252

(AYE2=101M
160
= 1) 4
£33 14 =
5 =
3] ga FOH) 4 g
2@ s ? 2
= © s =
] &
Sl 60 °l
S =
v: 40 4 v
m e 5%}
= 20
1 . T T
X3 .7 6 -5 4
Log concentration (M)
(A)E2=10"""M
|44}
o 120
>3G =
EE 1001 =
Z g Z
& & g ]
L F 2
e [=4
g" o 60 & g,,
=i g
G o 40 =
ol ® 3]
S 4
i) s
0 T T T T
9 8 7 6 5

Log concentration (M)

(% of E2 estrogenicity

(% of E2 estrogenicity

KITAMURA ET AL.

(BYE2=10r'"M

o

180} 4

1640 4

140 1 -0~ BPA
120

- BPB

100 1

o0 ] -0~ BPF
60 | —B- TMBPA
4} 4

20 4

0 T . .

-8 -7 -6 -5 -
Log concenmration (M}
{A)E2=10""M

00

180 + ¥

164} 4

140 4 %

120 | ~O~ TCBPA
10 1 ~£—TBBPA
0 4 -0~ DPP

* &

60 ] o &= TAM
40

20 1 *

0 ———

9 B 1 6 5 4

Log concemration (M)

FIG. 3. Anti-estrogenic activity of bisphenol A {BPA) and related compounds against estrogenic activity of §7-B-estradiol (E2) in ERE-luciferase reporter
assay with MCF-7 cells. Each bar represents the mean = SD of four experiments. Anti-estrogenic activity was expressed as a relutive activity with respect to the E2
activity using MCF-7 cells. One-hundred percentat 10~ M and 107" M corresponds to 9, 1- and 32-fold induction (sec Fig. 2). BPB: bisphenol B, BPE; bisphenol

F, TMBPA; tetramethylbisphenol A, TBBPA; tetrabromobisphenol A. TCBPA; tetrachlorobisphenol A, DPP; 2.2-di

**n < (.01 compared with control.

in the case of TCBPA) — 1 X 10™* M. BPA and HDM also
showed estrogenic activity at higher concentrations. How-
ever, DPP and DPM, which lack a hydroxy! group, were in-
active (Fig. 2). DMBPA, TMBPA, BPF, BPAD, BPA
catechol, BPA ol, BPA carboxylic acid, and TBBPA also
showed estrogenic activity at I X 107% - 1 X 10™* M. When
ICI 182,780, a pure estrogen receptor antagonist, was added at
the concentration of 1 X {07% M, the estrogenic activities of
these compounds were markedly inhibited (data not shown).
The EC50 values of estrogenic activity of the positive
compounds are shown in Table 1. TCBPA showed the highest
activity, followed by BPAF, BPB, HPP, BPCH, HDM, DMBPA,
BPA, TMBPA, BPAD, and BPF. When the propane bridge of
BPA was substituted with a hydrophilic group, the estrogenic
activities of these compounds were markedly inhibited,
showing the specific nature of this response (compare BPA o)
and BPA carboxylic acid with BPA). On the contrary, the
activity was increased by substitution with a hydrophobic
group {compare BPA, BPAF and BPB with BPF). BPA
catechol, 3-hydroxyl derivative of BPA, exhibited little estro-
genic activity. DPP, the dehydroxylated derivative of BPA, and
DPM were negative in the estrogen screening assay. IPP,
lacking the B-phenyl ring, showed no activity. Thus, at least

phenylpropane, TAM; tamoxifen. *p < 0.05,

one 4-hydroxyl group of BPA derivatives is essential for
estrogenic activity. The second phenyl group attached the 2-
position of propane is also necessary.

Anti-estrogenic Activity of BPA and Related Compounds

Anti-estrogenic activity of these BPA derivatives was also
examined by the addition of these compounds to the E2 assay
system in MCF-7 cells, Inhibitory effects of TMBPA and
TBBPA on the estrogenic activity of 1 X 1071%and 1 x 10"
M E2 were observed at the concentration of 1 X 107% M.
However, little effect on the estrogenic activity of E2 was
observed with BPA, BPB, DPP, TCBPA, and BPF in the
concentration range of 1 X 1077 — 1 X 1075 M (Fig. 3). Other
BPA derivatives did not inhibit the estrogenic activity of E2
(data not shown). Thus, BPA and related compounds, except
TMBPA and TBBPA, lack significant anti-estrogenic activity,
at least in the MCF-7 repoiter assay.

Estrogenic Activity of BPA Derivatives in Vivo

Estrogenic potential of TCBPA, TBBPA, and BPA in vivo
was further investigated by use of the uterotrophic assay with
ovariectomized mice. The body weight of rats administered
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TABLE 2
Estrogenic Activity of Bispheno] Derivatives in Vivo

Group Uterus/body weight (mgfkg) % of control
Control 435 £ 30 100
E,
50 pgfig 2157 = 51g*s 496
TBBPA
20 mg/kg 538 = §5* 124
100 mg/ke 594 + 67+* 1317
300 mg/kg 716 + 56+ 164
500 mg/kg 538 + 88+ 123
TCBPA
20 mg/ka 514 = 84* 18
100 me/kg 582 x 50%* 134
300 mg/ke 716 % 56 164
500 ma/kg 713 = B2%* 164
BPA
20 meskg 640 x 43%* 147
100 mg/ke 05 £ T5+* 162
300 mg/kg 806 = 70** 185
500 mg/kg 765 = 131%* 176

Note. The uterotrophic assay of bisphenol derivatives. Weights of the uteri of
rats are shown. Ovariectomized female B6CIF] mice were treated with 170-
estradiol (E2: 50 pg/kgfday), 2,2-bis(3.5-dibromo-4-hydroxyphenyl)propane
(TBBPA; 20, 100, 300, 500 pg/kg/day), 2.2-bis(3,5-dichloro-4-hydroxyphe-
nylypropane (TCBPA; 20, 100, 300, 500 mg/kg/day), or 2.2-bis{4-hydroxyphe-
nyl)propane (BPA; 20, 100, 300, 500 mg/kg/day) for three days. Each group
consisted of five animals. Urerus/body weight {mg/kg) indicates mean £ SEM of

five mice.
#ep < 0.01, *p < D.05 indicate significant differences from control (OVX

mice) experiments.

TCBFA, TBBPA, or BPA was not decreased compared with
other groups. The uterine weight in the groups given these
compounds was increased compared with the group given
vehicle only. BPA was most effective, followed by TBBPA and
TCBPA. BPA gave a 147% increase in uterus weight over the
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F1G. 4. Androgenic activity of bisphenol A (BPA) and related compounds
in ARE-luciferase reporter assay with NIH3T3 cells. Each bar represents the
mean x SD of four experiments. Androgenic activity was expressed as a relative
uctivity with respect to the control using NIH3T3 cells. BPB; bisphencl B, BPF;
bisphenol F, DHT; dibydrotestosierone, *p < 0.05, **p < 0.01 compared with
control,

castration control at 20 mg/kg, while 124 and, 118% increases
were noted in the TBBPA and TCBPA groups, respectively.
Weight increase was dependent on the administered dose
between 0 and 300 mgkg for each compound, albeit changes
were moderate when compared with the response to E2 (Table 2).
Thus, the estrogenic effect of these bisphenol derivatives was
confirmed in vivo.

Androgenic Activity of BPA and Related Compounds

Androgenic activity of BPA and related compounds was
examined using NIH3T3 cells transfected with an AR re-
sponsive luciferase reporter gene. DHT exhibited markedly the
androgenic activity toward NIH3T3 cells at 1 X 107"-
1 X 107% M. However, no androgenic activity of BPA, BPB, or
BPF was observed in the concentration range of 1077107 M
(Fig. 4). Other BPA derivatives did not show androgenic
activity {data not shown).
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FIG. 5. Anti-androgenic activity of bisphenol A (BPA) and related compounds against androgenic activity of dihydrotestosterone (DHT) in ERE-luciferase
reporter assay with NIH3T3 cells. Each bar represents the mean + SD of four experiments. Antiandrogenic activity was expressed as 2 relative activity with respect
to DHT using NIH3T3 cells. One-hundred percent at 10™"' M and 107" M corresponds to 2.6- and 4.7-fold induction (see Fig. 4). BPB; bisphencl B, BPF:
bisphenol E, TBBPA; tetrabremobisphenol A. *p < 0.05, *#p < 0.01 compared with control.
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TABLE 3
1C50 Values of Bisphenol Derivatives for Androgen
Activity of Dihydrotestosterone in NIH3T3
Luciferase Reporter Assay

1C50 (uM)

TMBPA 0.29
BPAF 1.3
BPAD 1.4
BPB 1.7
DMBPA, 24)
HDM KR
HPP 4.2
BPA 43
IPP 6.2
BPCH 1.9
BPD 7.9
BPF 12
BPA cutechot 14
BPS . 17
DPP 370
TCBPA 870
TBBPA > 1000
DPM >1000
BPA ol > 1000
BPA acid > 1000
Flutamide 25

Note. EC50 for DHT: 1.1 x| 107",

Anti-androgenic Activity of BPA and Related Compounds

When BPA, BPF, or BPB was added to the DHT assay.
system in the concentration range of 1 X 1077—1 X 107 M,
the activity of I X 10™"" M DHT was inhibited concentration-
dependently. The anti-androgenic effects of these compounds
were also observed at 1 X 107'°M DHT. However, no effect of
TBBPA on the androgenic activity of DHT was observed
(Fig. 5). These anti-androgenic activities were in the same
order as that of flutamide. Anti-androgenic activities of BPS,
HPP, and DPP were also observed at | X 107%—1 X 107™* M
(data not shown). Table 3 summarizes the IC50 values of these
compounds against the androgenic activity of 1 X 107'" M
DHT. The highest activity among the test compounds was that
TMBPA, followed by BPAF, BPAD, BPB, DMBPA, HDM, and
HPP. PP, without a phenyl group at the 2-position of the
propane moiety, was also active. 3-Hydroxylated BPA, BPA
catechol, showed weak activity. DPP and DPM, the dehy-
droxylated compounds of BPA and BPF, showed ljtile or no
antiandrogenic activity, and TBBPA, BPA ol, and BPA
carboxylic acid were negative in the assay. These results show
that at least one 4-hydroxyl group of BPA derivatives is
essential for the activity. 3,5-Substituents markedly influenced
anti-androgenic activity. TMBPA showed the highest activity,
but TBBPA and TCBPA did not show any significant anti-
androgenic effect in the concentration range of 1 X 1077~1 X
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FIG. 6. Thyrotd hormonal activity of bisphenol A (BPA), tetrabromobis-
phenol A (TBBPA). teirachiorobisphenol A (TCBPA). tetrumethylbisphenol A
(TMBPA). and 3.3"-dimethylbisphenal A (DMBPA} in terms of GH production
in GH3 cells. Each bar represents the mean + $D of four experiments. Thyroid

~ hormonal activity was expressed as a reltive aclivity with respect to the control

using GH3 cells. T3; L-3.5.3'-triiodothyronine. *p < .05, ** o< 0.01
compared with control.

-4 . . g . .
107" M. These findings indicate that some BPA derivatives are
anti-androgenic as well as estrogenic.

Thyroid Hormonal Activity of BPA and Related Compounds
Evaluated by Growth Hormone Production Assay of
GH3 Cells

The thyroid hormonal activities of BPA and related com-
pounds were examined by measuring the ability of these
compounds to induce the thyroid hormone-dependent pro-
duction of growth hormone by GH3 cells. Growth hormone-
releasing activity was observed with T in the concentration
range of 1 X 107"—1 X 107% M. An increase of growth
hormone release from GH3 cells was observed after the
addition of TBBPA or TCBPA in the concentration range of
I X107%to 1 X 107* M. TMBPA also weakly induced growth
hormone release, but DMBPA was ineffective. The effects of
DMBPA and TMBPA at I X 10™* M could not be judged due
to the cytotoxicity of these compounds (Fig. 6). BPA, BPF,
BPS, BPAF, BPAD, and BPB also showed no activity (data not
shown). TBBPA had the highest activity, followed by TCBPA
and TMBPA. These results indicate that some BPA derivatives
show thyroid hormone-like activity. and that 3 4-hydroxyl
group is essential for this activity, as well as for estrogenic and,
anti-androgenic activities, Bulky 3- and 5-substituents play an
important role in the actjvity. However, other BPA derivatives
were negative in the assay. In contrast, when the inhibitory
effects of TBBPA, TCBPA, TMBPA, DMBPA, BPA, and BPB
on the hormonal activity of T3 towards GH3 cells were
examined, these compounds at 1 X 107% and 1 X 10~* M
showed no antagonistic action towards growth hormone pro-
duction induced by the thyroid hormone (data not shown).
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FIG. 7. Structural requirement of bisphenol A and relwted compounds for
endocrine-disrupting activity.

These results suggest that TBBPA, TCBPA, TMBPA, and
DMBPA act as thyroid hormone agonists, but not antagonists.

DISCUSSION

In this study, we examined the relationship between the
structure of BPA derivatives and endocrine-disrupting activity,
i.e., estrogenic, anti-esirogenic, anti-androgenic, and thyroid
hormonal activities. Minimum structural requirements for
estrogenic activity of BPA derivatives seems to be a 4-hydroxyl
group on the A-pheny! ring and a hydrophobic moiety at the 2-
position of the propane moiety, judging from the activity
estimated in this study. However, a 2-hydroxyl or 3-hydroxyl
group attached to a phenyl ring of biphenyl or benzophenone
has been reported to be effective for estrogenic activity, and the
order of the activity is 4-hydroxyl>3-hydroxyl>2-hydroxyl in
both cases {Blair et @l., 2000, Kawamura er ¢l., 2003; Kitamura
et al., 2003b; Paris et al., 2002; Soto et al., 1997). In our
preliminary study using MCF-7 reporter assay, 2-hydroxydi-
phenylmethane and 3-hydroxydiphenylamine showed activity,
with EC50 values of 32.4 uM (0.32 pM for 4-hydroxydiphenyl-
methane) and 4.2 pM (2.0 pM for 4-hydroxydiphenylamine),
respectively. It is possible that a 2- or 3-hydroxy! group also
contributes to the estrogen receptor affinity of bisphenol

“derivatives. Moreover, substituents at the 3,5-positions of the
A-phenyl ring and at the methylene bridge markedly influence
the estrogenic activity. TCBPA, TMBPA, and DMBPA showed
high activity, but TBBPA had lower activity. Estrogenic
activity of TCBPA has already been reported (Fukazawa
et al., 2002; Kuruto-Niwa ef al., 2002; Olsen et gl., 2003).
Hydrophobic substituents in place of the I-methyl group of the
propane moiety increased the hormonal activity, as seen in
BPAF and BFB, but a hydrophilic group, such as a hydroxy-
methyl or carboxylic acid group, decreased the activity.
Hydrophobicity at the methylene bridge of BPA derivatives is
an important factor for the estrogenic activity (Fig. 7).

For estrogen receptor ligand activity, xenobiotics require an
unhindered hydroxy!l group on an aryl ring and a hydrophobic
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aroup attached para 1o the hydroxyl eroup (Blair ¢f af., 2000:
Elsby ¢ af.. 2000. Fang er of., 2000, Hong er of., 2002;
Nishihara et «l., 2000). The key structural requirement for
estrogenic activity of bisphenol derivatives is the phenolic
hydroxyl group. 1t is reported that 3-hydroxyl group of E2
interacts with Glu353 and Arg394 at the binding pocket of
human estrogen receptor o via hydrogen bonding. and the 17J-
hydroxyl group interacts with His524, based on a crystalio-
eraphic analysis of estrogen receplor o bound with E2
{Brzozowski ¢f al., 1997 Shiau er al.. 1998). Perhaps the 4-
hydroxyl group of BPA also interacts with these amino acids.
TCBPA and TMBPA exhibited higher estrogenic activity than
did BPA. 3.5-Chloro and methyl substituents of BPA may assist
tight fitting of the ligand into the ligand-binding pocket.
However, a lower activity was observed in the case of TBBPA.
This may be due 1o steric hindrance by the bulky bromo
substituent. Regarding the estrogenic activity of TBBPA,
Christiansen et al. (2000} reported that the vitellogenin level
of male rainbow trout did not increase after ip injection of
TBBPA. Olsen et af. (2003) reported that the estrogenic activity
of TBBPA is lower than that of BPA, The activity of 3-
hydroxy-BPA (BPA catechol) was lower than that of BPA. The
reason may be steric hindrance, because the 3-hydroxy] group
should be effective for estrogenic activity. The hydrophobic
moiety of the protein, consisting of Met323, Ala350, Leu346,
Phed04, Leud?28, etc., is also important for the interaction with
the hydrophobic B, C, and D rings of E2 (Brzozowski er al.,
1997, Shiau ¢t al., 1998). The hydrophobic propane and B-ring
moieties of BPA may bind tightly with the hydrophobic
binding site of the estrogen receptor. Attachment of hydrophilic
substituents at the methylene bridge markedly decreased the
estrogenic activity. This may be due to a decrease in the
stability of the interaction with the hydrophobic protein site. In
contrast, we observed antagonistic activity of TMBPA and
TBBPA against the estrogenic activity of E2, but other BPA
derivatives lacked this activity. TMBPA showed very high
estrogenic activity among the test compounds. TMBPA and
TBBPA acted as both agonist and antagonist at the estrogen
receptor. The structural requirements for antagonistic action
need further study.

In the present study, MCF-7 was primarily used for
examining estrogenic activity. Although this celi line has been
widely used to screen estrogenic activity in environmental
chemicals (Soto et @l., 1993), assay data from a single cell line
may contain both false negative and false positive results which
are related to certain cross-talk pathways in the cell. Therefore,
we also utilized other cell lines, including a rat pituitary cell
line expressing a high level of ER o, MtT/E-2 and a mouse
fibroblast cell line, NIH3T3. transiently transfected with ER a
or B (Fujimoto et «af., 2004; Maruyama et of, 1999), We
generally confirmed the estrogenic activity of compounds with
one of these cell lines after screening in MCF-7. It is
noleworthy that ERE-dependent transcriptional activation of
BPB and BPA reached meore than 200% of the maximal E2
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FIG. B. Postulated metabolic pathways and the effect of metabolic modification on the estrogenic and anti-androgenic activities of bisphenol A.

effect. Such *supramaximal” effects have been reported with
genistein and other phytoestrogens, although the mechanism
involved is not clear (Kuiper et al,, 1998).

It is reasonable that estrogenic activity was decreased by
transformation to further oxidized metabolites, or conjugates
with glucuronic acid or sulfuric acid at the hydroxyl group
(Elsby et al., 2001; Matthews et al., 2001; Nakagawa and
Suzuki, 2001; Pottenger er al., 2000; Snyder ez al., 2000). In
this study, BPA catechol, BPA ol, and BPA carboxylic acid,
candidates for BPA metabolites formed by liver microsomal
enzymes, showed decreased activity. However, Yoshihara et af.
{2001, 2004) reported that when BPA was incubated with liver
microsomes and cytosol together, the native estrogenic activity
was enhanced. The enhanced activity might be due to
a dimerized type of metabolite, 4-methyl-2,4-bis(p-hydroxy-
phenyl)pent-1-ene, which is a potent estrogen (Fig. 8). Further
study is necessary to establish the effect of metabolic
modification on the activity of BPA. The in vivo estrogenic
activity of BPA has been reported (Ashby er af., 2000; Kim
et al., 2001; Matthews er al., 2001; Tinwell et al,, 2000): the
weight of the ovary in ovariectomized rats dosed with BPA was
increased compared to that in rats dosed with vehicle alone.
The estrogenic activity of BPA in rats in vivo seems to be due to
both BPA itself and its metabolites. However, there are some
reports indicating that BPA does not show estrogenic activity in
vivo (Coldham ef al., 1997, Gould et af., 1998). In the present
study, we examined the estrogenic activity of BPA, TCBPA,
and TBBPA in vivo by means of uterotrophic assay in
ovariectomized mice. These compounds were positive in this

study. However, the activity of TCBPA, which showed the
highest activity among the bisphenol derivatives tested in the
reporter assay conducted in this study, was lower than that of
BPA. Perhaps, this lower activity of TCBPA in vive is due to
greater metabolic inactivation as compared with BPA. Alter-
natively, metabolic activation as in the case of BPA may not
occur with TCBPA. In contrast, TBBPA showed a significant
estrogenic activity in vivo in ovariectomized mice, in spite of
having litde activity in in vitno assay. TBBPA might be re-
sistant to metabolic inactivation by glucuronidation or sulfation
at the 4,4’-dihydroxyl groups due to steric hindrance. It is
clearly necessary to consider the activity of metabolites
produced from the parent compounds in assessing the hor-
monal toxicity of environmental contaminants, including bis-
phenol derivatives. :

In this study, we found that BPA, BPB, znd BPS are potent
anti-androgens. However, BPA catechol, BPA ol, BPA carbox-
ylic acid, DPM, and TBBPA were inactive. BPA is reported to
have an inhibitory effect on the androgenic activity of DHT in
a yeast-based assay (Sohoni and Sumpter, 1998). BPA also has
binding affinity for androgen receptor in PALM cells (Paris
et al., 2002). The hydroxy! group on the A-phenyl ring of BPA
is essential for the anti-androgenic activity as well as estrogenic
activity. In this study, anti-androgenic activity of bisphenol
derivatives was restricted to 4-hydroxyl derivatives. However,
a4 2-hydroxyl or 3-hydroxyl group has been reported to be
effective in  phenylphenols and hydroxybenzophencnes
{Kitamura er al., 2004; Paris e/ af., 2002). The activity of phenyl-
phenols was in the order of 3-hydroxyl>4-hydroxyl >2-hydroxyl,
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while that of hydroxybenzophenones was in the order of 3-
hydroxyl>2-hydroxyl>4-hydroxyl. Substitution at the 3.5-
" positions markedly altered anti-androgenic activity. TMBPA
showed the highest activity among the test compounds, but
TBBPA and TCBPA showed little activity (Fig. 7). The crystal
structures of DHT bound to rat androgen receptor {(Sack ef al.,
2001) and of R1881 bound to human androgen receptor
(Matias et al., 2000) showed that the 3-carbonyl group of
DHT interacts with Arg752, and the 17B-hydroxyl group
interacts with Asn705 and Thr877 at the ligand binding site
consisting of 18 amino acids of the receptor, and the
hydrophobic moiety of the protein fixes the B, C. and D rings
of DHT. The 3-carbony! and 178-hydroxyl groups of DHT are
essential for agonistic action. BPA derivatives may act as
antagonistic agents by interfering with the interaction of
DHT with Arg752 of the receptor owing to the presence of
the 4-hydroxyl group and hydrophobic moiety of BPA. The 4'-
hydroxyl group may also interfere with the binding of the 17p-
hydroxyl group of DHT to the androgen receptor. Hydrophilic
substituents at the methylene bridge of BPA may disturb the
interaction with a hydrophobic moiety of the protein in the
same way as with the estrogenic receptor. Unexpectedly, p-
isopropylphenol, which lacks the B-phenyl ring of BPA,
exhibited anti-androgenic activity. Clearly the B-pheny! ring
is not essential for this activity, unlike estrogenic activity,
Substitution by a bulky group at the 3,5-positions of the A-ring
seems not to hinder the interaction with androgen receptor.
We have already reported the agonistic activity of TBBPA
and TCBPA on the thyroid hormonal activity of T3 (Kitamura
et al., 2002). In the present study, we found that DMBPA and
TMBPA, in addition to TBBPA and TCBPA, show thyroid
hormonal activity, though other BPA derivatives do not.
Moriyama et al. (2002) reported that BPA acts as an antagonist
of the thyroid hormone action of T;. We could not observe
agonistic or antagonistic action of BPA. Ishihara et al. (2003
also did not observe affinity of BPA for thyroid hormone
receptors. Perhaps the thyroid hormonal potency of TBBPA,
TCBFA, DMBPA, and TMBPA found in this study is due to
their structural resemblance to thyroid hormones. The rat
pituitary cell line GH3, isolated from a rat pituitary tumor,
has been widely used as a standard pituitary cell model, in
which the growth hormone secretion depends markedly on
thyroid hormones, but little on estrogen (Kitagawa et al.,
1987). In the present study using GH3 cells, we observed
agonistic activities of TBBPA, TCBPA, DMBPA, and TMBPA
toward thyroid hormone, but we could not detect anti-thyroid
hormonal action of these compounds. A 4-hydroxyl group and
double substitution by halogen or methy] group at 3,5-positions
of the A-pheny! group were essential for thyroid hormonal
activity in this study. Relatively large substituents at the 3,5-
positions of the phenyl ring, besides the 4-hydroxyl group,
seem to be necessary for thyroid hormonal activity (Fig. 7).
Thyroid hormone receptor shows a rigid substrate specificity
compared with estrogenic and androgenic receptors, because of

257

the relatively smaller size of the active site. Wagner et al.
(1995, 2001) conducted crystallographic analyses of rat thyroid
hormone receptor ol and its ligands, and reported that the 4'-
hydroxyl group of thyroid hormones interacts with His381 of
thyroid hormone receptor via hydrogen-bounds, and the 3'-
iodo group interacts with the hydrophobic pocket formed by .
Gly290, Gly291, Phe215. and Met388. The thyroid hormonal
activity decreased in the order of bromine, chlorine, and methyl
substituents at the 3,5-positions of BPA. Weaker binding
ability, due to these smaller-size substituents compared with
iodine, with the hydrophobic pocket in the active site may be
a reason for the decreased activity. Various polybrominated
biphenyls, polybrominated diphenyl ethers or their metabolites
with sucl structural features may compete with thyroid
hormones for binding to the thyroid hormone receptor. Thyroid
hormone disruption could occur through interaction with serum
transport proteins, such as transthyretin and thyroid-binding
globulin. Some PCBs, for instance, have been reported to bind
to transthyretin with very high affinity. Although we previously
found that both TCBPA and TBBPA are able to bind thyroid
hormone receptor, the interactions of these compounds with
serum transport proteins and other metabolic components
should be examined in the future.

The 3,5-substituents of BPA markedly influenced the
endocrine-disrupting activity. TCBPA exhibited the highest
estrogenic activity among the test compounds. In contrast,
TBBPA exhibited the highest thyroid hormonal activity, Some
3.5-substituted BPAs showed combined endocrine-disrupting
activity. TCBPA, TMBPA, and TBBPA showed both estrogenic
and thyroid hormonal activities. TMBPA and TBBPA showed
both estrogenic and anti-estrogenic activities. TMBPA and
DMBPA showed higher anti-androgenic activity. However,
anti-androgenic activity was not observed with TBBPA or
TCBPA. As 3,5-substituted BPA derivatives are widely used as
industrial materials or found as environmental contaminants, it
is necessary to consider other possible toxicities. In contrast,
BPA, BPB, BPAF, HPP, and BPF exhibited both high
estrogenic and anti-androgenic activities. The endocrine-
disrupting activity of BPA derivatives in vivo may be based
on combinations of endocrine-disrupting actions, as observed
in vitro. Hydroxy-PCBs were also reported to show both estro-
genic and anti-thyroid hormonal activities (Cheek er al., 1999;
Connor et al., 1997; Korach er al., 1988). The possibility of
multiple endocrine-disrupting activities in animals in vivo
should be taken into consideration in assessing the toxicity of
environmental contaminants, including BPA derivatives.
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Abstract

Estrogenic and antiandrogenic activities of benzophenone and 16 of its derivatives, which are used as UV stabilizers, were comparatively
examined with hormone-responsive reporter assay in various cell lines, Hydroxylated benzophenones exhibited estrogenic activity in human
breast cancer cell line MCF-7, but their activities varied markedly. The highest activity was observed with 2,4,4'-trihydroxybenzophenone
(2.4.4'-riOH-BP), followed by 2,3’ 4,4'-tetrahydroxybenzophenone, 4,4'-dihydroxybenzophenone, 2,2’ 4,4 -tetrahydroxybenzophenone, 4-
hydroxybenzophenone and 2,4-dihydroxybenzophenone. Benzophenone itself showed Little activity in the assay. In contrast, benzophenone
and some related compounds showed significant inhibitory effects on the androgenic activity of dihydrotestosterone in rat fibroblast cell line
NIH3T3. The highest activity was observed with 2,4,4"-triOH-BP, followed by 2,3,4,4'-tetrahydroxybenzophenone, 2,2 4,4 -tetrahydrox-
ybenzophenone, 3-hydroxybenzophenons and 2,2-dihydroxybenzophenone. However, 2,3,4,4'-tetrahydroxybenzophenone and 2,3,4-
trihydroxybenzophenone showed little activity. 2,4-Dihydroxybenzophenone, 2,4,4'-triOH-BP and benzophenone gave positive responses
in uterotrophic assay using ovariectomized rats, and 2,4,4’-triOH-BP was positive in the Hershberger assay using castrated rats. These results
suggest that a 4-hydroxyl group on the phenyl ring of benzophenone derivatives is essential for high hormonal activities, and the presence of
other hydroxyl groups markedly alters these activities.
© 2004 Elsevier Inc. All rights reserved.

Keywonds: Benzophenones; Estrogenic activity; Antiandrogenic activity; Human breast cancer czll line MCF-7; Rat cancer cell line NIH3T3

Introduction

Hydroxybenzophenones such as 2,4-dihydroxybenzophe-
none (2,4-di-OH-BP; benzophenone-1) and 2,2 ,4,4'-tetra-
hydroxybenzophenone (2,2°,4,4'-tetra-OH-BP;

Abbrevigtions: (BP), Benzophenone; (2-OH-BP), 2-hydroxybenzophe-
none; (3-OH-BP), 3-hydroxybenzophenone, (4-OH-BP), 4-hydroxybenzo-
phenone; (2,2'-diOH-BF), 2,2'-dihydroxybenzophenone; (2,4-diOH-BP),

2 4-dihydroxybenzophenone; {(4,4'-di0OH-BP), 4,4'-dihydroxybenzophe-
none; (2,3,4-riOH-BP), 2,3,4-trihydroxybenzophenone; (2,4,4'-triQOH-
BP), 2,4,4'-trihydroxybenzophenone; (2,2 ,4,4'tetaOH-BP), 2,2' 4,4’ -tet-
rahydroxybenzophenone; (2,3,4,4'-tetaQOH-BP), 2,3,4,4 tetrahydroxyben-
2ophenone; (2,3,4,4'-tetraQH-BP), 2,3’,4,4'-tetrahydroxybenzophenone;
(2-OH-4-MeO-BP), 2-hydroxy-4-methoxybenzophenone; (2,2'-dliOH-4,4'-
diMeO-BP), 2,2'-dihydroxy-4,4'-dimethoxybenzophenone; (4-OH-2',4'-
diMeO-BP), 4-hydroxy-2’,4'-dimethoxybenzophenone; (2-OH-4-MeO-
BP-5-sulfonic acid), 2-hydroxy-4-methoxybenzophenone-5-sulfonic acid;
(2,2 -diOH-4-MeO-BP), 2,2’-dihydroxy-4-methoxybenzophenone; (DHT),
dihydrotestosterone; (E2), 17B-estradicl.

* Corresponding author, Fax: +81 82 257 5329.

E-mail address: skitamu@hiroshima-u.acjp (S. Kitamura),

004 1-008X/$ - see front matter © 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.taap.2004.07.005

benzophenone-2) have the ability to absorb and to dissipate
ultraviolet (UV) light A (400-315 nm) (Klein, 1992).
Consequently, they are used as' UV stabilizers in plastic
surface coatings on food packaging to prevent polymer
degradation and loss of quality of the packed food owing to
UV light irradiation, These compounds may be transferred
from the packaging to the contents, and subscquently
ingested by hurnans. However, they are natural components
of plants such as mango and muscat grape, and are also used
as flavorings. It has been reported that some derivatives have
cytotoxic effects (Matsumoto et al., 2003). Hydroxybenzo-
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phenones and their derivatives are also used as sunscreens for
humans. These compounds are reported to be absorbed
through human skin, and bioaccumulation may occur in
wildlife and humans (Felix et al.; 1998; Hagedorn-Leweke
and Lippold, 1995; Hayden et al., 1997; Jiang et al., 1999). In
spite of some toxic effects of benzophenone, such as
hepatotoxicity, hydroxylated benzophenones are safe for
topical application to humans. Acute and subchronic sys-
temic toxicity of these compounds after dermal application is
considered to be rather low (Burdock et al., 1991; Dutta etal,,
1993; Okereke et al., 1995), However, some problems have
arisen with photoallergic reactions in patients with suspected
clinical photosensitivity (Schauder and Ippen, 1997).

Endocrine-active chemicals arise from many different
sources, including pesticides, industrial chemicals, phar-
maceuticals, and phytochemicals. These chemicals are
widely distributed in the environment and are able to
mimic the biclogical activities of hormones. Chlorinated
insecticides, such as kepone, o,p’-DDT, dieldrin and
methoxychlor, and compounds used in the plastics and
detergent industries, such as alkylphenols and bisphenol A,
are known to bhave estrogenic activity (Andersen et al.,
1999; Gaido et al., 1997; Soto et al., 1994). p,p’-DDE, a
metabolite of p,p’-DDT, vinclozolin, an antifungal agent,
and fenitrothion and fenthion, insecticides, are known to
have anti-androgenic activity (Chen et al., 1997, Gray et
al,, 1999; Kelce et al., 1995; Kitamura et al,, 2003; Kupfer
and Bulger, 1987, Tamura et al, 2001). Interactions of
estrogenic and anti-androgenic compounds with the
respective hormone receptors have been demonstrated to
account for the endocrine-distupting actions of the com-
pounds, These chemicals can alter reproductive develop-
ment in mammals. Some hydroxylated benzophenones also
show estrogenic activity in the yeast two hybrid system
with estrogen receptor and coactivators (Kawamura et al.,
2003). It was reported that 2-hydroxy-4-methoxybenzo-
phenone (2-OH-4-MeO-BP) and 4-hydroxybenzophenone
(4-OH-BP) are weakly positive in the uterotrophic assay
using immature rats (Nakagawa and Tayama, 2001;
Schlumpf et al., 2001). Androgenic and anti-androgenic
properties of hydroxylated benzophenones are also an
important problem. Yamasaki et al. (2003) reported that
some bydroxybenzophenones do not act as antiandrogens
in the Hershberger assay. Satoh et al. (2001) showed that
benzophenone has no affinity for androgen receptor. Ma et
al. (2003) reported that 2-OH-4-MeO-BP is a weak
antagonist for androgen receptor. However, the activities
in reporter assays have not been fully examined, and the
relationship between the structure and activity of benzo-
phenone derivatives is not yet understood.

In this report, endocrine-disrupting activity, that is,
estrogenic, androgenic, and anti-androgenic activities, of
hydroxybenzophenones and related compounds was exam-
ined using hormone-responsive reporter assays in human
breast cancer cell-line MCF-7 for estrogenic activity and rat
fibroblast cell line NIH3T3 for androgenic activity. Benzo-

phenone derivatives tested in this study are listed in Fig. 1.
We found that hydroxybenzophenones and some related
compounds exhibit estrogenic and anti-androgenic activ-
ities. The structure—activity relationship of hydroxylated
benzophenones is discussed.

Materials and methods

Chemicals. Beozophenone (BP), 2-hydroxybenzophenone
(2-OH-BP), -3-hydroxybenzophenone (3-OH-BP), 4-OH-
BP, 2,2'-dihydroxybenzophenone (2,2'-diOH-BP), 2,4-
diOH-BP, 4,4’-dihydroxybenzophenone (4,4’-diOH-BP),
2,3,4-trihydroxybenzophenone (2,3,4-tiQH-BF), 2.4,4'-tri-
hydroxybenzophenone (2,4,4'-triOH-BP), 2,2',4,4'-tet-
raOH-BP, 2,3,4,4'-tetrahydroxybenzophenone (2,3,4,4'-
tetraOH-BP), 2,3',4,4'-tetrahydroxybenzophenone
(2,3 ,4,4’-tetraOH-BP), 2-OH-4-MeO-BP, 2,2'-dihydroxy-
4,4’ -dimethoxybenzophenone (2,2'-diOH-4,4’-diMeQ-BP),
4-hydroxy-2,/4'-dimethoxybenzophenone (4-OH-2/,4'-
diMeO-BP), 2-hydroxy-4-methoxybenzophenone-5-sul-
fonic acid (2-OH-4-MeQ-BP-5-sulfonic acid), 2,2'-dihy-
droxy-d-methoxybenzophenone (2,2'-diOH-4-MeO-BP),
4-hydroxyacetophenone, Sa-dihydrotestosterone (DHT),
and flutamide were obtained from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan), 17p-estradiol (E2) was
from Sigma (St. Louis, MO).

Animals. Rats were housed at 22 °C and a relative humidity
of 55% with a 12-h light/dark cycle, with free access to tap
water and a standard pellet diet MM-3 (Funabashi Farm,
Funabashi, Japan). All experiments were conducted in
accordance with the “Guide for the Care and Use of
Laboratory Animals” of Hiroshima University.

Cell culture. NIH3T3 and MCF-7 cells were maintained in
DMEM (Sigma) plus 5% calf serum (Gibco/Invitrogen
Corp., Carlsbad, CA) and DMEM plus 5% fetal bovine
serum (Gibco/Invitrogen), respectively, containing penicillin
and streptomycin. For assay, the medium was changed to
phenol red-free DMEM (Sigma) containing the same
antibiotics along with dextran-charcoal-treated calf serum
or fetal bovine serum for a week.

Plasmids. The p(ARE)2-luc plasmid was constructed with
pGL3-basic (Promega Co., Madison, WI) by inserting a
synthetic double-strand oligo-DNA containing the con-
sensus androgen-responsive element 5'-CATAGTACGT-
GATGTTCTAGGCCTAGTACGTGATGTTCTCTATAC
(with Sacl/Xhol ends). For pSG5-hAR, human androgen
receptor cDNA was amplified from human prostate cDNA
by PCR with LA-Taq (Takara Bio Inc., Otsu, Japan) and
introduced into pCR2.1 with a TA Cloning Kit (Invi-
trogen). The EcoRl fragment was then inserted into the
EcoRI site in the pSGS plasmid. The p(ERE)-SV40-luc
plasmid, which contains three tandem copies of the

192



T, Suzuki et al. / Toxicology and Applied Pharmacology 203 (2005} 917 11

o

benzophenone

Foas

4-hydroxybenzophenone
(4-OH-BP)

4,4-dihydroxybenzoplienone
(4,4-diOH-BP)

L,

2,24 4'-tetrahydroxy
benzophenone
(2,2,4,4" tetraOH-BP)

Peae

2-hydroxy-4-methoxy
benzophenone
(2-OH-4-McO-BP)

v,

W,

W,

Sh®

2-hydroxybenzophenone
(2-OH-BP)

H H
|

2.2-dihydroxybenzophenone
_(2,2-diOH-BP)

2,3,4-uwihydroxybenzophenone
(2,3,4-triOH-BP)

5

H O
HO.
BOAGW
23,4 4'-tetrahydroxy

benzophenone
(2,3,4,4'-tctraOH-BP)

2,2'-dihydroxy-4-methoxy
benzophenone
(2,2'-diOH-4-M<0-BP)

m, |

3-hydroxybenzophenone
(3-OH-BP)

Peae

2 ,4-dihydroxybenzophenone
(2,4-diOH-BF)

e

24,4 -wihydroxy
benzophenone
(2,4,4"triOH-BP)

e

2,3 4 4-tetrahydroxy
benzophenone
(2,3'4,4'-tetraOH-BF)

2,2-dihydroxy-4,4'-dimethoxy
benzophenone
(2,2-diOH-4,4'-diMeO-BF)

3.

v,

OH 0

Me BO
S0,H

2-hydroxy-<4-methoxy

benzophenone-5-sulfonic acid

{2-OH-4-MeQ-BP-5-sulfonic acid)

Fig. 1. Structures of benzophenone and

consensus estrogen-responsive element, was a gift from
Dr. M. Kudoh, Yamanouchi Pharmaceutical Co., Tsukuba,
Japan, PRL-CMV (Promega Co.) was used as the internal
control.

Assay of estrogenic activity of benzophenone and related
compounds. ERE-luciferase reporter assay using MCF-7
cells was performed according to the previously reported
method (Sugihara et al, 2000). Briefly, transient trans-
fections in MCF-7 cells were performed using Transfast
(Promega Co.), according to the manufacturer’s protocol.
Transfections were done in 48-well plates at 2 10* cells/
well with ©.3 pg of p(ERE);-SV40-luc and 2 ng of phRL/
CMYV (Promega Co.) as an internal standard. Twenty-four
hours after addition of the sample (final concentration, 10 *
to 10 8 M), the assay was performed with a Dual Luciferase
assay kit™ (Promega Co.).

4-hydroxyacetophenone

related compounds tested in this study,

Assay of androgenic and antiandrogenic activities of
benzophenone and related compounds. Assay of androgens
was performed by ARE-luciferase reporter assay uvsing
NIH3T3 cells according to the previously reported method
(Kitamura et al, 2003). Briefly, the culture medium was
changed to phenol red-free DMEM (Sigma) containing
penicillin, streptomycin, and dextran-charcoal-treated fetal
bovine serum for 2-3 days. Transient transfections of
NIH3T3 cells were performed using Transfast™ (Promega
Co.), according to the manufacturer’s grotocol. Transfections
were done in 48-well plates at 2 107 cells/well with 0.3 pg
of p(ERE);-SV40-luc and 2 ng of phRL/CMV (Promega
Co.) as an internal standard. Twenty-four hours after
addition of the sample (final concentration, 10 *to10 8
M) dissolved in 4 pl of ethanol, the assay was performed
with a Dual Luciferase assay kit™ (Promega Co.) according
to the manufacturer’s protocol. For the assay of anti-
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androgens, the inhibitory effect of benzophenone deriva-
tives on the androgenic activity of DHT at the concen-
tration of 1 10 '° M was examined.

Assay of estrogenic activity in vivo (uterotrophic assay).
F344 female rats obtained from Charles River Co. (Kana-
gawa, Japan) were used. They were surgically ovariectom-
ized at 6 weeks old. At the age of 9 weeks, they were
divided into eight groups each consisting of five animals.
The rats were treated once a day for 3 days with
intraperitoneal doses of 0.2 ml of vchicle (Panacete 810,
Nippon Oils and Fats Co., Ltd.,, Tokyo, Japam), 17B-
estradiol (50 ug/kg/day), 2,4,4'-tiOH-BP, 2,4-di0OH-BP, 2-
QOH-4-MeOQ-BP or BP (20-500 mg/kg/day). Animals were
sacrificed under anesthesia and the uterus was dissected and
weighed.

Assay of androgenic and antigndrogenic activities in vivo
(Hershberger assay). F344 male rats were surgically
castrated at 4 weeks old. At the age of 7 weeks, they were
divided into five groups each consisting of 6 animals. The
rats were treated once a day for 10 days with subcutaneous
doses of 0.3 ml of vehicle (dimethyl sulfoxide), testosterone
propionate (500 pg/kg/day), testosterone propionate plus
flutamide (6 mg/kg/day) or testosterone plus 2,4,4'-triOH-
BP (100 or 300 mg/kg/day). Animals were sacrificed under
anesthesia and the prostate and seminal vesicles were
dissected and weighed.

Results
Estrogenic activigz. of BP and related compounds

Estrogenic activity of benzophenone and its derivatives
was examined using ERE-luciferase reporter assay in MCF-
7 cells. Hydroxybenzophenones exhibited estrogenic activ-
ity in the estrogen screcning assay, but their activities
showed a wide range. Some tetra- and trihydroxybenzophe-
nones showed significant estrogenic activity in the concen-
tration range of 1 107 -1 10 * M. Di- and
monohydroxybenzopbenones showed estrogenic activity at
1 10 -1 10 * M. However, 2,3,4-trihydroxybenzo-
phenones, methoxybenzophenones, and BP showed little
activity. The active compounds were cytotoxic to MCF-7
cells at concentrations above 1 10 Morl 10 *M, so
their apparent activities decreased above this concentration
(Fig. 2). When ICI 182,780, a pure estrogen receptor
antagonist, was added at the concentration of 1 10 8 M,
the estrogenic activities of the above compounds were
markedly inhibited (data not shown). The ECso values of the
estrogenic activities are shown in Table I. The highest
activity was observed with 2,4,4'-tiOH-BP, followed by
2,3 4,4 -tetraOH-BP, 4,4'-diOH-BP, 2,2’ 4,4 -tetraOH-BP,
4-OH-BP, 2,4-¢iOH-BP, 3-OH-BP, 2-OH-BFP, BF, 2,3,4-
triOH-BE, 2-OH-4-MeO-BP and 2,3,4,4' -tetraOH-BP. How-

Estrogenic activity

100
.E' 2 80 4 —a— 2,3,4-triOH-BP
£% 6. ~&~ 244'triOH-BP
]
§ ; ‘0 —m- 2.2'4 4" tetraQH-BP
;é: g —0— 2,34 4"tetraOH-BP
(Y]
& 20 -0 2,3 ,4,4"-tetraOH-BP
04
9 -7 -5 -3
Log concentration (M)
100 Estrogenic activity
P A
) & 80 ;J
o 8 607 -=-2,2.di
s 2,2-diOH-BP
s;., g 404 —o— 2,4-diOH-BP
e - -0 4,4'-diOH-BP
0-
a9 7 5 3
Log concentration (M)
100 Estragenic activity
2 80 1
5 —a—benzophenone (BP)
E % 60- —&—4-hydroxyacetophencne
o
e 10 —m— 2-OH-BP
E‘ g —o—3-0H-BP
& 20 O~ 4-OH-BP
0-
-9 -7 -5 -3

Leg concentration (M)

Fig. 2. Estrogenic activity of benzophenone (BP) and related compounds
using ERE-luciferase reporter assay in MCF-7 cells. Each value represents
the mean * SD of four experiments, Estropenic activity of benzophenones
was expressed as a relative activity with respect to the control using MCF-7
cells, *p < 0,05, **p < 0.01 compared with control.

ever, 4-hydroxyacetophenone, 2,2’-diOH-BP, 2-OH-4-
MeO-BP-5-sulfonic acid, 2,2'-diOH-4-MeO-BP and 2,2'-
diOH-4,4' -diMeQ-BP were negative in the estrogen screen-
ing assay. Thus, 2,4,4'-trihydroxyl derivatives of benzophe-
none exhibited the highest activity. The activity was
abolished by substitution with a methoxyl group. A 2,3,4-
triol moiety on benzophenone markedly decreased the
estrogenic activity. 4-Hydroxyacetophenone, lacking one
phenyl ring of BF, showed little activity. Thus, hydroxyl
group(s) on BP derivatives are essential for estrogenic
activity. Both phenyl groups are also necessary.

Androgenic and antiandrogenic activities of BP and related
compounds

Androgenic activity of benzophenone and related com-
pounds was examined using NIH3T3 cells transfected with
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Table 1

Estrogenic activity (ECsp) and antiandrogenic activity (ICso) of benzophenone derivatives

ISR
RN A s

R! R2 Estrogenic ECso (M) Antiandrogenic ICso (M)
2,4-0H 4-0H 0.10 0.30
24-0H ¥ 4-.0H 0.14 ' 0.97
4-0H . 4-0H 0.14 4.78
2,4-CH 2.4 -OH 0.30 1.53
4-OH H 0.72 5.01
24-CH H 1.26 10.0
3-OH H 1.54 3.02
2-OH H 447 3.31
H H 3.13 119
2,3,4-0H H 11.8 >100
2-0H-4-MeO H 195 >100
2,3,4-CH 4-0H 313 26.5
4-hydroxyacetophenone >100 >100
2-0H 2'.0H >100 3.20
2-0OH-4-MeOQ 2-0H >100 >100
2-OH-4-MeQ ) 2-OH4'-MeO >100 13.0
2-0H-4-MeO-5-80sH H >100 >100

a luciferase reporter gene. DHT exhibited marked andro-
genic activity toward NIM3T3 cellsat1 10 -1 10 2
M. However, no androgenic activity of BP or the derivatives
examined in this study was observed in the concentration
range of 10 7 to 10 * M (data not shown).

When BP and its derivatives were added to the DHT
assay system in the concentration range of 1 10 %101
10 * M, the activity of 1 10 '® M DHT was inhibited
concentration-dependently (Fig. 3). Table [ shows the ICs
values of these compounds against the androgenic activity
of 1 10 ' M DHT. The highest inhibitory effect among
the test compounds was observed with 2,4,4'-triOH-BP,
followed by 2,3’ 4,4'-tetraOH-BP, 2,2’ .4 4'-tetraOH-BP, 3-
OH-BP, 2,2'-diOH-BP, 2-OH-BP, 4,4'-diOH-BP, 4-OH-BP,
2,4-diOH-BP, 2,3,4,4'-tetraOH-BP, BP and 2,2’-diOH-4 4'-
diMeO-BP. However, 2,3,4-triOH-BP, 2,2'-diOH-4-MeO-
BP, 2-OH-4-MeO-BF, 2-OH-4-MeQ-BP-5-sulfonic acid and
4-hydroxyacetophenone showed little activity. These results
suggest that some benzophenone derivatives have anti-
androgenic as well as estrogenic activity, and hydroxyl
groups are essential for this activity.

Estrogenic and antiandrogenic activities of BP derivatives
in vivo :

Estrogenic potential of hydroxylated benzophenones in
vivo was further investigated in the uterotrophic assay using
ovariectomized rats. Body weight of the rats administered
2,4,4'-triOH-BP, 2,4-diOH-BP, 2-OH-4-MeO-BP, or BP was
not decreased compared with other groups. The uterine
weight in the group dosed 2,4,4’-triOH-BP, 2,4-diOH-BP or

BP was weakly increased compared with the group given
vehicle only, but that in the 2-OH-4-MeQ-BP group was not
changed (Fig. 4A). Thus, the estrogenic effect of hydroxy-
lated benzophenones was confirmed in vivo.,

The in vivo antiandrogenic potential of 2,4,4'-triOH-
BP, which showed the highest antiandrogenic activity in
the in vitro reporter assay, was also investigated by the
Hershberger assay using F344 rats (Hershberger et al,
1953). Body weight in the group administered 2,4,4'-
triOH-BP (300 mg/kg/day) was decreased by 9% com-
pared with the group given testosterone, while there were

. no significant differences among other groups. Testoster-

onc treatment sigunificantly increased the weights of the
prostate and seminal vesicles, and these increases were
completely blocked by flutamide administration. 2,4,4'-
triOH-BP also significantly suppressed the effect of
testosterone on the weight of beth glands (Fig. 4B).
Thus, the antiandrogenic effect of 2,4,4'-tiOH-BP was
confirmed in vivo.

Discussion

Hydroxylated benzophenones are used in sunscreens as
skin-protecting agents and as UV stabilizers for plastic
packaging. In this study, we examined the relationship
between the structure of BP derivatives and their estrogenic
and antiandrogenic activities. For estrogen receptor ligand
activity, xenobiotics require an unhindered hydroxyl group
on an aryl ring and a hydrophobic group attached para to
the hydroxyl group (Blair et al., 2002; Fang et al., 2000;
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Fig. 3. Antiandrogenic activity of benzophenone (BP) and its derivatives
against the androgenic activity of dihydrotestosterone (DHT) using ARE-
luciferase reporter assay in NIH3T3 cells. Antiandrogenic activity of
benzophenones was expressed as percent values of ARE-luciferase activity
relative to the level induced by DHT (1 10 '® M) using NIH3T3 cells.
Each value represents the mean + SD of four experiments. *p < 0.05 and
**p < 0.01 indicate significant differences from control experiments in
which only DHT was added.

Hong et al, 2002). The key structural requirement for
estrogenic activity of BP derivatives is a phenolic hydroxyl
group. The number and position of hydroxyl substituents
markedly influences the activity. High activity was observed
with tetra- and trihydroxybenzophenones. Benzophenones
hydroxylated at the 2-, 4- and 4'-positions showed the
highest activity. The 4-hydroxyl group is presumably
necessary for binding with the estrogen receptor, like 3-
OH in 17p-estradiol, and the 4'-hydroxyl group is also
required as an H-bond donor. The 2-hydroxyl group forms a
hydrogen bond with the carbonyl group, contributing to the
hydrophobicity. Monohydrexybenzophenones exhibited
activity, in the order of 4-hydroxyl>3-hydroxyl>2-hydroxyl.

Schultz et al. (2000) also reported weak estrogenic activities
of 4-OH-BP and 3-OH-BP, but detected no activity of 2-
OH-BP. Benzophenones with three adjacent hydroxyl
groups, such as 2,3,4,4-tetraOH-BP and 2,3,4-triOH-BP,
showed very low activity, presumably because of steric
hindrance. Nakagawa and Suzuki {2002) reported that 2,4-
diOH-BP and 2,3,4-triOH-BP showed estrogenic activity in
proliferation assay using MCF-7 celis, and the activity of
2,3,4-triOH-BP was lower than that of 2,4-diOH-BP,
Kawamura et al. (2003) reported that symmetrically
hydroxylated benzophenones showed lower activity than
asymmetrical derivatives in the yeast two-hybrid assay. This
tendency was not observed in our study using reporter assay
in MCF-7 cells. :

Yamasaki et al. (2003) reported that some hydroxylated
benzophenones did not show antiandrogenic activity in
Hershberger assay. In this stady, we found that 2,4,4' -triQH-
BP was positive in the Hershberger assay. This positive
result may have been due to subcutaneous dosing of 2,4,4'-
triOH-BP; Yamasaki et al. used oral administration.
Furthermore, we demonstrated that benzophenone and some
of its derivatives are potent in vitro antiandrogens, though
the activity varies markedly depending on the structure, The
reasons for this are not clear, but hydroxyl groups may be a
factor for the antiandrogenmic activity, as in the case of
estrogenic activity. Tri- and tetrahydroxyl substitution on the
phenyl rings seems to increase the activity. Benzophenones
substituted with hydroxyl groups at the 2,4,4’-positions
showed the highest activity, as found for estrogenic activity.
The order of activity is also the same, that is, 2,4,4'-triOH-
BP>2,3' 4,4/ -tetraOH-BP>2,2' 4,4'-tetra-BP. Benzophe-
nones substituted with 2,3,4-trihydroxyl groups showed
little inhibitory effect on the androgenic activity of DHT.
Further study is needed to understand the relationship of
structure to anti-androgenic activity of environmental
chemicals, including BP derivatives.

The in vivo estrogenic activity of 2,4,4’-triOH-BP, 2,4-
diOH-BP and BP was confirmed in uterotrophic assay, that
is, the weight of the uterus in ovariectomized rats dosed with
these BP derivatives was increased compared to that in rats
dosed with vehicle alone. Yamasaki et al. (2003) also
examined the estrogenic activities of some hydroxylated
benzophenones in uterotrophic assay using immature rats.
2,2’ 4,4 -TetraOH-BP and 2,4,4'-triOH-BP increased the
weight of the uterus, while 4-OH-BP and 4,4'-diOH-BP
showed weak activity. The activity of hydroxylated benzo-
phenones may be decreased by reduction of the carbonyl
moiety or conjugation with glucuronic acid or sulfuric acid
at a hydroxyl group. However, Okercke et al, (1993)
reported that 2-OH-4-MeO-BP is mainly converted to the
desmethylated metabolite in rats in vivo. Thus, desmethy-
lated metabolites of methoxybenzophenone derivatives,
which are commonly used in sunscreens, may contribute
to estrogenic activity. Metabolic activation of this group is
possible, as observed with methoxychlor (Stresser and
Kupfer, 1998). In contrast, Nakagawa and Tayama (2001)
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Fig. 4. Estrogenic and antiandrogenic activities of benzophenone derivatives in vivo. (A} The uterotrophic assay of benzophenone derivatives. Weights of the
uteri of rats are shown, Ovariectomized female F344 rats were treated with 1 7-estradiol (E2; 50 mg/kg/day), 2-OH-4-MeO-BP (20, 100, or 500 mg/kg/day),
2,4,4'-iOH-BP {100 or 300 mg/kg/day), benzophenone (100 or 300 mg/kg/day) or 2,4-diOH (20, 100, or 500 mg/kg/day) for a week. Each group consisted of
six animals, (B) The Hershberger assay of benzophenone derivatives. Weights of the prostate gland and seminal vesicle of rats are shown, Castrated male F344
rats were treated with testosterone propionate (T; 500 mg/kg/day) and/or 2,4,4'-0iOH-BP (100 or 300 mg/kg/day) or flutamide (6 mg/kg/day) for a week. Each
group consisted of six animals. Each bar indicates mean + SD of six rats, Asterisks indicate significant differences from testosterone-dosed rats at *£< 0.05 and

*4p < 001

reported that 4-OH-BP, a metabolite of benzophenone,
showed a positive result in uterotrophic assay using juvenile
female rats, but benzophenone did not show such in vivo
estrogenic activity. We observed estrogenic activity of
benzophenone in vivo in this study, Benzophenone can be
activated to the 4-hydroxyl derivative in the body, and so the
estrogenic activity might have been due to the active

metabolite. However, we did not find estrogenic activity
of 2-OH-4-MeQO-BP in vivo. However, Schlumpf et al
(2001) observed a weak activity of the compound in
uterotrophic assay. Further study is nccessary to evaluate
the influence of metabolic modification of hydroxybenzo-
phenones and methoxybenzophenones on the hormonal
toxicity.
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Human intake of benzophenones occurs from food and
medicine, and these chemicals may accumulate in the body
to some extent. Indeed, Hany and Nagel (1995) detected 2-
OH-4-MeQ-BP and octyl p-methoxycinnamate used in as
sunscreen in human milk (totzl 16-417 ng/g fat} from
Germans. This level corresponds to 10 7 to 10 § M. The
contents of 4-hydroxybenzophenones have not been
reported. However, when 4-hydroxybenzophenones are
applied to human skin as sunscreen (usually 1-2% content),
the level may temporarily reach the level used in this study
immediately after the dose. Subsequently, the level of 4-
hydroxybenzophenones would decrease rapidly owing to
metabolism and excretion. These considerations and the in
vivo results obtained in this study suggest that benzophe-
nones pose a relatively low risk to humans in terms of
endocrine disrupting activity, in spite of the in vitro activity
shown in this study. In contrast, some hydroxylated
benzophenones, such as those hydroxylated at the 2- and
4-positions, showed both estrogenic and antiandrogenic
activities, Thus, these compounds might exhibit endocrine-
disrupting action viz both mechanisms in animals. Their in
vivo effects due to these combined activities should be
further investigated.
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ABSTRACT:

The present study was performed to compare the metabolite pro-
files of polychlorinated biphenyls (PCBs) in the liver and serum of
rats, hamsters, and guinea pigs after exposure to a PCB mixture,
Kanechlor 500 {100 mg/kq, i.p.}. The percentage of contribution of
major PCB residues in the liver 5 days after exposure indicated that
nonplanar PCBs with 2,4- or 2,3,4-chlorine substitution were more
abundant in the liver in the order rats {43% of total PCBs) >
hamsters (20%) > guinea pigs {11%}, whereas coplanar PCBs with
4., 3,4-, or 3,4,5-chlorine substitution were predominant in guinea
pigs (61%), followed by hamsters and rats (both 26%). The hepatic
concentrations of methylsulfonyl metabolites (Me50,-CBs) were
higher in the order guinea pigs > rats > hamsters. Whereas ham-

sters formed sninute amounts of MeS0,-CBs from 2,5-dichloro-
substituted PCBs, guinea pigs formed higher levels of meta-
MeS0,-CBs derived from 2,3,6-trichloro-substituted PCBs. In
contrast, the serum concentrations of phenolic PCBs were higher
in the order hamsters > rats > guinea pigs. Metabolites were
predominated by 4-OH-2,3,5,3 ,4 -pentaCB {89% contribution) for
rats, 3-OH-2,4,5,2 4 -pentaCB (56%) for guinea pigs, and dihy-
droxylated metabolites {39%) for hamsters. The reduced elimina-
tion of coplanar PCBs and the specific distribution of MeS0,- and
phenolic PCBs may have implications for the differences in sensi-
tivity to PCB toxicity among rats, guinea pigs, and hamsters,

Metabolism of PCBs proceeds via P450-mediated formation of
arcoe oxide intermediates, which results jo the distdbution of both
OH-PCBs and MeSO,-CBs (Letcher et al., 2000). The ratios of
formation of these metabolites are dependent on the degree of sub-
strate chlorination (Kato et al., 1980; Haraguchi et al., 1997) as well
as the metabolic capacity of the species (Safe, 1994; Koga and
Yoshimura, 1996). Some OH-PCBs and MeS0,-CBs are persistent
and show specific retention in the blood or tissues of laboratory and
wild animals (Bergmaan et al., 1994a,b; Oberg et al,, 2002) as well as
in humans (Sandau et al., 2000; Chu et al., 2003). Phenclic PCB
metabolites cause alterations in thyroid hormone metabolism (Morse
et al,, 1996; Brouwer et al., 1998), inhibit estrogen sulfation and
binding to estrogen receptors for estrogenic or antiestrogenic effects
(Connor et al., 1997; Kester et al., 2002), and give rise to potentially
cytotoxic dihydroxylated or guinoid PCB metabolites (Amaro et al,,
1996). On the other haod, some MeSO,-CBs induce expression of
several P450 isozymes (Kato et al.,, 1997), reduce thyroid hormone
levels in rats (Kato et al,, 1999), and also show antiestrogenic effects

The research was partially funded by a grant-in-aid for Scientific Research (C)
{no, 16590101, K.H.; 15510058, Y.K_; and 14572119, N.K) from the Japan Society
for the Promotion of Science and a Health and Labor Sciences Research Grant
{Y.K)) from the Ministry of Health, Labor, and Welfare of Japan.

Article, publication date, and citation information can be found at
http//dmd.aspetjournals.org,

doiz10.1124/dmd.104.002444.

(Letcher et al,, 2002). These persistent metabolites may be responsible
for the toxic effects of PCBs.

Guinea pigs are the most sensitive experimental animals to the
toxicity of coplanar PCBs and polychlorinated dibenzo-p-dicxins
(Kociba and Cabey, 1985), whereas hamsters are less sensitive
(Olson et al., 1980; Wroblewski and Olson, 1988). These differences
in sensitivity may be due to metabolic activation by the unique
P450-dependent monooxygenase system and substrate specificity
in these species (Koga et al., 1998). For example, in vitro studies
have shown that 3,4,3 4 -tetraCB (CYP1Al) is hydroxylated by
rats or hamsters but not by guinea pigs (Koga et al., 1995), whereas
2,4,52 ,4 .5 -hexaCB (CYP2B18) is hydroxylated by guinea pigs
but hardly by rats or hamsters {Ariyoshi et al., 1997). Therefore,
the different metabolic capacities of PCBs may result in the dif-
ferences in distribution profiles of metabolites in animals exposed
to PCBs.

In the present study, we examined the species differences in tissue
distribution of PCB residues and persistent PCB metabolites among
rats, hamsters, and guinea pigs 5 days after exposure to a technical
PCB mixture, Kanechlor 500. This article describes the 1) comparison
of the residual PCB profiles (percentage of contribution) in the liver
of these three species, 2) species differences in metabolite profiles of
MeSQO,-CBs in the liver and of OH-PCBs in serum, and 3) GC/MS
characterization of unknown metabolites retained in the serum of
guinea pigs.

ABBREVIATIONS: PCB, polychlorinated biphenyl;, P450, cytochrome P450; OH, hydroxyl; CB, chlorobiphenyl; OH-PCB, hydroxylated PCB;
MeS0,-CB, methylsulfonyl PCB; GG/MS, gas chromatography-mass. spectrometry; GC/ECD, gas chromatography-electron capture detection;

MC, 3-methylcholanthrene.
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TABLE 1
Residual patterns of PCBs in the livers of rats, hamsters, and guinea pigs dosed with Kanechlor 500 (100 mg/kg ip.)

The 41 major isomers of a total of 61 were quantified and values represent the means for two animals,

Relative Composition (%) of PCBs

Type IUPAC Structure Gui
Rat ?i';“ Hamster Kanechlor 500
Group A . :
4- 28 244 - 0.08 1.03 0.15 0.36
37 344- ND. 6.01 0.04 0.15
60 2,344 - 0.09 0.57 0.10 0.10
74 2454 - 072 433 0.74 0.54
81 34,54 - N.D. 0.19 0.02 0.007
114 234,54 - 047 2.24 0.33 0.25
34- n 343 4- 0.02 1.82 0.06 0.03
107 2353 4- ND. 246 ND. 0.62
118 2453 4 - 17.6 322 18.6 7.68
126 3453 4- 0.20 0.41 0.23 0.02
156 23453 4- 415 587 313 1.25
3.45- 157 2343 4 5- 0.91 1.10 0.85 0.25
167 245345- 1.26 222 1.74 0.45
Sum of group A 255 60.5 262 122
Group B
2.4- 47 242 .4 - 0.18 0.003 N.D. 0.20
49 242,5- 011 0.04 0.05 0.83
85 2342 4 - 1.75 0.04 0.05 0.33
99 2452 4 - 126 244 345 3.22
137 23452 4- 1.28 0.30 - 0.49 0.42
147 23562 4- 0.27 0.02 0.02 0.11
2,34- 37 2342 5- 0.73 034 0.62 392
105 2343 4 - 5.16 392 4.44 299
128 23423 4- 3.05 N.D. N.D, 2.11
132 23423 6- 0.17 N.D. 0.03 234
138 234,24 5- 137 222 8.81 5.56
170 234523 4. 3.01 172 213 0.96
177 23423 5,6- o 0.04 0.08 0.23
195 2345623 4- 0.21 0.02 0.04 0.05
Sum of group B 429 11.1 203 233
Group C
2.45- 146 23524.5- 1.32 118 241 0.62
153 245245- 12.1 10.3 17.0 536
180 23452.45- 19 mn .68 1.34
183 23462 .4.5- 130 0.35 1.33 0.41
187 23562.4.5- 0.92 0.28 1.63 0.36
203 23456245 0.51 0.05 1.2t 0.15
2,34.5- 194 23452,345- 057 04 0.57 0.19
201 23452356 032 027 0.94 0.10
Sum of group C 208 15 33.8 8.53
Growp D
2,5- 52 252.5- 0.08 0.36 1.40 5.56
95 2362 5- 0.13 0.18 0.73 6.52
101 24525 1.35 2.15 4.68 10.0
141 234,52.5- 0.20 0.08 0.5% 113
236- 110 2363 4- 0.35 0.16 0.41 7.44
149 23624 .5- 0.58 0.6 0.82 2.76
Sum of group D 269 353 8.63 334
Total % 919 90.0 88.9 779

N.D., not detected {  0.002%).

Materials and Methods

Chemicals. The standard reference compounds, methoxy-PCBs and
MeS0,-CBs, were synthesized as described previously (Haraguchi et al,, 1987;
Bergman et al., 1995). Syntheses of veratrolic PCBs will be described else-
where. The chemical names of MeSO,-CBs and OH-PCBs were simplified on
the basis of the [UPAC-derived numbering system of the parent PCBs. All
solvents (n-hexane, acetone, ethanol, and dichloromethane) were of pesticide
grade (Kaoto Chemical Co., Tokyo, Japan).

Animals. Male Wistar rats (b.wt. 190-200 g), male Hartley guinea pigs
(280290 g), and male Golden Syrian hamsters (80-90 g) were housed three
or four per cage ia the laboratory with free access to comumercial chow and tap
water. Animals received a single i.p. injection of 100 mg/kg Kanechlor 500
dissolved in corn oil. Control animals received an equivalent volume of vehicle
alone. The animals were sacrificed by decapitation 5 days after injection, and
the liver, luags, and serum were removed and stored at  20°C until analysis.

Isolation of Metabolites. Tissue samples were treated as described pre-
vigusly (Haraguchi et al,, 1998). Briefly, tissues were homogenized and
extracted with acetone/n-hexane (2:1, v/v). Two ioternal standards,
2,3,4,53,4,5 -heptaCB (70 ng) and 4-methyl-3-Me$0,-5,2,3 4,5 -
pentaCB (24 ng), were added to each extract, and the mixtures were applied to
a gel-permeation column packed with Bio-Beads $-X3 (50 g; Bio-Rad, Her-
cules, CA). Dichloromethane/n-hexane {1:1) was used as a mobile phase at a
flow rate of 4 ml/min. The metabolite fraction (120-200 ml) was divided into
phenolic and neutral fractions by partiticning with potassium hydroxide (0.5 M
in 30% ethanol) and n-hexane, The potassium hydroxide phase was acidified
with hydrochloric acid (2 M, 10 ml) and extracted with #-hexane/diethyl ether
(9:1), and then methylated with diazomethane for 30 min at 4°C. The neutral
fraction (n-hexane layer) was further subjected to silica gel column chroma-
tography (1 g, Wakogel S-1; Wako Pure Chemicals, Osaka, Japan) by elution
with 10 ml of n-hexane for PCBs and suecessively with 10 m! of dichlorometh-
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Fic. 1. GC/ECD chromatograms of methylsulfonyl PCB metabolites in the livers
of rats (A), guinca pigs {B), and hamsters (C) after exposure to Kanechlor 500 (100

mglkg ip.).

ane for MeSO,-CBs. Serum (0.1-1 ml) was spiked with an internal standard
(2,3,4,5,3 4 5 -heptaCB), acidified with 4 volumes of 0.5 M HCI and ex-
tracted with n-hexane/diethyl ether (1:1). The phenolic PCB fraction was
spiked with another internal standard (2,3,4,5,6,3 4 5 ~octaCB) and methyl-
ated with diazomethane. Recoveries of 4 -hydroxy-2,3,4,5.3 ,5 -hexaCB
added to control serum and liver samples prior to extraction were 89 to 97%
(n  4)in the phenolic fraction.

Identification and Quantification. Identification of individual PCBs and
phenolic PCB metabolites was performed on a GC/MS system (electron
ionization-selected ion menitering mode; QP-5000; Shimadzu, Kyote, Japan)
with 2 DB-5MS capillary column (60 m  0.25 mm i.d. and 0.25- m film
thickness; J&W Scieatific, Folsom, CA), The injection temperature was
250°C. The temperature program was initiated at 100°C (2 min) by 20°C/min
to 250°C, and then by 2°C/min to 290°C (20 min). Helium was used 25 2
carrier gas at a constant flow rate of 1.0 mlmin. The transfer line and
quadrupole temperatures were 250 and 150°C, respectively. The mono- and
dihydroxylated PCBs were monitored at molecular ion (M ) and M 2 for
methoxy derivatives of tetra-, penta-, and hexachlorinated congeners.

Quantification of PCBs, OH-PCBs, and MeS0,-CBs was performed on a
Shimadzu GC 144 equipped with an electron capture detector (“Ni-ECD) and
a split-splitless injector operated in the splitless mode. Nitrogen was used as a
carrier and make-up gas. Column conditions were analogous to those described
above for GC/MS. Individual PCBs and metabolites were quantified from the
relative peak area to internal standards by comparison with authentic standards.

Resulis

Residual PCB Pattern in the Liver. Table 1 shows the percent-
ages of composition of PCBs classified into four groups, A 10 D, by
chlorination pattern in the livers of rats, hamsters, and guinea pigs.
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The original composition of major PCB congeners in Kanechlor 500
was 2,52 ,5 -tetraCB (5.6% of total PCBs), 2,3,6,2 .5 -pentaCB
(6.5%), 24,52 .,5 -pentaCB (10%}; 2,3,6,3 ,4 -pentaCE (7.4%),
24,53 4 -pentaCB  (7.7%), 2,342 4.5 -hexaCB (5.6%), and
2.4,5.2 4.5 -hexaCB (5.4%). After exposure of animals to Kanechlor
500, 2,52 ,5 -tetraCB, 2,3,6,2 ,5 -pentaCB, 2,4,5,2 ,5 -pentaCB, and
2,3,6,3 4 -pentaCB were eliminated rapidly from the livers of all
species. Major PCB residues were 2,3,4.2 4 .5 -hexaCB (14% of
total PCBs} in rats, 2,4,5,2 ,4,5 -hexaCB (17%) in hamsters, and
2,453 4 -pentaCB (32%) in guinea pigs. The coplanar PCBs chlo-
rinated at the 4-, 3,4-, or 3,4,5-position (group A, 12% of total PCBs)
were detected in the liver in the following order: guinea pigs (61%)

hamsters (26%)  rats (26%). In contrast, the nonplanar PCBs chlo-
rinated at the 2,4- or 2,3,4-position (group B, 24% of total PCBs) were
more abundant in the liver in the following order: rats (43%)

hamsters (20%)  guinea pigs (11%). Highly chlorinated PCBs with
2,4,5-chlorine substitution {group C, 8.5% of total PCBs) were more
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Fig. 2. GC/ECD chromatograms of phenolic PCBs (afier ruethylation) in the serum
of rats (A), guinea pigs (B), and harnsters (C) after exposure to Kanechlor 500 (100
mg/kg i.p.). The phenolic PCB fraction was spiked with 2,3,4,5,6,3 4 .5 -0c1aCB
(internal standard) after separation of PCBs and then methylated with diazomethane.
See Table 2 for abbreviation on the peak.



