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sists of two each of the core histones H2A, H2B, H3,
and H4, all of which have a basic, unstructured amino
terminal tail. These basic proteins are susceptible to a
variety of posttranslational modifications, e.g., acety-
lation (Howe et al., 1999; Wu et al., 1986). One of the
well-characterized modifications is acetylation of spe-
cific lysine residues, which is reversibly catalyzed by
histone acetyltransferase (HAT) and histone deacety-
lase (HDAC).

The GCN5-related N-acetyltransferase family in-
cludes GCN5 and PCAF, which share a remarkable
degree of homology throughout their sequences and
are present in a multisubunit complex consisting of
more than 20 distinct polypeptides (Ogryzko et al.,
1998). GCNS5 and PCAF are transcriptional coactiva-
tors with intrinsic HAT activity; they contribute to tran-
scriptional activation by acetylating chromatin (Sterner
and Berger, 2000). Disruption of Gen5 and Pcaf genes
revealed that they play distinct but functionally over-
lapping roles during embryogenesis (Yamauchi et al.,
2000). Other well-characterized coactivators possess-
ing HAT activity are CBP and P300, which are ubig-
uitously expressed global transcriptional coactivators
that have critical roles in a wide variety of cellular pro-
cesses, including development (Giles et al., 1998; Gior-
dano and Avantaggiati, 1999; Yao et al., 1998).

Recent studies have demonstrated that some en-
vironmental pollutants affect the hormonal system
and produce adverse effects on animals and proba-
bly also humans (Colborn et al., 1996; Van der Kraak
et al., 1992). These pollutants are referred to as
endocrine-disrupting chemicals (EDCs). The major tar-
gets of EDCs are nuclear hormone receptors, which
bind steroid hormones and regulate transcription of
their target genes (Nishihara et al., 2000; Nishikawa
etal., 1999). For ligand-dependent gene activation, nu-
clear hormone receptors require coactivators that link
the basal transcriptional machinery with the hormone
receptors (Chen, 2000). Recent studies have shown that
the nuclear hormone receptor coactivators possess HAT
activity and recruit two other types of HATs, CBP
and PCAF (Chen et al.,, 1997; Spencer et al., 1997).
Hormone-dependent gene activation mediated by nu-
clear receptors involves the mutual recruitment of at
least three classes of HATS.

These observations raise the possibility that HATs
may be the targets of EDCs, and we tested the effects
of suspected EDCs on HAT activity. Interestingly trib-

utyltin (TBT) and triphenyltin (TPT) enhanced HAT
activity, but other EDCs did not. These organotin chem-
icals have been used in such applications as wood
preservation and as antifouling agents in marine paints,
and are ubiquitous in the environment. TBT and TPT
have been found to induce imposex (the superimposi-
tion of male sex organs in female gastropods) in the
rock shell Thais clavigera and are known EDCs in ma-
rine species (Horiguchi etal., 1997). These compounds
are also reported to affect not only the hormone sys-
tem but also embryogenesis in mammals (Harazono et
al., 1998; Nakanishi et al., 2002). Organotins caused
behavioral and neurological symptoms and pancreatic
and hepatic toxicities in rodents (Brown et al., 1979;
Merkord et al., 2001). In the immune system, at low
doses TBT inhibits immature thymocyte proliferation,
whereas at higher doses in particular TBT induces
apoptotic cell death (Gennari etal., 2002). However, the
biological mechanism of the effects of organotin com-
pounds on marine species and mammals awaits further
characterization. The present study showed that some
organotin compounds enhanced HAT activity when
both core and nucleosomal histones were used as sub-
strates. These data suggest that the varied toxicities of
the organotin compounds may be caused by aberrant
gene expression following altered histone acetylation.

2. Materials and methods
2.1. Chemicals

All chemicals were dissolved in dimethyl sulfox-
ide (DMSO) (Wako Pure Chemicals, Osaka, Japan).
Organotin and related chemicals tested are listed in
Table 1.

2.2. Preparation of rat liver nuclear extracts and
HAT fraction

All animal care and handling procedures were ap-
proved by the animal care and use committee of Osaka
University. Rat liver nuclear extracts (RLNE) were pre-
pared as described previously (Osada et al., 1995). For
binding RLNE to Ni**-NTA agarose (Qiagen, Hilden,
Germany), nuclei were suspended in a nuclear lysis
buffer (10mM HEPES, pH 7.6, 100mM KCI, 10%
glycerol, 3mM MgCly, 5 mM 2-mercaptoethanol, and
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Table 1

Effect of organotin and related chemicals on HAT activity

Chemical Abbreviation Relative HAT activity® CAS no. Purity (%) Source
Triphenyltin chloride TPT 203+0.13" 639-58-7 >95 Aldrich Chemicals
Diphenyltin dichloride DPT 1.63+0.061" 1135-99-5 >06 Aldrich Chemicals
Monchenyltin trichloride MPT 0.97+0.026 1124-19-2 >08 Aldrich Chemicals
Tributyltin chloride TBT 222+0.13™ 1461-22-9 >05 Tokyo Kasei Kogyo
Dibutyltin dichloride DBT 1.810.045™ 683-18-1 >97 Tokyo Kasei Kogyo
Monobutyltin trichloride MBT 1.01 £0.037 1118-46-3 >95 Aldrich Chemicals
Tin chloride SnCly 0.91+0.025 10025-69-1 >97 Nacalai tesque
Tetrabutyltin TetBT 1.05 £0.042 1461-25-2 >03 Aldrich Chemicals
Trimethyltin chloride T™MT 095+0.011 1066-45-1 >08 Aldrich Chemicals
Triethyltin bromide TET 1.27+0.034" 2767-54-6 >97 Aldrich Chemicals
Tripropyltin chloride TPrT 3.09+0.080" 2279-76-7 >98 Merck Schuchardt
Triphenylsilanol TPSiOH 1.14+0.23 791-31-1 >95 Merck Schuchardt
Triphenylmethane TPM 095+0.12 519-73-3 >98 Kanto Chemical
Triphenylethylene TPE 0.91+0.12 58-72-0 >98 Kanto Chemical

* Core histones and 10 wM of chemicals were used for the HAT assay. Relative HAT activity shows mean HAT activities (+S.D.) relative to
a control treated without chemical (three independent experiments). *P<0.05 and ** P <0.01 compared to control.

1% protease inhibitor cocktail (Nacalai Tesque, Ky-
oto, Japan)), and 3M KCI was added to a final con-
centration of 0.55 M. Nuclear lysate was gently mixed
on ice for 30min and centrifuged at 40,000rpm in
a Beckman 50.2 Ti rotor (Beckman, Fullerton, CA,
USA) for 40 min at 4 °C. The RLNE was diluted by
adding the same volume of nuclear lysis buffer with-
out KCI and MgCl; and then incubating with pree-
quilibrated Ni>*-NTA agarose overnight at 4 °C on a
rotating wheel. This suspension was poured into a col-
umn and the flowthrough was collected. The column
was then washed with five column volumes of the nu-
clear lysis buffer without KCl and MgCl,, and the
retained proteins were eluted with a solution consist-
ing of 20mM imidazole (pH 7.5), 100 mM KCI, 10%
glycerol, 5mM 2-mercaptoethanol, and 1% protease
inhibitor cocktail.

2.3. Western blotting and antibodies

Ten microliters of each fraction of column eluate
was electrophoresed on an SDS-polyacrylamide gel,
transferred to nitrocellulose, and detected with an ECL
Western blotting analysis detection system (Amersham
Biosciences, Piscataway, NJ, USA). Antibodies against
P300, CBP, and GCNS5 were obtained from Santa Cruz
Biotech (Santa Cruz, CA, USA). Anti-PCAF antibody
was kindly provided by Dr. Yoshihiro Nakatani (Har-
vard Medical School, Boston, MA, USA).
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2.4. HAT assay

HAT assays were performed as follows: 1.5 pg core
histones or nucleosome histones was incubated to-
gether with 5 pl of eluate from the Ni’>*-NTA agarose
column, *H-labeled acetyl-CoA (0.25 wCi), and 1.2 .l
of the test compound in 30 pl of HAT buffer (50 mM
Tris—HCl, pH 8.0, 50 mM KCl, 5% glycerol, 0.1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, 10 mM sodium butyrate) at 30 °C for
30 min. Histones were prepared as described previ-
ously (Owen-Hughes et al., 1999). After incubation,
15wl of reaction mixture was transferred to a P81
phosphocellulose filter (Whatman, Brentford, UK) and
allowed to air-dry. Filters were washed three times
in wash buffer (50mM NaHCOs3-NaCOs, pH 9.2)
and air-dried. The samples were counted in a scin-
tillation counter (Beckman) for 10 min. The remain-
ing 15 ul was subjected to SDS-polyacrylamide gel
electrophoresis (PAGE). All gels were stained with
Coomassie Brilliant blue to ensure loading of equiv-
alent amounts of histone in each lane, then destained
and flourographed.

2.5. Statistics

All results are expressed as means + standard de-
viations (S.D.). Statistical analysis was performed by
Dunnett’s method.
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3. Results

3.1. Partial purification of HAT complex from
RLNE

To observe the effects of suspected EDCs on HAT
activity, we used partly purified HAT complex from
RLNE. Many HATs function as catalytic subunits in
HAT complexes, and the specificity and the activity
of HAT complexes are different from those of recom-
binant HATs. For example, recombinant GCN5 can
acetylate core histones well, but it exhibits poor nu-
cleosomal HAT activity (Balasubramanian et al., 2002;
Grant et al., 1997). Recombinant SAS2 does not show
HAT activity, but a complex including SASZ2 can acety-
late histones (Sutton et al., 2003). Grant and cowork-
ers reported that some native HAT complexes in yeast
bind to Ni%*-NTA agarose (Grantet al., 1997). We won-
dered whether native mammalian HAT complexes bind
to Ni2*-NTA agarose. RLNE was incubated with Ni%*-
NTA agarose, and bound proteins were eluted with a
buffer containing imidazole. Bound fraction included at
least four HATs: GCN35, PCAF, P300, and CBP (Fig. 1).

3.2. Effect of TBT and TPT on core HAT activity

Nickel and curcumin (diferuloylmethane) were
found to inhibit the acetylation of histones in vitro using
recombinant histone acetyltransferase (Balasubram-
anyam et al., 2004; Broday et al., 2000), indicating
that heavy metals and low molecular compounds may
affect HAT activity. Suspected EDCs were screened for
inhibition and activation of the HAT activity of partly
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Fig. 1. Partial purification of HATs from RLNE. Western blots were
performed with RLNE (lane 1), flow-through from a Ni%*-NTA
agarose column (unbound fraction, lane 2), and eluate from a Ni%*-
NTA agarose column (Ni-bound, lane 3) using antibodies against
P300, CBP, GCNS5, and PCAF.

purified HATs by the standard HAT assay procedure
using core histone as substrate (Eberharter et al., 1998)
and 20 chemicals in the list of chemicals suspected of
having endocrine disrupting effects, as published by
the Strategic Programs on Environmental Endocrine
Disrupters '98, the Japan Environmental Agency
(www.env.go.jp/en/pol/speed98/sp98.pdf). Tested 20
chemicals (benzophenone, octachlorostyrene, diethyl
phthalate, butyl benzyl phthalate, diethylhexyl adi-
pate, TPT, diethylhexyl phthalate, dicyclohexyl ph-
thalate, di-n-butyl phthalate, TBT, 4-nonylphenol,
p-octylphenol, bisphenol A, 2,4-dichlorophenol, 4-
nitrotoluene, di-n-pentyl phthalate, dipropyl phthalate,
pentachlorophenol, amitrole, and dihexyl phthalate)
did not inhibit HAT activity. Interestingly TBT and
TPT enhanced HAT activity but other chemicals did
not (Fig. 2A and data not shown). HAT activity in the
presence of various concentrations of TBT and TPT
was assayed, and both chemicals demonstrated dose-
dependent enhancement of HAT activity (Fig. 2A).
TBT and TPT at both 1 and 10 uM promoted HAT
activity but at 0.1 pM had little, if any, effect. Fluorog-
raphy indicated that partly purified HATs from RLNE
acetylated histones H2A, H3 and H4 and that these
histones were more effectively acetylated in the pres-
ence of TBT or TPT (Fig. 2A, middle panel). A partly
purified HAT fraction includes several kinds of HATs
and HDACs, but TBT and TPT did not show HDAC
inhibitory activity (data not shown). HDACs are clas-
sified into three groups, class I, II, and III. Assay reac-
tion mixtures include butyrate, an inhibitor for class I
and I HDACs (Ajamian et al., 2004). Further, TBT and
TPT enhanced HAT activity in the presence of nicoti-
namide, an inhibitor for class III HDACs (Bitterman et
al., 2002) (data not shown). These results also indicate
that TBT and TPT do not inhibit HDAC activity.

We investigated the effects of organotin and re-
lated chemicals on HAT activity. TBT is metabolized
to dibutyltin (DBT), monobutyltin (MBT), and inor-
ganic tin; and TPT is metabolized to diphenyltin (DPT),
monophenyltin (MPT), and inorganic tin (Horiguchi et
al., 1997). The effects of these metabolites of the organ-
otin compounds on HAT activity were also analyzed
(Table 1). DBT and DPT enhanced HAT activity, but
MBT, MPT, and SnClys had no effect. DBT and DPT
showed less enhancement of HAT activity than TPT
and TBT, but tetrabutyltin did not affect HAT activity
(Table 1). These results indicate that trialkyltin com-
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Fig. 2. Effect of TPT and TBT on HAT activity. (A) HAT assays
with core histones as substrates and partly purified HAT fraction
from RLNE as enzyme. The bar graph shows mean HAT activities
(£S.D.) relative to a control treated without chemical (three inde-
pendent experiments). 4-nonylphenol (NP) was used as a negative
control. “P<0.05 and *"P <0.01 compared to control. Products of
HAT assays were separated by SDS-PAGE on 18% polyacrylamide
gels to resolve the histones. The gels were stained with Coomassie
Brilliant blue to visualize proteins (lower panel) and were then dried
and visualized by fluorography (middle panel). (B) HAT assays in
the absence or presence of chemicals (10 uM), TPT, TBT, and NP,
using nucleosome histones as substrates were performed in triplicate
as described in the legend to (A). A typical fluorogram from three
independent experiments that showed similar results is shown.

pounds are more effective enhancers than other alkyltin
compounds.

Next, we focused on the number of carbon alkyl
chainin the trialkyltin compounds. Trimethyltin (TMT)
did not affect HAT activity, and triethyltin (TET)
was a poor promoter of HAT activity. Interestingly,
tripropyltin was a more effective enhancer than the
compounds containing one or more butyl or phenyl
groups. The compounds containing carbon or silicon
in place of tin were used to determine whether tin is

essential for the promotion of HAT activity by organ-
otin compounds. However, triphenylsilanol, triphenyl-
methane, and triphenylethylene did not affect HAT ac-
tivity (Table 1).

3.3. Effect of TBT and TPT on nucleosomal HAT
activity

Several transcription co-activators possess HAT ac-
tivity, and the acetylation of nucleosomes associated
with the promoter is correlated with transcriptional ac-
tivation (Ikeda et al., 1999; Sterner and Berger, 2000;
Utley et al., 1998). To investigate the effect of TPT
and TBT on the nucleosomal HAT activity, we used
nucleosomal histones as substrates instead of core his-
tones (Fig. 2B). The partly purified HAT fraction from
RLNE includes HAT activity for nucleosome histones,
which was promoted by adding TPT and TBT to the
reaction. This means that these compounds enhance
the core HAT activity as well as the nucleosomal HAT
activity.

4. Discussion

We demonstrated that HAT activity is enhanced by
certain organotin compounds, including TPT and TBT.
Here we found that: (1) trialkyltin compounds are more
effective enhancers of HAT activity than mono- and di-
alkyltin compounds; (2) tin compounds with short alkyl
chains showed no effect; and (3) the tin atom is impor-
tant for the enhancement of HAT activity. On the basis
of these results, it is likely that the acetyl CoA bind-
ing pocket (active site) or the substrate-binding site of
HATS can tolerate a small compound, such as TMT or
TET. These results suggest that both a carbon chain of
a suitable length and a charge of tin are required for
the regulating HAT activity. The crystal structure of
HATSs with acetyl CoA and/or histone has been deter-
mined (Dutnall et al., 1998; Rojas et al., 1999; Yan et
al., 2000). Therefore, this information might be useful
for analyzing the molecular mechanism of the enhance-
ment of HAT activity by organotin compounds. How-
ever, we cannot rule out an alternative possibility that
the organotin compounds affects histones. For exam-
ple, organotin compounds may release histones from
a inhibitor of acetyltransferase complex, which binds
to histones and masks them from being HAT substrates
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(Seoetal., 2001), or change the structure of the histone
tails and making them better substrates. Zoroddu et al.
propose that the binding of Ni (II) can produce a sec-
ondary structure with organized side-chain orientation
in the amino terminal tail of histone H4 (Zoroddu et
al., 2002). Some compounds including heavy metal(s)
may affect histones. We used a partly purified HAT
fraction so that the HAT complexes would be in their
native form. To clarify the mechanism of HAT activ-
ity enhancement by organotin compounds, we are pro-
ceeding with identification of the specific HAT whose
activity is activated by organotin compounds.

A cDNA microarray analysis revealed that expres-
sion of about 130 genes was induced by treatment of
the ascidian Ciona intestinalis with TBT (Azumi et
al., 2004). We previously reported that the level of the
mRNA for aromatase/CYP19, which is essential for
converting androgenic to estrogenic steroids, was in-
creased by treatment of human choriocarcinoma JAR
cells with TBT (Nakanishi et al., 2002). The mecha-
nism of the induction of these mRNAs by TBT has not
been elucidated yet. Aberrant HAT activity induced by
TBT treatment might cause unusual expression of these
genes.

HAT activity is required for the regulation of gene
expression and histone acetylation has a fundamental
biological role. Organotin compounds have various in-
fluences on physical function including the hormone
and immune systems, embryogenesis, development,
etc. In previous studies, reasonable butyltin concentra-
tions were detected in human liver and blood (Kannan
etal, 1999; Lo et al., 2003). Aberrant HAT activity in
vivo induced by organotin compounds may cause ab-
normal development in human and wildlife. Our data
indicate that the organotin compounds have unique ef-
fects on HATs independent of their EDC activities and
suggest that the varied toxicities of the organotin com-
pounds may be caused by aberrant gene expression fol-
lowing altered histone acetylation.
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Organotin compounds released from antifouling paints,
such as tributyltin (TBT) and triphenyltin (TPT), are potent
inducers of imposex (a superimposition of male genital
tracts, such as penis and vas deferens, on females) in marine
gastropods. Little is known about the induction mechanism
of gastropod imposex. Here, we show that organotins
bind the human retinoid X receptors (hRXRs) with high
affinity and that injection of 9-cis retinoic acid (RA), the
natural ligand of hRXRs, into females of the rock shell ( Thais
clavigera) induces the development of imposex. Cloning
of the RXR homologue from T. clavigera revealed that the
ligand-binding domain of rack shell RXR was very similar
to vertebrate RXR and bound to both 9-cis RA and to
organatins. These suggest that RXR plays an impartant
role in inducing the development of imposex, namely, the
differentiation and growth of male genital tracts in

female gastropods.

Introduction

Organotin compounds, such as tributyltin (TBT) and triph-
enyltin (TPT), have been used worldwide in antifouling paints
for ships and fishing nets since the mid-1960s and released
into the marine environment resulting in a worldwide
pollution (7). TBT and TPT are very toxic to organisms,
including marine species (2-5). One of the most interesting
toxic effects of TBT and TPT to marine organisms is the
induction of the development of imposex in gastropods (6).
Imposex (as an abbreviation of imposed sexual organs) is
defined to be an irreversible syndrome imposing male genital
tracts, such as penis and vas deferens, upon female gastro-
pods (7). Gastropod imposex is known to be typically induced
by very low concentrations of TBT and/or TPT (7—18).
Reproductive failure is involved at severely affected stages
of imposex, due to either oviduct blockage by vas deferens
formation or ovarian spermatogenesis, resulting in popula-
tion declines and/or mass extinction (6, 19, 20). Ap-
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proximately 150 species of gastropods including the rock
shell (Thais clavigera) have been observed to be affected by
imposex in the world (6). Gastropod imposex is thought to
be one manifestation of endocrine disruption in wildlife (6).
Despite several hypotheses about imposex induction mech-
anisms, such as those involving aromatase inhibition, tes-
tosterone excretion—inhibition, functional disorder of female
cerebropleural ganglia, and involvement of a neuropeptide—
APGWamide (21-25), the exact physiological/hiochemical
pathway is still unclear.

The occurrence of reproductive abnormalities in wildlife
may be associated with exposure to environmental pollutants
capable of mimicking the action of natural hormones (26).
The nuclear receptors of intrinsic hormone systems are likely
to be targets of industrial chemicals because they are
originally mediators for fat-soluble, low molecular weight
agents such as steroid hormones, thyroid hormones, fat-
soluble vitamins, and fatty acids. Forty-eight members of
the nuclear receptor family have been shown to exist in the
human genome (27). Information on the ability of chernicals
to bind nuclear receptor family members is therefore
important for environmental risk assessment.

To determine if environmental pollutants can bind to
members of the nuclear receptor family, we constructed assay
systems for human nuclear receptors including ERa, ERS,
AR, PR, GR, MR, RARa, RARS, RARy, TRa, TR, VDR, RXRa,
RXRfS, RXRy, CAR, and SXR based on a yeast two-hybrid
system (28). In the course of the study on suspected endocrine
disrupters, we found that TBT and TPT strongly enhanced
the protein—protein interaction between human RXRs
(hRXRs) and coactivator TIFZ to a somewhat greater extent
than 9-cis retinoic acid (RA), the natural ligand of RXR.

Here, we will show the results of interaction between
organotin compounds, such as TBT and TPT, and hRXR. We
will also report the results of cloning of the RXR homologue
from the rock shell (T. clavigera), its binding characteristics
to both 9-cis RA and organotins, and results of the in vivo
injection experiment of 9-cis RA using the rock shell. On the
basis of these results, we will discuss involvement of the RXR
in the development of imposex caused by organotins in
gastropods.

Experimental Methods

Yeast Two-Hybrid Assay. We cloned the ligand-binding
domain of nuclear receptors including ERe, ERS, AR, PR,
GR, MR, RARa, RARS, RARy, TRa, TRS, VDR, RXRa, RXRS,
RXRy, CAR, and SXR by RT-PCR from human mRNA (Origin
Technologies, Inc.). All sequences were confirmed to be
identical to the database by sequencing. These genes were
subcloned into pGBTY (Clontech, Palo Alto, CA) so that they
were in the same translational reading frame as the vector's
GAL4 DNA binding domain. pGBT9-NRs and pGAD424-TIF2
were introduced into Saccharomyces cervisiae Y190. Trans-
formed yeasts were incubated with test chemicals for 4 h at
30 °C, and then f§-galacosidase activity was measured as
described in Nishikawa et al. (28).

Ligand Binding Assay. The LBD of hRXRa (codons 201—
693), hRXRj (codons 275—-534), hRXRy (codons 172—455),
and the rock shell RXR (sRXR) (codons 177-431) were
subcloned into pGEX-4T (Pharmacia, Uppsala, Sweden). GST-
RXRs fusions were expressed in Escherichia coli BL21 and
purified according to the standard procedure (Pharmacia,
Uppsala, Sweden). The purified proteins (30 zg/mL) were
incubated with increasing concentrations of 9-cis-[20-
methyl-*H]retinoic acid (69.4 Ci/mmol, NEN Life Science
Products, Inc.) with or without a 400-fold molar excess of
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TABLE 1. Body Size of Female Rock Shells (Thais clavigera)
gﬂ:g)j“ the Injection Experiment (February 14—March 14,

control RA TPT
shell height (mm) 216+18 215+15 203=14
shell width {mm) 14.5 + 1.2 14.4 + 1.2 142 £ 0.5
shell weight (g) 20+ 05 19+05 1.7 £0.3

* Mean + standard deviation.

unlabeled 9-cis RA. After incubation at 4 °C for 1 h, specific
binding was determined by hydroxyapatite binding assay
(29). Similarly, organotin compounds were used to compete
for 9-cis RA in this assay to determine the binding preference
for RXRs.

DNA Cloning. Reverse transcription-polymerase chain
reaction (RT-PCR) was performed using total RNA derived
from male T. clavigera. Degenerate primers used for am-
plification of RXR were synthesized as follows: F-primer,
5-TGYGARGGNTGYAARGGNTTYTTYAARMG-3'; R-primer,
5-RAAGTGNGGVABNMKYTTVGCCCAYTC-3". A single 390-
bp fragment was obtained and sequenced. The fragment
was used as a probe for screening in a cDNA library made
with 1-ZAP Il phagemid vector (Stratagen, Kirkland, WA).
The 5’ end of the cDNA was cloned using 5"-Full RACE Core

TABLE 2. Quality of Artificial Seawater during the Experimental
Period (February 14—March 14, 2003)

control RA TPT
water temp (°C) 18.1 £ 0.1 18.2 £ 0.1 18.2 £ 0.1
pH 8.28+0.02 831+002 831+0.04
salinity (%o) 335+1.0 335+ 09 33410

* Mean + standard deviation.

Set (Takara Bio, Shiga, Japan). The amplified products were
analyzed by agarose gel electrophoresis, isolated from the
gel, cloned into a pBluescript. Five independent clones were
sequenced.

In Vivo Injection Experiment. The rock shell specimens
were collected at Hiraiso in Ibaraki Prefecture, Japan, in
December 2002 for experiments to investigate the effect of
9-cis RA. The rock shells were reared in a laboratory aquarium
for approximately 2 months in artificial seawater (Senju
Pharmaceutical Co. Ltd., Japan) with live mussels (Septifer
virgatus) collected at Hiraiso as feed. Before the experiments,
the rock shells were narcotized by exposure to a 72 g/L
solution of magnesium chloride hexahydrate to allow the
selection of females. As a male rock shell has a large penis
behind the right tentacle, ferale shells were easily recognized
by its absence (16, 18). The female rock shells were divided
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FIGURE 1. RXR activation by TBT and TPT. Structures of organotin compounds are shown in panel A. Yeast strain Y190 was transformed
with GALAAD fused to TIF2 and GALADBD fused to LBD of human RXRc: (B), RXR/ (C), or RXRy (D). Chemicals were added to yeast cultures
in doses ranging from 10~'" to 10" M. Following 4 h incubation, yeasts were disrupted and assayed for f-galactosidase activity. Data
points are means of three independent experiments. For in vitro binding assay, LBDs of RXRa (E), RXRS (F), or RXRy (G) were expressed
in E. coli as fusion proteins with GST. Increasing amounts of chemicals were added to RXRs with 9-cis-[20-methyl-*H]retinoic acid for

competitive binding assays.
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FIGURE 2. Comparison of the deduced amino acid sequences of
rock shell RXR with related nuclear receptors. The similarity in the
DBD and LBD between rock shell RXR and related nuclear receptors
is indicated as percentage amino acid identity. The database
accession numbers for the sequences are as follows: T. clavigera,
AY704160; H. sapiens, NM 002957; G. gallus, X58997; Danio rerio,
U29940; X. /aevis, X87366; D. melanogaster, NM 057433; D. immitis,
AF438230.

D. immitis USP

into three experimental groups of 20 animals each: for 9-cis
RAinjection, for triphenyltin (TPT) injection, and for control.
9-cis RA (Wako Pure Chemicals Industries, Ltd., Japan) was
prepared in a fetal bovine serum (FBS; Flow Laboratories
Inc.) and was injected into the foot at an application rate of
approximately 1 ug/g wet wt of soft tissue of the rock shell.
FBS was injected to the control animals. Triphenyltin chloride
(TPTCI; Tokyo Kasei Kogyo Co., Japan, 98% pure) was used
as a positive control agent and was also injected at a rate of
approximately 1 ug/g wet wt of soft tissue of the rock shell.
The body size of the fernale rock shells used in the injection
experiment is shown in Table 1. After the injection of each
test solution, the rock shells were kept in 2 L glass beakers
in separate groups, in flow-through systems of artificial
seawater saturated with oxygen (10 L/d), with live mussels
as feed, for 1 month. Temperature of experimental seawater
was maintained to be 18 + 1 °C. The quality of artificial
seawater during the experimental period (February 14—
March 14, 2003) is summarized in Table 2. After this time,
animals were removed for imposex examination (16). Pa-
rameters concerning gastropod imposex [the incidence of
imposex (percentage occurrence of imposex individuals
among females used in the experimental group), mean values
of penis length (measured by automatic/digital caliper), and
the vas deferens sequence (VDS) index (an index for the
degree of development of vas deferens in the imposex-
exhibiting fernale; the VDS index for the rock shell is similar
to that for the dog-whelk reported by Gibbs et al.; 12)] were
calculated for each experimental group (12, 16), and the
statistical significance of any difference to the control group
was tested. The statistical significance of the incidence of
imposex was determined using Fisher’s ¢-test, and an analysis
of variance (ANOVA) was carried out for penis length and
VDS index (24).

Results and Discussion

Interaction between Organotin Compounds (TBT and TPT)
and hRXR. We found that TBT and TPT (Figure 1A) strongly
enhanced the protein—protein interaction between hRXRs
and coactivator TIF2 (Figure 1B—D) to a somewhat greater
extent than 9-cis RA, the natural ligand of RXR (30, 31).
Because the interaction of nuclear receptor with coactivator
correlated with transcriptional activity (32), organotin com-
pounds, such as TBT and TPT, were thought to be agonists
for hRXRs. However, TBT and TPT showed no activity to
other nuclear receptors including retinoic acid receptors
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FIGURE 3. 9-cis RA and organotin compounds bind rock shell RXR
in vitro. (A) The LBD of rock shell RXR expressed in E. coli was
incubated with increasing concentrations of *H-labeled 9-cis RA
in the absence (total binding) or presence of 400-fold nonlabeled
9-cis RA (nonspecific binding). Nonspecific binding was subtracted
from total binding and plotted as specific binding. (B) Scatchard
analysis. Specific 9-cis RA binding to rock shell RXR was transformed
by Scatchard analysis and plotted. Linear regression yielded K; =
15.2 nM. (C) Competition assay. The LBD of rock shell RXR was
incubated with increasing concentrations of nonlabeled 9-cis RA,
ATRA, TBT, or TPT in the presence of *H-labeled 9-cis RA.

(RARs) (33). While 9-cis RA is known to be a ligand for RARs
as well as RXRs (30), organotin compounds are specific for
RXRs. To confirm the binding of organotin compounds to
hRXRs, we carried out an in vitro competition assay against
"H-labeled 9-cis RA and found that TBT and TPT bound to
RXRs as well as 9-cis RA (Figure 1E—G). The observation that
TBT and TPT could act as agonists for hRXRs led us to
investigate the involvement of RXR in the development of
imposex in gastropods.

Cloned Rock Shell RXR (sRXR). We tried to clone the
RXR cDNA from T. clavigera. Comparison of the RXR protein
sequences in various species revealed significant similar-
ities in the P-box in the DNA binding domain (DBD) and
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FIGURE 4. Substantial penis growth observed in the female rock shells after 1 month of 9-cis RA injections: cg, capsule gland; ov, ovary;
p. penis; vd, vas deferens. (A) Neither penis nor vas deferens was observed in the control female (after shell removal). (B) Substantial
penis growth as well as vas deferens development was observed in the female which received 3-cis RA injection (after shell removal;
penis length: 6.06 mm). (C) Substantial penis growth as well as vas deferens development was also observed in the positive control female
that received TPT injection (after shell removal; penis length: 6.50 mm). Imposex symptoms based on penis length and vas deferens
sequence (VDS) index of the females that received 9-cis RA injections were clearly promoted, similar to those of females receiving TPT

injections.

helix 4 in the ligand-binding domain (LBD) (34, 35). By
using degenerate primers deduced from these peptide
sequences, we obtained a segment of T. clavigera RXR. Next,
the T. clavigera cDNA library was screened to high pre-
cision using the RT-PCR product as a probe. Given that the
cDNA isolated by screening was truncated, the 5" end was
amplified by RACE. Comparison of the rock shell RXR (sRXR)
protein sequence with the Genebank database revealed that
sRXR is closely related to vertebrate RXRs and invertebrate
homologues (Figure 2). The highest homology with other
species is in the DBD where 85-90% of the amino acids
residues are identical (Figure 2). The LBD of sRXR also shows
considerable homology with vertebrate RXRs but much less
homology to ultraspiracle (USP), the RXR homologue found
in Drosophila.

Ligand Binding Assay. Vertebrate RXRs bind to 9-cis RA,
but insect USP does not (30, 31, 36). The LBD of sRXR protein,
expressed after fusion with GST in bacteria, bound to 9-cis
RA with K4 = 15.2 nM (Figure 3A,B), similar to values reported
for vertebrate RXRs (30). These data implied that T. clavigera
RXR could bind to 9-cis RA, even though T. clavigera is a
gastropod mollusk. The sRXR fusion protein also bound to
organotin compounds, such as TBT or TPT (Figure 3C). On
the other hand, sRXR did not bind to all-trans RA (ATRA) in
contrast to human RXRs that bind to ATRA even with low
affinity (30) (Figure 3C; Figure 1E—G). The jellyfish RXR has
also been reported to bind 9-cis RA with high affinity but not
to ATRA (37).

In Vivo Injection Experiment To Examine the Involve-
ment of RXR in the Development of Imposex in Thais
clavigera: Effect of 9-cis RA Inducing and/or Promoting
the Development of Imposex. To further verify the involve-
ment of RXR in the development of imposex in gastropods,
live female rock shells (T. clavigera) collected at Hiraiso in
Ibaraki Prefecture, Japan (an area of low organotin con-
tamination: see Horiguchi et al.; 18) were injected with 9-cis
RA. Results of these experiments are shown in Table 3 as well
as Figure 4. Imposex was significantly induced in female T.
clavigera, which received the injection of 9-cis RA (p < 0.01;
Table 3), and substantial penis growth was observed in them
after 1 month of 9-cis RA injections (Table 3; Figure 4). Their
increased penis length and VDS index were significant when
compared with controls (p < 0.01 and p < 0.001, respectively;
Table 3).
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TABLE 3. Incidence of Imposex (101), Penis leliﬂl (PL), and
Vas Deferens Sequence Index (VDS) in Female Rock Shells
(Thais clavigera) after 1 Month of Injections®

control RA TPT
101 {%) 10 BO** 80%*
PL(mm) 0.04 £0.13 2.87 + 2.39** 377 42,1844
VDS 0.20 £ 0.63 3.80 X 0.42*** 363 4+ 0.74***

# Mean + standard deviation. **, p < 0.01. ***, p < 0,007,

These results suggest that much 9-cis RA could bring about
induction and/or promotion of the development of imposex
in T. clavigera through its binding to RXR. Relatively large
variance for the penis length in females that received
injections of 9-cis RA may have resulted from differences in
the rate of metabolism of 9-cis RA among female rock shells
used in the experiment, although it is not known if T. clavigera
inherently has a biosynthetic system for RA.

9-cis RA is the first substance, except for certain organotin
compounds, that has been confirmed to induce and/or
promote the development of imposex in gastopods, especially
in terms of penis growth in females. As both TBT and TPT
were observed to have agonistic activity to the RXR, it is
strongly suggested that gastoropod imposex could be medi-
ated by RXR.

Mode of Action of Organotins on the Development of
Imposex in Gastropods. Several hypotheses have been
proposed concerning the imposex induction mechanism,
and they can be surnmarized as (i) increased androgen levels,
such as testosterone, due to aromatase inhibition by TBT
(21); (ii) inhibition by TBT of the excretion of sulfate
conjugates of androgens (22); (iii) disturbance by TBT of
penis morphogenic/retrogressive factor released from pedal/
cerebropleural ganglia (23); and (iv) increase in a neuropep-
tide, APGWamide, level caused by TBT (24, 25). Experimental
evidence, however, is weak for these four hypotheses. There
is a lack of correlation between the time course of the increase
in testosterone titers and penis growth in females in the
aromatase inhibition hypothesis (21), and there is a possibility
that the results given in support of the testosterone excretion—
inhibition hypothesis (22) may reflect a phenomenon that
is at least partly short-term and/or associated with acutely
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toxic TBT concentrations (20). The effect of APGWamide to
induce and/or promote the development of imposex also
appears weak based on experimental results of incidence of
imposex and penis growth (24, 25).

In addition, it should be noted that substantial penis length
has been observed in natural populations of imposex-
exhibiting females distributed in coastal areas severely
contaminated with TBT and/or TPT, as well as in females
that received injections of or were exposed to TBT or TPT in
the laboratory (8—12, 16, 18), and that little is known about
basic endocrinology in invertebrates including mollusks (38).
The penis length in female gastropods observed in the
experiments given in support of the aromatase inhibition
hypothesis, and the APGWamide involvement hypothesis
was small (21, 24, 25). This contradiction concerning imposex
development, especially penis length in imposex-exhibiting
females, strongly suggested that gastropod imposex could
be primarily induced and promoted by a factor other than
increased androgen levels caused by aromatase inhibition
or the neuropeptide, APGWamide. Moreover, there has not
been any experimental evidence on purified aromatase
protein itself (or aromatase at the protein level) in inverte-
brates, hut only reports on aromatase-like activity in inver-
tebrates including mollusks (39— 41). The role of steroid sex
hormones, similar to those of vertebrates, are still uncertain
ininvertebrates, because certain peptides have been reported
to act as sex hormones in invertebrates such as Aplysia
californica (Mollusca: Opisthobranchia), Lymnaea stagnalis
(Mollusca: Plumonata), and Armadillidium vulgare (Ar-
thropoda: Malacostraca) (42—44). In contrast, RXR is rather
well-conserved from invertebrates to vertebrates (Figure 2).

In this paper, we have shown that TBT and TPT are high
affinity ligands for RXR and that the natural ligand of RXR
significantly caused the development of imposex in female
rock shells. These results imply that RXR plays an important
role in the induction/differentiation and growth of male
genital tracts in female gastropods. Further studies on a
heterodimer partner, coupling factors, and target genes of
sRXR with molecular biological and immunohistochemical
techniques are necessary to clarify the entire mode of action
of TBT and/or TPT on the development of imposex in
gastropods.

RXRs are key factors involved in the mediation of several
hormone response systems via their association with other
nuclear receptors as heterodimer partner (45). The knock-
outs of RXRs in the mouse have provided important
information in the physiological functions of these receptors.
RXRa null mice died in utero and exhibited a hypoplasic
ventricular myocardium and ocular abnormalities (46, 47).
Approximately 50% of RXRS null mice died before or at birth,
and males of the remaining null mutants were sterile, owing
to the aberrant lipid metabolism in Sertoli cells (48). On the
other hand, 9-cis RA is difficult to detect in vivo, and its
action is remained to be obscure (49). Our result that injection
of9-cis RAinto female gastropods induced and/or promoted
the development of imposex may provide some insight into
the physiological function of 9-cis RA.
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HiFoT, HLVEARE LTEIADZREELODVATLANEASNT, EXLOMKRTHH -
] 7 P 36 S AL G T AERFJE AT (MM O B PRI R FI N, o b OENE AR oIz bEE
AL BEABNAEFFUFAT Y Fy A=y ORENEEOT T, BROOREES
n7: 021204 R1 (1886), HIAFEMOBRIE I Z10FERY) OB THo2% FlEHVTHR
EMHREB T OERPDESEFLED LR TV (K1), 2WTHDIHKESD, WML
EINI RIS SADAYRDPFEEL D% X 51T IZFood & Drug ActZHlEL T
FhETORERBISHRERE ) o0k, 200L, 1906FENZ L THDH,
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OMFEANTI L T 72D, =1 MEMAORREEEROEZEMEELR
ELIZHEDZETH S,
T, EARF 1888 B#MOBXEBEF [The Japanese Pharmacopoeial

agYV-ARrordic 1898 BANOFNMMIRHE [Anilines for food additive dyes]
N 1900 ®BAOASZBMZER [Regulation of milk and milk products]
LTHILL, ToOfkE 1947 BYOARMEAREHESIEZR [Law for Food Hygienel
DE LHBODH LI :
Ay 2E . USA
THIEEY, wira 1906 US Food and Drug Act
LR b o THER before regulation:
= Food unrestricted sale of unsafe foods

EBRELTwa Dy, T no safety and efficacy testing
DR - x 7 P Drug unregulated sale and use of worthless or risky drugs

PREZABIZE

(Atter Leonard M Schechtman, ATLA 32, Suppl 663-668, 2004)
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(LR [~y OEEER 7 WL ER (1877) 1220 | EBHTER, 14 457, 1083)
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1. bFyI0Y-MREBORE (X2)
FELOOY—0HERABEWENICELDLE, COERIEROBICE-H (toxicum) 21

RLTWREDZEEDS, KWICEROHWAHLELEW) Z Ltk b, ), ChEEKOR

MIEEERI DA BOBEEL LTORR »6EX 5L, TOERRAGE, FHECE

A% L AR~y Rl e s -1

%2 MFIOOC-ARMEEOHEECBHERR

b OO —-MEEBOBRE
RS b a0 S —HEER
1956 BA# T S E|AOPhocomelia (Widukind Lenz)
1959 FDAERRSDHA FS4&240H 15;59 Toxicol And Applied Pharmacol B
1961 Grunentalh'Thalidomide ¥ & % &1t 1960 %ERBFISRE (HX)
1962 KelseylCDFCSA GEHANBMABERER)ES 1961 SOTOMIAMRE CARTORE
1963 BRICRIZTERICATIHA ST 1962 ESSDT (=EUROTOX) %2
EBREEHN 1964 BEIHEICHEERRE
1968 SE-MmEMERE
1973 1LEELH 1975 EST/SOT Joint Meet.
1975 PMABZIRBIGLP (®) 1977 ICT (Toronto)
1978 FDA GLPL#% (RTORM) 1978 BE#RREtE7-RE
1980 IUTOXHER (Sakai form Japan)
' ICT Il (Brussels)
1981 OECDits¥EBHEBE 1981 HEBHFERE
1984 EB4EEERBHEBENA FS1 85 1983 ICT Il (San Diego)

FEY OO Y—-OHRMES, 1960FERICTANA, AFF, IOy SATERECERINDS
B S BTOEoNITE, WbWAEYY FeAF (llthalidomide) X BHE, THTVIE
(phocomelia) PRIEIZH o720 COFHBRBI T AROFANFBRINS. WD EhoRE
7o BB E D T HiE V2 & D\ - Widukind  LenzAdSBIATHIZ 85161 & % 2 - D956 FE DIERTH o 72" o
KEEHELR (FDA) i3, SHEICRERRONA FI74 v ORBICHEFLTEY, ALE M
LanY—OfEEREE Y % 2TAAP (Toxicology and applied Pharmacology) ASKEIZEH
S 6T EIhTwD,

MERICRIZTEECMT2EEE A FI4 V] PERTRIO [BERLELENA FT1 7]
FLTEBREGNOUCEZSNORCOBATH), BEEXREZRORELME I
LTw2, ChICHELTKET M anY—%4 (SOT) HHEELL.
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[SOTOEE]

SOTI, 196144A, KE%¥+LBE (National Academy of Sciences) @484 #5&Harry Hays®ik
MicroTHENTT Y YDCTORBLEEZLTOEERLE LTV, T CHRMINAE
SRD LS RERELTREATYS (B1), 22TH,

PP LWV FFYI0Y—ERN, A LTHEONLIZL o TR S 5 FBEH™ 2B A&
Pl ANEIEY,
> {4 THE A RRE OS2 Toxicology O EHURMMR™ 24 Fh d & v ) K% 2}, SOT

HiToxicology DB 2 ¥ &Kk, “The Society of Toxicology™ (27 A& &,
ERoTHEILL TS, £2I01, FH oo
V—FRORENETOEMEIINT A 5IRITH &

QETY ,
0 LCOBRE RS ARG VIRR~OREEE & b i S

OLOGY

T T NTBY), 28RRO=—XEhr3HLOHD

1-1980

196

BEESEMEIATVwDS, FILEREEIRLZT
XFB)EREMTHOMR2E LI EELT, &
DOHIROPLHBE LToORBE LR LTRE
LTELESOTOSHED DI, ZORHETOHL
GhEER L KERETHTFI—DEOHOREY

1 2000 —MRBRniE FHNZ L (WiE-oT W5,

2. HEREDEE
2.1 a0V —-ICAVLS NS B EDE

HADELY, SOTORBLIZH#L T4 DRBEFER ST FLLAEFhbFv o
OY—IRO LN RO EEN LKL, Fuo—s) XA (@) LRIELAHTH-Te THD
b, MENABEOEMR (BMRSE, SNEBEY, HHZSUREEY) thotE2ALh, Th
i, TNETIILD o7 BRThol b viaTh v, BRONREEHIIEE, FTENOHEN (adverse
effect) ZMRBMIZZAZ ) =07 T WS ZLOEERIE, FENOARELFIZRI LYY F
A FUBROERH LR L 257, Fhid, FENBYICHBDRZES L, SR LE
MEREERZ ) == 73509, WhIFELRIIHT2EO TISENEROBRITHY, #
UA DX LOFEFUROERTH o720 RFLHS, HLT, BICiZinvirD BB S 2 bIEFE
LTEb*yauy—3, 4H, #7254/ 208 EFRAF ¥ a0y —CRALE
IETHIRBRII Lo FAL, FLL D ZORETRAOSRGEEITREIZ 2 - 2Bkt
R 25 TwD, HECBY 2 BMORBOUKICRUEAL LDV H S,

bt Interdisciplinary - -
ML ORRERO X/~ OBREMORBLIZRAT, FRELOFRMBILLDL THBERT TIEO% IR LI2B
HERET B L BRI EL TV A,
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IO, PARMRBLERINZ, COLOOTHRILE, SEMICRSE, IhElr
WAAKIBZEEBERICZoTwA, FITRYROFLNOLRMNADA A =X LEILNTHS
CERARRLELTWADTHAED, - - - FORAR, AN=ALHFTHTH->THLBWICSH
W oREEE A RKEL, FOKREL L PASHETH LI T, E P TORDPAUDI A %
FHTAHIENTEZRTE, LwIHILDOTHE*, ChIEROMILCER L6, "Bl
WL BBORME LZ-oTIWTHAI), BE, BADA N =ALNTHO L IRVANEBL
SHITHELZ PF a0y -2, JWEKRTOAERT I /<74 XALOMBER TS
ENTEL, FLTIHIE, FFyaoy—ittoTAYLRALEILND,

3 EXRMEIEERFILBRI LS A HEORE

& 1063(MBM38H) 4B [HRICRIITEWICETSHA F 51 ] BEERBBREN
(EHBNOEBRO-HOBIEEREN A K51 2)

¢ 1067 (@M424)90 [EXRMERBSOEFAIELEREBRAN (EXRFBRBOLHO
FTESREORREL) (BESHE BaMBM WHEY BRSIUZORONHEEMN)

¢ 1968(MBH435F)7TE [RAFICHTIANEHRBES -—MEHEBEA A FS1 V| BEARBEREN
(1975(BBH504) 3AMRFEREEEM, MR W, EREERBOEN- FTIE)

& 1980 (BBF155%) [EZRSRESMAOHHEHOEE] TS D (RERRS L TORROMET— > E1E),
B, 128 ECIc LD ERROBHRBEN 1 FS5 1 VBER
(DU TOECDE e M E BreslBiEit | 2 R R)

& 1984 (BAT594) 28 [—MBHREE(AK BaY, SLUEHBHERL SLUNARERE,
EREBE SLUERFEHRBE N BHRBEN A FSA L LTET

€1994 (RAE6E) B EEEORBHICBITICHAS K54 Y HAMRBITANSh T,

BRIZCH-THA FI5A4 VRS Tw {, RIFEEHOFICEELEHHOBETIZR - T

ELLLDOTHDY,
P, oS RRE0RELFIET 2, ChLL TORAECRUTHALELTE T,

2.2 RitBuERE

ANHMRB, SUNEEC A HEFHLIEER (LD ORELEME LTITDRTE
S NIZLDuA B b N EOEFEROM BB EAN Y EbhTELILIIbEDIVT
Wi, EBICREREGFOECL o TR EAIERT24AWRETH ), WEEHEOER 2
BEEARTOBROO L E2LTLOABTALQOLRROZVWELZEORMBICLY, BEZ
EBHWORBLROT LA LEELT, £ LAF— 2 ¥ HELZF AR RV I LA, T
ICH" |2C, #\WTOECD (20024E121) \CTHLEDELNBIIEsTz. ZHICL Y, LEEY
&ﬁ#T?ﬁbhbﬁﬁ&%ﬂﬁfﬁ%ﬁﬁﬁﬁ%%ﬁ%ﬂﬁfa:&.ﬁﬁﬁﬁ$ﬁnﬁ%ﬁ

® QAN Va0 V— S 23S R TR RES ty— B0 R, HFATFHOLOIRLOLEN [EFFUO1] [llp) =1
HFTEOERMRRTEML TS, (3 il B/ —MEEWRED T, 2001, pp. 9498)

*7 = ¥4 M (International Conference of Harmonization of Technical Requirements for Regulation of Pharmaceuticals for
Human Use):H, %, BROTEBIFNETEROBYE BLIUBMFICLLEERFETICMT 50 MHBROLOHORHE A, 190
XD BB, & B (Quality), %) (Efficacy), £t (Safety) 2L DR AIZERL TSy 22 HIBL TV 5,
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pBRETAHIL, BEREARBALICRSEBTRET I LY, REOWBEINRE 2LE
ESOHPHAMNTRRKICHE SN B2E 108> Ta%, BHFHERARICMT 2R, ¥, EUA
CTHEERILEOH LA RFET 2HSLRONLIEETHS,

2.3 RSB HHRE

EEHESHEUARE, BRYHEMAEESD IRV ELBES L 2 e T o BN RE
BURSHMEOMETHRETLIZLLEEIATVWE, RERARIZIE, FHRLEHFERLYE0O S
LAMELZIERLBAATHLN, HEMMIZOVTIE, ThICTHERSEIISLTITDA
TE&R1r A, 6~12~245y A2 L O4BRFECH T -HBRICH LT, EEMTIE, ICHICBITAH
LEDLEICH-T, WMETIRERELT6r H, #FEHERATIRIr AOFERRBL LTS E
DEZHLEBEINTVE, BRRBTHONIHROMBETABETILELT, BALE
BOBRED TR TLAHEE, ICHIZBIT2MOMA L ITAFERRIERICL-TET,

2.4 TOMhDHMHERE
ZOMWIHBOEERE~OBERETM L LT, RIS L 2ERM 2 BRI LE

EHLLTROLNTVS, BiZ, REOEFBRE~OHERLETFWE L TITbL L HRFUR
BLLTHE, PFYaxis4 22, BAMERE, <2tERRMRE, KM EENERE, LR
TEtERER, TR, AR BtEalen, AW - &N (RPTRBE) WEk, B UHMRIE - B
MR EERBRL EABIToN S,
®4 TOMOBURBE
dERdSUHE

MERNOBUFRUDLOIC, BEESLUBFETTOINHREICHT IHE,
HERSSUHEHORELSVICBMOMECRTIRE, B BARLICETIREBOIRE (SH) BRSNS,

BnEBMER

REMEOMAREYE (DNA) ICREHE R T MEEFET 2L 2BMET S,
MEE RO SEMEAERER, GAMOBRMRE R SREEREME, YO -V — F I D044+ — R,
HLUHEMREZRL S ERBIRIRZ NS,

WA B

ERMHOBNTORBEEOBRICLY, EFTORNAKYZZE2FNTS,
UM VIAREERANT, 247 B (185 B TE0%DEHREREL T RS TN, RHAKIIDLTHRET S,
CGMBBERVVEBRNATTIPR2EBRNATTILLGELERENDZ EN'B D,

fiEREBHEB
BT G BAMEPICRS L, HERICDNT BERE, RHRE, ZHY, B BRNLE, Y CREE
REL, A EFENR & AMANICRilRNTE C SEREFIRRET S,
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MR EE, BREROR &S Principle of Teratologyllia - REBHHBIZDRR
HEBBTO—%—RARERMY
LRI # > TVDHDT,

T2, WilsonDPrinciple2 BT 2L SHBHNERENTIVD ©
BERESEHO, BEFRHRM L, FOLOLEERRAFOEEFER

UM BEAZ)—=vTLL BEREEERORE REMMERY
CORBOELVREEE S B HAOEOBE S ERICNT AERD, REFERFORRY
i BN S Eh5ICE B RBOMETH TS

- { - -
TEHFTEL) REEFHIC RERBOAAER | TEC, B, REME, HLU, RERE
FoTbLFROLOBRBERTE BB FL  RERROHY & BEEORRAME

OMEMFERL, TTHRN
DB, BEORERIHIIE, ChILREEBEFRUSRONALZL G, #bolLDd

2bolc@mo#lh Ths (XS,
DEDDORBTHOLAIZHELIFRIIBROATVS, £IT, SRE)HCENABICELET

O 4 DRBOF Gy 7)) —THIWROLELE OMEEHEHLA LT TRVERL,
6213, B STV ERENICMT 508 2 RRHE 2 PR L7

%6 TEHABVBEREONRE (f: RRKFNY)

—REMEE | ccORRERSBHRE EBRHYIC28AMRYELSATELSBILERND

S0BAREHRE BIEHE EUBHYICO0ERMULERYBLSATELDBHERND

EMRERSBIERE EBRBOIC1EULEORBRICOA O TESATELOBUERD
EREYICSHRICHESTEA, EMRECHERDEHEIC

ol RIZTEMEBND
BHBHHEER | MIRHRE EBBHOIEFOBELS 2, BAORE, £HICRITTHRERAD
| monmstn RRBWICEI— bl > TER, RAAROARERAS
ARERE ERBNTT LLE—ORRERNSD
TREHER BBORAEFOREEADLEERAD

(FEHAMBEBOT MR MROBREYCRET OEE~OEEER~D

PEOBHRBEORELRAL, EAGENL LTRETREHLAREERD ORHT<
XL PEMNTT, ERSRCUESHRICHESTA00LHNL, BE—HEUE (Tolerable
dﬁﬁmﬂaTm)%Ebf@(:tu,H#®$#&:ny—®&ﬁsuaatﬁbﬁﬁéoE
RAHE, RERRBEVILOR) P ARBKO L) 2ARERAEMAII % > TRV ZV.
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ﬁETb@dﬁ&@%ﬂﬁﬁE?%U,%ﬂ%ﬁﬁﬁﬁ&?%mﬁﬁﬁ#%bgﬂ&w:t&ut
$:oTHHTREZHERT MR Lo TVBIETEL W,

rEYI0Y—OBS & RS

FIHLTEMINTEL M o0V -MEOFNHRET, ThiToHEELoER
O T, HOETIIEHTREZENLHPRBIALOP LY 2255, TNLOHITIETT, 1)
B EBNEOHEREN DD, IhIZIHHEFRIEEN L HE, EEDYARE L KR ERO
roORE, BYEEOLOOMMENEEINL, 2TnT, 2) HRASHEYE : EHRSR
MRS HRE, 3) RPAMELMMBEICHTLEE ELT, 4) VAZTEAAYMIIM
+AHLOEELEHFMERE LTRELTWA,
FHobO%k, REBo THEIZHEBLTALI,

3.1 REREYIBSEDEIRE
SEEND Y M O C I, {EEMEEFE (Good Laboratory Practice: GLP) 124> % s 1F 7 i

HRHORE, BYEEOHEO D OHEWMEN, HETIE, REPICATHLEEI L
BOVEIZEDOREBIZS LTV ANIANTFH ORELR LY, HOTLERETEEHND S
WITEBERLZREMIMA Twd, bEdh, HEFHCHBEMBRETHLZ oMo n s BE,
TH747Fy—25|ZRI LT AREHFEURBRIIZHVLNLIELVEY Lo -BiYE
OFFICHT AR mONE L Y, BYREBICH > TR TR T REFMIZIICE X
FiEd, SHIGEFETRE4ORETHRERY CGMBY)* OURLAEALTHL. 12{ SA
ORBOWES 50T, HUEEIEHZ2ETREShD2524Y Fv{ FOL AT L FEY
71128175 AUC (area under the curve) Z2&dh, w9 A, 74 F, L FOHWIETHEH2IIAL
NBE)LKRELREVHDLIEFBRESNAORBEDI LIZTERWVY,

HERULBYBIIRENHDEL - - )
Thalidomide Pharmacokinetics and Metabolite Formation in Mice, 10
Rabbits, and Multiple Myeloma Patients

Francisco Chung, Jun Lu, Brien D. Palmer, g
%cmm"mwnm 5
Lai-Ming Ching 5

YR

¥

ABSTRACT

Purpose: Thalldomide has a variely of biological sffecis
Nmmmbhwﬂ-dhwnw-“m 014 T s T v
In pharmaconkinetics coukd form a basis for he spscies-spacific effects of ihalid-omids. 4] 8 10 15 20
Mmmmhnwwmmmum Time (h)
Ofhar, but widely different phasmacokiniic properiics wars lound betwsen patisnce compared with
mmm-mmmnmmmum rabbits and multipks Comp ol n
mysioma patients wore 4, 8, and 81 umol - hour, and »), rabbits (2 ) and multipie mysioma patients (200 mg.

M{mmuuwummmmm mm‘:‘;\“ﬂlw-) e ™

H2 ERBYEERSRE®

20005 1A 0L WS WM SR BRH B LM BOTRR, /4472 0V ZINRE SN EW TH-T, EWOSHBORE
RURSTRE2 A A EREE RIZT T REOH 2001200 T, FORLLEX, MRV RUAIRAERDHED TWE, BRLEICE
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1. BORHME
h- Cylochrome P450

b HEEDH

o

E FESEEREIGEY  C-CO-O-Crr-Cre-p-CHrcr
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4. b FEERSSAR
NAAPI 1 B8

BEvO2
(HL-A mice)

®3 ErREFIBYERTOISL

Embryonic stem cells
neuron, hemopoietic system, vascular system,
carlilage-osteocyte system

Hemopoietic stem cells
variety of hemopoielic lineages

7 : ] Neuronal stem cells, efc.
E EEREn neuron, retinal stem cells,
glia, and other tissue lineages

Tissue cells: Primary hepatic cells
Primary renal cells
Variety of cell lines

metabolism

cell cycle modulators

proliferators and variety of inhibitors
terminal differentiation
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