–138132



of the serum-free conditioned medium corresponding to the

same number of cells were electrophoresed in 10% poly-

acrylamide gel containing 0.2% sodium dodecyl sulfate

(SDS) under nonreducing conditions. The electrophoresed

gels were washed in 2.5% Triton X-100 solution and distilled

water, after which they were overlayered on the substrate gels

containing 8% polyacrylamide, 0.1 CU/ml plasminogen and

1% fat-free milk as a source of casein, and incubated at 37 jC
for 16 h under a humidified atmosphere to allow proteolysis.

The substrate gels were stained with 0.1% Amide Black 10B

in 10% acetic and 10% isopropanol.

2.5. Vascular endothelial cell proliferation

Vascular endothelial cell proliferation was assayed as

described previously (Oikawa et al., 1993, 1997, 1998). In

the presence of various concentrations of rhizoxin, endothe-

lial cells (1�104 cells/well) were incubated in a 24-multi-

well dish (non-coated dish for bovine vascular endothelial

cells; gelatin-coated dish for human vascular endothelial

cells) containing 1 ml of growth medium (DMEM supple-

mented with 10% fetal bovine serum for bovine vascular

endothelial cells; MCDB-131 supplemented with 10% fetal

bovine serum, 10 Ag/ml endothelial cell growth supplement,

10 ng/ml epidermal growth factor and 10 Ag/ml heparin for

human vascular endothelial cells) at 37 jC under humidified

5% CO2–95% air in an incubator. After 72-h incubation, the

cells were trypsinized and then counted with a Coulter

counter Z1 (Coulter Japan, Tokyo, Japan).

2.6. Cell migration assay

Vascular endothelial cell migration was determined by

means of a wound healing migration assay (Sato and Rifkin,

1988; Oikawa et al., 2001). Two scratches of 5 mm in width

were made, with a razor blade, in gelatin-coated 35-mm

culture dishes containing confluent monolayers of human

dermal microvascular endothelial cells, washed twice with

MCDB-131 containing 0.1% bovine serum albumin, and

then further incubated for 18 h in MCDB-131 containing

0.1% bovine serum albumin, 10 Ag/ml endothelial cell

growth supplement, 10 ng/ml epidermal growth factor and

10 Ag/ml heparin, in the presence of the indicated concen-

trations of rhizoxin. After being stained with Giemsa, the

cells that had migrated across the edge of the wound were

recorded at � 100 magnification by a color video camera

recorder (TK-1280U; Victor, Tokyo, Japan). The total

number of cells that had migrated in 10 randomly chosen

microscopic fields per dish was determined with micro-

computer-assisted NIH Image (Version 1.58).

2.7. Tube formation on Matrigel

Endothelial tube formation on Matrigel was conducted as

described previously (Oikawa et al., 1998, 2001). Matrigel (2

mg/0.2 ml/well) at 4 jCwas added to a 24-multiwell dish and

then allowed to polymerize at 37 jC for about 1 h. Human

umbilical vein endothelial cells or human dermal microvas-

cular endothelial cells (7.5� 105 cells/well) were plated onto

the Matrigel in 1 ml of growth medium and then incubated at

37 jC in a humidified 5% CO2 chamber. After 18-h incuba-

tion, the formation of tube-like structures by endothelial cells

was analyzed by phase contrast microscopy at � 100 magni-

fication, and the total length of tubular structures in five

randomly chosen microscopic fields per well was determined

with a Leica Q500MC image analyzer equipped with QWin

image analysis software (Cambridge, UK).

2.8. Statistics

Statistical analysis was performed using StatView 4.51

software (Abacus Concepts, Berkeley, CA). Bonferroni/

Dunn’s multiple range test was used for planned compar-

isons among the various treatment groups. The level of

significance was set at *p < 0.05 and **p < 0.01. Values are

expressed as the meanF S.D., and the p value is given for

differences with the control group.

3. Results

3.1. Effect of rhizoxin on the extracellular plasminogen

activator level in vascular endothelial cells

Fig. 2B shows the plasminogen activator level in serum-

free conditioned medium produced by bovine vascular

Fig. 2. Effect of rhizoxin on the extracellular level of plasminogen activator

(PA) in vascular endothelial cells. Confluent cultures of bovine endothelial

cells grown on 24-well plates were incubated in 1 ml of serum-free medium

containing various concentrations of rhizoxin or medroxyprogesterone

acetate (MPA). After 24-h culture, the extracellular PA activity was

determined, and expressed in urokinase units (mU) per 105 cells (B). The

cell number was determined with a Coulter counter after trypsinization (A).

Values representmeansF S.D. for fourwells. **p< 0.01vs. thevehiclegroup.
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endothelial cells in the presence of various concentrations of

rhizoxin, as measured by means of the chromogenic sub-

strate assay involving S-2251. The hydrolysis of S-2251 by

the endothelial cell-conditioned medium occurred in the

presence of plasminogen, whereas in the absence of plasmi-

nogen, hydrolysis of S-2251 was undetectable ( < 1 mU per

105 cells). There was a trend for rhizoxin to inhibit the

production of plasminogen activator activity by vascular

endothelial cells in a concentration-dependent manner. The

inhibitory potency of 10 nM rhizoxin seemed to be greater

than that of 1 AM medroxyprogesterone acetate, which was

included as a positive control in the experiments for

comparison. There was no significant difference in the cell

number after 24 h between the control and rhizoxin-treated

cultures, suggesting that this agent showed no cytotoxicity

toward confluent vascular endothelial cells (Fig. 2A).

Fig. 3A shows the results of zymographic analysis of the

plasminogen activator activity in the samples (i.e. condi-

tioned medium of endothelial cells treated with rhizoxin)

used in Fig. 2. The proteolytic activity, visualized as a white

band, depended on the presence of plasminogen in the

substrate gel, indicating that the proteolytic activity is due

to plasminogen activator. Rhizoxin treatment potently

inhibited the production of plasminogen activator in endo-

thelial cells. In addition, the zymographic analysis showed

Fig. 5. Effect of rhizoxin on the migration of vascular endothelial cells. The

migration of human dermal microvascular endothelial cells was determined

with a wound-healing assay. Values are meansF S.D. (n= 4). **p< 0.01 vs.

the vehicle group.

Fig. 3. (A) Zymography of extracellular plasminogen activator in vascular

endothelial cells treated with rhizoxin or medroxyprogesterone acetate

(MPA). The samples used in Fig. 2 were subjected to sodium dodecyl

sulfate-polyacrylamide gel electrophoresis, and the extracellular proteolytic

activity was examined in the presence and absence of plasminogen in the

substrate gel. Human urokinase (hUK) was electrophoresed at the same

time. (B) Image analysis of the zymograph of plasminogen activator

presented in (A). The intensities of bands were determined with a Leica

Q500MC image analyzer equipped with QWin image analysis software,

and expressed in arbitrary units. Values represent meansF S.D. (n= 4).

**p< 0.01 vs. the vehicle group.

Fig. 4. Effect of rhizoxin on cell proliferation by bovine carotid artery

endothelial cells (A), human umbilical vein endothelial cells (B) and human

dermal microvascular endothelial cells(C). After 72-h culture in 24-well

plates in the presence of rhizoxin, the cell number was determined with a

Coulter counter. Values represent meansF S.D. for three wells. *p< 0.05

and **p< 0.01 vs. the vehicle group.
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that our bovine vascular endothelial cells predominantly

secreted the plasminogen-dependent proteolytic activity

seen at the position of 45 kDa, which corresponds to the

known molecular weight of bovine urokinase-type plasmi-

nogen activator (Pepper et al., 1987; Saksela et al., 1987;

Peverali et al., 1994), indicating that the predominant form

of plasminogen activator produced by our endothelial cells

is the urokinase-type one.

Image analysis of a zymograph of the plasminogen

activator in the conditioned medium of endothelial cells

treated with rhizoxin showed that the plasminogen activator

production by vascular endothelial cells was inhibited by

rhizoxin in a concentration-dependent fashion, the ID50

value being 5 nM (Fig. 3B).

3.2. Effect of rhizoxin on the proliferation of vascular

endothelial cells

Whether or not rhizoxin affects the proliferation of

vascular endothelial cells was examined. It concentration-

dependently prevented endothelial cell proliferation (Fig. 4).

The IC50 values were 7, 2, and 0.4 nM for bovine carotid

artery endothelial cells, human umbilical vein endothelial

cells, and human dermal microvascular endothelial cells,

respectively.

3.3. Effect of rhizoxin on the migration of vascular

endothelial cells

The effect of rhizoxin on the migration of human dermal

microvascular endothelial cells was examined with a wound

healing migration assay. It exhibited concentration-depend-

ent suppression of human microvascular endothelial cell

migration, the ID50 value being 95 pM (Fig. 5).

3.4. Effect of rhizoxin on tube formation by vascular

endothelial cells

Fig. 6A shows the effect of rhizoxin on tube formation

by human umbilical vein endothelial cells or human dermal

microvascular endothelial cells on Matrigel. It exerted an

inhibitory effect on the tube formation by human umbilical

vein endothelial cells or human dermal microvascular endo-

thelial cells in the picomolar range. To further analyze the

inhibition of tube formation observed in Fig. 6A, the length

of the tube-like structures was determined with an image

analyzer (Fig. 6B). Rhizoxin concentration-dependently

suppressed endothelial tube formation, the IC50 values for

human umbilical vein endothelial cells and human dermal

microvascular endothelial cells being 50 and 130 pM,

respectively.

4. Discussion

Our previous study showed that rhizoxin is a microbial

inhibitor of in vivo angiogenesis (Onozawa et al., 1997).

However, little is known about the mechanism by which

rhizoxin exerts antiangiogenic activity. In the present study

Fig. 6. (A) Effect of rhizoxin on tube formation by human umbilical vein

endothelial cells (HUVECs) and human dermal microvascular endothelial

cells (HDMECs) on Matrigel. Scale bar, 0.1 mm. Quantitative analysis of

endothelial tube formation on Matrigel by human umbilical vein endothelial

cells (B) and human dermal microvascular endothelial cells (C) treated with

rhizoxin. The total length of tube-like structures per field was determined

with a Leica Q500MC image analyzer equipped with QWin image analysis

software. Values represent meansF S.D. for two wells. *p< 0.05 and

**p< 0.01 vs. the vehicle group.
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we therefore investigated the effects of rhizoxin on angio-

genic endothelial cell functions.

Angiogenesis is a cascade reaction that includes various

cellular responses, including the production of extracellular

matrix-degrading enzymes like plasminogen activator in

endothelial cells. In this respect we previously reported a

possible mechanism by which the inhibition of plasminogen

activator by medroxyprogesterone acetate might contribute

to its antiangiogenic activity (Ashino-Fuse et al., 1989). In

the present study, rhizoxin treatment resulted in remarkable

reduction in the extracellular plasminogen activator activity

in vascular endothelial cells, as measured by means of an

assay involving chromogenic substrate S-2251. Plasmino-

gen activator activity is controlled by the net balance

between plasminogen activators and their inhibitors. Thus,

it was likely that the reduction in plasminogen activator

activity caused by rhizoxin is due to a decrease in the level

of plasminogen activator protein or an increase in the level

of its inhibitor protein, or both. Several studies have shown

that zymographic analysis of plasminogen activator pro-

vides clues for understanding the mechanisms of action of

agents that interfere with the plasminogen activator level

(Fotsis et al., 1993; Keski-Oja et al., 1988; Pepper et al.,

1990; Arakawa et al., 2002). Therefore, the effect of

rhizoxin on the plasminogen activator level was further

evaluated by zymography. Plasminogen activator activity,

visualized as white bands, was inhibited by rhizoxin in a

concentration-dependent manner. Overall, these findings

indicated that rhizoxin decreases the level of plasminogen

activator protein, resulting in reduced activity. However, the

possibility cannot be ruled out that rhizoxin increases the

protein levels of inhibitors of plasminogen activator because

we did not examine it in this study. Thus, further studies on

this point are needed.

Another suggestion as to the effect of rhizoxin on the

plasminogen activator level is that the plasminogen activa-

tor/plasmin system might represent an attractive target for

inhibition of angiogenesis. In this regard, different inhibitors

of angiogenesis, including angiostatic steroids like medrox-

yprogesterone acetate (Ashino-Fuse et al., 1989; Blei et al.,

1993; Yamamoto et al., 1994), radicicol (Oikawa et al.,

1993), TNP-470 (Maier et al., 1997), 16 K prolactin (Lee et

al., 1998), and 15-deoxy-delta12,14-prostaglandin J2 (Xin et

al., 1999), have been found to decrease the plasminogen

activator level in vascular endothelial cells.

The migration of vascular endothelial cells is one of the

initial phases in the angiogenic process. Previous studies

have shown that endothelial migration needs the concom-

itant production of plasminogen activator and plasminogen

activator inhibitor-1, because both the activator and inhibitor

are induced in migrating endothelial cells (Pepper et al.,

1987, 1992). Thus, it is reasonable to assume that inhibition

of plasminogen activator interferes with angiogenesis. So, in

the present study, we also examined the effect of rhizoxin on

endothelial migration because it affected the level of plas-

minogen activator, as mentioned above, and found that it

dose-dependently inhibited the migration of human endo-

thelial cells with a wound healing migration assay. There-

fore, this inhibitory effect might be responsible for its

antiangiogenic action. Previously, some inhibitors of angio-

genesis, including platelet factor 4 (Sharpe et al., 1990),

thrombospondin (Good et al., 1990), paclitaxel (Belotti et

al., 1996), endostatin (Dhanabal et al., 1999) and nonster-

oidal anti-inflammatory drugs like aspirin (Dormond et al.,

2001), were found to prevent endothelial cell migration.

The angiogenic response also requires the induction of

endothelial cell proliferation. So we examined the effect of

rhizoxin on the proliferation of endothelial cells. It exhibited

a dose-dependent inhibitory effect on three different types of

endothelial cells. Therefore, it is reasonable to assume that

this inhibitory effect might be involved in its previously

observed antiangiogenic activity in vivo. On the other hand,

rhizoxin has been shown to have a growth-inhibitory effect

on several cancer cell types, including P388 murine leuke-

mia cells, K562 human myelogenous leukemia cells and

L1210 murine leukemia cells (Tsuruo et al., 1986; Bai et al.,

1991), indicating that the growth-inhibitory activity of

rhizoxin is unlikely to be specific for endothelial cells. In

addition, it has been reported that it is unlikely for rhizoxin

to be developed as a classical cytotoxic agent for the

treatment of cancer (Christian et al., 1997; Roberge et al.,

2000). Recent studies have shown the antiangiogenic effects

of anti-cancer agents that are cytotoxic to cancer cells.

Examples are paclitaxel, vincristin and tegafur (Schirner et

al., 1998; Yonekura et al., 1999; Shibata et al., 1998). In

addition, an alternative antiangiogenic schedule for the

administration of chemotherapeutic agents such as cyclo-

phosphamide and vinblastine has been developed (Browder

et al., 2000; Klement et al., 2000). With this antiangiogenic

schedule for administration, the chemotherapeutic agents

more effectively control tumor growth, regardless of

whether or not the tumor cells are drug-resistant. Collec-

tively, it may be possible that rhizoxin can be redeveloped

as an antiangiogenic agent, given its potent effects on

angiogenic endothelial cell functions observed in this study

as well as in vivo angiogenesis in the previous study.

Vascular endothelial cells have the ability to form tube-

like structures when cultured on extracellular matrix com-

ponents like Matrigel, which is composed of basement

membrane components (Kubota et al., 1988; Grant et al.,

1989). So this reaction is regarded as an in vitro model of

angiogenesis that requires reorganization of cytoskeleton

components such as microfilaments and microtubules, endo-

thelial cell migration and synthesis of proteins like collagen

(Grant et al., 1991). Furthermore, plasminogen activator

appears to be involved in endothelial tube formation

(Schnaper et al., 1995). On the other hand, however,

endothelial cell proliferation is unlikely to contribute to

the formation of tube-like structures. As mentioned above,

rhizoxin decreased the level of plasminogen activator activ-

ity in endothelial cells. Also, it suppressed endothelial cell

migration. These observations raised the possibility that
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rhizoxin might exhibit inhibitory activity against endothelial

tube formation. So we examined this possibility in this

study, and demonstrated the inhibitory effect of rhizoxin

on tube formation in two types of endothelial cells. How-

ever, the molecular mechanism of its action on tube for-

mation is not yet clear. As mentioned above, microtubules

play a role in tube formation, and nocodazole, a synthetic

anti-tubulin agent that shows antimitotic activity, was found

to prevent tube formation (Zimrin et al., 1995). In addition,

previous studies have shown that inhibitors of microtubules,

including 2-methoxyestradiol (Klauber et al., 1997) and

paclitaxel (Belotti et al., 1996), exhibit antiangiogenic

activity. Rhizoxin has also been found to act as a tubulin

inhibitor (Takahashi et al., 1987). Overall, it is conceivable

that the anti-tubulin activity of rhizoxin might be involved

in its inhibition of endothelial tube formation.

One might ask why rhizoxin reduced the extracellular

plasminogen activator level and cell proliferation in vascular

endothelial cells in the nM range while suppressing endo-

thelial migration and tube formation (i.e. in vitro angio-

genesis) in the pM range. The reason for the difference in

the potency of the effects of rhizoxin on these angiogenic

endothelial cell functions is not clear. Thus, further studies

on this point are needed.

In conclusion, the present study demonstrated that rhi-

zoxin exhibits antiangiogenic activity through the combined

inhibition of multiple functions of angiogenic endothelial

cells. Given the potent inhibitory effects of rhizoxin on

angiogenesis in vivo and in vitro, rhizoxin is likely to have

the potential to be developed as an antiaangiogenic agent.

Acknowledgements

This work was supported in part by a grant from the

Uehara Memorial Foundation. We wish to thank Prof. Ikuo

Morita (Tokyo Medical and Dental University, Tokyo,

Japan) for donating the bovine carotid artery endothelial

cells. We also thank Prof. Yasufumi Sato (Institute of

Development, Aging and Cancer, Tohoku University,

Sendai, Japan) for the advice regarding the cell migration

assay.

References

Arakawa, K., Endo, Y., Kimura, M., Yoshida, T., Kitaoka, T., Inakazu, T.,

Nonami, Y., Abe, M., Masuyama, A., Nojima, M., Sasaki, T., 2002.

Multifunctional anti-angiogenic activity of the cyclic peroxide ANO-2

with antitumor activity. Int. J. Cancer 100, 220–227.

Ashino-Fuse, H., Takano, Y., Oikawa, T., Shimamura, M., Iwaguchi, T.,

1989. Medroxyprogesterone acetate, an anti-cancer and anti-angiogenic

steroid, inhibits the plasminogen activator in bovine endothelial cells.

Int. J. Cancer 44, 859–864.

Bai, R.L., Paull, K.D., Herald, C.L., Malspeis, L., Pettit, G.R., Hamel, E.,

1991. Halichondrin B and homohalichondrin B, marine natural products

binding in the vinca domain of tubulin. Discovery of tubulin-based

mechanism of action by analysis of differential cytotoxicity data. J.

Biol. Chem. 266, 15882–15889.

Battegay, E.J., 1995. Angiogenesis: mechanistic insights, neovascular dis-

eases, and therapeutic prospects. J. Mol. Med. 73, 333–346.

Belotti, D., Vergani, V., Drudis, T., Borsotti, P., Pitelli, M.R., Viale, G.,

Giavazzi, R., Taraboletti, G., 1996. The microtubule-affecting drug

paclitaxel has antiangiogenic activity. Clin. Cancer Res. 2, 1843–1849.

Blei, F., Wilson, E.L., Mignatti, P., Rifkin, D.B., 1993. Mechanism of

action of angiostatic steroids: suppression of plasminogen activator

activity via stimulation of plasminogen activator inhibitor synthesis. J.

Cell. Physiol. 155, 568–578.

Brekken, R.A., Overholser, J.P., Stastny, V.A., Waltenberger, J., Minna,

J.D., Thorpe, P.E., 2000. Selective inhibition of vascular endothelial

growth factor (VEGF) receptor 2 (KDR/Flk-1) activity by a monoclonal

anti-VEGF antibody blocks tumor growth in mice. Cancer Res. 60,

5117–5124.

Brooks, P.C., Montgomery, A.M., Rosenfeld, M., Reisfeld, R.A., Hu, T.,

Klier, G., Cheresh, D.A., 1994. Integrin avh3 antagonists promote tu-

mor regression by inducing apoptosis of angiogenic blood vessels. Cell

79, 1157–1164.

Browder, T., Butterfield, C.E., Kraling, B.M., Shi, B., Marshall, B.,

O’Reilly, M.S., Folkman, J., 2000. Antiangiogenic scheduling of che-

motherapy improves efficacy against experimental drug-resistant can-

cer. Cancer Res. 60, 1878–1886.

Carmeliet, P., Jain, R.K., 2000. Angiogenesis in cancer and other diseases.

Nature 407, 249–257.

Christian, M.C., Pluda, J.M., Ho, P.T., Arbuck, S.G., Murgo, A.J., Saus-

ville, E.A., 1997. Promising new agents under development by the

Division of Cancer Treatment, Diagnosis, and Centers of the National

Cancer Institute. Semin. Oncol. 24, 219–240.

Dhanabal, M., Ramchandran, R., Volk, R., Stillman, I.E., Lombardo, M.,

Iruela-Arispe, M.L., Simons, M., Sukhatme, V.P., 1999. Endostatin:

yeast production, mutants, and antitumor effect in renal cell carcinoma.

Cancer Res. 59, 189–197.

Dormond, O., Foletti, A., Paroz, C., Ruegg, C., 2001. NSAIDs inhibit

aVh3 integrin-mediated and Cdc42/Rac-dependent endothelial-cell

spreading, migration and angiogenesis. Nat. Med. 7, 1041–1047.

Folkman, J., 1995. Angiogenesis in cancer, vascular, rheumatoid and other

disease. Nat. Med. 1, 27–31.

Fotsis, T., Pepper, M., Adlercreutz, H., Fleischmann, G., Hase, T., Mon-

tesano, R., Schweigerer, L., 1993. Genistein, a dietary-derived inhib-

itor of in vitro angiogenesis. Proc. Natl. Acad. Sci. U. S. A. 90,

2690–2694.

Good, D.J., Polverini, P.J., Rastinejad, F., Le Beau, M.M., Lemons, R.S.,

Frazier, W.A., Bouck, N.P., 1990. A tumor suppressor-dependent inhib-

itor of angiogenesis is immunologically and functionally indistinguish-

able from a fragment of thrombospondin. Proc. Natl. Acad. Sci. U. S. A.

87, 6624–6628.

Grant, D.S., Tashiro, K., Segui-Real, B., Yamada, Y., Martin, G.R., Klein-

man, H.K., 1989. Two different laminin domains mediate the differ-

entiation of human endothelial cells into capillary-like structures in

vitro. Cell 58, 933–943.

Grant, D.S., Lelkes, P.I., Fukuda, K., Kleinman, H.K., 1991. Intracellular

mechanisms involved in basement membrane induced blood vessel

differentiation in vitro. In Vitro Cell. Dev. Biol. 27A, 327–336.

Hidalgo, M., Eckhardt, S.G., 2001. Development of matrix metalloprotei-

nase inhibitors in cancer therapy. J. Natl. Cancer Inst. 93, 178–193.

Ingber, D., Fujita, T., Kishimoto, S., Sudo, K., Kanamaru, T., Brem, H.,

Folkman, J., 1990. Synthetic analogues of fumagillin that inhibit angio-

genesis and suppress tumour growth. Nature 348, 555–557.

Kerr, J.S., Wexler, R.S., Mousa, S.A., Robinson, C.S., Wexler, E.J., Mo-

hamed, S., Voss, M.E., Devenny, J.J., Czerniak, P.M., Gudzelak Jr., A.,

Slee, A.M., 1999. Novel small molecule alpha v integrin antagonists:

comparative anti-cancer efficacy with known angiogenesis inhibitors.

Anticancer Res. 19, 959–968.

Keski-Oja, J., Blasi, F., Leof, E.B., Moses, H.L., 1988. Regulation of the

synthesis and activity of urokinase plasminogen activator in A549 hu-

K. Aoki et al. / European Journal of Pharmacology 459 (2003) 131–138 137



man lung carcinoma cells by transforming growth factor-beta. J. Cell

Biol. 106, 451–459.

Kim, K.J., Li, B., Winer, J., Armanini, M., Gillett, N., Phillips, H.S.,

Ferrara, N., 1993. Inhibition of vascular endothelial growth factor-in-

duced angiogenesis suppresses tumour growth in vivo. Nature 362,

841–844.

Klauber, N., Parangi, S., Flynn, E., Hamel, E., D’Amato, R.J., 1997. In-

hibition of angiogenesis and breast cancer in mice by the microtubule

inhibitors 2-methoxyestradiol and taxol. Cancer Res. 57, 81–86.

Klement, G., Baruchel, S., Rak, J., Man, S., Clark, K., Hicklin, D.J.,

Bohlen, P., Kerbel, R.S., 2000. Continuous low-dose therapy with vin-

blastine and VEGF receptor-2 antibody induces sustained tumor regres-

sion without overt toxicity. J. Clin. Invest. 105, R15–R24.

Kubota, Y., Kleinman, H.K., Martin, G.R., Lawley, T.J., 1988. Role of

laminin and basement membrane in the morphological differentiation

of human endothelial cells into capillary-like structures. J. Cell Biol.

107, 1589–1598.

Lee, H., Struman, I., Clapp, C., Martial, J., Weiner, R.I., 1998. Inhibition of

urokinase activity by the antiangiogenic factor 16 K prolactin: activa-

tion of plasminogen activator inhibitor 1 expression. Endocrinology

139, 3696–3703.

Maier, J.A., Delia, D., Thorpe, P.E., Gasparini, G., 1997. In vitro inhibition

of endothelial cell growth by the antiangiogenic drug AGM-1470

(TNP-470) and the anti-endoglin antibody TEC-11. Anticancer Drugs

8, 238–244.

Oikawa, T., 2001. Control of angiogenesis by microbial products. In: Fan,

T.-P.D., Kohn, E.C. (Eds.), The New Angiotherapy. Humana Press,

Totowa, NJ, pp. 329–355.

Oikawa, T., Hirotani, K., Shimamura, M., Ashino-Fuse, H., Iwaguchi, T.,

1989. Powerful antiangiogenic activity of herbimycin A (named angio-

static antibiotic). J. Antibiot. 42, 1202–1204.

Oikawa, T., Hasegawa, M., Shimamura, M., Ashino, H., Murota, S., Mor-

ita, I., 1991. Eponemycin, a novel antibiotic, is a highly powerful angio-

genesis inhibitor. Biochem. Biophys. Res. Commun. 181, 1070–1076.

Oikawa, T., Ito, H., Ashino, H., Toi, M., Tominaga, T., Morita, I., Murota,

S., 1993. Radicicol, a microbial cell differentiation modulator, inhibits

in vivo angiogenesis. Eur. J. Pharmacol. 241, 221–227.

Oikawa, T., Sasaki, M., Inose, M., Shimamura, M., Kuboki, H., Hirano, S.,

Kumagai, H., Ishizuka, M., Takeuchi, T., 1997. Effects of cytogenin, a

novel microbial product, on embryonic and tumor cell-induced angio-

genic responses in vivo. Anticancer Res. 17, 1881–1886.

Oikawa, T., Sasaki, T., Nakamura, M., Shimamura, M., Tanahashi, N.,

Omura, S., Tanaka, K., 1998. The proteasome is involved in angio-

genesis. Biochem. Biophys. Res. Commun. 246, 243–248.

Oikawa, T., Murakami, K., Sano, M., Shibata, J., Wierzba, K., Yamada, Y.,

2001. A potential use of a synthetic retinoid TAC-101 as an orally

active agent that blocks angiogenesis in liver metastases of human

stomach cancer cells. Jpn. J. Cancer Res. 92, 1225–1234.

Onozawa, C., Shimamura, M., Iwasaki, S., Oikawa, T., 1997. Inhibition of

angiogenesis by rhizoxin, a microbial metabolite containing two epox-

ide groups. Jpn. J. Cancer Res. 88, 1125–1129.

O’Reilly, M.S., Holmgren, L., Shing, Y., Chen, C., Rosenthal, R.A., Moses,

M., Lane, W.S., Cao, Y., Sage, E.H., Folkman, J., 1994. Angiostatin: a

novel angiogenesis inhibitor that mediates the suppression of metastases

by a Lewis lung carcinoma. Cell 79, 315–328.

O’Reilly, M.S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W.S.,

Flynn, E., Birkhead, J.R., Olsen, B.R., Folkman, J., 1997. Endostatin:

an endogenous inhibitor of angiogenesis and tumor growth. Cell 88,

277–285.

Pepper, M.S., Vassalli, J.D., Montesano, R., Orci, L., 1987. Urokinase-type

plasminogen activator is induced in migrating capillary endothelial

cells. J. Cell Biol. 105, 2535–2541.

Pepper, M.S., Belin, D., Montesano, R., Orci, L., Vassalli, J.D., 1990.

Transforming growth factor-beta 1 modulates basic fibroblast growth

factor-induced proteolytic and angiogenic properties of endothelial cells

in vitro. J. Cell Biol. 111, 743–755.

Pepper, M.S., Sappino, A.P., Montesano, R., Orci, L., Vassalli, J.D., 1992.

Plasminogen activator inhibitor-1 is induced in migrating endothelial

cells. J. Cell. Physiol. 153, 129–139.

Peverali, F.A., Mandriota, S.J., Ciana, P., Marelli, R., Quax, P., Rifkin,

D.B., Della Valle, G., Mignatti, P., 1994. Tumor cells secrete an angio-

genic factor that stimulates basic fibroblast growth factor and urokinase

expression in vascular endothelial cells. J. Cell. Physiol. 161, 1–14.

Roberge, M., Cinel, B., Anderson, H.J., Lim, L., Jiang, X., Xu, L., Bigg,

C.M., Kelly, M.T., Andersen, R.J., 2000. Cell-based screen for antimi-

totic agents and identification of analogues of rhizoxin, eleutherobin,

and paclitaxel in natural extracts. Cancer Res. 60, 5052–5058.

Saksela, O., Moscatelli, D., Rifkin, D.B., 1987. The opposing effects of

basic fibroblast growth factor and transforming growth factor beta on

the regulation of plasminogen activator activity in capillary endothelial

cells. J. Cell Biol. 105, 957–963.

Sato, Y., Rifkin, D.B., 1988. Autocrine activities of basic fibroblast growth

factor: regulation of endothelial cell movement, plasminogen activator

synthesis, and DNA synthesis. J. Cell Biol. 107, 1199–1205.

Schirner, M., Hoffmann, J., Menrad, A., Schneider, M.R., 1998. Antian-

giogenic chemotherapeutic agents: characterization in comparison to

their tumor growth inhibition in human renal cell carcinoma models.

Clin. Cancer Res. 4, 1331–1336.

Schnaper, H.W., Barnathan, E.S., Mazar, A., Maheshwari, S., Ellis, S.,

Cortez, S.L., Baricos, W.H., Kleinman, H.K., 1995. Plasminogen acti-

vators augment endothelial cell organization in vitro by two distinct

pathways. J. Cell. Physiol. 165, 107–118.

Sharpe, R.J., Byers, H.R., Scott, C.F., Bauer, S.I., Maione, T.E., 1990.

Growth inhibition of murine melanoma and human colon carcinoma

by recombinant human platelet factor 4. J. Natl. Cancer Inst. 82,

848–853.

Shibata, J., Murakami, K., Abe, M., Hashimoto, A., Utsugi, T., Fukushima,

M., Yamada, Y., 1998. Life prolonging effect of antitumor agents on

postoperative adjuvant therapy in the lung spontaneous metastasis mod-

el in mice. Anticancer Res. 18, 1203–1209.

Takahashi, M., Iwasaki, S., Kobayashi, H., Okuda, S., Murai, T., Sato, Y.,

Haraguchi-Hiraoka, T., Nagano, H., 1987. Studies on macrocyclic lac-

tone antibiotics: XI. Anti-mitotic and anti-tubulin activity of new anti-

tumor antibiotics, rhizoxin and its homologues. J. Antibiot. 40, 66–72.

Tsuruo, T., Oh-hara, T., Iida, H., Tsukagoshi, S., Sato, Z., Matsuda, I.,

Iwasaki, S., Okuda, S., Shimizu, F., Sasagawa, K., Fukami, M., Fukuda,

K., Arakawa, M., 1986. Rhizoxin, a macrocyclic lactone antibiotic, as a

new antitumor agent against human and murine tumor cells and their

vincristine-resistant sublines. Cancer Res. 46, 381–385.

Vassalli, J.D., Dayer, J.M., Wohlwend, A., Belin, D., 1984. Concomitant

secretion of prourokinase and of a plasminogen activator-specific in-

hibitor by cultured human monocytes-macrophages. J. Exp. Med. 159,

1653–1668.

Xin, X., Yang, S., Kowalski, J., Gerritsen, M.E., 1999. Peroxisome prolif-

erator-activated receptor gamma ligands are potent inhibitors of angio-

genesis in vitro and in vivo. J. Biol. Chem. 274, 9116–9121.

Yamamoto, T., Terada, N., Nishizawa, Y., Petrow, V., 1994. Angiostatic

activities of medroxyprogesterone acetate and its analogues. Int. J.

Cancer 56, 393–399.

Yonekura, K., Basaki, Y., Chikahisa, L., Okabe, S., Hashimoto, A., Miya-

dera, K., Wierzba, K., Yamada, Y., 1999. UFT and its metabolites in-

hibit the angiogenesis induced by murine renal cell carcinoma, as

determined by a dorsal air sac assay in mice. Clin. Cancer Res. 5,

2185–2191.

Zimrin, A.B., Villeponteau, B., Maciag, T., 1995. Models of in vitro angio-

genesis: endothelial cell differentiation on fibrin but not matrigel is

transcriptionally dependent. Biochem. Biophys. Res. Commun. 213,

630–638.

K. Aoki et al. / European Journal of Pharmacology 459 (2003) 131–138138


	Introduction
	Materials and methods
	Materials
	Cells
	Chromogenic substrate assay for plasminogen activator
	Zymography of plasminogen activator
	Vascular endothelial cell proliferation
	Cell migration assay
	Tube formation on Matrigel
	Statistics

	Results
	Effect of rhizoxin on the extracellular plasminogen activator level in vascular endothelial cells
	Effect of rhizoxin on the proliferation of vascular endothelial cells
	Effect of rhizoxin on the migration of vascular endothelial cells
	Effect of rhizoxin on tube formation by vascular endothelial cells

	Discussion
	Acknowledgements
	References

