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INTRODUCTION

Since vascular endothelial cell damage is an
important event in the progression of inflammation
and atherosclerosis,1,2) prevention of the pathologic
changes in vascular endothelial cells has focused on
pharmacologic and toxicologic studies. On the other
hand, endothelial cells are key targets in cancer
therapy because they participate in the growth of
tumor tissue through vasculogenesis and angiogen-
esis. Agents that exhibit selective cytotoxicity to
vascular endothelial cells may induce apoptosis in
the cells and/or inhibit tumor-associated angiogen-
esis. Thus the search for such agents will contribute
to the development of anticancer drugs.

Metal(loid)-containing compounds have been
used historically as medicines for several thousands
of years, especially in Chinese traditional medicine.
Recently, it has been revealed that several metal-

containing compounds exhibit anticancer activities.3)

Arsenic, antimony, and bismuth are classified as
metalloids that belong to group V in the periodic
table. Arsenic trioxide and antimony trioxide have
been used in patients with acute promyerocytic leu-
kemia the past decade.4) A series of antimony (III)
compounds with polydentate carboxylic acids shows
antitumor activity in mice inoculated with S180 solid
tumors.5) Treatment with inorganic bismuth results
in regression of gastric lymphoma caused by
Helicobacter pylori6) and reduction of the toxic side
effects of cisplatin by tissue-specific induction of
metallothionein.7)

In the present study, the cell type-dependent cy-
totoxicity of 35 bismuth- or antimony-containing
organic compounds synthesized originally was in-
vestigated using a cell culture system to search for
novel organometalloid compounds that exhibit se-
lective cytotoxicity to vascular endothelial cells.

MATERIALS AND METHODS

Materials —–—  Vascular endothelial cells derived
from bovine aorta, LLC-PK1 cells from porcine kid-
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ney, and IMR-90 cells from human fetal lung were
purchased from Dainihon Pharmaceutical (Osaka,
Japan). Vascular smooth muscle cells derived from
bovine aorta were a gift from Dr. Yasuo Suda
(Kagoshima University Graduate School of Sciences
and Engineering, Kagoshima, Japan). Dulbecco’s
modified Eagle’s medium (DMEM) and ASF 301
medium were purchased from Nissui Pharmaceuti-
cal (Tokyo, Japan) and Ajinomoto (Tokyo, Japan),
respectively. Fetal bovine serum (FBS) was obtained
from MP Biomedicals (Irvine, CA, U.S.A.). Tissue

culture dishes and plates were obtained from Iwaki
(Chiba, Japan). Novel bismuth and antimony com-
pounds were synthesized using the following
method. Compounds 05, 06, 28, and 29 were pre-
pared by the reaction of SbCl3 or BiCl3 with the cor-
responding ortho-substituted lithium reagents and
04, 23, 24, and 26 were obtained by treatment of
bromodi(p-tolyl)stibane with appropriate lithium
reagents. λ5-Stibindoles 09 and 10 were synthesized
from 1-phenyl-stibindole by treatment with SOCl2

or Br2, respectively. Other compounds (see Table 1)

Table 1. Organobismuth and Organoantimony Compounds

Compound no. Molecular formula

Organobismuth compounds

01 C18H15Bi Triphenylbismuthane

02 C19H21BiSi 1-Phenyl-2-trimethlsilyl-1-benzostilyl-1-benzobismepine

03 C21H21Bi Tris(4-methylphenyl)bismuthane

04 C23H26BiN 2-(N,N-Dimethylaminomethyl)phenylbis(4-methylphenyl)bismuthane

05 C24H27BiO3 Tris[2-(methoxymethyl)phenyl]bismuthane

06 C24H27BiS3 Tris[2-(methysulfanylmethyl)phenyl]bismuthane

07 C27H36BiN3 Tris[2-(N,N-dimethylaminomethyl)phenyl]bismuthane

Organoantimony compounds

08 C12H9SSb 1-Phenylthieno[3,4-b]stibole

09 C14H11Br2Sb 1,1-Dibromo-1-phenyl-1-benzostibole

10 C14H11Cl2Sb 1,1-Dichloro-1-phenyl-1-benzostibole

11 C14H11Sb 1-Phenyl-1-benzostibole

12 C15H17SSbSi 1-Phenyl-2-trimethylsilylthieno[2,3-b]stibole

13 C17H19SbSi 1-Phenyl-2-trimethylsilyl-1-benzostibole

14 C18H12F3Sb Tris(4-fluorophenyl)stibane

15 C18H13Sb 1-Phenyl-1-stibaphenalene

16 C18H15Sb Triphenylstibane

17 C19H15Sb 9,10-Dihydro-9-phenyl-9-stibanthracene

18 C19H21SbSi 1-Phenyl-2-trimethlsilyl-1-benzostilyl-1-benzostibepine

19 C20H15Sb 5-Phenyldibenzo[b,f]stibepine

20 C21H21O3Sb Tris(4-methoxyphenyl)stibane

21 C21H21Sb Tris(4-methylphenyl)stibane

22 C22H14OSb 8-Phenyldibenzo[b,i]-1-oxa-6-stibocine

23 C22H23OSb 2-(Methoxymethyl)phenylbis(4-methylphenyl)stibane

24 C22H23SSb 2-(Methysulfanylmethyl)phenylbis(4-methylphenyl)stibane

25 C23H17Sb Bis(1-phenylethnyl)-p-tolylstibane

26 C23H25SSb 2-(2-Methylsulfanylethyl)phenylbis(4-methylphenyl)stibane

27 C23H26NSb 2-(N,N-Dimethylaminomethyl)phenylbis(4-methylphenyl)stibane

28 C24H27O3Sb Tris[2-(methoxymethyl)phenyl]stibane

29 C24H27S3Sb Tris[2-(methysulfanylmethyl)phenyl]stibane

30 C25H19Sb (1-Phenylethnyl)-α-naphthyl-p-tolylstibane

31 C26H26NSb 1-[8-(N,N-Dimethylamino)naphthyl]bis(4-methylphenyl)stibane

32 C27H19Sb 7-p-Tolyldinaphthp[2,1-b;1′ ,2′-d]stibolc

33 C27H28NSb 1-[8-(N,N-Dimethylaminomethyl)naphthyl]bis(4-methylphenyl)stibane

34 C27H36N3Sb Tris[2-(N,N-dimethylaminomethyl)phenyl]stibane

35 C48H42Sb2 2,2′-Bis[di(p-tolyl)stibano]-1,1′-binaphthyl
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were synthesized as described previously.8–21) The
lactate dehydrogenase (LDH) kit, bismuth nitrate,
and other reagents were from Wako Pure Chemical
Industries (Osaka, Japan).
Cytotoxicity Assay —–—  Vascular endothelial cells,
vascular smooth muscle cells, LLC-PK1 cells, and
IMR-90 cells were each cultured in DMEM supple-
mented with 10% FBS in 24-well culture plates at
37°C in a humid atmosphere of 5% CO2 in air until
confluence. The medium was discarded, and the cell
layer was washed twice with serum-free ASF 301
medium. The cell layer was then incubated at 37°C
for 24 hr in 0.25 ml of fresh serum-free ASF 301
medium with or without bismuth(III) nitrate (10, 20,
or 50 µM), organobismuth, and organoantimony
compounds (2, 5, 10, or 20 µM). After incubation,
the conditioned medium was harvested, and an ali-
quot of the medium was used for the assay of LDH
activity. The cell layer was washed with Ca, Mg-
free phosphate-buffered saline and then fixed with
methanol and stained with Giemsa.
Statistical Analysis —–—  Data were analyzed for
statistical significance using analysis of variance
(ANOVA) and Bonferroni’s multiple t-test. p-Val-

ues of less than 0.05 were considered to indicate sta-
tistically significant differences.

RESULTS

Table 1 shows the organobismuth and organo-
antimony compounds of which the cytotoxicity was
examined in the present study. There has been no
information about the biological activities of these
35 compounds. First, the cytotoxicity of the com-
pounds at 10 µM each to vascular endothelial and
smooth muscle cells was investigated because it was
reported that the sensitivity of these two cell types
to heavy metals is different.22) As shown in Fig. 1,
of the tested compounds, compounds 04, 07, 09, and
10 markedly increased the LDH activity leaked into
the medium from vascular endothelial cells after
24-hr treatment, suggesting that these four com-
pounds have strong cytotoxicity to vascular endot-
helial cells. Interestingly, of these four compounds,
only compound 07 did not increase the LDH leak-
age in vascular smooth muscle cells. Morphologic
observations agreed with the results of the LDH leak-

 

 

 

 

 

 

 

 

Fig. 1. Leakage of LDH into the Medium from Vascular Endothelial (Left Panel) and Smooth Muscle Cells (Right Panel) after Exposure
to Organobismuth and Organoantimony Compounds

Confluent cultures of bovine aortic endothelial and smooth muscle cells were incubated at 37°C for 24 hr in the presence of compounds 01–35
(10 µM each). Values are expressed as mean ± S.E. of four samples. *Significantly different from the corresponding control, p < 0.01.
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age assay. Specifically, compounds 04, 09, and 10
destroyed the monolayer of both endothelial and
smooth muscle cell layers, whereas only the endot-
helial cell layer was damaged by compound 07
(Fig. 2). These results clearly indicate that compound
07, tris[2-(N,N-dimethylaminomethyl)phenyl]bis-
muthane (TDPBi), may exhibit selective cytotoxic-
ity to vascular endothelial cells.

To confirm this hypothesis, the cytotoxicity of
TDPBi to porcine kidney LLC-PK1 cells and human
fetal lung IMR-90 cells was determined by morpho-
logic observations (Fig. 3). No degenerative change
was observed in LLC-PK1 cells (Fig. 3A), although
a decrease in the cell number with necrotic changes
was caused by TDPBi 10 µM and more in IMR-90
cells after 24-hr incubation (Fig. 3B). It is suggested
that fibroblastic IMR-90 cells as well as vascular
endothelial cells are sensitive to TDPBi; however,
the destruction of the monolayer in vascular endot-
helial cells (Fig. 2B) was more marked than that in
IMR-90 cells (Fig. 3B).

To compare the sensitivity of vascular endothe-
lial cells to TDPBi with that of other cell types in-
cluding vascular smooth muscle cells, LLC-PK1

cells, and IMR-90 cells, the dose–dependent effect

of TDPBi on the leakage of LDH was investigated
and compared (Fig. 4). TDPBi changed the LDH
leakage from neither vascular smooth muscle cells

Fig. 2. Structural Formulae of Compounds 04, 07, 09, and 10 (Panel A), and Morphologic Appearance of Vascular Endothelial (Panel
B) and Smooth Muscle Cells (Panel C) after Exposure to Compounds 04, 07, 09, or 10 (Original Magnification × 40)

Confluent cultures of bovine aortic endothelial and smooth muscle cells were incubated at 37°C for 24 hr in the presence of compounds 04, 07, 09,
or 10 (10 µM each).

Fig. 3. Morphologic Appearance of LLC-PK1 Cells (Panel A)
and IMR-90 Cells (Panel B) after Exposure to TDPBi
(Original Magnification × 40)

Confluent cultures of porcine kidney epithelial LLC-PK1 cells and
human fetal lung fibroblastic IMR-90 cells were each incubated at 37°C
for 24 hr in the presence of TDPBi (2, 5, 10, or 20 µM).
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nor LLC-PK1 cells. In contrast, the organobismuth
compound markedly increased the leakage from
vascular endothelial cells after 24-hr treatment.
TDPBi also increased the LDH leakage from IMR-
90 cells, although the cells were less sensitive to the
compound than vascular endothelial cells. The re-
sults were consistent with the morphologic obser-
vations, supporting the hypothesis that TDPBi ex-
hibits selective cytotoxicity to vascular endothelial
cells.

Table 2 shows the effects of inorganic
bismuth(III) nitrate on the leakage of LDH from
vascular endothelial and smooth muscle cells. The
inorganic bismuth did not influence the LDH leak-
age in either cell type.

DISCUSSION

In the present study, we searched for bismuth-
or antimony-containing compounds that exhibit cell
type-dependent cytotoxicity from among 35 organo-
bismuth and organoantimony compounds. It was
found that the organobismuth compound TDPBi has
potent cytotoxicity particularly to vascular endot-
helial cells. When bismuth was replaced with anti-
mony (i.e., compound 34), the cytotoxicity to vas-
cular endothelial cells disappeared. In addition, in-
organic bismuth had no cytotoxicity to vascular en-
dothelial cells. Taking these results together, the se-
lective cytotoxicity of TDPBi to vascular endothe-
lial cells requires the entire bismuth-containing struc-
ture of the molecule.

Sensitivity to chemicals and heavy metals often
depends on the cell type. For example, the sensitiv-
ity of vascular smooth muscle cells to cadmium cy-
totoxicity is markedly higher than that of other cell
types including vascular endothelial cells, Chang
liver cells, and LLC-PK1 cells; the high sensitivity
is mainly due to a higher accumulation of cad-
mium.22) On the other hand, the present data showed
that the sensitivity to TDPBi is markedly high in
vascular endothelial cells, moderately high in fibro-
blastic IMR-90 cells, and very low in vascular
smooth muscle cells and LLC-PK1 cells. Although
the mechanism by which TDPBi exhibits selective
cytotoxicity to vascular endothelial cells is unknown,
it is suggested that vascular endothelial cells may
lack a protective mechanism against TDPBi and/or
have mechanisms that amplify the cytotoxicity of
TDPBi. Although the molecules that participate in
the protection and the amplification are unclear, the
cytotoxicity of tumor necrosis factor (TNF)-α may
be a good model of cell type-dependent cytotoxic-

Fig. 4. Leakage of LDH into the Medium from Vascular
Endothelial Cells, Smooth Muscle Cells, LLC-PK1 Cells,
and IMR-90 Cells after Exposure to TDPBi

Confluent cultures of bovine aortic endothelial cells (EC), smooth
muscle cells (SMC), porcine kidney LLC-PK1 cells (LLC-PK1), and
human fetal lung IMR-90 cells (IMR-90) were incubated at 37°C for
24 hr in the presence of TDPBi (2, 5, 10, or 20 µM). Values are expressed
as mean ± S.E. of four samples. *Significantly different from the
corresponding control, p < 0.01.

Table 2. Leakage of LDH into the Medium from Vascular Endothelial and Smooth Muscle
Cells after Exposure to Inorganic Bismuth

LDH leakage (IU/l)

Vascular endothelial cells Vascular smooth muscle cells

Control 18.7 ± 1.13 24.1 ± 0.78

Bismuth 10 µM 18.7 ± 1.13 19.4 ± 0.95*

Bismuth 20 µM 20.1 ± 0.23 16.9 ± 0.38*

Bismuth 50 µM 19.7 ± 0.42 16.3 ± 1.07*

Confluent cultures of bovine aortic endothelial cells and bovine aortic smooth muscle cells
were incubated at 37◦C for 24 hr in the presence of bismuth(III) nitrate (10, 20, or 50 µM). Values
are expressed as mean ± S.E. of four samples. Significantly different from the corresponding
control, *p < 0.01.
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ity. Like TDPBi, TNF-α exhibits potent cytotoxic-
ity to vascular endothelial cells, although vascular
smooth muscle cells, fibroblasts, and epithelial cells
are resistant to cytokine-mediated cytotoxicity.23–25)

Although the mechanisms underlying endothelial
cell death induced by TNF-α are not simple, it has
been shown that nitric oxide26,27) and the product(s)
of aldose reductase catalysis28) may mediate the cy-
totoxicity. It remains to be determined whether
TDPBi and TNF-α exhibit cytotoxicity to vascular
endothelial cells through a common pathway.

The selective cytotoxicity of TDPBi to vascular
endothelial cells appears to be one of the beneficial
effects for anticancer drugs,29) because the cytotox-
icity may result in inhibition of angiogenesis and/or
vasculogenesis in tumor tissue. In other words, it
must be determined whether the vascular tissue in
tumors is damaged by TDPBi. At the same time, it
should be clarified whether TDPBi can induce tu-
mor cell death and which type of tumor cells is sen-
sitive to TDPBi. On the other hand, it is possible
that there are some organobismuth or organoanti-
mony compounds that can control vascular endot-
helial and smooth muscle cell functions through
metallothionein induction. Metallothionein is a low
molecular-weight, cysteine-rich protein that detoxi-
fies the toxicity of heavy metals,30) metabolizes es-
sential trace elements,31) and scavenges free radi-
cals.32) Since physiologic factors such as thrombin
and cytokines can induce metallothionein in vascu-
lar cells,33,34) it has been hypothesized that the pro-
tein may play specific roles in vascular tissue, for
example, scavenging endogenous vasodilating ni-
tric oxide. Inorganic bismuth is a potent inducer of
metallothionein in vascular endothelial cells.35)

Therefore some organometalloid compounds may
induce metallothionein without exhibiting cytotox-
icity.

In conclusion, the present data demonstrate that
TDPBi is a unique compound that exhibits selective
toxicity to vascular endothelial cells. We postulate
that the study of this organobismuth compound can
be the first step in the development of novel agents
that target vascular endothelial cells. Further inves-
tigations will be necessary to clarify not only the
effects of TDPBi on tumor-associated angionegesis/
vasculogenesis and tumor cell survival but also the
procedures for controlling TDPBi effects. Such in-
vestigations will contribute to the clinical applica-
tion of organobismuth compounds to vascular tis-
sue.

Acknowledgements We are grateful to Dr. Takashi
Tsuchiya for helpful advice on the development of
this study. This work was supported by the Specific
Research Funds of Hokuriku University (to T. K.
and J. K.), a Grant-in-Aid for Young Scientists (B)
from the Ministry of Education Culture, Sports, Sci-
ence and Technology, Japan (to Y. F.), and Mitsubishi
Chemical Corporation Fund (to S. Y.).

REFERENCES

1) Munro, J. M. and Cotran, R. S. (1988) The patho-
genesis of atherosclerosis: atherogenesis and inflam-
mation. Lab. Invest., 58, 249–261.

2) Ross, R. (1993) The pathogenesis of atherosclero-
sis: a perspective for the 1990s. Nature (London),
362, 801–809.

3) Desoize, B. (2004) Metals and metal compounds in
cancer treatment. Anticancer Res., 24, 1529–1544.

4) Müller, S., Miller, W. H., Jr. and Dejean, A. (1998)
Trivalent antimonials induce degradation of the
PML-RARα oncoprotein and reorganization of the
promyelocytic leukemia nuclear bodies in acute
promyelocytic leukemia NB4 cells. Blood, 92, 4308–
4316.

5) Hu, S. Z., Fu, Y. M. and Yu, W. J. (1997)
Studies of the antitumor antimony(III) triamino-
carboxylic complexonates. Crystal structures of
NH4[Sb(Hdtpa)].H2O and Na[Sb(Hdtpa)].4.5H2O
(dtpa=diethylenetriamine-pentaacetic acid). Main
Group Metal Chem., 20, 169–180.

6) Steinbach, G., Ford, R., Glober, G., Sample, D.,
Hagemeister, F. B., Lynch, P. M., McLaughlin, P.
W., Rodriguez, M. A., Romaguera, J. E., Sarris, A.
H., Younes, A., Luthra, R., Manning, J. T., Johnson,
C. M., Lahoti, S., Shen, Y., Lee, J. E., Winn, R. J.,
Genta, R. M., Graham, D. Y. and Cabanillas, F. F.
(1999) Antibiotic treatment of gastric lymphoma of
mucosa-associated lymphoid tissue. An uncontrolled
trial. Ann. Intern. Med., 131, 88–95.

7) Kondo, Y., Satoh, M., Imura, N. and Akimoto, M.
(1992) Tissue-specific induction of metallothionein
by bismuth as a promising protocol for chemo-
therapy with repeated administration of cis-
diamminedichloroplatinum (II) against bladder tu-
mor. Anticancer Res., 12, 2303–2307.

8) Wada, M., Natsume, S., Suzuki, S., Uo, A.,
Nakamura, M., Hayase, S. and Erabi, T. (1997) Two-
step synthesis of triarylmetals (As, Sb, Bi) starting
from the metal oxides and 2,6-dimethoxybenzene-
thiol. J. Organomet. Chem., 656, 234–242.

9) Talalaeva, T. V. and Kocheshkov, K. A. (1946) Syn-
thesis of antimony organic compounds by lithium



339No. 3

organic compounds. J. Gen. Chem. (U.S.S.R.), 16,
777–780.

10) Forster, G. E., Begley, M. J. and Sowerby, D. B.
(1996) Tri- and di-arylantimony(V) thiocyanates
and mixed halide thiocyanates; crystal structure
of triphenylantimony(V) di-isothiocyanate. J.
Organomet. Chem., 507, 263–274.

11) Kamepalli, S., Carmalt, C. J., Culp, R. D., Cowley,
A. H., Jones, R. A. and Norman, N. C. (1996) Syn-
thesis and structures of intramolecularly base-coor-
dinated aryl Group 15 compounds. Inorg. Chem.,
35, 6179–6183.

12) Bickelhaupt, F., Lourens, R., Vermeer, H. and
Weustink, R. J. M. (1979) Attempted syntheses of
9-stibaanthracene and 10-phenyl-9-stibaanthracene.
Recl. Trav. Chim. Pays-Bas., 98, 3–4.

13) Tokunaga, T., Seki, H., Yasuike, S., Ikoma, M.,
Kurita, J. and Yamaguchi, K. (2000) Confirmation
and characterization of the hypervalent Sb•••N bond-
ing recognized in triarylstibanes bearing an amino
side chain by X-ray, NMR and theoretical calcula-
tions. Tetrahedron, 56, 8833–8839.

14) Okajima, S., Yasuike, S., Kakusawa, N., Osada, A.,
Yamaguchi, K., Seki, H. and Kurita, J. (2002) Syn-
thesis of Sb-chiral organoantimony compounds hav-
ing intramolecular Sb•••N interaction and their sepa-
ration into optically pure compounds via ortho-
palladated benzylamine complexes. J. Organomet.
Chem., 656, 234–242.

15) Yasuike, S., Okajima, S., Yamaguchi, K., Seki, H.
and Kurita, J. (2003) New optically active
organoantimony (BINASb) and bismuth (BINABi)
compounds comprising a 1,1′-binaphthyl core: syn-
thesis and their use in transition metal-catalyzed
asymmetric hydrosilylation of ketones. Tetrahedron,
59, 4961–4968.

16) Yasuike, S., Iida, T., Okajima, S., Yamaguchi,
K., Seki, H. and Kurita, J. (2001) Synthesis, mo-
lecular structure and fluxional behavior of (R)-
7-p-tolyldinaphtho[2,1-b;1′,2′-d]stibole: the first
isolated example of optically active group 15
dinaphthoheteroles. Tetrahedron Lett., 42, 441–444.

17) Kurita, J., Ishii, M., Yasuike, S. and Tsuchiya, T.
(1994) Synthesis of 1-benzometalloles containing
group 14, 15, and 16 heavier elements via a com-
mon dilithiostyrene intermediate. Chem. Pharm.
Bull., 42, 1437–1441.

18) Yasuike, S., Kurita, J. and Tsuchiya, T. (1997) Syn-
theses of novel group 15 and 16 thieno[2,3-b]-,
thieno[3,4-b]-, and thieno[3,2-b]heteroles. Hetero-
cycles, 45, 1891–1894.

19) Yasuike, S., Ohta, H., Shiratori, S., Kurita, J. and
Tsuchiya, T. (1993) Syntheses of the group 15 1-
benzoheteroepines, dibenzo[b,d]heteroepines and

dibenzo[b,f]heteroepines involving the first isolated
examples of arsepines and bismepines. J. Chem. Soc.
Chem. Commun., 1817–1819.

20) Yasuike, S., Niwa, M., Yamaguchi, K., Tsuchiya, T.
and Kurita, J. (2001) Synthesis of 1-stibaphenalenes,
the first example of group 15 phenalenes, via a 1,5-
dilithium intermediate. Chem. Lett., 554–555.

21) Yasuike, S., Tsukada, S., Kurita, J., Tsuchiya, T.,
Tsuda, Y., Kiuchi, H. and Hosoi, S. (2000) Synthe-
sis and structure of novel dibenzo[b,i]-1-oxa-6-
heteroecines containing group 15 heavier elements.
Heterocycles, 53, 525–528.

22) Kaji, T., Suzuki, M., Yamamoto, C., Imaki, Y.,
Miyajima, S., Fujiwara, Y., Sakamoto, M. and
Kozuka, H. (1996) Sensitive response of cultured
vascular smooth-muscle cells to cadmium cytotox-
icity: comparison with cultured vascular endothe-
lial cells and kidney epithelial LLC-PK1 cells.
Toxicol. Lett., 89, 131–137.

23) Schuger, L., Varani, J., Marks, R. M., Kunkel, S. L.,
Johnson, K. J. and Ward, P. A. (1989) Cytotoxicity
of tumor necrosis factor-α for human umbilical vein
endothelial cells. Lab. Invest., 61, 62–68.

24) Sato, N., Goto, T., Haranaka, K., Satomi, N.,
Nariuchi, H., Mano-Hirano, Y. and Sawasaki, Y.
(1986) Actions of tumor necrosis factor on cultured
vascular endothelial cells: morphologic modulation,
growth inhibition, and cytotoxicity. J. Natl. Cancer
Inst., 76, 1113–1121.

25) Pohlman, T. H. and Harlan, J. M. (1989) Human
endothelial cell response to lipopolysaccharide,
interleukin-1, and tumor necrosis factor is regulated
by protein synthesis. Cell. Immunol., 119, 41–52.

26) Shen, Y. H., Wang, X. L. and Wilcken, D. E. (1998)
Nitric oxide induces and inhibits apoptosis through
different pathways. FEBS Lett., 433, 125–131.

27) Yamaoka, J., Kabashima, K., Kawanishi, M., Toda,
K. and Miyachi, Y. (2002) Cytotoxicity of IFN-γ and
TNF-α for vascular endothelial cell is mediated by
nitric oxide. Biochem. Biophys. Res. Commun., 291,
780–786.

28) Chandra, D., Ramana, K. V., Friedrich., B.,
Srivastava. S., Bhatnagar, A. and Srivastava, S. K.
(2003) Role of aldose reductase in TNF-α-induced
apoptosis of vascular endothelial cells. Chem. Biol.
Interact., 143–144, 605–612.

29) Denekamp, J. (1993) Review article: angiogenesis,
neovascular proliferation and vascular pathophysi-
ology as targets for cancer therapy. Br. J. Radiol.,
66, 181–196.

30) Webb, M. (1975) The metallothioneins. Biochem.
Soc. Trans., 3, 632–634.

31) Brady, F. O. and Webb, M. (1981) Metabolism of
zinc and copper in the neonate. (Zinc, copper)-



340 Vol. 51 (2005)

thionein in the developing rat kidney and testis. J.
Biol. Chem., 256, 3931–3935.

32) Thornalley, P. J. and Vasak, M. (1985) Possible role
for metallothionein in protection against radiation-
induced oxidative stress. Kinetics and mechanism
of its reaction with superoxide and hydroxyl radi-
cals. Biochim. Biophys. Acta, 827, 36–44.

33) Kaji, T., Yamamoto, C., Tsubaki, S., Ohkawara, S.,
Sakamoto, M., Sato, M. and Kozuka, H. (1993)
Metallothionein induction by cadmium, cytokines,
thrombin and endothelin-1 in cultured vascular en-
dothelial cells. Life Sci., 53, 1185–1191.

34) Kaji, T., Yamamoto, C., Suzuki, M., Miyajima, S.,
Fujiwara, Y., Sakamoto, M. and Koizumi, F. (1995)
Induction of metallothionein by thrombin in cultured
vascular endothelial and smooth muscle cells. Biol.
Pharm. Bull., 18, 1272–1274.

35) Kaji, T., Suzuki, M., Yamamoto, C., Imaki, Y.,
Mishima, A., Fujiwara, Y., Sakamoto, M. and
Kozuka, H. (1994) Induction of metallothionein syn-
thesis by bismuth in cultured vascular endothelial
cells. Res. Commun. Mol. Pathol. Pharmacol., 86,
25–35.


