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Abstract 

Nuclear receptors play important roles in the maintenance of the endocrine system, 

regulation of organ differentiation, and fetal development. Endocrine disruptors exert 

their adverse effects by disrupting the endocrine system via various mechanisms. To 

assess the effects of endocrine disruptors on nuclear receptors, we developed a 

high-throughput method for identifying activators of nuclear receptors. Using this 

system, we found that triphenyltin and tributyltin were activators of peroxisome 

proliferators-activated receptor (PPAR) γ and retinoid X receptor. Because PPARγ is 

a master regulator of adipocyte differentiation, we assessed the effect of organotin 

compounds on preadipocyte, 3T3-L1 cells. We found that organotin compounds 

stimulated differentiation of 3T3-L1 cells as well as expression of adipocyte marker 

genes. 
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Introduction 

An endocrine disruptor is an exogenous substance or mixture that alters functions of 

the endocrine system and consequently causes adverse health effects in an intact 

organism, its progeny, or (sub)populations (WHO, 1996). Many naturally occurring 

and synthetic compounds, including DDT and its metabolites, PCBs, and some 

alkylphenols, have hormonal activities (Sohoni et al., 1998; Nishihara et al., 2000; 

Gray et al., 2001; Sanderson et al., 2002). Although the levels of natural hormones 

are precisely regulated metabolically, synthetic chemicals elude this regulation to 

stimulate organs by mechanisms different from those of natural hormones.  

The importance of nuclear receptors in endocrine function has been well 

established by many studies. The human genome contains at least 48 members of 

the nuclear receptor family (Chawla et al., 2001), and various chemicals bind to 

nuclear receptors and influence the expression of target genes (Blair et al., 2000; 

Sultan et al., 2001). To evaluate the effects of numerous synthetic chemicals on 

many nuclear receptors, we developed the CoA-BAP system, a high-throughput 

method for identifying nuclear receptor ligands (Kanayama et al., 2003). In the 

present study, we applied the CoA-BAP system to the evaluation of 16 human 

nuclear receptors and 40 suspected endocrine disruptors. We found that organotin 

compounds such as triphenyltin (TPT) and tributyltin (TBT) strongly activated 

retinoid X receptor (RXR) and PPARγ. 

Organotin compounds have been used as agricultural fungicides, rodent 
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repellents, and molluscicides and in antifouling paints for ships and fishing nets 

(Piver, 1973; Fent, 1996). These widespread uses have resulted in the release of 

increasing amounts of organotins into the environment. Although the toxicity of 

organotins has been reviewed extensively (Boyer, 1989), the molecular target of 

organotins has not yet been identified. 

Here we show that TPT and TBT are high-affinity ligands for RXR and 

PPARγ. Organotin compounds act as agonists of both RXRα and PPARγ in 

mammalian reporter gene assays and induce the expression of PPARγ target genes. 

PPARγ forms a heterodimer with RXR and binds to a defined DNA sequence in the 

promoter region of target genes (Mangelsdorf et al., 1995). PPARγ is activated by a 

variety of fatty acids and a class of synthetic antidiabetic agents, the 

thiazolidinediones (Lehmann et al., 1995). PPARγ serves as an essential regulator 

for adipocyte differentiation and lipid storage in mature adipocytes (Tontonoz et al., 

1994). In light of these previous findings, we evaluated the effects of TPT and TBT 

on adipogenesis and found that organotins stimulate the differentiation of 

preadipocyte 3T3-L1 cells to adipocytes. Our data suggest that organotins exert their 

toxic effects through activation of the PPARγ/RXR signaling pathway. 
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Materials and Methods 

Plasmids.  

The ligand-binding domains (LBDs) of the human nuclear receptors PPARα (codons 

168–468; GenBank accession no., L02932), PPARγ1(177–477; L40904), 

PPARδ(139–441; L07592), LXRα (167–447; U22662), and LXRβ (155–461; U07132) 

were amplified by RT-PCR from human liver mRNA as the template; the LBDs of 

human FXR (193–472; U68233) and human ERRγ (194–458; AF094518) were 

amplified similarly from human kidney mRNA, and that of human ERRβ (195–434; 

AF094517) was amplified from human testis mRNA. The DNA sequences of the 

amplified fragments were confirmed by sequencing after subcloning into pGEX-4T 

(Amersham Biosciences, Piscataway, NJ). The expression vectors for the human 

nuclear receptors ERα/β, TRα RARα/γ, RXRα/γ, VDR, and hTIF2 were described 

previously (Kanayama et al., 2003). For expression in mammalian culture cells, the 

LBD of hRXRα was fused to the C-terminal end of the GAL4 DNA binding domain 

(amino acids 1–97) in the pBK-CMV expression vector (Stratagene, La Jolla, CA). 

The expression plasmid of (GAL4-DBD)-PPARγ (pM-mPPARγ1) and the luciferase 

reporter plasmid p4xUAS-tk-luc (Kamei et al., 2003) were kind gifts from Dr. Y. 

Kamei. 

 

Chemical reagents. 

Diethyl phthalate, triphenyltin chloride, nitrofen, 4-nonylphenol, octachlorostyrene, 
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permethrin, triphenylmethane and triphenylethylene were purchased from Kanto 

Chemical (Tokyo, Japan). Amitrole, 2,4-dichlorophenoxy acetic acid, 

1,2-dibromo-3-chloropropane, γ-HCH (lindane), pentachlorophenol, dihexyl 

phthalate, di-n-pentyl phthalate, dipropyl phthalate, 2,4-dichlorophenol, 

4-nitrotoluene, and bisphenol A were purchased from Tokyo Kasei (Tokyo, Japan). 

Chenodeoxycholic acid, 1α,25-dihydroxy cholecalciferol, lithocholic acid, all-trans 

retinoic acid, 9-cis retinoic acid, and 3, 3', 5-triiodo-L-thyronine were purchased from 

Sigma (St. Louis, MO). 15-deoxy-∆12,14-prostaglandin J2, rosiglitazone and 

TO-901317 were purchased from Cayman Chemical (Ann Arbor, MI). GW501516 

was purchased from Calbiochem (San Diego, CA). All other chemicals were 

purchased from Wako Pure Chemical (Osaka, Japan). The 40 chemicals tested and 

the abbreviations used for them are listed in Table 1. 

 

Preparation of proteins. 

The histidine-tagged fusion protein hTIF2 NID-BAP, in which the nuclear receptor 

interaction domain of TIF2, was ligated to the bacterial alkaline phosphatase, was 

expressed in Escherichia coli BL21 (DE3) cells and purified on Ni-nitrilotriacetic acid 

agarose resin (QIAGEN, Valencia, CA). Except for LXRα/β and FXR, the GST fusion 

proteins were expressed in the E. coli BL21 (DE3) pLysS cells; LXRα/β and FXR 

were expressed in E. coli JM109 pRIL cells. The GST fusion proteins were purified 

by using Glutathione Sepharose 4B (Amersham Biosciences). 
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CoA-BAP system. 

Detection of ligand-dependent interaction between nuclear receptors and TIF2 was 

carried out as described previously (Kanayama et al., 2003) but with slight 

modification. Briefly, 2 µg of nuclear receptor protein diluted in 100 µl of carbonate 

buffer (100 mM NaHCO3, pH 8.4) was incubated in the well of a 98-well polystyrene 

microtiter plate (MaxiSorp, Nalge-Nunc International, Rochester, NY) at 4°C 

overnight. The plate was washed three times with 120 µl of buffer A (20 mM Tris-HCl, 

100 mM KCl, 0.25 mM EDTA, 5% glycerol, 0.5 mM DTT, 0.05% Tween 20; pH 7.4), 

and then 100 µl of TIF2-BAP fusion protein (30 µg/ml) in buffer A was added to a well 

with the test chemical. After 1 h incubation at 4°C, the plate was washed three times 

with 120 µl of buffer B (50 mM Tris-HCl, 100 mM KCl, 5 mM MgCl2, 0.10% Nonidet 

P-40; pH 7.2). The enzyme reaction was started by the addition of 100 µl of substrate 

solution (10 mM p-nitrophenyl phosphate in 100 mM Tris-HCl; pH 8.0). After 

incubation at 37°C for 30 to 90 min, the reaction was stopped by addition of 25 µl of 

0.5 N NaOH. Finally, the absorbance at 405 nm was measured with a plate reader 

(MultiskanJX, Thermo Labsystems, Helsinki, Finland).  

 

Cell culture. 

Mouse 3T3-L1 (Dainippon Pharmaceutical, Osaka, Japan) and mouse NIH-3T3 

(clone 5611, JCRB0615, Japanese Cancer Research Resources Bank) fibroblasts 
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were maintained at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s Medium (DMEM) 

(Nissui Pharm, Tokyo, Japan) supplemented with 10% calf serum (ICN Biomedicals, 

Aurora, OH). Mouse F9 embryonic carcinoma cells were maintained in 5% CO2 at 

37°C in DMEM supplemented with 10% fetal bovine serum (FBS) (ICN Biomedicals). 

 

Transient transfection assays. 

One day before transfection, 1 x 105 cells were plated in a 35-mm dish containing 

phenol red-free Eagle’s Minimum Essential Medium (Nissui Pharm) supplemented 

with 10% charcoal/dextran-treated FBS. The cells were transfected by lipofection 

using FuGENE 6 Transfection Reagent (Roche Diagnostics, Indianapolis, IN) with 

pBK-CMV-GAL4-hRXRα or pM-mPPARγ1  (300 ng/dish), p4xUAS-tk-luc (600 

ng/dish), and RSV-βgal (100 ng/dish). Fresh medium with or without test chemical 

was added the day after transfection. After incubation for 24 h, cells were harvested 

and assayed for luciferase and β-galactosidase activity.  

 

Adipocyte differentiation assays. 

Mouse 3T3-L1 preadipocyte cells were used for the differentiation experiments. The 

day after the cells reached confluence, the medium was replaced with DMEM 

containing 10% FBS, 10 µg/ml insulin, 0.5 mM 3-isobutyl-1-methylxantine (Mix), and 

1 µM dexamethasone (Dex). At the same time, the cells were treated with a test 

chemical (rosiglitazone, 9-cis retinoic acid, or an organotin compound). After 60 
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hours, the medium was replaced with DMEM containing 10% FBS, 5 µg/ml insulin, 

and the test chemical. After 6 days, cells were fixed with 4% paraformaldehyde and 

stained with 0.5% Oil Red O. The amount of triglyceride was determined by 

Triglyceride E Test (Wako Pure Chemical). 

 

RNA isolation, Northern blotting and RT-PCR analyses. 

The 3T3-L1 cells were grown in DMEM containing 10% calf serum. The day after the 

cells became confluent, they were treated with vehicle (DMSO) only, rosiglitazone 

(Rosi), TPT, or TBT in DMEM containing 10% FBS and 5 µg/ml insulin. The cells 

were harvested at various times after treatment, and total RNA was isolated using 

TRIzol (Invitrogen, Carlsbad, CA). For Northern blot analyses, 25 µg of total RNA 

was electrophoresed through a 1% agarose gel containing 2% formaldehyde and 

then transferred to a Hibond-N+ nylon membrane (Amersham Biosciences). The 

filter was hybridized with each probe, which was labeled with [α-32P] dCTP by using 

a random labeling kit (TaKaRa, Shiga, Japan). For RT-PCR, cDNA was synthesized 

using ReverTra Ace (Toyobo, Osaka, Japan), and PCR was performed using 

AmpliTaq Gold (Applied Biosystems). The primers used for amplification of the aP2 

gene (a marker for adipocyte differentiation) were 

5’-AAAATGTGTGATGCCTTTGTGGG-3’ and 

5’-TCATGCCCTTTCATAAACTCTTGTGG-3’. 
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Results 

Application of CoA-BAP system to endocrine disruptors. 

Reproductive abnormalities in wildlife can be associated with exposure to 

environmental pollutants capable of mimicking the action of natural hormones. 

Because the nuclear receptors of intrinsic hormone systems are likely to be targets 

of industrial chemicals, information on their ability to bind these chemicals is valuable 

for environmental risk assessment. To determine whether suspected endocrine 

disruptors can bind to members of the nuclear receptor family, we constructed assay 

systems for human nuclear receptors, including ERα/β, RARα/γ, TRα, VDR, RXRα/γ, 

PPARα/γ/δ, FXR, LXRα/β, and ERRα/γ, on the basis of the previously described 

CoA-BAP system (Kanayama et al., 2003). The cognate ligand for each nuclear 

receptor enhanced alkaline phosphatase activity in a dose-dependent manner (Fig. 

1). In the ERR systems, 4-hydroxy tamoxifen-dependent dissociations between ERR 

and coactivator were observed, as previously reported (Coward et al., 2001; 

Tremblay et al., 2001). 

Using these systems, we evaluated 40 suspected endocrine disruptors 

(Table 1) recognized by various organizations (e.g., WHO, Ministry of the 

Environment in Japan). The effects of the tested chemicals on the interaction 

between nuclear receptors and TIF2 (Fig. 2) suggest that several compounds 

possess agonistic activities for multiple receptors simultaneously. Butyl benzyl 

phthalate (no. 8), hexachlorocyclohexane (no. 26), maneb (no. 22), mancozeb (no. 
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23), and alkylphenols (nos. 10 and 11) were weakly agonistic for multiple receptors, 

including estrogen receptor (ER). One intriguing finding was that the effect of TBT on 

RXRα was as strong as that of its endogenous ligand, 9-cis retinoic acid (Fig. 3), and 

the agonist effect of TPT on PPARγ was as strong as that of its well-known ligand, 

Rosi (Fig. 3). The EC50 values of TBT on RXRα (7.4 x 10-8 M) and TPT on PPARγ 

(9.5 x 10-8 M) were almost same as those of 9-cis retinoic acid (4.3 x 10-8 M) and 

Rosi (1.1 x 10-7 M), respectively. As triphenylmethane and triphenylethylene were 

not agonistic for RXRα and PPARγ, the tin moiety was important for activity (Fig. 3).  

 

Organotin compounds potentiated transactivation by RXR and PPARγ.  

The observations that organotin compounds enhanced the protein–protein 

interaction between the coactivator TIF2 and RXRα or PPARγ suggested to us that 

these compounds activate transcription via these receptors. To confirm the results 

we obtained from the CoA-BAP system, we performed a reporter gene assay in 

mammalian culture cells using an expression vector for (GAL4-DBD)-RXRα or 

(GAL4-DBD)-PPARγ and a reporter plasmid containing the luciferase gene along 

with GAL4 upstream activating sequence. Both TPT and TBT induced the 

transactivation function of RXRα or PPARγ in a dose-dependent manner (Fig. 4). 

The effectiveness of these organotin compounds was comparable to that of known 

ligands. In addition, dibutyltin chloride, a TBT metabolite in vivo, also activated 

reporter activity in the PPARγ system (data not shown). 
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Induction and promotion of adipocyte differentiation by organotin 

compounds in 3T3-L1 cells. 

Recent studies indicate that PPARγ plays a central role in adipocyte gene expression 

and differentiation (Tontonoz et al., 1994). PPARγ is abundantly expressed in 

adipocytes, and its ligands induce the efficient conversion of fibroblastic cells to 

adipocytes, as measured by induction of adipocyte-specific genes and lipid 

accumulation (Lehmann et al., 1995). If organotin compounds can function as 

activators for PPARγ/RXR in vivo, these compounds likely induce adipocyte 

differentiation. To investigate this possibility, we treated 3T3-L1 cells with TPT or TBT 

in two types of differentiation medium, a complete differentiation medium that 

contained the inducers Mix, Dex, insulin, and FBS, and an incomplete differentiation 

medium that lacked Mix and Dex. Although insulin is not always necessary for 

induction of differentiation, it efficiently enhances adipocyte development. Adipocyte 

differentiation was confirmed by staining with Oil Red O for lipid droplet accumulation. 

As expected, treatment of 3T3-L1 cells with either TPT or TBT in complete 

differentiation medium promoted adipocyte differentiation as well as did Rosi (Fig. 5, 

a–d). Even in incomplete differentiation medium, addition of organotin compounds 

induced adipocyte differentiation in contrast with the lack of induction after treatment 

with vehicle only (Fig. 5, e–h). Moreover, mRNA expression of the adipocyte 

differentiation marker aP2 was induced in a dose-dependent manner by addition of 
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organotin compounds (Fig. 6a). PPARγ mRNA also was induced during the 

differentiation process (Fig. 6a), in agreement with the results of a previous study 

(Tontonoz et al., 1994). Induction of aP2 mRNA expression occurred late in 

adipogenesis (Fig. 6b), and organotin-treated cells demonstrated accumulation of 

triglyceride (Fig. 6c). Taken together, these data provide strong evidence that the two 

organotin compounds TPT and TBT can function as inducers of adipocyte 

differentiation through PPARγ.  

 

Discussion 

Our study was designed to evaluate the effects of suspected endocrine disruptors on 

various nuclear receptors. The data show that several compounds have 

simultaneous effects on multiple nuclear receptors. In particular, oraganotin 

compounds (e.g., TBT and TPT) showed strong effects on RXR or PPARγ, at levels 

comparable to those of 9-cis retinoic acid, an endogenous RXR ligand, and 

rosiglitazone, a known agonist of PPARγ. In CoA-BAP systems, TBT showed strong 

effect on protein-protein interaction between RXRα and TIF2, but TPT did slight 

effect (Fig. 3a). TPT showed strong effect on protein-protein interaction between 

PPARγ and TIF2, but TBT did not (Fig. 3b). On the contrary, when tested the 

transactivation assay, both TBT and TPT activated not only RXRα but also PPARγ 

(Fig. 4). This discrepancy might reflect the diversity of coactivators. To date, many 

coactivators have been identified as nuclear receptor-interacting proteins. These 
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coactivators are supposed to have cell- or tissue-specific functions in vivo (Smith et 

al., 2004). In addition, PPARγ reportedly change its interaction partners dependent 

on ligands (Kodera et al., 2000). We used only TIF2 in CoA-BAP system, while cells 

used for transactivation assays have many coactivators. The discrepancy of results 

from CoA-BAP systems and tranactivation assays might be explained by this 

difference of coactivators. Because in vitro screening methods tend to produce 

false-positive or -negative results like this, positive compounds should be further 

examined by other studies in a physiological context. Accordingly, we examined the 

effects of organnotin compounds on the transcriptional regulation and adipogenesis 

which is a famous physiological event related to PPARγ/RXR pathway. 

 Expoaure of rats in utero to TBT induces a dramatic increase in the 

incidence of low-birth-weight fetuses because of maternal hypothyroidisim (Adeeko 

et al., 2003). Further, the RXR agonist bexarotene causes clinically significant 

hypothyroidism in patients with cutaneous T-cell lymphoma (Duvic et al., 2001), and 

experimental exposure of rats to LG100268 (a selective RXR agonist) induces the 

acute phase of hypothyroidism (Liu et al., 2002). The similarities between the 

toxicities of TBT and selective RXR agonists suggested to us that at least some of 

the toxic effects of oraganotin compounds are mediated by RXR. 

 Most of the toxic effects of oraganotin compounds on sexual development 

and reproductive function have been documented in mollusks (Matthiessen et al., 

1998). In gastropods, TBT and TPT cause imposex (Morcillo et al., 1999), an 
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irreversible syndrome in which male genital tracts (mainly a penis and a vas 

deferens) are imposed on female organisms (Smith, 1971). Although the 

physiological functions of organotin compounds have been studied extensively, the 

molecular target of organotin compounds had been unclear. To this end, we found 

that TPT and TBT were agonists for RXR and PPARγ. It has been thought that the 

sexual toxicity of organotin compounds results from increased androgen levels 

because of inhibition of the aromatase enzyme complex that catalyzes conversion of 

androgen to estrogen. This enzyme complex consists of microsomal CYP19 and the 

reduced form of the flavoprotein nicotinamide adenine dinucleotide phosphate 

reductase. TBT-induced imposex in neogastropods reportedly is mediated by 

inhibition of aromatase (Bettin et al., 1996), and TBT inhibits the catalytic activity of 

aromatase derived from transfected cells (Heidrich et al., 2001; Cooke, 2002). 

However, the effective concentrations of enzyme inhibition were relatively high 

(above 10-6 M). In this study, we found that TBT and TPT induced the transactivation 

function of RXRα and PPARγ at 10-8 M. It is reasonable that the effective 

concentration on gene expression was different from that on enzyme inhibition. In 

consistent with this, Nakanishi et al. demonstrated that 10-8 M of TBT or TPT induced 

hCG or aromatase activity along with mRNA expression in placental cells (Nakanishi 

et al., 2002). In ovarian granulose cells, 20 ng/ ml (about 6 x 10-8 M) of TBT or TPT 

suppress the P450aroma gene expression (Saitoh et al., 2001). We have to consider 

about toxicities of organotin compounds in distinguishing the low-dose effect from 
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high-dose effect. Recently, we reported that RXR plays an important role in the 

development of gastropod imposex, by showing the cloning of RXR homolog from 

marine gastropod, binding of organotins to that receptor, and imposex induction by 

injection of RXR ligand, 9-cis retinoic acid (Nishikawa et al., in press). Gastropod 

imposex is known to be typically induced by very low concentrations of TBT and/or 

TPT (Bryan et al., 1986; Gibbs et al., 1986; Horiguchi et al., 1997). Although it has 

been theorized that organotins increases andorogen levels through inhibition of 

aromatase activity and/or a suppression of androgen excretion, the inhibitory 

concentration of organotins is not enough low for explaining imposex induction. The 

low-dose effects are likely to be mediated by receptors. However, the study about 

organotin effects in mammals is still important, because the compositions of nuclear 

receptor family members are quite different between vertebrates and invertebrates 

(Escriva et al., 1997; Laudet, 1997). For example, there are no known homologues 

of steroid hormone receptors in Drosophila and Caenorhabbitis elegans genome, 

and the group members of TR, RAR, VDR and PPAR appear to be late acquisitions 

during the evolution of the superfamily.  Therefore, we examined the effects of 

suspected endocrine disruptors on human nuclear receptor family members. As a 

result, PPARγ was identified as a new target molecule of organotin compounds in 

addition to RXR. This finding might introduce new insights in physiological functions 

of organotin compounds in mammals. 

 We were surprised to find that organotin compounds were high-affinity 
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ligands for RXR and PPARγ. Until recently, it had been thought that among synthetic 

compounds, only hormone analogs could bind hormone receptors, because the 

relationships between hormones and their cognate receptors are very specific. 

However, some industrial chemicals do have unexpected effects on hormone 

receptors. Nuclear receptors are the likely targets, because their intrinsic ligands are 

fat-soluble, low-molecular-weight agents, as are the environmental pollutants. In fact, 

organotin compounds promote the adipocyte differenetiation as agonists for 

PPARγ/RXR. Recently, the ligands of PPARγ and RXR are expected for antidiabetic 

agents, but they have some side effects at the same time (Mukherjee et al., 1977; 

Yki-Jarvinen, 2004). Although they may be good medicines in the case of using 

under doctor’s control, wild lives are exposed to man-made chemicals in 

uncontrolled manner. It is possible that TBT and TPT cause adverse health effects 

on the organisms by disturbing the endocrine process mediated by PPARγ/RXR. 

 

ACKNOWLEDGMENTS 

We are grateful to Dr. Y. Kamei (National Institute of Health and Nutrition, Japan) for 

providing the GAL4-reponsive reporter plasmid and pM-mPPARγ1. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 19 - 

References 

Adeeko A, Forsyth DS, Casey V, Cooke GM, Barthelemy, J Cyr DG, Trasler JM, 

Robair B and Hales BF (2003) Effects of in utero tributyltin chloride in the rat on 

pregnancy outcome. Toxicol Sci 74: 407-415. 

Bettin C, Oehlmann J and Stroben E (1996) TBT-induced imposex in marine 

neo-gastropods is mediated by an increasing androgen level. Hylgol 

Meeresunters 50: 299-317. 

Blair RM, Fang H, Branham WS, Hass BS, Dial SL, Moland CL, Tong, W Shi L, 

Perkins R and Sheehan DM (2000) The estrogen receptor relative binding 

affinities of 188 natural and xenochemicals: structural diversity of ligands. 

Toxicol Sci 54: 138-153 

Boyer IJ (1989) Toxicity of dibutyltin, tributyltin and other organotin compounds to 

human and to experimental animals. Toxicology 55: 253-298 

Bryan GW, Gibbs PE, Hummerstone LG and Burt GR (1986) The decline of the 

gastropod Nucella lapillus around south-west England: evidence for the effect of 

tributyltin from anti-fouling paints. J Mar Biol Assoc UK 66: 611-640 

Chawla A, Repa JJ, Evans RM and Mangelsdorf DJ (2001) Nuclear receptors and 

lipid physiology: opening the X-files. Science 294: 1866-1870. 

Cooke GM (2002) Effect of organotins on human aromatase activity in vitro. Toxicol 

Lett 126: 121-130. 

Coward P, Lee D., Hull MV and Lehmann JM (2001) 4-Hydroxytamoxifen binds to 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 20 - 

and deactivates the estrogen-related receptor gamma. Proc Natl Acad Sci USA 

98: 8880-8884. 

Duvic M, Hymes K, Heald P, Breneman D, Martin AG, Myskowski P, Crowley C and 

Yocum RC (2001) Bexarotene is effective and safe for treatment of refractory 

advanced-stage cutaneous T-cell lymphoma: multinational phase II-III trial 

results. J Clin Oncol 19: 2456-2471 

Escriva H, Safi R, Hanni C, Langlois MC, Saumitou-Laprade P, Stehelin D, Capron A, 

Pierce R and Laudet V (1997) Lignad binding was acquired during evolution of 

nuclear receptors. Proc Natl Acad Sci USA 94: 6803-6808. 

Fent K (1996) Ecotoxicology of organotin compounds. Crit Rev Toxicol 26: 1-117. 

Gibbs PE and Bryan GW (1986) Reproductive failure in populations of the dog-whelk, 

Nucella lapillus, caused by imposex induced by tricutyltin from antifouling paints. 

J Mar Biol Assoc UK 66: 767-777 

Gray LE, Ostby J, Furr J, Wolf CJ, Lambright C, Parks L, Veeramachaneni DN, 

Wilson V, Price M, Hotchkiss A, Oriando E and Guillette L (2001) Effects of 

environmental antiandrogens on reproductive development in experimental 

animals. Hum Reprod Update 7: 248-264. 

Heidrich D D, Steckelbroek S and Klingmuller D (2001) Inhibition of human 

cytochrome P450 aromatase activity by butyltins. Steroids 66: 763-769. 

Horiguchi T, Shiraishi H, Shimizu M and Morita M (1997) Effects of triphenytin 

chloride and five other organotin compounds on the development of imposex in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 21 - 

the rock shell, Thais clavigera. Pollut 95: 85-91. 

Kamei Y, Ohizumi H, Fujitani Y, Nemoto T, Tanaka T, Takahashi N, Kawada T, 

Miyoshi M, Ezaki O and Kakizuka A (2003) PPARγ coactivator 1β/ERR ligand 1 

is an ERR protein ligand, whose expression induces a high-energy expediture 

and antagonizes obesity. Proc Natl Acad Sci USA 100: 12378-12383. 

Kanayama T, Mamiya S, Nishihara T and Nishikawa J (2003) Basis of a 

high-throughput method for nuclear receptor ligands. J Biochem 133: 791-797. 

Kodera Y, Takeyama K, Murayama A, Suzawa M, Masuhiro Y, Kato S (2000) Ligand 

type-specific interactions of perioxisome proliferator-activated receptor γ with 

transcriptional coactivators. J Biol Chem 275: 33201-33204. 

Laudet V (1997) Evolution of the nuclear receptor superfamily: early diversification 

from an ancestral orphan receptor. J Mol Endocrinol 19: 207-226. 

Lehmann JM, Moore LB, Smith-Oliver TA, Wilkison WO, Willson TM and Kliewer SA 

(1995) An antidiabetic thiazolidinedione is a high-affinity ligand for peroxisome 

proliferator-activated recptor gamma. J Biol Chem 270: 12953-12956. 

Liu S, Ogilvie KM, Klausing K, Lawson MA, Jolley D, Li D, Bilakovics J, Pascual B, 

Hein N., Urcan M and Leibowitz MD (2002) Mechanism of selective retinoid X 

receptor agonist induced hypothyroidism in the rat. Endocrinology 143: 

2880-2885. 

Mangelsdorf DJ and Evans RM (1995) The RXR heterodimers and orphan receptors. 

Cell 83: 841-850. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 22 - 

Matthiessen P and Gibbs PE (1998) Critical appraisal of the evidence for tributyltin 

mediated endocrine disruption in mollusks. Environ Toxicol Chem 17: 37-43. 

Morcillo Y and Porte C (1999) Evidence of endocrine disruption in the 

imposex-affected gastropod Bolinus brandaris. Environ Res 81: 349-354. 

Mukherjee R, Davies PJA, Crombie DL, Bischoff ED, Cesario RM, Jow L, Hamann 

LG, Boehm MF, Mondon CE, Nadzan AM, Paterniti Jr JR and Heyman RA (1997) 

Sensitization of diabetic and obese mice to insulin by retinoid X receptor 

agonists. Nature 386: 407-410. 

Nakanishi T, Kohroki J, Suzuki S, Ishizaki J, Hiromori Y, Takasuga S, Itoh N., 

Watanabe Y, Utoguchi N and Tanaka K (2002) Trialkyltin compounds enhance 

human CG secretion and aromatase activity in human placental 

choriocarcinoma cells. J Clin Endocrinol Metab 87: 2830-2837. 

Nishihara T, Nishikawa J, Kanayama T, Dakeyama F, Saito K, Imagawa M, Takatori 

S, Kitagawa Y, Hori S and Utsumi H (2000) Estrogenic activities of 517 

chemicals by yeast two-hybrid assay. J Health Sci 46: 282-298. 

Nishikawa J, Mamiya S, Kanayama T, Nishikawa T, Shiraishi F and Horiguchi T 

(2004) Involvement of the retinoid X receptor in the development of imposex 

caused by organotins in gastropod. Environ Sci Technol 38: 6271-6276. 

Piver WT (1973) Organotin compounds: industrial applications and biological 

investigation. Environ Health Pespect 4: 61-79. 

Saitoh M, Yanase T, Morinaga H, Tanabe M, Mu YM, Nishi Y, Nomura M, Okabe T, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 23 - 

Goto K, Takayanagi R and Nawata H (2001) Tributyltin or triphenytin inhibits 

aromatase activity in human granulosa-like tumor cell line KGN. Biochem 

Biophys Res Commun 289: 198-204. 

Sanderson JT, Boerma J, Lansbergen GW and van den Berg M (2002) Induction and 

inhibition of aromatase (CYP19) activity by various classes of pesticides in 

H295R human adrenocortical carcinoma cells. Toxicol Appl Pharmacol 182: 

44-54. 

Smith BS (1971) Sexuality in the American mud snail, Nassarius obsoletus Say. 

Proc Malac Soc Lond 39: 377-378. 

Smith CL, O’Malley BW (2004) Coregulator function: a key to understanding tissue 

specificity of receptor modulators. Endocr. Rev. 25: 45-71. 

Sohoni P and Sumpter JP (1998) Several environmental estrogens are also 

anti-androgens. J Endocrinol 158: 327-339. 

Sultan C, Balaguer P, Terouanne B, Geoget V, Paris F, Jeandel C, Lumbroso S and 

Nicolas J (2001) Environmental xenoestrogens, antiandrogens and disorders of 

male sexual differentiation. Mol Cell Endocrinol 10: 99-105. 

Tontonoz P, Hu E and Spiegelman BM (1994) Stimulation of adipogenesis in 

fibroblasts by PPARγ2, a lipid-activated transcription factor. Cell 79: 1147-1156. 

Tremblay GB, Kunath T, Bergeron D, Lapointe L, Champigny C, Bader JA, Rossant J 

and Giguere V (2001) Diethylstilbestrol regulates trophoblast stem cell 

differentiation as a ligand of orphan nuclear ERRβ. Genes Dev 15: 833-838. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 24 - 

Yaki-Jarvinen H (2004) Thiazolidinediones. N Engl J Med 351: 1106-1118. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 25 - 

Footnotes 

a) This work was supported by grants from the Ministry of the Environment, Japan. 

b) Address correspondance to: Dr. Jun-ichi Nishikawa, Department of 

Environmental Biochemistry, Graduate School of Pharmaceutical Sciences, 

Osaka University, 1-6 Yamada-oka, Suita, Osaka 565-0871, Japan. E-mail: 

nisikawa@phs.osaka-u.ac.jp 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on December 20, 2004 as DOI: 10.1124/mol.104.008409

 at A
SPE

T
 Journals on A

pril 17, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOLPHARM/2004/008409 

 - 26 - 

Legends for Figures 

 

Fig. 1. Ligand-dependent interaction of nuclear receptor and TIF2 in vitro. 

Ligand-dependent interactions between nuclear receptors and TIF2-BAP were 

determined as relative alkaline phosphatase (AP) activity (vertical axis). The 

receptor–ligands pairs tested were estrogen receptor (ERα/β) – 17β-estradiol (E2); 

retinoic acid receptor (RARα/γ) – all-trans retinoic acid; thyroid hormone receptor 

(TRα) – 3,5,3’-triiodo-L-thyronine (T3); vitamin D receptor (VDR) – 1α, 25-dihydroxy 

cholecalciferol (1,25(OH)2D3); retinoid X receptor (RXRα/γ) – 9-cis retinoic acid; 

peroxisome proliferator-activated receptor (PPARα/δ) – 

15-deoxy-12,14∆-prostaglandin J2 (PGJ2); PPARγ – rosiglitazone; liver X receptor 

(LXRα/β) – TO-901317; farnesoid X receptor (FXR) – chenodeoxy cholic acid 

(CDCA); and estrogen-related receptor (ERRα/γ) – 4-hydroxytamoxifen. Data shown 

are means ± standard deviation of three independent experiments. 

 

Fig. 2. Agonistic activities of suspected endocrine disruptors for various 

nuclear receptors. The effects of chemicals on the interaction between nuclear 

receptors and the coactivator TIF2 were assessed using the CoA-BAP system. The 

numbers in the far-left column correspond to the chemicals listed in Table 1. The 

lowest effective concentrations (LOEC) of test chemicals were determined and 

compared with LOEC of cognate ligands shown in Fig. 1, red; 1~10 times as much 
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as cognate ligand, yellow; 10~100, green; 100~1000, gray; 1000~10000 times, 

white; not detected. Triphenyltin (no. 13) and tributyltin (no. 14) showed strong 

activity on PPARγ and RXRα, respectively. 

 

Fig. 3. Dose-response curves of the effects of organotin compounds on 

hRXRα and hPPARγ in the CoA-BAP system. (A) Tributyltin (TBT; filled triangles) 

showed strong agonistic activity for hRXRα at as low a concentration as that of 9-cis 

retinoic acid (9cRA; filled diamonds). (B) Triphenyltin (TPT; open squares) showed 

strong agonistic activity to hPPARγ at as low a concentration as that of rosiglitazone 

(Rosi; filled diamonds). Triphenylmethane (TPM; open circles) and triphenylethylene 

(TPE; open triangles) did not show any agonistic activity. Activity of the vehicle 

control (DMSO)-only is shown by filled circles. 

 

Fig. 4. Organotin compounds induce transcriptional activity through RXRα 

and PPARγ. 

Ligand-dependent transactivation of RXRα and PPARγ were detected as luciferase 

activity. (a) F9 cells were cotransfected with a GAL4-DBD–hRXRα expression 

plasmid and a GAL4-responsive reporter plasmid. (b) NIH-3T3 cells were 

cotransfected with a GAL4-DBD–mPPARγ1 expression plasmid and a 

GAL4-responsive reporter plasmid. The luciferase activities relative to the 

β-galactosidase activity is shown and represents the fold stimulation compared with 
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the activity of the vehicle-only control. Data shown are the means ± standard 

deviation of three independent experiments. **p < 0.01, ***p < 0.001 significantly 

different from vehicle controls. 

 

Fig. 5. Enhancement of lipid accumulation by organotin compounds. 3T3-L1 

cells were maintained in DMEM containing 10% calf serum. One day after reaching 

confluence, the cells were treated for 60 h with vehicle only (a, e), 100 nM 

rosiglitazone (b, f), 100 nM TPT (c, g) or 100 nM TBT (d, h) in complete differentiation 

medium (a–d) or incomplete differentiation medium (e–h). The cells received fresh 

medium every 48 h. On the 10th day after induction of differentiation, the cells were 

fixed with paraformaldehyde and stained with Oil Red O. 

 

Fig. 6. Induction of adipocyte differentiation markers by organotin 

compounds. (a) Induction of adipocyte marker genes by organotin compounds in 

incomplete differentiation medium. 3T3-L1 cells were maintained in DMEM 

containing calf serum. One day after reaching confluence, the cells were treated with 

vehicle only, rosiglitazone (10 – 30 nM), TPT (10 – 30 nM), TBT (10 – 30 nM), or 9-cis 

retinoic acid (100 nM) in DMEM containing 10% FBS and 10 �g/ml insulin. Total 

RNA was isolated at 10 days after treatment, and mRNA expression of the aP2 and 

PPARγ genes was detected by Northern blot analysis. The ethidium-bromide 

staining for ribosomal RNAs is shown as a control. (b) Time course of aP2 gene 
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expression. 3T3-L1 cells were treated with vehicle only, rosiglitazone (100 nM), TPT 

(100 nM), or TBT (100 nM) in incomplete differentiation medium. The cells were 

harvested at the indicated time after treatment, and mRNA expression of the aP2 

gene was analyzed by RT-PCR. (c) Lipid accumulation in differentiated 3T3-L1 cells. 

The cells were treated with 1, 10, 30, or 100 nM of chemicals. Ten days later, the 

amount of triglyceride was determined as described in Materials and Methods 

section. 
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Table 1. Suspected endocrine disruptors tested in this study. 

 

No. Compound Abbreviation CAS No.  No. Compound Abbreviation CAS No. 

1 Diethyl phthalate DEP 84-66-2  21 Methomyl  16752-77-5 
2 Dipropyl phthalate DPrP 131-16-8  22 Maneb  12427-38-2 
3 Di-n-butyl phthalate DBP 84-74-2  23 Mancozeb  8018-01-7 
4 Di-n-pentyl phthalate DPP 131-18-0  24 Ziram  137-30-4 
5 Dihexyl phthalate DHP 84-75-3  25 Methoxychlor MXC 72-43-5 
6 Diethylhexyl phthalate DEHP 117-81-7  26 Hexachlorocyclohexane γ-HCH 58-89-9 
7 Dicyclohexyl phthalate DCHP 84-61-7  27 Permethrin  54645-53-1 
8 Butyl Benzyl phthalate BBP 85-68-7  28 2,4-D  94-75-7 
9 Diethylhexyl adipate DEHA 103-23-1  29 2,4,5-T  93-76-5 
10 4-Nonylphenol 4-NP 25154-53-3  30 Simazine CAT 122-34-9 
11 p-Octylphenol p-OP 1806-26-4  31 Alachlor  15972-60-8 
12 Bisphenol A BPA 80-05-7  32 PCP  87-86-5 
13 Triphenyltin TPT 639-58-7  33 Amitrole  61-82-5 
14 Tributyltin TBT 1461-22-9  34 Nitrofen NIP 1836-75-5 
15 4-Nitrotoluene 4-NT 99-99-0  35 Trifluralin  1582-09-8 
16 Benzophenone BZP 119-61-9  36 1,2-dibromo-3-chloropropane DBCP 96-12-8 
17 Benzo [a] pyrene B[a]P 50-32-8  37 Malathone  121-75-5 
18 Aldicarb  116-06-3  38 Kelthene  115-32-2 
19 Vinclozolin  50471-44-8  39 2,4-Dichlorophenol DCP 120-83-2 
20 Carbaryl NAC 63-25-2  40 Octachlorostyrene OCS 29082-74-4 
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Fig. 5

(e) DMSO (incomplete medium) (f) Rosi (incomplete medium)

(g) TPT (incomplete medium) (h) TBT (incomplete medium)

(a) DMSO (complete medium) (b) Rosi (complete medium)

(c) TPT (complete medium) (d) TBT (complete medium)
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Fig. 6
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