
Journal of Health Science, 54(4) 343–355 (2008) 343

— Review —

Metabolic Activation of Proestrogens in the Environment
by Cytochrome P450 System

Shigeyuki Kitamura,∗,a Kazumi Sugihara,b Seigo Sanoh,b Nariaki Fujimoto,c

and Shigeru Ohtab

aNihon Pharmaceutical University, 10281 Komuro, Ina-machi, Kitaadachi-gun, Saitama 362–0806, Japan, and bGraduate School of
Biomedical Sciences and cResearch Institute for Radiation Biology and Medicine, Hiroshima University, 1–2–3 Kasumi, Minami-ku,
Hiroshima 734–8551

(Received March 14, 2008)

Liver microsome-mediated activation of proestrogens in the environment is reviewed here. Proestrogens such
as methoxychlor, trans-stilbene, diphenyl, diphenylmethane, 2,2-diphenylpropane, benzo[a]pyrene, benzophenone,
2-nitrofluorene (NF), chalcone, trans-4-phenyl-3-buten-2-one and styrene oligomers are negative in in vitro es-
trogen screening tests. However, those proestrogens exhibit estrogenic activity after metabolic activation by the
microsomal cytochrome P450 system. In these cases, hydroxylated derivatives of the compounds are formed as
major metabolites, and these metabolites exhibit significant estrogenic activities. Thus, the estrogenic activities
of proestrogenic compounds are a consequence of metabolism of the parent compounds. Various candidates for
proestrogens among medicines and insecticides are also discussed.
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INTRODUCTION

Various man-made chemicals mimic the bi-
ological activity of hormones such as sex hor-
mones and thyroid hormone, thereby interfer-
ing with hormone receptor function. These
chemicals are called endocrine disrupters, and
include various persistent chlorinated pesticides,
such as 1,1,1-trichloro-2,2-bis(2-chlorophenyl-4-
chlorophenyl)ethane (o,p′-DDT), dieldrin, ke-
pone, methoxychlor and some polychlorinated
biphenyl congeners, and industrial chemicals such
as the plasticizer bisphenol A, the surfactant
breakdown product nonylphenol and some poly-
chlorinated biphenyl congeners.1, 2) Quantitative
structure-activity relationship (QSAR) studies on
the structural features of estrogen receptor ligands
show that an unhindered hydroxyl group on an aryl
ring and a hydrophobic group attached para to the
hydroxyl group are essential.3–6) Ligand binding
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assay and studies in a reporter/transcriptional sys-
tem for the estrogen receptor support the require-
ment for these structural features.7, 8) Among such
compounds, those which are lipophilic and persis-
tent may be accumulated through the food web, pos-
ing a health threat to humans and animals. Endoge-
nous estrogens have been shown to have multiple
sites of activity and to exert biological effects. Many
so-called xenoestrogens produce a wide variety of
toxic effects in animals.

Xenoestrogens can accumulate in our environ-
ment, and may play a role in the increasing inci-
dence of breast cancer, testicular cancer, and other
problems of the reproductive system in humans. It
is therefore important to screen environmental con-
taminants for estrogenic activity. Their metabolites
also need to be identified and screened in order to
identify proestrogens, which are activated to estro-
gens by metabolic systems. Several reports indicate
that proestrogens, which act as xenoestrogens after
metabolic activation, exist in the environment.9–16)

The potential of these proestrogens, such as
methoxychlor, for endocrine disruption needs to be
assessed.
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In this review, we cover environmental com-
pounds that are not directly estrogenic, but which
are activated by the liver microsomal metabolic sys-
tem in the mammalian body after ingestion. These
include methoxychlor, trans-stilbene, diphenyl,
diphenylmethane, polycyclic aromatic hydrocar-
bons, nitropolycyclic aromatic hydrocarbons, α,β-
unsatulated ketone, styrene oligomers and others.

ACTIVATION OF TRANS-STILBENE
AND RELATED COMPOUNDS BY THE

CYTOCHROME P450 SYSTEM

It is well known that trans-stilbene derivatives,
such as diethylstilbestrol (DES), euvestin, 4,4′-
diaminostilbene and pinosylvin, have a variety of
biological actions, including hormonal, hypocholes-
terolemic, sympathomimetic, antifungal, antibac-
terial, antimalarial and anticancer activities.17–19)

DES, a potential estrogen, has been used medically
as a substitute for endogenous estrogen and as a
hormonal therapy for prostate or breast cancer, and
also to prevent threatened abortions.20, 21) However,
it may induce vaginal adenocarcinoma.22) Its estro-
genic activity is similar to that of β-estradiol in in
vitro estrogen screening tests. However, the estro-
genic activity of trans-stilbene, which is the parent
compound of stilbene derivatives and is used as an
industrial material, has not been extensively exam-
ined.

trans-Stilbene is not estrogenic in the es-
trogen screening tests. However, when trans-
stilbene was incubated with liver microsomes of
3-methylcholanthrene-treated rats in the presence
of NADPH, the extract of the incubation mixture
exhibited an estrogenic effect in the concentration

range of 10−5–10−6 M. In contrast, cis-stilbene
showed little estrogenic activity after incubation
with liver microsomes.9) When trans-stilbene was
incubated with liver microsomal enzyme sys-
tem of 3-methylcholanthrene-treated rats, trans-
4-hydroxystilbene and trans-4,4′-dihydroxystilbene
were both formed, though trans-4-hydroxystilbene
was predominant. Human cytochrome P450 1A1
and 1A2 isoforms expressed in human lymphoblas-
toid cells catalyzed both oxidations.23) In the case
of cis-stilbene, such hydroxylated metabolites were
not detected (Fig. 1).

trans-4-Hydroxystilbene and trans-4,4′-dihy-
droxystilbene both showed estrogenic activity
similar to that of DES in estrogen screening
tests. Thus, trans-stilbene was converted to the
active metabolites, trans-4-hydroxystilbene and
trans-4,4′-dihydroxystilbene, by rat liver mi-
crosomes, and so the estrogenic activity of
trans-stilbene might be due mainly to trans-
4-hydroxystilbene, with some contribution from
trans-4,4′-dihydroxystilbene. In contrast, cis-
stilbene was not metabolized to the correspond-
ing hydroxylated metabolites with liver microsomes
(Fig. 1). In an in vivo estrogenicity test using
ovariectomized (OVX) rats, trans-stilbene was pos-
itive, as well as 4-hydroxylated stilbene.24) This
shows that trans-stilbene exhibited estrogenic activ-
ity after metabolic activation in vivo.

It was demonstrated that resveratrol, which is
a derivative of stilbene found in grapes and wine,
is an agonist for the estrogen receptor.25) Among
stilbene-related compounds, metabolic activation
of trans-stilbene oxide, trans-α-methylstilbene,
tolan, dibenzyl and azobenzene to estrogenic com-
pounds by the cytochrome P450 system was also
demonstrated. These compounds did not show

Fig. 1. Metabolic Pathways for the Activation of trans-Stilbene to Estrogens by the Cytochrome P450 System
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estrogenic activity, but exhibited estrogenic activity
after metabolic activation by liver microsomes from
3-methylcholanthrene- or phenobarbital-treated rats
(Fig. 2).26) Furthermore, the estrogenic activities of
several stilbene derivatives were compared. The
4-hydroxyl group of the A-ring plays the most
important role, but nitro and amino substituents
also result in some estrogenic activity. The vinyl
linkage is necessary for high activity. The hy-
drophobic B-ring plays an important role, because
the estrogenic activity of hydroxystilbene is higher
than that of hydroxystyrene. The structural re-
quirements for the estrogenic activities of stilbene
derivatives were proposed to be as shown in Fig. 3.
A p-hydroxy group in the A-phenyl ring, vinyl link-
age, a B-phenyl ring and hydrophobicity of the link-
age are necessary for the maximal activity of stil-
bene derivatives.26)

Fig. 2. Metabolic Activation of Stilbene-related Compounds to
Estrogens

Fig. 3. Structural Requirement of Stilbene Derivatives for Es-
trogenic Activity

ACTIVATION OF DIPHENYL AND
RELATED COMPOUNDS BY THE

CYP1A1/2 AND 2B1 SYSTEMS

Diphenyl is used as an antifungal agent for cit-
rus fruits, and also as wrapping paper for impreg-
nated fruit. Under improper conditions, it has been
toxic to production workers.27, 28) Diphenylmethane
is also used as a dye carrier and synthetic intermedi-
ate, similarly to diphenyl. Diphenyl is metabolized
to hydroxylated diphenyls. 4-Hydroxydiphenyl,
4,4′-dihydroxydiphenyl and 3,4-dihydroxydiphenyl
were identified as urinary metabolites of diphenyl in
experimental animals.29) 2-Hydroxydiphenyl, 2,4′-
dihydroxydiphenyl and 3-hydroxydiphenyl were
also identified as in vitro metabolites with liver mi-
crosomes of various animals.30) These phenylphe-
nols are used as household insecticides, especially
for indoor applications,31) and as intermediates in
the manufacture of rubber and resins.

Diphenyl, diphenylmethane and 2,2-dipheny-
lpropane were negative in estrogen screening
tests. However, they exhibited estrogenic ac-
tivity after incubation with liver microsomes of
3-methylcholanthrene-treated rats in the cases of
diphenyl and diphenylmethane, or after incubation
with liver microsomes of phenobarbital-treated rats
in the cases of diphenyl and 2,2-diphenylpropane.10)

When diphenyl was incubated with liver micro-
somes of phenobarbital- and 3-methylcholanthrene-
treated rats in the presence of NADPH for the de-
tection of the estrogenic metabolites, four metabo-
lites (2-hydroxydiphenyl, 3-hydroxydiphenyl, 4-
hydroxydiphenyl and 4,4′-dihydroxydiphenyl) were
detected. 4,4′-Dihydroxydiphenylmethane and 4-
hydroxydiphenylmethane were also detected as
metabolites of diphenylmethane with liver mi-
crosomes of 3-methylcholanthrene-treated rats.
Bisphenol A [2,2-bis(4-hydroxyphenyl)propane]
and 2-(4-hydroxyphenyl)-2-phenylpropane were
detected as metabolites of 2,2-diphenylpropane
with liver microsomes of phenobarbital-treated rats.
The estrogenic activity of bisphenol A, which is
an active metabolite of 2,2-diphenylpropane in this
case, is well-known. However, the amounts of
monohydroxyl derivatives of these compounds were
much higher than those of the 4,4′-dihydroxyl
derivatives (bisphenol A).

These hydroxylated derivatives all showed es-
trogenic activity. However, 2-hydroxydiphenyl and
3-hydroxydiphenyl showed lower activities than
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Fig. 4. Metabolic Pathways for the Activation of Diphenyl, Diphenylmethane and 2,2-Diphenylpropane to Estrogens by the Cy-
tochrome P450 System

4-hydroxydiphenyl and 4,4′-dihydroxydiphenyl.
Soto et al.32) reported that 2-hydroxydiphenyl,
which is used as an antifungal, is a weak estrogen,
and the related compounds 4-hydroxydiphenyl and
3-hydroxydiphenyl are also estrogenic. Estrogenic
activity of 4,4′-dihydroxydiphenyl has also been
reported.33) A possible metabolic activation path-
way of these proestrogenic chemicals with liver
microsomes is shown in Fig. 4. The estrogenic
activity is likely to be mainly exhibited by the 4-
hydroxyl derivatives, because the pathway leading
from 4-hydroxyl derivatives to 4,4′-dihydroxyl
derivatives does not proceed effectively in this
metabolic system.

ACTIVATION OF STYRENE
OLIGOMERS BY THE CYTOCHROME

P450 SYSTEM

Styrene oligomers, such as trans-1,2-dipheny-
lcyclobutane (TCB), cis-1,2-diphenylcyclobutane
(CCB), 1,3-diphenylpropane, 2,4-diphenyl-1-
butene, 2,4,6-triphenyl-1-hexene and 1α-phenyl-
4β-(1′-phenylethyl)tetralin are incorporated into
polystyrene resin as impurities in the course of
manufacture, and may have a variety of biolog-
ical actions, including hormonal activity.34, 35)

Polystyrene has been used to manufacture food
containers for take-out, such as coffee cups, meat
trays, salad boxes and soup bowls, as well as
instant food containers, in which instant foods
such as Japanese noodles, buckwheat noodles,
Chinese noodles, chow mein, spaghetti and rice

are cooked by adding hot water. There are reports
indicating that styrene oligomers migrate from
these containers into the food contents.36, 37)

These styrene oligomers were negative in the
estrogen screening assay. However, TCB exhibited
estrogenic activity after incubation with liver micro-
somes of phenobarbital-treated rats in the presence
of NADPH. CCB, 1,3-diphenylpropane and 2,4-
diphenyl-1-butene also exhibited estrogenic activ-
ity after metabolic activation, but the activities were
lower than that of TCB. 2,4,6-Triphenyl-1-hexene
and 1α-phenyl-4β-(1′-phenylethyl)tetralin did not
show estrogenic activity after such metabolic acti-
vation. After incubation of TCB with liver micro-
somal system of phenobarbital-treated rats, trans-
1-(4-hydroxyphenyl)-2-phenylcyclobutane (4-OH-
TCB), which exhibited a significant estrogenic ac-
tivity, was detected. Recombinant human cy-
tochrome P450 2B6 and rat cytochrome P450 2B1
were responsible for the activation. In contrast,
cytochrome P450 1A may be mainly responsible
for the activation of 2,4-diphenyl-1-butene. Thus,
some styrene oligomers, especially TCB, exhibit es-
trogenic activity after metabolic activation to the
4-hydroxylated metabolite by rat liver microsomes
(Fig. 5).11)

Nobuhara et al. reported that styrene oligomers
did not induce the proliferation of MCF-7
cells.38) However, Ohyama et al. reported that some
styrene dimers and trimers were estrogenic with-
out metabolic activation in a cell proliferation as-
say with estrogen-responsive MCF-7 cells. They
reported that TCB, CCB, 1,3-diphenylpropane
and 2,4-diphenyl-1-butene were positive without
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(A)

(B)

(C)

Fig. 5. Metabolic Pathways for the Activation of Styrene Oligomers to Estrogens by the Cytochrome P450 System

metabolic activation.39) The difference from the
above results was not clearly explained. However,
one possibility is that, because the substrates were
in contact with MCF-7 cells for a long time in their
assay, estrogenic metabolites were generated in the
cells.

A metabolic activation pathway of proestro-
genic styrene oligomers with liver microsomes is
shown in Fig. 5. TCB is converted to hydroxy-
lated derivatives by rat liver microsomes. In the
microsomal system, the estrogenic activity of TCB
is thought to be mainly exhibited by 4-OH-TCB.
The further oxidized metabolite, trans-1,2-bis-(4-
hydroxyphenyl)cyclobutane, could not be detected.
However, the activity of CCB after metabolic ac-
tivation was lower than that of the trans-isomer.
cis-1-(4-Hydroxyphenyl)-2-phenylcyclobutane may
exhibit lower estrogenic activity than the trans-
isomer. The activity of CCB after metabolic acti-
vation may be due to 4-OH-TCB formed after cis-
trans isomerization.

ACTIVATION OF POLYCYCLIC
AROMATIC HYDROCARBONS AND

NITROPOLYCYCLIC AROMATIC
HYDROCARBONS BY THE

CYTOCHROME P450 SYSTEM

Some reports suggest that hydroxylated poly-
cyclic aromatic hydrocarbons act as xenoestro-
gens.40–42) Many polycyclic aromatic hydrocarbons
present as environmental pollutants are negative
in the estrogen screening test, but the possibil-
ity should be considered that these compounds
may also be metabolically activated to xenobi-
otic estrogens via hydroxylation in the body. It
was demonstrated that hydroxylated metabolites of
benzo[a]pyrene exhibit estrogenic activity. In this
case, the 1-, 3-, 7- and 9-hydroxylated metabolites
had binding affinity for estrogen receptor, but the
7,8- and 9,10-dihydroxy metabolites did not.40–42)

De Wiele et al. also reported that polycyclic aro-
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Fig. 6. Metabolic Pathways for the Activation of 2-Nitrofluorene and Benzo[a]pyrene to Estrogens by the Cytochrome P450 System

matic hydrocarbons were transformed to estrogenic
hydroxylated metabolites by human colon micro-
biota (Fig. 6).43)

Nitropolycyclic aromatic hydrocarbons (nitro-
PAHs), which are carcinogenic and mutagenic, en-
ter the environment from diesel engine exhaust, ur-
ban pollution sources, cigarette smoking and so
on.44–46) Several reports have indicated that nitro-
PAHs are mainly metabolized by nitro reduction,
ring hydroxylation, acylation and conjugation in
mammalian species.47) Nitro-PAHs should also be
examined to see whether nitro reduction or hydrox-
ylation of the aromatic rings activates these com-
pounds to xenobiotic estrogens, as is the case for
their carcinogenicity. 2-Nitrofluorene (NF) is a typ-
ical carcinogenic nitro-PAH.48) NF was detected in
diesel exhaust particles as a major component, to-
gether with nitropyrenes.49) NF was also detected as
a major pollutant in the atmosphere.50) NF is a po-
tent mutagen and forms DNA adducts in the animal
body.51–53) It was reported that NF is converted to
2-aminofluorene and its acylamino metabolites, and
their oxidative metabolites.54–57)

It was shown that NF exhibits a significant es-
trogenic activity after activation by rat liver mi-
crosomal mixed function oxidase. When the com-
pound was incubated with the liver microsomes of
3-methylcholanthrene-treated rats in the presence
of NADPH, 7-hydroxy-2-nitrofluorene (7-OH-NF)
was formed as a major metabolite. However, lit-
tle of the metabolite was formed by liver micro-
somes of untreated or phenobarbital-treated rats.
Rat recombinant cytochrome P450 1A1/2 exhibited

a significant oxidase activity toward NF, affording
7-OH-NF. 7-OH-NF exhibited a significant estro-
genic activity, while the activity of 5-hydroxy-2-
nitrofluorene was much lower.12)

The estrogenic activity of NF was due to for-
mation of the hydroxylated metabolite at the 7 po-
sition by liver microsomes. 2-Aminofluorene and
2-acetylaminofluorene did not exhibit estrogenic ac-
tivity. These compounds had weak estrogenic activ-
ity after metabolic activation by liver microsomes
of 3-methylcholanthrene-treated rats. NF is metab-
olized to hydroxylated derivatives, mainly 7-OH-
NF, and is also converted to a reduced metabolite,
2-aminofluorene. In the microsomal system, the
estrogenic activity of NF is thought to be mainly
due to 7-OH-NF, because reductive metabolism
of NF proceeds effectively only under anaerobic
conditions. Further, it is possible that 7-OH-NF
and 5-OH-NF are reduced to 7- and 5-hydroxy-2-
aminofluorene, and acetylated to 7- and 5-hydroxy-
2-acetylaminofluorene. However, these reactions
are likely to be inactivation routes as regards estro-
genic activity (Fig. 6).

ACTIVATION OF METHOXYCHLOR
AND RELATED COMPOUNDS BY THE

CYTOCHROME P450 SYSTEM

Methoxychlor is a proestrogen which requires
demethylation by liver microsomal mixed function
oxidase in animals prior to eliciting estrogenic ac-
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Fig. 7. Metabolic Pathways of Methoxychlor and p,p′-DDT in Rat Liver Microsomes

tivity.13) Methoxychlor requires demethylation by
liver microsomal mixed function oxidase, involving
CYP 1A2 and 2C19, to elicit estrogenic activity.58)

Elsby et al. also reported that methoxychlor was ac-
tivated through demethylation by human liver mi-
crosomes.14) Schlenk et al. reported that methoxy-
chlor was activated to estrogen in fish (Fig. 7).59)

1,1,1-trichloro-2,2-bis(4-chlorophenyl)ethane
(p,p′-DDT) is metabolized to 1,1-dichloro-2,2-
bis(4-chlorophenyl)ethane (p,p′-DDD) and 1,1-
dichloro-2,2-bis(4-chlorophenyl)ethylene (p,p′-
DDE) by reductive dechlorination and dehy-
drochlorination, respectively, and p,p′-DDD is
further oxidized to 2,2-bis(4-chlorophenyl)acetic
acid (p,p′-DDA) in animals and fish (Fig. 7).60–62)

p,p′-DDD shows estrogenic activity and p,p′-DDE
shows anti-androgenic activity.63) Other DDT
isomers exhibited similar endocrine-disrupting
activity. The metabolites of p,p′-DDT and o,p′-
DDT described above exhibited estrogenic activity
(Fig. 7).64–66) Nelson reported an in vivo uterotropic
effect of some of these DDT metabolites.67) Gray
et al. reported that p,p′-DDT exhibited anti-
androgenic activity, like p,p′-DDE.68)

ACTIVATION OF α,β-UNSATULATED
KETONES BY THE CYTOCHROME

P450 SYSTEM

Naturally occurring phytoestrogens also show
estrogenic activity in vitro in receptor bind-

ing assay, in spite of their beneficial effects,
such as anticarcinogenicity.69) Some flavonoids are
phytoestrogens. Chalcones are a source of phy-
toestrogens, acting as C15 precursors in plant
flavonoid biosynthesis.70) trans-4-Phenyl-3-buten-
2-one (PBO) also has a flavonoid skeleton. Chal-
cone (trans-1,3-diphenyl-2-propen-1-one) is an α,β-
unsaturated ketone that has the skeleton of so-
called “chalcones.” They are also found in nat-
urally occurring compounds, such as plant alle-
lochemicals, insect hormones and pheromones.71)

PBO (also called trans-phenyl styryl ketone or ben-
zalacetone) has a wide range of uses as a in-
dustrial material for synthesis of chemicals and
drugs, and as a flavoring additive for cosmet-
ics, soaps, detergents, cigarettes and foods.72)

α,β-Unsaturated ketones, in which the double bond
is adjacent to the carbonyl group, are reactive com-
pounds due to their electrophilic properties, and un-
dergo nucleophilic attack, e.g., with SH-groups in
proteins. They exhibit genotoxicity and mutagenic-
ity, as well as having anti-carcinogenic effects.73–78)

Chalcone was converted to estrogenically active
hydroxylated derivatives by rat liver microsomes.
4-Hydroxychalcone exhibited the highest activity.
4′-Hydroxychalcone and 2-hydroxychalcone were
minor metabolites of chalcone, and 2′-hydroxy-
chalcone was not formed. Their estrogenic activ-
ities were lower than that of 4-hydroxychalcone.
The estrogenic activity of chalcone is thus
thought to be mainly due to 4-hydroxychalcone,
which is the major metabolite. PBO was also
metabolically activated to an estrogen by a



350 Vol. 54 (2008)

Fig. 8. Metabolic Pathways for the Activation of Chalcone and PBO to Estrogens by the Cytochrome P450 System

Fig. 9. Metabolic Activation of Other Proestrogens to Estro-
gens by the Cytochrome P450 System

microsomal enzyme system, and 4-OH-PBO,
which is a major metabolite in the microsomal
system, exhibited estrogenic activity (Fig. 8).16)

4-Hydroxyphenyl-2-butanone, a double-bond-reduced

Fig. 10. Candidates for Proestrogens

derivative of 4-OH-PBO, was not estrogenic. A
4-hydroxyl group on the phenyl moiety is an
essential factor for the estrogenic activity, and a
double bond conjugated with the phenyl ring may
also be necessary.

ACTIVATION OF OTHER
PROESTROGENS IN ENVIRONMENTS
BY THE CYTOCHROME P450 SYSTEM

There are other examples of metabolic ac-
tivation of proestrogens to estrogens, besides
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the above examples. Various pesticides might
be converted to active estrogens by microsomal
oxidase systems, though Sumida et al. showed that
perimethrine was not metabolically activated.79)

p-Hydroxybenzophenone, which is formed from
benzophenone, an antifungal agent, in rat hep-
atocytes, is also estrogenic.80, 81) It is also re-
ported that anethole, a flavor agent, is not es-
trogenic, but 4-hydroxy-1-propenylbenzene, the
desmethylated metabolite of anethole, exhibited
estrogenic activity.15) Some hydroxylated poly-
chlorinated diphenyls (PCBs), which are metabo-
lites of PCB, show estrogenic activity.82–84)

In the case of PCB, the presence of adjacent chlo-
ride substituents decreases the estrogenic activity.85)

A catechol-type metabolite was also shown to have
estrogenic activity.32) Elsby et al. predicted estro-
genicity by a two-stage approach, using a hu-
man liver microsome assay and a yeast estrogenic-
ity assay.14, 86) Methoxychlor, methoxybisphenol A
and 3,17-bisdesoxyestradiol were positive, but 6-
hydroxytetralin, a degreasing agent, was negative in
this screening system (Fig. 9).

Other environmental compounds may be proe-
strogenic. Candidate proestrogens are illus-
trated in Fig. 10. They include pyrethroids,87)

diphenyl ether herbicides (bifenox), polybromi-
nated diphenyl ethers, a flame-retardant, and some
benzophenone sunscreens. Some insecticides and
medicines are also possible proestrogens. Hydrox-
ylated derivatives of sunscreen,88) and phthalate es-
ters89) show positive in estrogenicity tests. Thus, the
parent compounds may be proestrogens. There may
be a variety of other potentially hazardous proestro-
gens in our environment, too.

CONCLUSION

We have reviewed environmental proestrogens.
The estrogenic activity of trans-stilbene in rats in
vivo seems to be a typical example of the metabolic
activation of a proestrogen.24) It is clearly neces-
sary to consider the activity of metabolites produced
from the parent compounds for the assessment of
the toxicity of environmental chemicals.

There are also pro-antiandrogen and pro-
antithyroid hormonal chemicals.85, 90) It is there-
fore necessary, when assessing the potential in vivo
endocrine-disrupting action of chemicals, to take
into account the activities of all the metabolites

produced from the parent compounds. For exam-
ple, bisphenol A, a typical xenoestrogen, is further
activated, when it is incubated with rat S-9 mix.91)

In this case, dimer-type metabolites, which show
higher activity than bisphenol A itself, are formed.
Such further activation of xenoestrogens must also
also considered in the risk assessment of xenoe-
strogens. Much further work is needed to identify
potentially hazardous proestrogens in our environ-
ment.

For the activation of proestrogen to estrogen, it
is necessary to introduce a hydroxyl group, often at
the 4-position of an aromatic ring, in the absence of
bulky groups at the adjacent 3,5-positions. When
formation of a phenolic hydroxyl group is possi-
ble after aromatic ring hydroxylation or dealkyla-
tion of chemicals, we should consider the possibility
of metabolic activation to estrogens.
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28) Häkkinen, I., Hernberg, S., Karli, P. and Vikkula,
E. (1973) Diphenyl poisoning in fruit paper produc-
tion. Arch. Environ. Health, 26, 70–74.

29) West, H. D., Lawson, J. R., Miller, I. H. and
Mathura, G. R. (1956) The fate of diphenyl in the
rat. Arch. Biochem. Biophys., 60, 14–20.

30) Billings, R. E. and McMahon, R. E. (1978) Micro-
somal biphenyl hydroxylation: the formation of 3-
hydroxybiphenyl and biphenyl catechol. Mol. Phar-
macol., 14, 145–154.

31) Grossman, J. (1995) Dangers of household pesti-



No. 4 353

cides. Environ. Health Perspect., 103, 550–554.
32) Soto, A. M., Fernandez, M. F., Luizzi, M. F.,

Karasko, A. S. O. and Sonnenschein, C. (1997) De-
veloping a marker of exposure to xenoestrogen mix-
tures in human serum. Environ. Health Perspect.,
105(suppl 3), 647–654.

33) Paris, F., Balaguer, P., Terouanne, B., Servant, N.,
Lacoste, C., Cravedi, J. -P., Nicolas, J. -C. and
Sultan, C. (2002) Phenylphenols, biphenols,
bisphenol-A and 4-tert-octylphenol exhibit α and
β estrogen activities and antiandrogen activity in
reporter cell lines. Mol. Cell. Endocrinol., 193,
43–49.

34) Kawamura, Y., Sugimoto, N., Takeda, Y. and
Yamada, T. (1998a) Identification of unknown sub-
stances in food contact polystyrene. J. Food Hyg.
Jpn., 39, 110–119.

35) Kawamura, Y., Kawarura, M., Takeda, Y. and
Yamada, T. (1998b) Determination of styrene
dimers and trimers in food contact polystyrene. J.
Food Hyg. Jpn., 39, 199–205.

36) Kawamura, Y., Nishi, K., Maeda, T. and Yamada,
T. (1998c) Migration of styrene dimers and trimers
from polystyrene containers into foods. J. Food Hyg.
Jpn., 39, 390–398.

37) Sakamoto, H., Matsuzawa, A., Itoh, R. and
Tohyama, Y. (2000) Quantitative analysis of styrene
dimers and trimers migrated from disposable lunch
boxes. J. Food Hyg. Jpn., 41, 200–205.

38) Nobuhara, Y., Hirano, S., Azuma, Y., Date, K.,
Ohno, K., Tanaka, K., Matsushiro, S., Sakurai,
T., Shiozawa, S., Chiba, M. and Yamada, T.
(1999). Biological evaluation of styrene oligomers
for endocrine-disrupting effects. J. Food Hyg. Soc.
Jpn., 40, 36–45.

39) Ohyama, K., Nagai, F. and Tsuchiya, Y. (2001) Cer-
tain styrene oligomers have proliferative activity on
MCF-7 human breast tumor cells and binding affin-
ity for human estrogen receptor. Environ. Health
Perspect., 109, 699–703.

40) Charles, G. D., Barteles, M., Zacharewski, T. R.,
Gollapudi, B. B., Freshour, N. L. and Carney, E. W.
(2000) Activity of benzo[a]pyrene and its hydroxy-
lated metabolites in an estrogen receptor-α reporter
gene assay. Toxicol. Sci., 55, 320–326.

41) Fertuck, K. C., Matthews, J. B. and Zacharewski,
T. R. (2001) Hydroxylated benzo[a]pyrene
metabolites are responsible for in vitro estro-
gen receptor-mediated gene expression induced
by benzo[a]pyrene, but do not elicit uterotrophic
effects in vivo. Toxicol. Sci., 59, 231–240.

42) Bader, A. N., van Dongen, M. M., van Lipzig, M.
M., Kool, J., Meerman, J. H. N., Ariese, F. and

Gooijer, C. (2005) The chemical inter-
action between the estrogen receptor and
monohydroxybenzo[a]pyrene derivativer stud-
ied by fluorescence line-narrowing spectroscopy.
Chem. Res. Toxicol., 18, 1405–1412.

43) De Wiele, T. V., Vanhaecke, L., Boeckaert, C.,
Peru, K., Headley, J., Verstraete, W. and Siciliano,
S. (2005) Human colon microbiota transform poly-
cyclic aromatic hydrocarbons to estrogenic metabo-
lites. Environ. Health Perspect., 113, 6–10.

44) Wang, C. Y., Lee, M. S., King, C. M. and Warner,
P. O. (1980) Evidence for nitroaromatics as direct-
acting mutagens of airborne particulates. Chemo-
sphere, 9, 83–87.

45) Rosenkranz, H. S. and Mermelstein, R. (1983) Mu-
tagenicity and genotoxicity of nitroarenes, All nitro-
containing chemicals were not created equal. Mutat.
Res., 114, 217–267.

46) Hayakawa, K., Murahashi, T., Butoh, M. and
Miyazaki, M. (1995) Detemination of 1,3-, 1,6-, and
1,8-dinitropyrenes and 1-nitropyrene in urban air
by high-performance liquid chromatography using
chemiluminescence detection. Environ. Sci. Tech-
nol., 29, 928–932.

47) Fu, P. P. (1990) Metabolism of nitro-polycyclic aro-
matic hydrocarbons. Drug Metab. Rev., 22, 209–
268.
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51) Möller, L. (1994) In vivo metabolism and geno-
toxic effects of nitrated polycyclic aromatic hydro-
carbons. Environ. Health Perspect., 102, 139–146.

52) Cui, X. -S., Eriksson, L. C. and Möller, L. (1999)
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