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In many vertebrates, estrogens are necessary to promote the growth and differentiation of the female
reproductive system during development, and have important reproductive roles in both males and
females. Medaka (Oryzias latipes) has three estrogen receptor (ER) subtypes, ERc, ERB1 and ERB2. To
evaluate the three medaka ER (mER)-ligand interactions, we applied the ERE-luciferase reporter assay
system to characterize each ER subtype. In this transient transfection assay system using mammalian cells,
the mER proteins displayed estrogen-dependent activation. 173-Estradiol (E; ) and op’-DDT showed high

Keywords: activation irrespective of ERs. Endosulfan also exhibited activation; with less/no transactivity measured
Estrogen receptors . .. . . . . .

Medaka using other pesticides, i.e., heptachlor, carbendazim, deltamethrin, acephate, dimethoate and amitraz. It
Gonads was generally observed that ERB2 had higher activation potential than ERx and ERB1. To understand the
Liver molecular mechanism of estrogen action via ER, we also conducted E, treatment where we observed a
Brain trigger in ERB2 expression upon E; exposure. The present data suggest that ERS2 is essential for female

Estrogenic contaminants gonad maintenance. The data were supported by induction of vitellogenin (VTG) mRNA in the liver and
reduced VTG receptor mRNA expression in the gonad of both sexes. The present work will provide a
basic tool allowing future studies to examine the receptor-ligand interactions and endocrine disrupt-
ing mechanisms, and also expands our knowledge of estrogen action on reproductive development in
medaka.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Endocrine disrupting chemicals (EDCs!) and their effect on the
health of wildlife and humans have recently become a major con-
cern.Inrecentyears, substantial numbers of studies have confirmed
that several chemical compounds, such as agriculture runoffs,
prevalent in the aquatic environment exhibit endocrine disrupting
activities in fish, potentially through bioaccumulation [1,2]. There-
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fore, the endocrine disrupting effects and their intensities must be
evaluated in order to confirm the safety of both preexisting and
novel chemicals. Many of such chemicals show higher estrogenic
potential and display potential binding to human ER« in the 3-D
QSAR? (three-dimensional quantitative structure-activity relation-
ship) model, with 82% accuracy [2].

Estrogen is well known for its involvement in several essen-
tial phenomena, i.e. development, differentiation, reproduction and
homeostasis in vertebrates. Thus, estrogenic chemicals are of par-
ticular concern with regard to undesirable effects on fish [3]. Fish
show abnormalities along male or female developmental path-
ways exposed to sex steroid hormones and their chemical mimics,
and other environmental factors (e.g. temperature), during early
life, may result in functional sex changes against the genetic sex
in fish [4]. Estrogen treatment, for example, leads to feminized
gonads in roach (Rutilus rutilus) [5]. Studies on wild populations of

2 Three-dimensional Quantitative Structure-Activity Relationship.
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roach inhabiting UK rivers have shown that exposure to estrogenic
effluents emanating from wastewater treatment works (WwTWs3)
caused altered sexual development that can resulted in reduced
fertility [6,7].

Biological effects of estrogens are principally mediated through
estrogen receptors (ERs), which function as ligand-activated tran-
scription factors. ERs exhibit broad tissue expression, consistent
with the diverse roles of estrogens. In fish, tissue (mainly gonad
and liver) specific expressions of ERe and ERS subtypes have been
shown to differ between species (e.g. Ref. [8,9]). ER expression is
consistent with the pivotal role of estrogens in gonadal sex differ-
entiation and development [4] and in the hepatic production of the
egg yolk precursor protein, vitellogenin (VTG), and vitelline enve-
lope proteins, required for oocyte development in teleosts [10].

EDCs can act at multiple sites through multiple mechanism
of action. Importantly, using receptor binding assay and receptor
based functional assay, researchers have shown that many of these
chemicals interact with ERs [11,12]. These interactions mainly
mimic or block the endogenous estrogen action [13], although
additional modes of action cannot be discounted. Unfortunately,
specific role of each ER subtype in exerting endocrine disruption
are not well understood. Moreover, teleost fish has three ERs, which
further complicates the situation. Full elucidation of the mech-
anistic pathways by which environmental estrogens are able to
modulate endogenous estrogen signaling in fish requires a better
understanding of the distinct roles of each ER subtype. Apart from
this, medaka has been recommended as one of the model fish for
ecotoxicological tests by the Organization for Economical Coopera-
tion and Development (OECD#) and the potency of ERs in Japanese
medaka (Oryzias latipes) have been demonstrated (e.g. Ref. [14]).

Keeping the recent investigations in mind, we concentrated on
characterizing different ER subtypes for their specific transactiva-
tion potential using different estrogenic pesticides. We also focused
on validating the in vitro data with in vivo experiment using medaka
fish and their possible correlation with vitellogenin gene expres-
sion.

2. Materials and methods
2.1. Animals

QurtE strain of medaka was used for this study. All fish were
maintained at 26 +2 °C under 14 h light and 10 h dark cycle. Eggs
were collected within 30 min of fertilization and incubated in dis-
tilled water (Milli-Q) containing antifungal solution at 26 + 2 °C. All
fishes were fed with freshly hatched Artemia (brine shrimp).

2.2. Medaka genes

All medaka estrogen receptor (mER), vitellogenin (mVTG),
vitellogenin receptor (mVTGR) and a housekeeping riposomal pro-
tein 18 (mRPS18) gene sequences were downloaded from NCBI
(http://www.ncbi.nlm.nih.gov/) or DFCI (http://www.compbio.
dfci.harvard.edu) with accession numbers AY917147.1 (mER),
AB 070901.1 (mERB1), AB428449 (mERS2), AB064320 (mVTG1),
EF122597.1 (mVTGR) and TC115326 (mRPS18).

2.3. Chemicals
173-Estradiol (E;) was purchased from Sigma-Aldrich Co. (St

Louis, MO, USA) and o,p’-DDT, heptachlor and endosulfan from
Chem Service (West Chester, PA, USA). Carbendazim, deltamethrin,

3 Wastewater Treatment Works.
4 Organization for Economical Cooperation and Development.

acephate, dimethoate and amitraz were obtained from Dr. Ehren-
storfer (Augsburg, Germany). All chemicals were dissolved in
dimethylsulfoxide (DMSO) for in vitro assay. But for in vivo exper-
iment, ethanol was used to dissolve E,. These pesticides were
selected based on data on current use of pesticides in India (www.
indiastat.com/agriculture/2/consumptionofpesticides/206872).
The concentration of DMSO in the culture medium did not exceed
0.1%.

2.4. Estrogen receptor transactivation assay

HEK-293 cells were seeded in 24-well plates at 5 x 10° cells/well
in Dulbecco’s modified Eagle’s Medium (Sigma) supplemented with
10% charcoal/dextran treated fetal bovine serum (Hyclone, South
Logan, UT, USA). Cells incubated for 24h at 37°C with 5% CO,
were transfected with 400 ng of pGL3-basic-4X ERE-tk-luc, 100 ng
of pRL-tk-luc (internal control to normalize the variation of trans-
fection efficiency contains the Renila reniformis luciferase gene with
the herpes simplex virus thymidine kinase promoter, Promega,
Madison, WI, USA) and 200 ng of pCMV 3.1-medaka ER«/ERB1/ERB2
using Fugene-6 transfection reagent (Roche Diagnostics, Basel,
Switzerland) according to the manufacturer’s instruction.

After 4 h, doses ranging from 10~17 to 106 M of E; and 10~! to
10-% M of 0,p’-DDT, heptachlor, dimethoate, amitraz, carbendazim,
deltamethrin, endosulfan and acephate were added to the culture
media of transfected cells. Cells were collected 44 h after ligand
addition, then, the luciferase activity was measured by a chemi-
luminescence assay with dual luciferase reporter assay system
(Promega). Estrogenic activities of each chemical were calculated as
firefly (Photinus pyralis) luciferase activity/sea pansy (Renilla reni-
formis) luciferase activity [15]. All transfections were performed
at least three times, employing triplicate sample points in each
experiment. The values were shown as mean+SEM from three
separate experiments, and dose-response data and ECsg were ana-
lyzed using GraphPad Prism (Graph Pad Software, Inc., San Diego,
CA, USA).

2.5. Invivo estrogen treatment

2.5.1. Experimental design and sampling

Adult medaka (140 days post hatching, dph) were exposed to
nominal concentration of 1 and 10 ng/ml E; for 7 days, while control
fish were treated with vehicle ethanol. 100% water exchange was
carried out for every 24 h interval. Three trials were performed.
Gonad, brain, liver and kidney were dissected, separately, for RNA
isolation and further analysis. Institutional Animal Care and Use
Committee at the National Institute for Basic Biology approved all
procedures and protocols related to treatment and maintenance.

2.5.2. Histology and in situ hybridization

Samples fixed in 4% paraformaldehyde were embedded in paraf-
fin and sectioned at 5 pm followed by standard hematoxylin and
eosin staining and in situ hybridization using each ER subtype
genes. Probes of sense and anti-sense digoxigenin-labeled RNA
strands were transcribed in vitro with RNA labeling kits (Roche
Diagnostics GmbH, Mannheim, Germany) from plasmid DNA con-
taining partial ORF (Primer details in Table 1) of medaka ERs. In situ
hybridization was carried out as follows: sections were deparaf-
finized, hydrated and treated with proteinase K (10 mg/ml, Roche)
and then hybridized with the sense or anti-sense DIG-labeled RNA
probe at 58 °Cfor 22 h. The hybridization signals were then detected
using alkaline phosphatase-conjugated anti-DIG antibody (Roche)
and NBT (Nitro blue tetrazolium chloride) as described previously
[16].
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Table 1
List of primers used in this study.
Primer name Sequences Purpose
ER« Realtime F ATGGCCAAAGACACGCGTT Real time PCR of respective gene
ERa Realtime R TCATTGTGACCCTGGATGCTC
ERB1 Realtime F ACCAACTTGGCCGATAAGGA
ERf1 Realtime R AAACCCTGGAATCTTCTTGGC
ERB2 Realtime F TCCGCCACGTGAGTAACAAA
ERB2 Realtime R CCACGTTCTTCCTCTTCATGG
mVTG1-Realtime F CTCCAGCTTTGAGGCCATTTAC
mVTG1-Realtime R ACAGCACGGACAGTGACAACA
mVTGR-Realtime F AGTTGATGCACATGTAAC
mVTGR-RealtimeR CAGCGTAGCTCATGACC
mrps18 Realtime F ACAACATGGGCGTAACGTC Real time PCR for house keeping gene
mrps 18 Realtime R ATCCAAGATGTCTCTGGTAATC
ERa ISHF CATGTACCCTGAAGAGAGCCG In situ probe preparation
ERx ISHR GCTGCGTTTCCTTCCATCA
ERBT1ISHF ACCAGCAAGGGTGTGAGGAG
ERB1ISHR AAACCCTGGAATCTTCTTGGC
ERB2ISHF TGACTATGGGAACGGGCCT
ERB2ISHR GGACGGACGATGAGTGTGGT

2.5.3. Quantification of ERs by real-time PCR

Changes in gene expression were quantified using the ABI
prism 7500 sequence detection system (Applied Biosystems, Fos-
ter City, USA). Total RNA was isolated with RNeasy kit (Qiagen,
Chatsworth, CA, USA) following manufacturer’s protocol. cDNA
synthesis was carried out using QuantiTect reverse transcription
kit (Qiagen) from 100 ng of total RNA. The first strand cDNAs were
diluted to 100 pl for subsequent use. Gene specific RT-PCR was
performed using SYBR green master mix (Applied Biosystems) and
5ng cDNA according to manufacturer’s instruction. The PCR condi-
tions were as follows: initial denaturation at 94 °C (2 min) followed
by 40 cycles at 94°C (30s) and 60°C (1 min). The relative expres-
sion was calculated using RPS18 expression (house keeping gene).
Sequences of gene specific primers are listed in Table 1. Average
relative expressions derived from triplicates were used for fur-
ther analysis. Specificity of primer sets throughout this range of
detection was confirmed by the observation of single amplification
products of the expected size and dissociation curve. All assays
were quantified with standard curve (mean Ct vs log cDNA dilu-
tion) slopes between —2.99 and —3.34, and the linear correlation
(R?) between the mean Ct and the logarithm of the cDNA dilution
was >0.985 in each case.

2.5.4. Data analysis

Statistical differences in relative mRNA expression between
experimental groups were assessed using One Way ANOVA, fol-
lowed by Student’s t-test. All in vivo data were statistically analyzed
using Stat View, version 5 software (SAS Institute, Cary, NC, USA). All
experimental data are shown as the mean + SEM. Differences were
considered statistically significant at p <0.05. Regression and cor-
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relation analyses were also performed using descriptive statistics
of Stat View 5.

3. Results
3.1. Some pesticides can act through estrogen receptors

To investigate the estrogenic activity of common pesticides
through mERs, luciferase reporter assay was performed using three
mER subtypes with 7 pesticides and E, as a positive control (Fig. 1).
All three subtypes of mERs were activated by E; and o,p’-DDT.
ERB2-dependent induction was found to be several fold higher than
ERa and ERB1 specifically for E; and o,p’-DDT. Among other pesti-
cides, endosulfan showed estrogenicity with ERx only. However,
endosulfan failed to trigger ERB1 and ERB2 responsive luciferase
activity. But other pesticides like amitraz, dimethoate and hep-
tachlor, deltamethrin, acephate and carbendazim were found to
have little/no induction capacity.

3.2. Changes in expression of ER subtypes in various tissues

Excessive estrogen responsive changes in mERs expression was
analyzed by exposing to different concentration of E, followed by
measuring the expression of ERs in different tissues both in 140
dph adult male and female medaka.

ERa expression was reduced significantly in ovary even at low-
est concentration (1 ng/ml E;) of E,. Testicular expression of ERx
was suppressed at higher concentration (10ng/ml E,) (Fig. 2A).
However, at higher concentration, ERa was found to decrease in
both sexes. Interestingly ERB1 depicted a E; responsive up regula-
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Fig. 1. Estrogen and estrogenic pesticide regulated in vitro transcriptional activity of different medaka ER subtypes. Transcriptional activity profiles of mERx (A), mERB1 (B)
and mERS2 (C) generated using 17f3-estradiol (E;), o,p’-DDT, amitraz, dimethoate, and endosulfan depicts differential activation pattern. Acephate, heptachlor, deltamethrin
and carbendazim showed no estrogenic activity in all three mER subtypes in this transcriptional assay (data not shown).
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Fig. 2. External estrogen responsive ER subtypes in different tissues of medaka. Realtime PCR based modulation of three ER subtypes in gonad, liver, brain and kidney upon
short term (7 days) E; (0, 1 and 10 ng/ml) exposure demonstrates differential pattern of expression specific to sex. In graphs, relative expressions corrected for RPS-18 are
plotted on Y-axis against concentration (ng) in X-axis. Different letters (a-d) denotes a significant difference at p <0.05 (using Duncan’s Multiple Range Test).

tion in male only. ERB2 expression was initially different between
sexes,at0and 1 ng/ml E, treatment group, but became insignificant
at higher concentration (10 ng/ml E; ) group. 10 ng/ml E, treatment
group showed a significant induction in ERB2 expression in both
sexes.

In both sexes, ERx and ERB1 expression in the brain was unaf-
fected by E, treatment (Fig. 2B). However, similar to gonad, ER2
expression changed significantly between sexes at 1 ng/ml E; group
but became insignificant in 10 ng/ml E; group in the brain. No sex-
ual dimorphism in expression of ERs in the brain was observed
within treatment groups.

In agreement with gonad, ERa expression reduced significantly
in livers of both sexes. Interestingly, no significant changes were
observed in case of ERB1. However, opposite pattern of ERf32
expression was encountered in the liver compared to ERx expres-
sion. ERB2 expression increased significantly along with elevated
concentration in males, but it in females only increased at the
higher concentration (10 ng/ml E; ) (Fig. 2C).

ERa had no differential expression in kidney, which can be cor-
related with E; exposure (Fig. 2D). But the other two receptor
subtypes had changed their expression profile with E; treat-
ment. ERB1 showed significant decrease in expression in male
fish only. However, the expression remained higher in males than
females. In case of ERB2, expression increased in male kidney and
became indifferent from females even at lower concentration group
(Fig. 2D).

Effects of E; treatment on expression of different ER subtypes
were analyzed using in situ hybridization. Expressions remained
unchanged in the ovary, while in the testis, elevated expression
was observed for all ER subtypes (Fig. 3). Expression of ERs in liver
and brain (data not shown) were in-compliance with real-time PCR
data (Fig. 2).

Vitellogenin (VTG) is a biomarker for estrogen response [17].
On the other hand, VTG receptor (VTGR) is the prime transporter
of VTG into oocytes [18]. In order to shed some light on possible
correlation between VTG production and ER-mediated response,

the expression of medaka VIG1 (mVTG1) and mVTGR mRNA was
measured in the E,-treated adult (147 dph) medaka liver and gonad
in both sexes. mVTG1 depicted a similar expression pattern of ERB2
in liver, i.e. increased significantly with E; treatment in both sexes
(Fig. 4A, Table 2). But in gonad, mVTGR expression showed sexual
dimorphic pattern. The expressions increased and decreased with
elevating concentration of E; in males and females, respectively
(Fig. 4B). Furthermore, the correlation between mVTG1 and ERB2
was found to highest (0.509) followed by ERS1 and ER« (Table 2).
Regression analysis also showed higher R? value for ERB2 in both
sexes (Table 2).

4. Discussion

ERa and ERB were found in almost all organs of the body, yet,
relatively few tissues are considered target for estrogenaction in
mammals. In contrast to mammals, which have two ERs, teleost
fish have three known ER subtypes [19]. These include ERx and
two isoforms of ERB, ERB1 and ERB2 [20,21]. To develop a more
complete understanding of the roles of different ERs, in line of
estrogen biology, we hereby begin with the measurement of the
transcriptional activity of different ERs. The in vitro transcriptional
activation assay allows simultaneous identification of promoter
and enhancers, with a correlative assessment of their activities via
reporter protein.

In one study, transfection assays showed that all zebrafish (zf) ER
subtypes are able to induce a reporter gene driven by an estrogen-
response element (ERE) in a strictly estrogen-dependent manner
[8]. Dose-effect experiments revealed that the zfERB2 is highly
sensitive to E; and is able to induce a reporter gene at a mini-
mal concentration of 10-11 M E,. This high sensitivity could be
due to its higher affinity for E; and/or a better recruitment of
co-activators [8]. Despite dissimilarities between zebrafish and
medaka ER sequences, our results also suggest that mERB2 is
highly sensitive to E, followed by mERB1 and mER«. The estrogenic
response was further confirmed by similar experiment with. o,p’-
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DDT, a Xxenoestrogen [22], however, the induction was several fold
lower then E;. Endosulfan mimics estrogen [23], caused testicular
atrophy in male rats (fed with a diet containing 10 ppm endosul-
fan) [24,25]; showed lowered plasma levels of gonadotrophin and
testosterone [26]. These results are consistent with its estrogenic-
ity revealed by the E-screen assay [27]. The estrogenic potency of
endosulfan as measured by the E-screen assay was comparable to
that of o,p’-DDT while lower to that of E; [27], are in compliance
with our results. Although all pesticides used in the present study
are directly or indirectly related to estrogen action [28], but little or
no activation may be due to lower affinity to different medaka ERs
or less ability to recruit the co-activators. It should be noted that the
estrogenic activity of chemicals cannot be deduced solely from their
molecular structure but need more understanding on their mecha-
nism of action [27]. For example, dimethoate posseses reproductive
toxicity, but it acts through star [29], which is the master regulator
of cholesterol bio-synthesis. So, there may be less possibility for it
to directly act upon ERs [29].

Interestingly, exposure of medaka to the natural ER ligand, E;,
invoked differential responses of medaka ER genes. Our data indi-
cates that ERx may act through a negative feedback regulation
because the expression goes down significantly in both sexes along
with E, treatment. Gender specific expression pattern of ERS1 also
supports the above hypothesis at least in males. Similar nega-
tive feedback regulation, or after effect of excessive estrogen, may

Table 2

explain the minified expression of ERB1 in females too. Further-
more, ERB2 appears to be the most potent ER found in germ cells,
indicating a more fundamental role for ERB in germ cell develop-
ment/differentiation [30].

Germ cell development or gonad maintenance is the outcome
of gene regulation in many tissues. Although in the present work,
no interesting changes in expression of ERs were observed in the
brain and kidney but significant changes were detected in the liver.
Unlike zebrafish, instead of E;-dependent ERx up-regulation [31],
our finding indicates the estrogen-responsive induction of ER32
expression in livers of both male and female medaka. However,
these data contradict the theory that ERS may not be involved in
the regulation of vitellogenesis [32]. Specific knockdown of each
receptor in livers of gold fish (Carassius auratus) suggest that ERx
is induced by E2 through activation of the ERS subtypes [33]. But
in the present study, we observed opposite regulation for ERo and
ERB2, i.e. suppression for the former and up-regulation of the lat-
ter. Contrast to Nelson and Habibi [33], present results suggest that
ERB2 has an obvious and compensatory role in E; regulation even
in liver. Moreover, tissue specific expression of mERs coupled with
our previous report (Chakraborty et al., Communicated elsewhere)
indicates species differences in the expression of mER subtypes in
different tissues and emphasizes the importance of precise staging
of the fish while reporting and assessing the functional relation-
ships for the expression of specific genes. Increasing expression of

Relationship between estrogen receptor subtypes and VTG-1 mRNA expression in medaka liver.

Group R? (p-values) Correlation

Female Male Female Male
ERa vs VIG1 in liver 0.058 (p<0.001) 0.087 (NS) -0.156 -0.163
ERb1 vs VTG in liver 0.078 (p<0.0001) 0.045 (NS) -0.229 -0.178
ERb2 vs VTG1 in liver 0.18 (p<0.0001) 0.132 (p<0.0001) 0.509 0.678

Using descriptive statistics from Stat View.
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ERf2 along with E; treatment suggests a highly likely role in ovarian
maintenance or germ cell development/differentiation in medaka.

E; responsive VTG induction in liver is mediated through ERs
in fish [32]. However, individual/correlative role of ER subtypes
on VTG gene expression is largely unknown. In the present study,
expression profile of mVTG1 and choriogenin (data not shown)
are maximally correlated with ERS2 abundance. Moreover, VTG is
essential for oocyte maturity. Although E; can induce VTG produc-
tion in medaka liver [34], but uptake of VTG may be reduced due to
suppression of VTGR expression in the ovary, following a decreased
fecundity and unimpaired fertility in female medaka [35]. However,
in case of males, increase in VTG and VTGR expression indicates the
female directive gonadal changes. Together with transactivation
data and changes in expression profile of gonad, brain and liver
upon E; exposure, it can be speculated that ERB2 has a significant
role in estrogen-dependent ovarian maintenance in medaka. How-
ever, sex specific regulation of VTGR expression in medaka gonads
and expression pattern of ERx and ERB1 support the feedback reg-
ulation hypothesis.

In this investigation, we focused on characterization of each sub-
type of medaka ER via documenting trans-activation capacity of
different ERs to various chemicals and effect of E, treatment dur-
ing adulthood. The data generated here may provide insight into
the differential physiological roles of the ER subtypes in fish and
provide a foundation for studies on the molecular basis of estro-
genic disruption in the medaka. This also opens future avenue for
ERB2 to be used as a potential biomarker for assessing estrogenic
contamination in medaka.

Acknowledgements

We thank Mrs. Takaki for helping fish maintenance. Thanks are
due to National Bioresource Project (NBRP) Medaka for supplying
QurtE strain of medaka. We are also thankful to Dr. Sipra Mohapa-
tra, CIFE, India, for critical reading of the manuscript.

References

[1] S. Jobling, R. Williams, A. Johnson, A. Taylor, M. Gross-Sorokin, M.
Nolan, C.R. Tyler, R\V. Aerle, E. Santos, G. Brighty, Predicted exposures
to steroid estrogens in UK Rivers correlate with widespread sexual dis-
ruption in wild fish populations, Environ. Health Perspect. 114 (2006)
32-39.

[2] Y. Akahori, M. Nakai, K. Yamasaki, M. Takatsuki, Y. Shimohigashi, M. Ohtaki,
Relationship between the results of in vitro receptor binding assay to human
estrogen receptor a and in vivo uterotrophic assay: comparative study with 65
selected chemicals, Toxicol. In Vitro 22 (2007) 225-231.

[3] M.K.Selin, D.D. Snow, A.S. Kolok, Reduction in hepatic vitellogenin and estrogen
receptor a expression by sediments from an agriculturally impacted waterway,
Aquat. Toxicol. 96 (2009) 103-108.

[4] R.H. Devlin, Y. Nagahama, Sex determination and sex differentiation in fish: an
overview of the genetic, physiological, and environmental influences, Aquacul-
ture 208 (2002) 191-364.

[5] Y. Katsu, A. Lange, R. Ichikawa, H. Urushitani, G.C. Paull, L.L. Cahill, S. Jobling,
C.R. Tyler, T. Iguchi, Functional associations between two estrogen receptors,
environmental estrogens and sexual disruption in the roach (Rutilus rutilus),
Environ. Sci. Technol. 41 (2007) 3368-3374.

[6] S. Jobling, S. Coey, ].G. Whitmore, D.E. Kime, K.J.W. van Look, B.G. McAllis-
ter, Wild intersex roach (Rutilus rutilus) have reduced fertility, Biol. Reprod.
67 (2002) 515-524.

[7] A. Lange, G.C. Paull, T.S. Coe, Y. Katsu, H. Urushitani, T. Iguchi, C.R. Tyler,
Sexual reprogramming and estrogenic sensitization in wild fish exposed to
ethinylestradiol, Environ. Sci. Technol. 43 (2009) 1219-1225.

[8] Menuet, E. Pellegrini, I. Anglade, O. Blaise, V. Laudet, O. Kah, F. Pakdel, Molecular
characterization of three estrogen receptor forms in zebrafish: binding char-
acteristics, transactivation properties, and tissue distributions, Biol. Reprod. 66
(2002) 1881-1892.

[9] S. Socrro, D.M. Power, P.-E. Olsson, A.V.M. Canario, Two estrogen receptors
expressed in the teleost fish, Sparus aurata: cDNA cloning, characterization,
and tissue distribution, J. Endocrinol. 166 (2000) 293-306.

[10] SJ.Hyllner, D.O. Oppen Berntsen, ].V. Helvik, B.T. Walther, C. Haux, Oestradiol-
17 induces the major vitelline envelope proteins in both sexes in teleosts, J.
Endocrinol. 131 (1991) 229-236.

[11] J.A. Mclachlan, M. Burow, T. Chiang, S.F. Li, Gene imprinting in developmental
toxicology: a possible interface between physiology and pathology, Toxicol.
Lett. 120 (2001) 161-164.

[12] G.P. Daston, J.C. Cook, R.J. Kavlock, Uncertainties for endocrine disruptors: our
view on progress, Toxicol. Sci. 74 (2003) 245-252.

[13] J.A. McLachlan, Functional toxicology: a new approach to detect biologically
active xenobiotics, Environ. Health Perspect. 101 (1993) 386-387.

[14] Huang, Z Zhang, S. Wu, Y. Zhao, J. Hu, In vitro and in vivo estrogenic
effect of 17alpha estradiol in medaka (Oryzias latipes), Chemosphere (2010),
doi:10.1016/j.chemosphere.2010.04.010.

[15] Y. Katsu, M. Hinago, K. Sone, H. Urushitani, L.J. Guillette Jr., T. Iguchi, In vitro
assessment of transcriptional activation of the estrogen and androgen recep-
tors of mosquitofish, Gambusia affinis affinis, Mol. Cell. Endocrinol. 276 (2007)
10-17.

[16] L. Zhou, D. Wang, T. Kobayashi, A. Yano, B. Paul-Prasanth, A. Suzuki, F. Sakai,
Y. Nagahama, A novel type of P450c17, lacking the lyase activity is responsible
for C21-steroid biosynthesis in the fish ovary and head kidney, Endocrinology
148 (2007) 4282-4291.

[17] J.P. Sumpter, S. Jobling, Vitellogenesis as a biomarker for estrogenic contam-
ination of the aquatic environment, Environ. Health Perspect. 103 (1995)
173-178.

[18] WJ. Schneider, Removal of lipoproteins from plasma, in: D.E. Vance, J.E. Vance
(Eds.), Biochemistry of Lipids, Lipoproteins and Membranes, Elsevier Science,
New York, NY, 1996, pp. 517-541.

[19] M.B. Hawkins, ].W. Thornton, D. Crews, ].K. Skipper, A. Dotte, P. Thomas, Iden-
tification of a third estrogen receptor and reclassification of estrogen receptors
in teleosts, Proc. Natl. Acad. Sci. 97 (2000) 10751-10756.

[20] A.L Filby, C.R. Tyler, Molecular characterization of estrogen receptors 1,2a,
2b, and their tissue and ontogenetic expression profiles in fathead minnow
(Pimephales promelas), Biol. Reprod. 73 (2005) 648-662.

[21] P.LS. Pinto, A.L. Passos, RS. Martins, D.M. Power, A\V.M. Candrio, Char-
acterization of estrogen receptor bb in sea bream (Sparus auratus):
phylogeny, ligand-binding, and comparative analysis of expression, Gen. Comp.
Endocrinol. 145 (2006) 197-207.

[22] J. Legler, J.L.M. Broekhof, A. Brouwer, P.H. Lanser, AJ. Murk, P.T. van der Saag,
A.D.Vethaak, P. Wester, D. Zivkovic, B. van der Burg, A novel in vivo bioassay for
(xeno-) estrogens using transgenic zebrafish, Environ. Sci. Technol. 34 (2000)
4439-4444.

[23] ]. Varayoud, L. Monje, T. Bernhardt, M. Mufioz-de-Toro, E.H. Luque, J.G. Ramos,
Endosulfan modulates estrogen-dependent genes like a non-uterotrophic dose
of 17B-estradiol, Reprod. Toxicol. 26 (2008) 138-145.

[24] NCI, Bioassay of endosulfan for possible carcinogenicity, in: National Can-
cer Institute technical report series NCI-CG-TR-62, National Cancer Institute,
Bethesda, MD, 1978, pp. 18-54.

[25] P.K. Gupta, R.C. Gupta, Pharmacology, toxicology and degradation of endosul-
fan: a review, Toxicology 13 (1979) 115-130.

[26] S.K. Singh, R.S. Pandey, Effect of sub-chronic endosulfan exposures on plasma
gonadotrophins, testosterone, testicular testosterone and enzymes of androgen
biosynthesis in rat, Indian J. Exp. Biol. 28 (1990) 953-956.



T. Chakraborty et al. / Journal of Steroid Biochemistry & Molecular Biology 123 (2011) 115-121 121

[27] AM. Soto, K.L. Chung, C. Sonnenschein, The pesticides endosulfan, toxaphene,
and dieldrin have estrogenic effects on human estrogen-sensitive cells, Environ.
Health Perspect. 102 (1994) 380-383.

[28] R.W. Bretveld, C.M.G. Thomas, P.T.J. Scheepers, G.A. Zielhuis, N. Roeleveld, Pes-
ticide exposure: the hormonal function of the female reproductive system
disrupted? Reprod. Biol. Endocrionol. 4 (30) (2006) 1-14.

[29] L.P. Walsh, D.R. Webster, D.M. Stocco, Dimethoate inhibits steroidogenesis by
disrupting transcription of the steroidogenic acute regulatory (StAR) gene, J.
Endocrinol. 167 (2000) 253-263.

[30] L. O’'Donnell, K.M. Robertson, M.E. Jones, E.R. Simpson, Estrogen and spermato-
genesis, Endocr. Rev. 22 (2001) 289-318.

[31] A.Menuet, Y. Le Page, O. Torres, L. Kern, O. Kah, F. Pakdel, Analysis of the estro-
gen regulation of the zebrafish estrogen receptor (ER) reveals distinct effects
of ERa, ERB1 and ERB2, . Mol. Endocrinol. 32 (2004) 975-986.

[32] T.Sabo-Attwood, K.J. Kroll, N.D. Denslow, Differential expression of largemouth
bass (Micropterus salmoides) estrogen receptor isotypes «, {3 and y by estradiol,
Mol. Cell. Endocrinol. 218 (2004) 107-118.

[33] ER. Nelson, H.R. Habibi, Functional significance of nuclear estrogen
receptor subtypes in the liver of goldfish, Endocrinology 151 (2010)
1668-1676.

[34] Y.Tong, T. Shan, Y.K. Poh, T. Yan, H. Wang, S.H. Lam, Z. Gong, Molecular cloning
of zebrafish and medaka vitellogenin genes and comparison of their expression
in response to 17(3-estradiol, Gene 328 (2004) 25-36.

[35] Y.Oshima, 1]. Kang, M. Kobayashi, K. Nakayama, N.Imada, T. Honjo, Suppression
of sexual behavior in male Japanese medaka (Oryzias latipes) exposed to 173-
estradiol, Chemosphere 50 (2003) 429-436.



	Estrogen receptors in medaka (Oryzias latipes) and estrogenic environmental contaminants: An in vitro–in vivo correlation
	Introduction
	Materials and methods
	Animals
	Medaka genes
	Chemicals
	Estrogen receptor transactivation assay
	In vivo estrogen treatment
	Experimental design and sampling
	Histology and in situ hybridization
	Quantification of ERs by real-time PCR
	Data analysis


	Results
	Some pesticides can act through estrogen receptors
	Changes in expression of ER subtypes in various tissues

	Discussion
	Acknowledgements
	References


