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INTRODUCTION

Stilbene derivatives, such as diethylstilbestrol
(DES), euvestin, 4,4′-diaminostilbene and
pinosylvin, have a variety of biological actions, in-
cluding hormonal, hypocholesterolemic, sympatho-
mimetic, antifungal, antiallergic, antibacterial, anti-
malarial and anticancer activities.1–4) DES is the most
famous stilbene derivative, which was used medi-
cally for prostate and breast cancer, and to prevent
threatened abortions.5–6) However, it was found to
induce vaginal adenocarcinoma.5,7) Stilbene deriva-
tives are synthesized by stilbene synthase, which
utilizes 3-malonyl-CoA and a starter CoA ester such
as p-coumaroyl-CoA in plants.8,9) Some hydroxy-
stilbenes and their oligomeric derivatives play an
important role as stilbenoid phytoalexin, and have
been implicated in the process of induced resistance

in some plants.8) Resveratrol (4,3′,5′-trihydroxy-
stilbene), which is found in grapes, peanuts and pine-
apples, and also grape products such as wine, exerts
potent antioxidant and anti-inflammatory activi-
ties.10) This hydroxylated stilbene inhibited tumor
formation in mammary glands and skin in mice ex-
posed to dimethylbenz[a]anthracene.11) Some reports
also showed that resveratrol was an antagonist of
the aryl hydrocarbon receptor.12–14)

Some man-made chemicals and naturally-occur-
ring compounds in the environment have the poten-
tial to disrupt the endocrine system by mimicking
endogenous estrogens, and are called xenoestrogens.
These chemicals include chlorinated organics, such
as the insecticides kepone, o,p′-dichlorodiphenyl-
trichloroethane (o,p′-DDT), dieldrin and methoxy-
chlor, and some polychlorinated biphenyl congeners,
and nonchlorinated compounds from the plastics and
detergent industries, such as alkylphenols and
bisphenol A.15,16) Xenoestrogens contain a number
of chemical classes that display a broad range of
structural diversity.17) This creates a particular need
for knowledge of the structure-activity relationship
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of estrogenicity. Recently, structure-activity relation-
ship studies on estrogens have suggested some struc-
tural requirements.18–24) Estrogens have been shown
to have multiple sites of activity and exert biologi-
cal actions. Many of the environmental estrogens
are known to produce a wide variety of toxic effects
in animals. They may play a role in the increasing
incidence of breast cancer, testicular cancer, and
other problems of the reproductive system in hu-
mans. Recently, we showed that stilbene, which is
the parent compound of DES, and stilbene oxide
were not estrogenic, but exhibited potent estrogenic
activity after metabolic activation by a liver microso-
mal oxidation system.25) In that report, we suggested
that the estrogenic activity was due to the hydroxy-
lated metabolites and that the metabolites were
formed by cytochrome P450 1A1.26)

In this report, the estrogenic activities of twenty
kinds of stilbene derivatives including proestrogens,
i.e., 4-hydroxystilbene, 4,4′-dihydroxystilbene, 4-
hydroxy-4′-nitrostilbene, 4-amino-4′-hydroxy-
stilbene, 4-hydroxyazobenzene, 4,4′-dihydroxy-
dibenzyl, resveratrol, DES, 4,4′-dihydroxy-α-
methylstilbene, hexestrol, 4-nitrostilbene, 4-
aminostilbene, α-methylstilbene, 4,4′-dimethoxy-
stilbene, 4-hydroxymethylstilbene, 4-hydroxy-α-
methylstyrene, tolan, dibenzyl, α-methylstyrene and
azobenzene (Fig. 1) were examined in the presence
or absence of a liver microsomal metabolic system

in an estrogen reporter assay using the estrogen-re-
sponsive human breast cancer cell line MCF-7 and
a binding assay with rat uterus estrogen receptor.

MATERIALS AND METHODS

Chemicals —–—  Dibenzyl, tolan, azobenzene, 4-
hydroxyazobenzene, DES, 4-hydroxy-α-methyl-
styrene, and hexestrol (Tokyo Chemical Industry Co.
Ltd., Tokyo, Japan), 4-nitrostilbene, 4-aminostilbene,
4-hydroxymethylstilbene, 4,4′-dihydroxydibenzyl,
α-methylstilbene, α-methylstyrene and 4,4′-
dihydroxy-α-methylstilbene (Aldrich Chemical Co.,
Milwaukee, WI, U.S.A.), 17β-estradiol (Sigma
Chemical Co., St. Louis, MO, U.S.A.), 4-
hydroxystilbene, 4-amino-4′-hydroxystilbene and 4-
hydroxy-4′-nitrostilbene (Lancaster Synthesis Ltd.,
Lancashire, U.K.), and resveratrol (Calbiochem-
novabiochem Co., La Jolla, CA, U.S.A.) were used.
4,4′-Dimethoxystilbene was synthesized from p-
methoxybenzaldehyde by the method of Ali et al.3)

4,4′-Dihydroxystilbene was synthesized from 4,4′-
dimethoxystilbene using a previously reported
method.25)

Animals —–—  Male Sprague-Dawley rats (210–
230 g, 6 weeks old) were obtained from Japan SLC,
Inc. (Shizuoka, Japan). The animals were housed at
22°C with a 12-hr light/dark cycle, with free access

Fig. 1. Structures of Stilbene Derivatives and Related Compounds Tested for Estrogenic Activity



361No. 5

to tap water and a standard pellet diet MM-3
(Funabashi Farm, Funabashi, Japan). In some ex-
periments, rats were given intraperitoneal adminis-
tration of phenobarbital (80 mg/kg) or 3-methyl-
cholanthrene (25 mg/kg) daily for three days before
use.
Preparation of Liver Microsomes —–—  The liv-
ers were excised from exsanguinated rats and im-
mediately perfused with 1.15% KCl. The livers were
homogenized in four volumes of the KCl solution
using a Potter-Elvehjem homogenizer. The microso-
mal fraction was obtained from the homogenate by
successive centrifugation at 9000 × g for 20 min
and 105000 × g for 60 min. The fraction was
washed by resuspension in the KCl solution and
resedimentation. The pellets of microsomes were
resuspended in the solution to make 1 ml equivalent
to 1 g of liver.
Cell Culture —–—  MCF-7 cell lines were main-
tained in MEM (Sigma Chemical Co.) containing
penicillin and streptomycin with 5% fetal bovine
serum (Life Technologies, Rockville, MD, U.S.A.).
Assay of Estrogenic Activities of Styrene Deriva-
tives in MCF-7 Cells —–—  Assay of estrogens was
performed according to a previously reported
method.25) Briefly, for the estrogen responsive ele-
ment (ERE)-luciferase reporter assay using MCF-7
cells, transient transfections in MCF-7 cells were per-
formed using Transfast (Promega Co., Madison,
WI, U.S.A.), in 12-well plates at 1 × 105 cells/well
with 1.9 µg of p(ERE)3-SV40-luc and 0.1 µg of pRL/
CMV (Promega Co.) as an internal standard. Twenty-
four hours after addition of the sample, the assay
was performed with a Dual Luciferase assay kit
(Promega Co.). For the assay of metabolites pro-
duced from proestrogens, substrates (0.1 µmol) were
incubated with 0.1 ml of rat liver microsomes (2 mg
protein) in the presence of 1 µmol of NADPH for
30 min in a final volume of 1 ml of 0.1 M K,Na-
phosphate buffer. After incubation, the mixture was
extracted with 5 ml of ethyl acetate and evaporated
to dryness. The residue was dissolved with 1 ml of
ethanol and an aliquot was used for the estrogenic
activity assay. The total concentration of the sub-
strate and its metabolites was calculated from the
original amount of the substrate.
Competitive Binding Assay to Estrogen Recep-
tor —–—  Rat uterus was homogenized with
TEGDMo buffer (1 mM disodium EDTA, 1 mM
dithiothreitol, 10 mM sodium molybdate, 10%(v/v)
glycerol and 10 mM Tris–HCl, pH 7.4). The cyto-
solic fraction was obtained from the homogenate by

centrifugation at 105000 × g for 50 min. For the as-
say, 0.1 ml (2 mg protein) of the cytosolic fraction
was added to the same volume of TEGDMo buffer
containing 5 nM 3H-E2 (17.7 KBq/ml) and various
concentrations of test compounds. After incubation
at 30°C for 40 min, 0.05 ml of a 1.5% charcoal and
0.15% dextran T70 mixture in TEG (1 mM disodium
EDTA, 10%(v/v) glycerol and 10 mM Tris–HCl,
pH 7.4) was added. After incubation for 10 min at
4°C with occasional vortexing, the suspension was
centrifuged at 1000 × g for 10 min. A 0.1 ml aliquot
of the supernatant was transferred to another tube,
and 1 ml of scintillator was added. The radioactiv-
ity in each tube was counted with a Wallac Micro-
Beta Scintillation Counter (Perkin-Elmer Life Sci-
ences).

RESULTS

Estrogenic Activity of Stilbene Derivatives Using
ERE-Luciferase Reporter Assay in MCF-7 Cells

The estrogenic activities of some stilbene deriva-
tives and the related compounds were examined
using ERE-luciferase reporter assay in MCF-7
cells. 4,4′-Dihydroxystilbene, 4-amino-4′-hydroxy-
stilbene, 4,4′-dihydroxy-α-methylstilbene, and hex-
estrol exhibited significant estrogenic activities on
the cells in the range of 10–7–10–5 M. However, these
activities were one to two orders lower than that of
DES. The activities of 4-hydroxystilbene, 4-
aminostilbene, and 4-hydroxy-4′-nitrostilbene were
also observed in the range of 10–6–10–4 M.
Resveratrol and 4-nitrostilbene exhibited minor es-
trogenic activity. In contrast, these estrogenic
compounds were cytotoxic in MCF-7 cells at higher
concentrations. Then, the estrogenic activities
of these compounds decreased at higher concentra-
tions (Fig. 2). α-Methylstilbene, α-methylstyrene,
azobenzene, tolan, and dibenzyl did not demonstrate
estrogenic activity in this assay (data not shown).

The estrogenic activities of 4-substituted stil-
benes are shown comparing the EC50 values
(Table 1). Among the 4-hydroxylated derivatives,
DES had the lowest EC50 value, followed by hex-
estrol, 4,4′-dihydroxy-α-methylstilbene, 4,4′-
dihydroxystilbene, and 4-amino-4′-hydroxystilbene.
4-Aminostilbene and 4-nitrostilbene also exhibited
activity to some extent. In contrast, 4′-hydroxyl or
4-amino substituents enhanced the activity of 4-
hydroxystilbene. However, substitution of the 3′,5′-
dihydroxyl groups decreased the estrogenic activity
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of 4-hydroxystilbene. Dimethoxystilbene and 4-
hydroxymethylstilbene showed marginal estrogenic
activity. Styrene derivatives, which lacked the B-
phenyl group of stilbenes, showed lower activity
compared to stilbenes. These facts suggest that a 4-
substituent (hydroxyl, amino or nitro) of the A-ring
of stilbenes is essential, while a vinyl linkage and

substituted B-phenyl ring modulate the estrogenic
activity.

Competitive Binding Assay of Stilbene Derivatives
for Estrogen Receptor

The affinities of stilbene derivatives to estrogen
receptor of rat uterus were examined. Some deriva-

Fig. 2. Estrogenic Activity of Stilbene Derivatives Using ERE-Luciferase Reporter Assay in MCF-7 Cells
(A) Estrogenic activities of DES, hexestrol, 4,4′-dihydroxystilbene (4,4′-DiOHTS) and 4,4′-dihydroxy-α-methylstilbene (4,4′-DiOH-α-methylTS).

(B) Estrogenic activities of 4-nitrostilbene (4-NO2TS), 4-hydroxy-4′-nitrostilbene (4-OH-4′-NO2TS), 4-aminostilbene (4-NH2TS), 4-amino-4′-
hydroxystilbene (4-NH2–4′-OHTS), and 4-hydroxymethylstilbene (4-CH2OHTS). (C) Estrogenic activities of trans-stilbene (TS), 4-hydroxystilbene (4-
OHTS), 4,4′-dihydroxystilbene (4,4′-DiOHTS), and resveratrol. Each bar represents the mean ± S.D. of four experiments. Estrogenic activity is expressed
as a relative activity with respect to the control experiments to which no chemical was added.
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tives competitively inhibited the binding of 3H-E2
(1 × 10–10 M) to estrogen receptor in the range of
1 × 10–9–1 × 10–3 M (Fig. 3). The highest activity
was observed in DES, followed by hexestrol, 4,4′-
dihydroxy-α-methylstilbene and 4,4′-dihydroxy-
stilbene. 4,4′-Dihydroxy derivatives showed a higher
affinity to estrogen receptor compared to monohy-
droxy derivatives. High affinity was also observed
for 4-aminostilbene and 4-amino-4′-hydroxystilbene
(Fig. 3). These experiments support the above re-
sults of estrogenic activities in reporter assay using
MCF-7 cells. The IC50 values of these activities are
also listed in Table 1.

Estrogenic Activity of Stilbene Derivatives with a
Microsomal Activation System

4,4′-Dimethoxystilbene, α-methylstilbene, azo-
benzene, dibenzyl, tolan, and 4-hydroxymethyl-
stilbene showed negative or marginal effects in the
estrogen screening test with MCF-7 cells as shown
above. Next, the estrogenic activity of these com-
pounds in the presence of a rat liver microsomal
oxidation system was examined. When α-methyl-
stilbene, azobenzene, dibenzyl and tolan were incu-
bated with liver microsomes of 3-methylcholan-
threne- or phenobarbital-treated rats in the presence
of NADPH, the extract of the incubation mixture

exhibited an estrogenic effect on the cells in the range
of 10–6–10–5 M, as in the case of stilbene described
in our previous report25) (Fig. 4). 4,4′-Dimethoxy-
stilbene and 4-hydroxymethylstilbene were also
metabolically activated to estrogenic compounds.
However, the effects of these compounds were lower
(data not shown). These facts suggest that 4,4′-
dimethoxystilbene, α-methylstilbene, azobenzene,
dibenzyl, tolan and 4-hydroxymethylstilbene were
converted to the active metabolites, 4-hydroxyl de-
rivatives or 4,4′-dihydroxyl derivatives, by the rat
liver microsomes.

DISCUSSION

In this study, we demonstrated a relationship
between the estrogenic activity and structure of stil-
bene derivatives using an estrogen reporter assay
with MCF-7 cells and by binding assay with rat
uterus estrogen receptor. A phenolic hydroxyl group
at 4-position of the compounds is essential for the
estrogenic activity of stilbene derivatives, as has been
reported for other estrogens.18–24) 4-Nitro and 4-
amino groups also contribute to the activity. These
groups may have affinity with estrogen receptors.
α-Methyl-4-hydroxystyrene showed the lowest ac-

Table 1. EC50 for MCF-7 Luciferase Reporter Assay and IC50 for ER Binding Assay

MCF-7 Binding assay

R1 R2 EC50 (M) IC50 (M)

Estradiol 1.3×10−12 1.6×10−10

H H > 10−4 > 10−3

4-OH H 1.0×10−7 1.3×10−4

4-OH 4′-OH 7.7×10−8 6.7×10−6

3,5-OH 4′-OH 9.1×10−7 6.3×10−4

4-NO2 H 8.5×10−7 1.5×10−3

4-NO2 4′-OH 1.3×10−7 1.9×10−2

4-NH2 H 2.3×10−7 3.8×10−5

4-NH2 4′-OH 9.3×10−8 1.5×10−5

4-CH2OH H > 10−4 4.1×10−4

DES 6.3×10−10 3.2×10−10

4,4′-Dihydroxy-α-methylstilbene 2.1×10−8 2.0×10−6

Hexestrol 1.1×10−8 1.1×10−9

4,4′-Dihydroxydibenzyl 1.0×10−6 —

4-Hydroxy-α-methylstyrene 2.3×10−6 —

4-Hydroxyazobenzene 1.1×10−7 —
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tivity among the 4-hydroxyl-containing compounds
tested in this study. A lipophilic moiety attached to a
vinyl group such as a phenyl group is necessary for
the maximal activity of stilbene derivatives. Further-
more, a 4′-hydroxyl group may enhance the estro-

Fig. 3. Estrogen Receptor Binding Assay of Stilbene Derivatives Using Rat Uterus Cytosol
(A) Binding affinities of DES, 4,4′-DiOHTS, and 4,4′-DiOH-α-methylTS. (B) Binding affinities of 4-NO2TS, 4-OH-4′-NO2TS, 4-NH2TS, 4-NH2–

4′-OHTS, and 4-CH2OHTS. (C) Binding affinities of TS, 4-OHTS, 4,4′-DiOHTS, and resveratrol. Each value represents the mean of three experiments.
Data indicate percent values of the radioactivity of 3H-17β-estradiol bound in the control experiments to which no chemical was added.

genic activity of 4-hydroxystilbenes. Unexpectedly,
the activity of resveratrol was lower than 4-
hydroxystilbene. The cause may be due to the steric
hindrance of 3′,5′-dihydroxyl groups in the B-ring
for the estrogen receptor. 4-Hydroxyazobenzene and
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Fig. 4. Estrogenic Activity of Stilbene Derivatives with Rat Liver Microsomal Enzyme System Using ERE-Luciferase Reporter Assay
in MCF-7 Cells

(A) Estrogenic activity of α-methylstilbene after metabolic activation. (B) Estrogenic activity of tolan after metabolic activation. (C) Estrogenic
activity of dibenzyl after metabolic activation. (D) Estrogenic activity of azobenzene after metabolic activation. Each bar represents the mean ± S.D. of
four experiments. Estrogenic activity is expressed as a relative activity with respect to the control experiments to which no chemical was added. A
chemical was incubated with liver microsomes in the presence of NADPH, and the extract of the incubation mixture was subjected to the screening test.
PB, phenobarbital; MC, 3-methylcholanthrene; E2, 17β-estradiol.
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4-hydroxydibenzyl also showed the estrogenic ac-
tivity. However, the activity of 4-hydroxydibenzyl
was lower than those of 4-hydroxystilbene and 4-
hydroxyazobenezene. Thus, a vinyl or azo linkage
of two phenyl groups is a necessary element for
maximal activity of stilbene estrogens. DES and 4,4′-
dihydroxy-α-methylstilbene showed much higher
activity than that of 4,4′-dihydroxystilbene. Substi-
tution of the lipophilic group attached to the vinyl
linkage may markedly enhance the estrogenic ac-
tivity (Fig. 5). In contrast, we demonstrated that 4-
hydroxyazobenzene is moderately estrogenic, as
shown in Fig. 4. Azobenzene also exhibited the es-
trogenic activity after metabolic activation by the
rat liver microsomes. Tar dyes, which are often used
as food additives, may be estrogenic with or with-
out metabolic activation.

Recently, we also reported the metabolic activa-
tion of proestrogenic styrene oligomers and 2-
nitrofluorene to estrogens by a liver microsomal
enzyme system in addition to stilbene and stilbene
oxide.25,27,28) In these reports, we showed that hy-
droxylated metabolites, which are formed from par-
ent chemicals by the microsomal cytochrome P450
system, exhibited significant estrogenic activity. In
this study, we have demonstrated that some stilbenes
and their related compounds are converted to active
estrogens by liver microsomal enzymes. It is also
necessary to consider the activity of the metabolites
produced from the parent compounds for the assess-
ment of the toxicity of stilbene derivatives. In the
microsomal system used in this study, tolan and
azobenzene were mainly activated by cytochrome
P450 1A, while α-methylstilbene and dibenzyl were
activated by cytochrome P450 1A and 2B. The in
vivo estrogenic activity of stilbene and dibenzyl has
been reported in the literature29,30): the weight of the

ovary in ovariectomized rats dosed with these com-
pounds was increased compared to that in rats dosed
with vehicle alone. It is thus possible that metabolic
activation of the stilbene-related compounds used
in this study, which are often used as industrial in-
termediates, to the active estrogens occurs in mam-
malian species.

Acknowledgements This work was supported by
a Grant-in-Aid for Scientific Research on a Priority
Area (13027256) from the Japanese Ministry of
Education, Science, Sports and Culture, and a Grant-
in-Aid for Scientific Research (C13672343) from
the Japan Society for the Promotion of Science.

REFERENCES

1) Grundy, J. (1957) Artifical estrogens. Chem. Rev.,
57, 281–356.

2) Hughes, G. M. K., Moore, P. F. and Stebbins, R. B.
(1964) Some hypocholesteremic 2,3-diphenyl-
acrylonitriles. J. Med. Chem., 7, 511–518.

3) Ali, H. A., Kondo, K. and Tsuda, Y. (1992) Synthe-
sis and nematocidal activity of hydroxystilbenes.
Chem. Pharm. Bull., 40, 1130–1136.

4) Matsuda, H., Tomohiro, N., Hiraba, K., Harima, S.,
Ko, S., Matsuo, K., Yoshikawa, M. and Kubo, M.
(2001) Study on anti-Oketsu activity of rhubarb II.
Anti-allergic effects of stilbene compounds from
Rhei undulati Rhizomma (dried rhizome of Rheum
undulatum cultivated in Korea). Biol. Pharm. Bull.,
24, 264–267.

5) Metzler, M. (1984) Biochemical toxicology of di-
ethylstilbestrol. Rev. Biochem. Toxicol., 6, 191–220.

6) Smith, O. W. and Brookline, M. (1948) Diethylstil-
bestrol in the prevention and treatment of compli-
cations of pregnancy. Am. J. Obstet. Gynecol., 56,
821–825.

7) Herbst, A. L., Ulfelder, H. and Poskanzer, D. C.
(1971) Adenocarcinoma of the vagina: association
of maternal stilbestrol therapy with tumor appear-
ance in young women. N. Engl. J. Med., 284, 878–
881.

8) Melchior, F. and Kindl, H. (1991) Coordinate- and
elicitor-dependent expression of stilbene synthase
and phenylalanine ammonia-lyase genes in Vitis cv.
Optima. Arch. Biochem. Biophys., 288, 552–557.

9) Schröder, G., Brown, J. W. S. and Schröder, J. (1988)
Molecular analysis of resveratrol synthase. CDNA,
genomic clones and relationship with chalcone syn-
thase. Eur. J. Biochem., 172, 101–109.

10) Constant, J. (1997) Alcohol, ischemic heart disease,

Fig. 5. Structural Requirement of Stilbene Derivatives for
Estrogenic Activity



367No. 5

and the French paradox. Coron. Artery Dis., 8, 645–
649.

11) Jang, M., Cai, L., Udeani, G. O., Slowing, K. V.,
Thomas, C. F., Beecher, C. W., Fong, H. H.,
Farnworth, N. R., Kinghorn, A. D., Mehta, R. G.,
Moon, R. C. and Pezzuto, J. M. (1997) Cancer
chemopreventive activity of resveratrol, a natural
product derived from grapes. Science, 275, 218–220.

12) Casper, R. F., Quesne, M., Rogers, I. M., Shirota,
T., Jolivet, A., Milgrom, E. and Savouret, J.-F. (1999)
Resveratrol has antagonist activity on the aryl hy-
drocarbon receptor: Implications for prevention of
dioxin toxicity. Mol. Pharmacol., 56, 784–790.

13) Gehm, B. D., McAndrews, J. M., Chien, P.-Y. and
Jameson, J. L. (1997) Resveratrol, a polyphenolic
compound found in grapes and wine, is an agonist
for the estrogen receptor. Proc. Natl. Acad. Sci.
U.S.A., 94, 14138–14143.

14) Lu, R. and Serrero, G. (1999) Resveratrol, a natural
product derived from grape, exhibits antiestrogenic
activity and inhibits the growth of human breast can-
cer cells. J. Cell. Physiol., 179, 297–304.

15) Colborn, T. (1995) Environmental estrogens: Health
implications for humans and wildlife. Environ.
Health Perspect., 103, 135–136.

16) Andersen, H. R., Andersson, A.-M., Arnold, S. F.,
Autrup, H., Barfoed, M., Beresford, N. A.,
Bjerregaard, P., Christiansen, L. B., Gissel, B. and
Hummel, R., et al. (1999) Comparison of short-term
estrogenicity test for identification of hormone-dis-
rupting chemicals. Environ. Health Perspect., 107
(Suppl. 1), 89–108.

17) Katzenellenbogen, J. A. (1995) The structural per-
vasiveness of estrogenic activity. Environ. Health
Perspect., 103 (Suppl. 7), 99–101.

18) Anstead,  G.  M.,  Carlson,  K.  E.  and
Katzenellenbogen, J. A. (1997) The estradiol
pharmacophore: Ligand structure-estrogen receptor
binding affinity relationships and a model for the
receptor binding site. Steroids, 62, 268–303.

19) Blair, R. M., Fang, H., Branham, W. S., Hass, B. S.,
Dial, S. L., Moland, C. L., Tong, W., Shi, L., Perkins,
R. and Sheehan, D. M. (2000) The estrogen recep-
tor relative binding affinities of 188 natural and
xenochemicals: Structural diversity of ligands.
Toxicol. Sci., 54, 138–153.

20) Nishihara, T., Nishikawa, J., Kanayama, T.,
Dakeyama, F., Saito, K., Imagawa, M., Takatori, S.,
Kitagawa, Y., Hori, S. and Utsumi, H. (2000) Estro-

genic activities of 517 chemicals by yeast two-hy-
brid assay. J. Health Sci., 46, 282–298.

21) Fang, H., Tong, W., Perkins, R., Soto, A. M., Prechtl,
N. V. and Sheehan, D. M. (2000) Quantitative com-
parisons of in vitro assay for estrogenic activities.
Environ. Health Perspect., 1081, 723–729.

22) Fang, H., Tong, W., Shi, L. M., Blair, R., Perkins,
R., Branham, W., Hass, B. S., Xie, Q., Dial, S. L.,
Moland, C. L. and Sheehan, D. M. (2001) Struc-
ture-activity relationships for a large diverse set of
natural, synthetic, and environmental estrogens.
Chem. Res. Toxicol., 14, 280–294.

23) Shi, L. M., Fang, H., Tong, W., Wu, J., Perkins, R.,
Blair, R. M., Branham, W. S., Dial, S. L., Moland,
C. L. and Sheehan, D. M. (2001) QSAR models us-
ing a large diverse set of estrogens. J. Chem. Inf.
Comput. Sci., 41, 186–195.

24) Hong, H., Tong, W., Fang, H., Shi, L., Xie, Q., Wu,
J., Perkins, R., Walker, J. D., Branham, W. and
Sheehan, D. M. (2002) Prediction of estrogen re-
ceptor binding for 58,000 chemicals using an inte-
grated system of a tree-based model with structural
alerts. Environ. Health Perspect., 110, 29–36.

25) Sugihara, K., Kitamura, S., Sanoh, S., Ohta, S.,
Fujimoto, N., Maruyama, S. and Ito, A. (2000) Meta-
bolic activation of the proestrogens trans-stilbene
and trans-stilbene oxide by rat liver microsomes.
Toxicol. Appl. Pharmacol., 167, 46–54.

26) Sanoh, S., Kitamura, S., Sugihara, K. and Ohta, S.
(2002) Cytochrome P450 1A1/2 mediated metabo-
lism of trans-stilbene in rats and humans. Biol.
Pharm. Bull., 25, 397–400.

27) Kitamura, S., Ohmegi, M., Sanoh, S., Sugihara, K.,
Yoshihara, S., Fujimoto, N. and Ohta, S. (2003) Es-
trogenic activity of styrene oligomers after meta-
bolic activation by rat liver microsomes. Environ.
Health Perspect., 111, 329–334.

28) Fujimoto, T., Kitamura, S., Sanoh, S., Sugihara, K.,
Yoshihara, S., Fujimoto, N. and Ohta, S. (2003) Es-
trogenic activity of an environmental pollutant,
2-nitrofluorene, after metabolic activation by rat liver
microsomes. Biochem. Biophys. Res. Commun., 303,
419–426.

29) Dodds, E. C., Fitzgerald, M. E. H. and Lawson, W.
(1937) Estrogenic activity of some hydrocarbon
derivatives of ethylene. Nature (London), 140, 772.

30) Stroud, S. W. (1939) Preliminary investigation of
the metabolism of stilbene. Nature (London), 144,
245.


