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Synthetic chemicals found in the environment have the 
capacity to disrupt the development and function of the 
endocrine system in both wildlife and humans. This has 
drawn public concern since many of these chemicals may 
bind to estrogen receptors (ERs) and evoke estrogenic 
effects. Early evidence that exposure to estrogenic chemicals 
during development could pose a threat to human health 
came from studies of a synthetic hormone, diethylstilbestrol 
(DES), which was used to prevent premature birth and 
spontaneous abortion.  Laboratory experiments showed that 
exposure of animals to sex hormones during critical windows 
of perinatal life caused irreversible alterations to the 
endocrine and reproductive systems of both sexes. The 
immune and nervous systems, bone, muscle, and the liver 
were also affected. Although many of these chemicals can 
bind to ERs in wildlife and humans, the molecular basis for 
the action of environmental estrogens remains poorly 
understood. Thus, understanding the molecular mechanisms 
through which environmental estrogens and sex hormones 
act during critical developmental windows is essential. 

I.  Developmental origin of adult disease: 
Perinatal estrogen exposure induces 
persistent changes in reproductive tracts

The emerging paradigm of the “embryonic/fetal origins of 
adult disease” provides a powerful new framework for 
considering the effects of endocrine disrupters on human and 
animal health. In 1971, prenatal DES exposure was found to 
result in various abnormalities of the reproductive tract in 
women. This syndrome was named the DES syndrome. 
Similar abnormalities have been demonstrated in 
experimental animals exposed perinatally to estrogens. 
Developmental estrogen exposure in mice, for example, 
induces persistent proliferation of vaginal epithelial cells. We 
found that the persistent changes in the vagina in mice 
exposed neonatally to estrogens result from the persistent 
activation of erbBs and ERa, and sustained expression of 
EGF-like growth factors. Currently, we are analyzing the 
methylation status in the mouse vagina using MeDIP 
(methylated DNA immunoprecipitation) coupled with a 
microarray (MeDIP-chip). We found several differentially 
methylated or demethylated DNA profiles in neonatally 
DES-exposed mouse vaginae and controls. We thus consider 
that neonatal DES exposure affects DNA methylation 
profiles, resulting in persistent abnormalities in mouse 
reproductive organs.

II.  Estrogen receptors of birds, reptiles, 
amphibians and fishes

Steroid and xenobiotic receptors (SXR) have been cloned 
from various animal species (fish, amphibian, reptiles, birds 
and mammals) by our group and we have demonstrated 
species-specific differences in their responses to various 
environmental and endogenous chemicals (receptor gene 
zoo). Thus, simple predictions of chemical effects based on 
data from a few established model species are not sufficient 
to develop real world risk assessments. ER and ER-like 
genes have been cloned from various animal species 
including rockshell, Amphioxus, lamprey, lungfish, sturgeon, 
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Figure 1. Scheme of estrogen-dependent and -independent vaginal 
epithelial cell proliferation in mice induced by perinatal estrogen 
exposure.

Figure 2. A hypothetical model for the estrogen-independent ER 
activation pathway in mouse vaginae. 

National Institute for Basic Biology
Environmental Biology



62

gar, roach, stickleback, mosquitofish, mangrove Rivulus, 
catshark, whale shark, Japanese giant salamander, Tokyo 
salamander, newt, axolotl, toad, Silurana tropicalis, 
American alligator, Nile crocodile, freshwater turtle, 
Japanese rat snake, Okinawa habu, and vultures. Functional 
studies showed that the Amphioxus ER sequence does not 
bind estrogen but Amphioxus steroid receptor and lamprey 
ER exhibited ligand-dependent transactivation, proving that 
invertebrate and primitive vertebrates, such as the Agnatha, 
have a functional ER. We found that medaka ER subtypes 
have their specific functions, and medaka, zebrafish and 
stickleback ERs are more sensitive to estrogen/estrogen-like 
chemical exposures than other fishes by reporter gene assay. 
Thus, these approaches are efficient to evaluate the 
relationship between species and their sensitivities to 
chemicals.

III.  Evolutionary history and functional 
characterization of androgen receptor 
genes in jawed vertebrates 

Vertebrates show diverse sexual characteristics which 
are regulated by androgens. To elucidate the evolutionary 
history and functional diversification of androgen 
receptor (AR) genes in vertebrates, we cloned the AR 
cDNAs from a shark, basal ray-finned fishes 
(Actinopterygii) ,  namely bichir  and sturgeon 
(Acipenseriformes), and teleosts including a basal teleost, 
arowana (Osteoglossiformes).  Molecular phylogenetic 
analysis revealed that a gene duplication event gave rise 
to two different teleost ARs (a and b) and likely occurred 
in the actinopterygian lineage leading to teleosts after the 
divergence of Acipenseriformes but before the split of 
Isteoglossiformes. Functional analysis revealed that the 
shark AR activates the target gene via androgen response 
element by classical androgens. The teleost ARa showed 
unique intracellular localization with a significantly 
higher transactivation capacity than that of teleost ARb. 
These results indicate that the most ancient type of AR, as 
activated by the classic androgens as ligands, emerged 
before the Chondrichthyes-Osteichthyes split and the AR 
gene was duplicated during a teleost-specific gene 
duplication event. 

IV. Gene zoo and receptor zoo
We are establishing cDNA library banks and receptor gene 

banks of animal species including lancelet, lamprey, 
sturgeon, lungfish, gar, mangrove Rivulus, whale shark 
catshark, Japanese giant salamander, newt, Rana rugosa, 
Silurana tropicalis, Japanese rat snake, Okinawa habu, 
Florida red berry turtle, American alligator, Nile crocodile, 
vulture and polar bear in collaboration with the University of 
Pretoria, South Africa, University of Florida, Medical 
University of South Carolina, San Diego Zoo, USA, and the 
Asa Zoo in Hiroshima.

V. Sex differentiation mechanism in Daphnids
Daphnia magna has been used extensively to evaluate the 

organism- and population-based responses of toxicity or 
reproductive toxicity tests. These tests, however, provide no 

information about the mode of action of the tested 
compounds. Therefore, we applied an ecotoxicogenomic 
assessment of D. magna. We established a Daphnia EST 
database and developed an  oligonucleotide-based DNA 
microarray with high reproducibility and demonstrated the 
usefulness of the     array for the classification of toxic 
chemicals as well as for the molecular understanding of 
chemical toxicity in a common freshwater organism. D. 
magna reproduce asexually (parthenogenesis) when they are 
in an optimal environment for food, photoperiod and 
population density. Once environmental conditions become 
sub-optimal, they alter their reproductive strategy from 

asexual to sexual reproduction. Chemicals are able to affect 
the sex determination of D. magna and we found that 
juvenile hormone (JH) agonists (insect growth regulators), 
for example, induce the production of male offspring. The 
molecular basis of environmental sex determination is 
largely unknown in D. magna. To understand the molecular 
mechanisms of this phenomenon we isolated sex 
determination-related genes. Also, we have developed a 
method to inject genes into D. magna embryos which will 
allow us to study gain- and loss-of function analyses in more 

Figure 3. Evolutionary relationships of androgen receptor sequences.

Figure 4. Life cycle of Daphnia.
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detail in this species. Using these techniques, we 
demonstrated that DSX1 (double sex 1), one of the 
DM-domain genes, is essential for male differentiation in D. 
magna. To further explore the signaling cascade of sexual 
differentiation in D. magna, a gene expression profile of 
JH-responsive genes is essential. Thus, DNA microarray 
analysis has been performed in the gonads of D. magna 
exposed to fenoxycarb (synthesized JH agonist widely used 
as an insect growth regulator) and methyl farnesoate (JH 
identified in decapods) at the critical timing of JH-induced 
sex determination in D. magna. We are currently identifying 
JH-responsive genes in the ovary. 

Publication List
〔Original papers〕

• Bermudez, D.S., Skotko, J.P., Ohta, Y., Boggs, A.S.P., Iguchi, T., and 
Guillette, L.J.Jr. (2011). Sex steroid and thyroid hormone receptor 
expressions in the thyroid of the American alligator (Alligator 
mississippiensis) during different life stages. J. Morphol. 272, 698-703.

• Chakraborty, T., Katsu, Y., Zhou, L.Y., Miyagawa, S., Nagahama, Y., 
and Iguchi, T. (2011). Estrogen receptors in medaka (Oryzias latipes) 
and estrogenic environmental contaminants: an in vitro-in vivo 
correlation. J. Steroid Biochem. Mol. Biol. 123, 115-121.

• Chakraborty, T., Shibata, Y., Zhou, L.Y., Katsu, Y., Iguchi, T., and 
Nagahama, Y. (2011). Differential expression of three estrogen receptor 
subtype mRNAs in gonads and liver from embryos to adults of the 
medaka, Oryzias latipes. Mol. Cell. Endocrinol. 333, 47-54.

• Kato, Y., Kobayashi, K., Watanabe, H., and Iguchi, T. (2011). 
Environmental sex determination in the branchiopod crustacean 
Daphnia magna: Deep conservation of a Doublesex gene in the sex-
determining pathway. PLoS Genetics 7, e1001345.

• Kato, Y., Shiga, Y., Kobayashi, K., Tokishita, S., Yamagata, H., Iguchi, 
T., and Watanabe, H. (2011). Development of an RNA interference 
method in the cladoceran crustacean Daphnia magna. Devel. Genes 
Evol. 220, 337-345.

• Lange, A., Paull, G.C., Hamilton, P.B., Iguchi, T., and Tyler, C.R. 
(2011). Implications of persistent exposure to treated wastewater 
effluent for breeding in wild roach (Rutilus rutilus) populations. 
Environ. Sci. Technol. 45, 1673-1679.

• Matsumura, D., Haraguchi, R., Miyagawa, S., Motoyama, J.,  Nakagata, 
N., Meijlink, F., and Yamada, G. (2011). Genetic analysis of hedgehog 
signaling in ventral body wall development and the onset of omphalocele 
formation. PLoS ONE 20, e16260.

• Miyagawa, S., Matsumaru, D., Murashima, A., Omori, A., Satoh, Y., 
Haraguchi, R., Motoyama, J., Iguchi, T., Nakagata, N., Hui, C.C., and 
Yamada, G. (2011). The role of sonic hedgehog-Gli2 pathway in the 
masculinization of external genitalia. Endocrinology 152, 2894-2903.

• Moore, B.C., Milnes, M.R., Kohno, S., Katsu, Y., Iguchi, T., Woodruff, 
T.K., and Guillette, L.J.Jr. (2011). Altered gonadal expression of TGF-β 
superfamily signaling factors in environmental contaminant-exposed 
juvenile alligators. J. Steroid Biochem. Mol. Biol. 127, 58-63.

• Murashima, A., Miyagawa, S., Ogino, Y., Nishida-Fukuda, H.,  Araki, 
K., Matsumoto, T.,  Kaneko, T., Yoshinaga, K., Yamamura, K.I., Kurita, 
T., Kato, S., Moon, A.M., and Yamada, G. (2011). Essential roles of 
androgen signaling in Wolffian duct stabilization and epididymal cell 
differentiation. Endocrinology 152, 1640-1651.

• Nakajima, T., Hayashi, S., Iguchi, T., and Sato, T. (2011). The role of 
fibroblast growth factors on the differentiation of vaginal epithelium of 
neonatal mice. Differentiation 82, 28-37.

• Nakajima, T., Iguchi, T., and Sato, T. (2011). Involvement of activin 
signaling in abnormalities of the mouse vagina exposed neonatally to 
diethylstilbestrol. Cell Tiss. Res. 344, 527-538.

• Southam, A.D., Lange, A., Hines, A., Hill, E.M., Katsu, Y., Iguchi, T., 
Tyler, C.R., and Viant, M.R. (2011). Metabolomics reveals target and 

off-target toxicities of a model organophosphate pesticide to roach 
(Rutilus rutilus): Implications for biomonitoring. Environ. Sci. Technol. 
45, 3759-3767.

• Urushitani, H., Katsu, Y., Miyagawa, S., Kohno, S., Ohta, Y., Guillette, 
L.J.Jr., and Iguchi, T. (2011). Molecular cloning of anti-Müllerian 
hormone from the American alligator, Alligator mississippiensis. Mol. 
Cell. Endocrinol. 333, 190-199. 

• Urushitani, H., Katsu, Y., Ohta, Y., Shiraishi, H., Iguchi, T., and 
Horiguchi, T. (2011). Cloning and characterization of retinoid X 
receptor (RXR) isoforms in the rock shell, Thais clavigera. Aquat. 
Toxicol. 103, 101-111.

〔Review articles〕

• Blumberg, B., Iguchi, T., and Odermatt, A. (2011). Editorial: Endocrine 
disrupting chemicals. J. Steroid Biochem. Mol. Biol. 127, 1-3.

• Celander, M.C., Goldstone, J.V., Denslow, N.D., Iguchi, T., Kille, P., 
Meyerhoff, R.D., Smith, B.A., Hutchinson, T.H., and Wheeler, J.R. 
(2011). Species extrapolation for the 21st century. Environ. Toxicol. 
Chem. 30, 52-63. 

• Hayes, T.B., Beasley, V.R., de Solla, S., Iguchi, T., Ingraham, H., 
Kestemont, P., Kniewald, J., Kniewald, Z., Langlois, V.S., Luque, E.H., 
McCoy, K.A., Muñoz-de-Toro, M., Oka, T., Oliveira, C.A., Orton, F., 
Ruby, S., Suzawa, M., Tavera-Mendoza, L.E., Trudeau, V.L., Victor-
Costa, A.B., and Willingham, E. (2011). Demasculinization and 
feminization of male gonads by atrazine: consistent effects across 
vertebrate classes. J. Steroid Biochem. Mol. Biol. 127, 64-73.

• Miyagawa, S., Sato, M., and Iguchi, T. (2011). Molecular mechanisms 
of induction of persistent changes by estrogenic chemicals on female 
reproductive tracts and external genitalia. J. Steroid Biochem. Mol. 
Biol. 127, 51-57.

• Ogino, Y., Miyagawa, S., Katoh, H., Prins, G.S., Iguchi, T., and Yamada, 
G. (2011). Essential functions of androgen signaling emerged through 
the developmental analysis of vertebrate sex characteristics. Evol. 
Devel. 13, 315–325.

• Watanabe, H., Kato, Y., and Iguchi, T. (2011). Application of 
ecotoxicogenomics for understanding mode of action of chemicals and 
species extrapolation. In: Handbook of Systems Toxicology. Eds. 
Casciano, D.A. and Sahu, S.C., John Wiley & Sons, Ltd. pp.67-72.




