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ABSTRACT

APPLICATION OF TOXICOGENOMIC APPROACHES TO STUDY CHEMICAL-

INDUCED EFFECTS ON THE HYPOTHALAMIC- PITUITARY- GONADAL (HPG)

AXIS OF THE JAPANESE MEDAKA (ORYZIAS. LATIPES)

By

Xiaowei Zhang

System models utilizing genomic approaches can be powerful tools for

mechanistic toxicological research. This dissertation describes the development and

validation of a real time polymerase chain reaction (RT-PCR) array for studying

chemical-induced effects on gene expression of selected endocrine pathways along the

hypothalamic-pituitary-gonadal (HPG) axis of the small, oviparous fish, the Japanese

medaka (Oryzias latipes). The Japanese medaka HPG PCR array combines the

quantitative performance of SYBR® Green-based real-time PCR with the multiple gene

profiling capabilities of a microarray to examine expression profiles of 36 genes

associated with endocrine pathways in brain, liver and gonad. The performance of the

Japanese medaka HPG PCR array was evaluated by examining effects of five model

compounds, the synthetic estrogen, 17a-ethinylestradiol (EEZ), the anabolic androgen,

17B-trenbolone (TRB), the aromatase inhibitor, fadrozole (FAD), the imidozole-type

fungicides, prochloraz (PCZ) and ketoconazole (KTC) on the HPG axis of the Japanese

medaka. A pathway-based approach was implemented to analyze and visualize

concentration-dependent mRNA expression in the HPG axis of Japanese medaka. Four-

month-old medaka were exposed to different concentration of chemicals for 7 d in a static

renewal exposure system and the exposure concentrations were EEZ (5, 50, 500 ng/L), or

TRB (50, 500, 5000 ng/L) or PCZ (3, 30, 300 pg/L) or KTC (3, 30, 300 ug/L) or SOug



FAD/L. TRB, PCZ, KTC or FAD caused time- dependent reductions in fecundity by

Japanese medaka, but EE2 did not. The compensatory response to EEZ exposure

included the down-regulation of male brain GnRH R I and testicular CYP17. Despite

their different biochemical properties, TRB or FAD caused Similar responses in Japanese

medaka, such as lesser fecundity and down-regulation of VTG and CHG genes in the

liver of females. Compensatory responses to TRB in the female HPG axis included up-

regulation of brain GnRH R I] and ovary CYP19A. Exposure to FAD for 8 h resulted in

an 8-fold and 71-fold down-regulation of expression of estrogen receptor alpha (ER-a)

and CH6 L, respectively in female liver. TRB caused Similar down-regulation but the

effects were not observed until 32 h of exposure. These results support the hypothesis

that FAD reduces plasma E2 more quickly by inhibiting aromatase enzyme activity than

does TRB, which inhibits production of the E2 precursor testosterone. Exposure to KTC

or PCZ significantly down-regulated expression of ER—a and egg precursors in livers of

males and females. However, PCZ was more potent than KTC both in modulating

transcription and in causing lesser fecundity. Correlation analysis indicated that ER-a

plays a primary role in the transcription of VTG and CH0 genes in livers. The mRNA

level of the five egg precursors and ER-a in livers of females was log-log related to the

ecologically relevant endpoint, fecundity. Overall, the organ- gender- and concentration—

specific gene expression profiles derived by the Japanese medaka HPG axis RT—PCR

array provides a powerful tool to not only delineate chemical-induced modes of action,

but also to quantitatively evaluate chemical induced adverse effects on reproduction.
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Chapter I

Introduction



The issue of potential endocrine disruption by chemicals was highlighted by recent

legislation mandating that chemicals and formulations be screened for their potential to

modulate the endocrine system before they are manufactured or used in certain processes

(Safe Drinking Water Act Amendments of 1995 - Bill Number 8.1316; Food Quality

Protection Act of 1996 - Bill Number PL. 104-170). Currently knowledge of chemical-

induced endocrine disruption is largely limited to the pathways mediated through several

classical steroid hormone receptors, including estrogen receptors (ER), androgen

receptors (AR) and thyroid hormone receptors (ThR). Our recent studies have evaluated

the chemicals induced effect on steriodogenesis which alter the rates as well as absolute

and relative concentrations of hormones produced by steroidogenic cells by altering the

expression of steroidogenic enzymes (Gracia et al. 2006; Hecker et al. 2006; Hilscherova

et al. 2004; Zhang et al. 2005). Endocrine disrupting chemicals (EDCS) could alter

normal patterns of gene expression either by direct (steroid hormone receptor mediated

pathways) or compensatory effects (Villeneuve et al. 2007). Historically, studies on

endocrine disrupting induced chemicals have generally focused on several endpoints and

one tissue at one specific time in the development of an organism. However, considering

the complicated endocrine system in humans and wildlife, current chemical screening

tools are limited to either narrow molecular targets or restricted methods. What is needed

is a sensitive, flexible monitoring tool that allows for the screening of a multiple

molecular targets genes in multiple tissues simultaneously at any stage of development

and allow for mechanism based toxicity prediction and assessment.

A significant degree of conservation has been shown in the basic aspects ofthe

hypothalamic-pituitary-gonadal (HPG) axis among vertebrates (Ankley and Johnson



2005; Danger et al. 1990). Teleost fish, such as the Japanese medaka (Oryzias latipes),

zebrafish (Danio rerio) and fathead minnow (Pimephales promelas), have been

suggested to be appropriate models for testing EDCS in terms of both ecological impacts

and species extrapolation (Ankley and Villeneuve 2006; Villeneuve et al. 2007). The

medaka is a small, oviparous (egg-laying) freshwater fish native to Asia. Its physiology,

embryology and genetics have been extensively studied for more than 100 y (Wittbrodt et

al. 2002). The medaka represents an important test system for environmental research

and is widely used for testing endocrine disrupters in ecotoxicology (Pastva et al. 2001;

Villalobos et al. 2003). The medaka has several major advantages compared to the

zebrafish (Danio rerio), another commonly used model organism that are important for

the proposed study. First, to date nothing is known about the exact mechanism of sex

determination in zebrafish, an aspect that is highly relevant when testing EDC effects on

reproductive endocrinology. Conversely, the Japanese medaka has clearly defined sex

chromosomes, and sex determination system is the same as human: XX-XY (summarized

in Wittbrodt et al., 2002). Thus, it has been suggested that the Japanese medaka may

provide a valuable model to study the disruption of sex differentiation caused by

chemical in human. Secondly, medaka is hardier and less susceptible to disease than the

zebrafish (Wittbrodt et al., 2002). Another advantage of the Japanese medaka is its rapid

development and ease of breeding, producing eggs on a regular schedule under the

appropriate conditions of lighting and temperature. Also, there are closely related marine

and freshwater species of medaka. Because of these advantages the medaka has been

recognized by the international scientific community as an attractive complementary

model system to the zebrafish. Furthermore, a draft genome sequence of the freshwater



Japanese medaka has been assembled and over 20 thousands genes have been predicted

(Kasahara et al. 2007), which allow the application of toxicogenomics to evaluate

toxicity of different chemicals across the genomes of these fish and extrapolate the

observed toxicity in these models to humans and other Species.

Transcriptional profiling methods, like microarray and real- time PCR, are

powerful tools for examining chemical mechanisms or modes of action (MOA) and could

potentially be used to support aspects of regulatory decision making in ecotoxicology

(Ankley et a1 2007). Microarray technology can scan expression profiles of multiple

genes. The medaka has a relatively well-characterized genome. However, it lacks robust

annotation for many gene products. Therefore, because of absence of baseline

information of a large proportion of array spots, full interpretation of data collected by

medaka microarray is impossible. On the other hand, real-time polymerase chain

reaction (Real time -PCR) is a sensitive and reliable technique enabling quantitative

quantification ofmRNA in biological samples. Real-time PCR methods have greater

precision for quantification of changes in gene expression than does the microarray. In

addition, the lesser expense of the real time PCR technique relative to that of the

microarray technique allows robust investigation on the studied chemical by examining

more concentrations, organs and replicates. Therefore, we have developed a medaka

HPG PCR array system that combines the quantitative performance of SYBR® Green-

based real-time PCR with the multiple gene profiling capabilities of a microarray to

examine chemical-induced gene expression profiles along the HPG axis. In the present

study, we have selected a suite of the functionally relevant genes associated with the

pathways of concern (HPG) based on literatures. All the genes investigated here either



have a cDNA sequence that is characterized in the NCBI database or have been

sequenced by our group using rapid amplification of cDNA end (RACE) techniques in

this study.

To evaluate the performance of the medaka HPG PCR array system and to

develop the associated data analysis and visualization tools, five chemicals were selected

as model chemicals to which medaka were exposed. The selected model chemicals

included estrogen 170I-ethinylestradiol (EE2), anabolic androgen 17B-trenbolone (TRB),

potent aromatase inhibitor fadrozole, fungicide prochloraz, and ketoconazole. These

chemicals have displayed different MOAS, but all have been shown to adversely affect

animal reproduction through the HPG axis. To elucidate the molecular mechanism

associated with the adverse effects by these chemicals, concentration /time —dependent

experiment design were applied.

I have included three closely related studies as chapters ofmy dissertation.

However, during my program of graduate, I have also conducted research in the field of

in vitro Endocrine Toxicology and Dioxin/PCB Toxicology. Thus, in addition to the

three chapters included in my dissertation, each of which has been submitted as a

manuscript to a journal, I have completed several other collateral studies and been

involved as a co-investigator in several additional studies in the general area of molecular

toxicology of endocrine disrupting chemicals that have resulted in publications in peer-

reviewed journals. In particular, I have been involved with the development of the

H295R steroidogenesis assay, which currently in the final phases of global validation by

the Organization of Economic Cooperation and Development (OECD). In addition to

completing the Ph.D. degree in the Toxicology track of the Environmental Toxicology



and Zoology, while at MSU I have simultaneously completed an MS in Statistics, for

which I concentrated on techniques appropriate for toxico-genomics. The manuscripts

that I have authored or co-authored while at MSU include the following.
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Zhang, X., Yu, R.M., Jones, P.D., Lam, G.K., Newsted, J.L., Gracia, T., Hecker M.,

Hilscherova K, Sanderson T, Wu R.S., Giesy JP. (2005). Quantitative RT-PCR

methods for evaluating toxicant-induced effects on steroidogenesis using the

H295R cell line. Environ Sci Technol. 39(8):2777-85.

Hilscherova, K., Jones, P.D., Gracia, T., Newsted, J.L., Zhang, X., Sanderson, J.T., Yu,

R.M.K., Wu, R.S.S., Giesy, J.P. (2004). Assessment of the effects of chemicals

on the expression of ten steroidogenic genes in the H295R cell line using real-

time PCR. Toxicol Sci. 81, 78-8.

Gracia, T., Hilscherova, K., Jones, P.D., Newsted, J.L., Higley, E.B., Zhang, X., Hecker,
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ABSTRACT

System models utilizing genomic approaches can be powerful tools for mechanistic

toxicological research. This paper describes the development and validation of a PCR

array for studying chemical-induced effects on gene expression of selected endocrine

pathways along the hypothalamic-pituitary-gonadal (HPG) axis of the small, oviparous

fish, the Japanese medaka (Oryzias latipes). The Japanese medaka HPG PCR array

combines the quantitative performance of SYBR® Green-based real-time PCR with the

multiple gene profiling capabilities of a microarray to examine expression profiles of 36

genes associated with endocrine pathways in brain, liver and gonad. The performance of

the Japanese medaka HPG PCR array was evaluated by examining effects oftwo model

compounds, the synthetic estrogen, 17a-ethinylestradiol (EE2) and the anabolic androgen,

17B-trenbolone (TRB) on the HPG axis of the Japanese medaka. Four-month-old

medaka were exposed to three concentrations of EE2 (5, 50, 500 ng/L) or TRB (50, 500,

5000 ng/L) for 7 d in a static renewal exposure system. A pathway-based approach was

implemented to analyze and visualize concentration-dependent mRNA expression in the

HPG axis ofJapanese medaka. The compensatory response to EE2 exposure included the

down-regulation of male brain GnRHR I and testicular CYPI 7. The down—regulation of

AR-a expression in brain of EE2-exposed males was associated with suppression ofmale

sexual behavior. Compensatory responses to TRB in the female HPG axis included up-

regulation of brain GnRHR 11 and ovary steroidogenic CYP19A. Overall, the results

suggested that the Japanese medaka HPG PCR array has potential not only as a screening
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tool of potential endocrine disrupting chemicals but also in elucidating mechanisms of

action.

Keywords: 170r-ethinylestradiol, 17B-trenbolone, expression profile, steroidogenesis,

fecundity, endocrine, fish
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INTRODUCTION

Knowledge of chemical-induced endocrine disruption is largely limited to the pathways

mediated through several steroid hormone receptors, including estrogen receptors GER)

androgen receptors (AR) and thyroid hormone receptors (ThR). More recently,

increasing efforts have been underway to evaluate alternate pathways of chemical

interaction with the endocrine system such as effects on steroidogenesis, which can alter

the rates as well as absolute and relative concentrations ofhormones produced by an

organism by altering the expression of steroidogenic enzymes ( Ankley et a]. 2005;

Gracia et a]. 2006; Hecker eta]. 2006; Hilscherova eta]. 2004; Villeneuve eta]. 2007a;

Zhang eta]. 2005).

Endocrine-Disrupting Chemicals (EDCS) can alter normal patterns of gene

expression either by direct (steroid hormone receptor-mediated pathways) or

compensatory effects (Villeneuve et al. 2007b). Historically, studies of interactions of

EDCS with organisms have focused primarily on a few endpoints in one tissue at one

specific time in the development ofan organism. However, considering the complicated

nature of endocrine systems in humans and wildlife, current chemical screening tools are

often limited to a few molecular targets. What is needed is a sensitive, flexible

monitoring tool that allows for the screening of a multiple molecular target genes in

multiple tissues simultaneously at any stage ofdevelopment and allows for mechanism-

based toxicity prediction and assessment.

A significant degree of evolutionary conservation has been found to occur in the

basic aspects ofthe hypothalamic-pituitary-gonadal (HPG) axis among vertebrates

(Ankley and Johnson 2005). Teleost fish, such as the Japanese medaka (Oryzias latipes),
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zebrafish (Danio rerio) and fathead minnow (Pimephales promelas), have been

suggested to be appropriate models for testing EDCS relative to both ecological relevance

and species extrapolation (Ankley and Villeneuve 2006). The Japanese medaka is a

small, oviparous, freshwater fish, native to Asia, for which extensive information on

physiology, embryology and genetics has been developed (Wittbrodt et a]. 2002; Pastava

eta]. 2001; Villalobos et a]. 2003). Recently a marine medaka model (Oryzias

melastigma) has also been developed for ecotoxicological study (Kong et a]. 2007).

Transcriptional profiling methods, like microarray and real-time (quantitative)

polymerase chain reaction (RT-PCR or Q-PCR), are powerful tools for examining

chemical mechanisms or modes of action (MOA) and could potentially be used to

support aspects of regulatory decision making in ecotoxicology (Ankley et a] 2007). In

the present study a Japanese medaka hypothalamic-pituitary-gonadal (HPG) PCR array

system was developed that combines the quantitative performance of SYBR® Green-

based RT-PCR with the multiple gene profiling capabilities of a microarray to examine

chemical-induced gene expression profiles along the HPG axis. Based on literature, a

suite of functionally relevant genes associated with the pathways of concern (HPG) were

selected. All the genes investigated here either have a cDNA sequence that has been

characterized in the NCBI database or have been sequenced using rapid amplification of

cDNA end (RACE) techniques in our laboratory.

To evaluate the performance of the Japanese medaka HPG PCR array and to

develop the associated data analysis and visualization tools, fish were exposed to two

model chemicals, the synthetic estrogen, l70r-ethinylestradiol (EE2) and the anabolic

androgen, l7B-trenbolone (TRB). The aims ofthe study were: 1) to select a suite of

14



functionally relevant genes to develop a Japanese medaka HPG model; 2) to clone and

sequence the selected genes that lack cDNA evidence; 3) to develop SYBR Green based

RT-PCR methods for the selected genes; 4) to conduct 7-d exposures with EE2 and TRB

to examine the gene expression patterns in brain, liver and gonad; 5) to test the

hypothesis that the chemicals can induce concentration-dependent, organ-specific gene

expression response patterns; and 6) to compare gene changes and effects at other

biologically relevant levels such as fecundity.
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MATERIALS AND METHODS

Chemicals and regents

17 a-ethinyl estradiol (EE2), 17B-trenbolone (TRB) and dimethyl sulfoxide (DMSO)

were obtained from Sigma (St. Louis, MO).

Animals

Male and female wild-type 0. latipes were obtained from the aquatic culture unit at the

US Environmental Protection Agency Mid-Continent Ecology Division (Duluth, MN,

USA). The fish were cultured in flow-through tanks in conditions that facilitated

breeding (23-24°C; 16:8 light/dark cycle), and that were in accordance with protocols

approved by the Michigan State University Institutional Animal Care and Use Committee

(MSU-IACUC).

Total RNA isolation and reverse-transcription PCR

Total RNA was extracted from tissue samples using the Agilent Technologies Total RNA

Isolation Mini Kit (Agilent Technologies, Palo Alto, CA) according to the manufacturer’s

protocol. Purified RNA was stored at -80 °C until analysis. First-strand cDNA synthesis

was performed using Superscript III first-strand synthesis SuperMix and Oligo-dT

primers (Invitrogen, Carlsbad, CA). Briefly, a 0.5 to 2 pg aliquot of total RNA was

combined with 1 pL of 50 pM Oligo(dT)20, 1 pL of annealing buffer, and RNase-free

water to a final volume of 8 pL. Mixes were denatured at 65 °C for 5 min and then

quickly cooled on ice for 2 min. Reverse transcription was performed after adding 10 pL
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2X first-stand reaction mix, and 2 pL SuperScript III/RNaseOUT enzyme mix. Reactions

were incubated at 50 °C for 50 min and, on completion, were inactivated at 85 °C for 5

min. To digest RNA, 1.25 pL RNase H (Invitrogen, Inc., Carlsbad, CA) was added

before incubation at 37 °C for 30 min. The cDNA synthesis reactions were stored at -20

°C until further analysis.

Gene selection and model development

A total of 36 genes representing key signaling pathways and functional processes within

the Japanese medaka HPG axis were selected for study based on the teleost “Graphical

Systems Model” previously proposed by (Villeneuve et al. 2007b) and Japanese medaka

species-specific literature (Table 2.1). In addition, reference genes, B-actin, 16S rRNA

and RPL-7, were selected as internal quantitative controls. The Japanese medaka HPG

transcriptional model was constructed and visualized using GenMAPP 2.1 (Salomonis et

a]. 2007).

Cloning and sequencing

Ofthe 36 selected HPG genes, 14 genes did not have cDNA sequences available in the

public NCBI Genbank database and cDNA cloning was conducted based on predicted

transcript sequences. Briefly, the corresponding homologous genes were identified from

the ensembl Japanese medaka genome (hfipJ/wwwensemblorgZngias latipes/index.

ht_r_n_l). Gene-specific primers were designed based on the predicted sequences for each of

the studied genes. 5’-RACE and 3’-RACE PCR reactions were performed using a BD

SMART RACE cDNA amplification kit (BD-Biosciences Clontech, Palo Alto CA)
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according to the manufacturer’s protocol. Purified PCR products were cloned into a

plasmid vector or directly sequenced using the corresponding primers by an ABI 3730

Genetic Analyzer (Applied Biosystems, Foster City, CA).

Real-time PCR reaction

Real-time Q-RT-PCR was performed by using an ABI 7900 high throughput real time

PCR System in 384-we11 PCR plates (Applied Biosystems, Foster City, CA) (Table 2.2).

PCR reaction mixtures for one hundred reactions contained 500 pL of SYBR Green

master mix (Applied Biosystems, Foster City, CA), 2 pL of 10 pM sense/anti-sense gene-

specific primers, and 380 pL of nuclease-free distilled water (Invitrogen). A final

reaction volume of 10 pL was made up with 2 pL of diluted cDNA and 8 pL of PCR

reaction mixtures using a Biomek automation system (Beckman Coulter, Inc., Fullerton,

CA). The PCR reaction mix was denatured at 95 °C for 10 min before the first PCR

cycle. The thermal cycle profile was: denaturizing for 15 s at 95 °C; annealing for 30 s at

60 °C; and extension for 30 s at 72 °C. A total of 40 PCR cycles were used. PCR

efficiency, uniformity, and linear dynamic range of each Q-RT-PCR assay were assessed

by the construction of standard curves using DNA standards.

Chemica] exposure

Japanese medaka (14 wk old) were acclimated in 10-L tanks filled with 6 L of carbon-

filtered water for a period of 12 (1 prior to initiation of experiments. Fish were held at

24°C with a 16:8 light/dark cycle. Females were first separated from males by visual

morphological determination and 5 female and 5 male fish were put into each tank.
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Half of the water in each tank (3 L) was replaced daily with fresh carbon-filtered water.

Overall mortality for all fish during the acclimation period was one. After the

acclimation period, fish were exposed to EE2 or TRB in a 7-d static renewal exposure

scenario. Each treatment was replicated in triplicate tanks and consisted of a vehicle

control (DMSO with a final concentration of 1:10000 v/v water), 5, 50, and 500 ng/L

EE2 and 50, 500, and 5000 ng/L TRB. Half of the water in each tank (3L) was replaced

daily with fresh carbon-filtered water dosed with the appropriate amount of chemicals.

Water quality parameters (temperature, pH, hardness, dissolved oxygen, ammonia-

nitrogen and nitrate-nitrogen) were measured daily. Eggs produced during the previous

day were counted and recorded before the replacement of water. No mortalities were

observed in any treatment during the exposure period. At the end of the 7-d exposure

period fish were euthanized in Tricaine S solution (Western Chemical, Femdale, WA,

USA), and total weight and snout-vent length were recorded for each fish. For gene

expression analysis, 4-6 males and females were randomly sampled from the three

replicate tanks of each treatment. Tissues from brain, liver, and gonads were collected

and preserved in RNAlater storage solution (Sigma, St Louis, M0) at -20°C until

analysis. The quantification of target gene expression was based on the comparative

cycle threshold (Ct) method with adjustment of PCR efficiency according to the

procedures described previously (Zhang eta]. 2005). To increase the reliability of

comparative Ct method —based gene expression quantification, the average Ct value of

multiple reference genes was used as reference Ct. ,B-actin, 16S rRNA and RPL-7 were

used as reference genes in brain and gonad tissues. Only 16S rRNA and RPL-7 were used
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as reference genes in liver tissue because the hepatic expression of,B-actin has been

shown to be responsive to estrogenic chemicals (Zhang and Hu 2007).

Data analysis

Gene expression was calculated as fold-change relative to the average expression in the

vehicle control. Statistical analyses were conducted using the R project language

(http://www.r-project.org/). Prior to conducting statistical comparisons, normality was

evaluated by Shapiro-Wilks test and if necessary, data were log-transformed to

approximate normality. Differences were evaluated by ANOVA followed by a pair-wise

t-test. Levels of statistical significance are p < 0.05 unless specified. To examine the

relationship between the expression level of steroid hormone receptors and other HPG

genes in different tissues, Spearman rank correlation analysis was conducted

independently for females and males. Because each receptor gene was compared with

multiple genes, the chance of false correlation increased. Therefore correlations withp <

0.01 were considered to be statistically significant.
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Table 2.2. primer sgquences of selected medaka HPG axis genes
 

 

Abbreviation Sense Antisense

CYP3A GAGATAGACGCCACCTTCC ACCTCCACAGTTGCCTI'G

Annexin max2 CTGATCGTGGCTCTGATGAC CTGCTGAGGTGTTCTGGAAG

CHG H TGGCAAGGCACTGGAGTATCAC CTGAGGCTTCGGCTGTGGATAG

CHG HM GGAGCCATI’ACCAGGGACAG AAGTI’CCACACGCAAGATI’CC

CHG L TCCTGTCTCTGACTCTGAATGG ecrreecrcerccrcrxcc

cGnRH II TorcrcoccrcerrcrAc GAGTCTAGCTCCCTCTI‘CC

mfGnRH orcrcocmcrcrcrerrc AGTATI'TCAGTTCTCGCTI’CCC

anRH GATGATGGGCACAGGAAGAGtG GGGCACTTGCATCTTCAGGA

AR-a ACCTGGCTCACTTCGGACAC TCTGACGCCGTACTGCTCTG

ER-a GAGGAGGAGGAGGAGGAGGAG GTGTACGGTCGGCTCAACWC

ER-fl GCTGGAGGTGCTGATGATGG CGAAGCCCTGGACACAACTG

GnRHRI TCCGACGAGCCGCATCTG GATGAAGCCGACGACGATGAC

GnRHR11 GCAGCGGCACAGACATCATC GGACAGCACAATGACCACAGAC

GnRHRIII ACTI'CCAGAGGAGCCAGTTGAG GCCAGCCAAGAGTCGTTGTC

CYPI1B CTAGACGACGTGGCGAAAGACT ccrcrecrccrcrrccrrcrce

CYPI9A crcrrccreccrcrrccrone Gcrccrcrcnoroccrcre

CYP19B TCCTGATAACCCTGCTGTCTCG GTTGGTCTGCCTGATGCTGTTC

CYP1 7 CGACCACCACCGTACTCAAATG TCTGGATAATGGATCAGGTAGGtG

VTG I AcrcrccrccrereccrorAc AAGGCGTGGGAGAGGAAAGTC

VTG II TCGCCGCAAGAGCAAGAC CTGGAGGAGCTGGAAGAACTG

StAR TGACAGGTI‘I'GAGAAAGAATG CAATGCGAGAACTI’AGAAGG

HMGR CTGCTGCTGGCTGTCAAG GCTGGCGGCTGC‘ITTATG

CYP21 CAGCCAGCAATGTCATCAC TCAGCAGTGGGAAGGAATC

CYPI1A GCTGCATCCAGAACATCTATCG GACAGCWGTCCAACATCAGGA

3B-HSD GGGCGGGACGAAACTCAG GGAGGCGGTGTGGAAGAC

FSHR TTCAGGCCACTGATGATGTTATCG CCTI'CGTGGGTTCCAGTGAGT

LHR GTCCTGGTCATCCTGCTCGTtAG AACCGGGAGATGGTCAG‘lTI’GT

LDLR GTGCTACGAAGGCTACGAGATG AGGTCAATGCGGCGGATI'TC

GTHa GCAGAACGGAGGGATGAAGGAG ATTGGAGTAGGTGTCGGCTGTG

NeurOpepY C'ITCCACAGTCAAGTI‘ACAAC TGATCTGCAAGGACGAATG

LHbeta GCCAGCCAGTCAAGCAGAAG TCCACCGTATGACAGCCAGAG

HDLR TCTGCCGAACTGTCACTGTC CCACCTGGTCGTCGATGATG

20,3-HSD CAAAGGCATCGGCCTGGCCATTGT GGCGGCGTI'G1TGATAAGGACATC

Activin BA GATGGTGGAAGCAGTGAAG 'I'I'CTI'GATGGCG'ITGAGTAG

Activin BB GGCTAATCGGCTGGAATG CATGCGGTACTGGTTCAC

Inhibin A ccrrrcccrrccmccwc AAGAGCG'ITGCGGATGAG

I6S CGATCAACGGACCGAG‘I‘I’ACC AATAGCGGCTGCACCATTAGG

Beta actin GATGAAGCCCAGAGCAAGAGG CATCCCAGTTGGTAACAATACGG

RPL-7 are ecc 'rcc crc CAC AAA 6 AAC TI’C AAG ccr GCC AAC AAC
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Table 2.3. Chemical induced effects on medaka gonadal-somatic index

(GSI), hepatic-somatic index (HSI) and brain-somatic index (BSI) 8’ b’ °.
 

 

 

Female Male

Treatment BS1 GSI HSI BSI GSI HSI

Control 1.61 10.85 4.18 1.64 1.28 2.14

5 ng EE2/L 1.67 9.40 6.40 1.70 1.68 3.80*

50 ng EE2/L 1.43 10.08 3.67 1.84 1.62 3.69

500 ng EE2/L 1.64 10.01 5.48 1.44 1.96 3.86*

50 ng TRB /L 1.00 14.51 5.70 1.46 1.43 2.27

500 ng TRB /L 1.32 15.72* 4.87 1.48 1.73 3.90*

5000 ng TRB /L 1.51 11.96 3.66 1.66 1.34 2.38

‘ n = 4 ~6,

b BSI = brain weight x 100/ body weight;

GS] = gonad weight x 100/ body weight;

HSI = liver weight x 100 / body weight

° * p-value < O. 05 comparing control by pairwise Wilcox test.
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Figure 2.2. Volcano plots of chemically induced changes in gene expression pattem in

males and females. Data are from medaka exposed to 500 ng EE2/L or 5000 ng TRB/L.

Genes plotted farther from the either the x or y- axis have larger changes in gene

expression. Thresholds for fold-change (vertical lines, 2—fold) and significant difference

(horizontal line, p < 0.01) were used in this display.
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Table 2.4. Changes in expression for BHG genes in EE2-exposed medaka fish. Genes

exhibited an over two-fold or significant change (p-value < 0.05) in expression between

control and exposed medaka are listed. 8"
 

 

 

 

EE2/Male EE2/Female

Tissue Gene 5ng/L 50ng/L 500m/L 5ng/L 50ng/L 500nng:_

ER-a -1.14 -2.13 -1.72 1.93 2.19 1.62

ER-fl 1.09 -1.52 -2.1 2.26 2.08 1.83

AR-a -2.27* -2.29" -2.08* 1.26 1.51 1.54

NeuropepY 1.94* 1.19 -1.47 1.26 1.47 1.67

mfGnRH -1.23 1.12 -1.4 1.12 1.13 1.02

. anRH 1.15 1.29 -1.89 -1.29 1.39 -1.18

3'11"" cGnRH II -1 . 14 -1.57 1.05 1.09 1.24 1.95

GnRH RI -1.39 -3.98 -10* 3.06 2.78 2.31

GnRH RI] -1.2 -1.45 -1.61 1.65 1.81 1.34

GnRH RIII 1.15 -1.74 -1.98 2.09 2.83 1.81

GTHa -1.52 -13.33 -2.62 1.37 -2.29 -8.26

LH beta 1.18 1.11 -1.02 1.6 -2.26 —3.58

CYP1QB 1.2 1.18 217*“ 1.16 1.11 192*“

ER-a -1.18 -1.15 -1.26 -1.35 -1.08 -1.69

ER-fi -1.13 1.06 -1 1.33 -1.14 1.47

AR-a -1.25 1.24 1.27 1.06 -1.02 -1.62

FSHR -1.02 1.1 -2.31 1.11 1.02 -1.27

LHR -1.04 1.28 -1.09 -1.78 1.14 -1.76

HDLR -1.86 1.03 -3.13 1.17 -1.23 -1.54

LDLR 1.46 1.07 -1.87 1.13 -1.09 1.05

HMGR -1.59 1.06 ~2.31 1.12 2.62 3.77

StAR -1.42 1.06 -1.47 -1.22 1.14 1.4

Gonad CYP11A 1.01 1.25 -2.36 -1.14 1.12 -2.72

CYP11B -1.52 1.01 -3.11 1.32 3.48 4.11

CYP17 -1.09 -1.22 -8* 1.42 1.25 -1.98

CYP19A -1.1 1.6 1.2 -1.31 -1.07 -5*

CYP21 -1.39 1.22 1.15 1.04 3.48 3.86

ZOB-HSD -1.28 1.66 -2.77 1.52 1.01 -1.06

3B-HSD -1.17 1.3 -2.15 -1.17 -1.17 -2.08

ActinBA -1.22 1.45 1.06 1.18 3.28 4.14

ActinBB -1.51 1.04 -1.01 1.06 -1.08 1.41

Inhibin A -1.29 1.1 -2.27 -1.55 -1.16 -2.08

ER-a -1.15 4.16“ 12.33”” -1.35 1.32 1.59

ER-fl -2.17 -1.57 -1.65 1.18 -1.17 1.63

AR-a 2.94 5.49 2.3 9.88 1.23 2.29

VTG l -1 .04 164*" 3205*“ 1.29 1.27 1.33

Liver VTG II 1 .78 325*” 9004*“ -1 .52 1.02 1.21

CHG H -2.19 2.65 67.8“" -1.28 1.27 2.28

CHG HM -1.74 10.8*** 111*“ -1.36 -1.13 -1.03

CHG L 2.83 115*“ 1270*“ -1.47 -1.19 1.02

CYP3A -1.53 1.6* -3.13* -1.1 -1.18 -1.12

Annexin max2 1.22 -1.08 -1.76* 1.68 -1.22 -1.46
 

‘ animal replicate (n= 4-6).

b all P < 005, M P < 00], III” P < OHOOI
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RESULTS

1. Construction ofmedaka HPGpathwaysfocused PCR array.

The 36 HPG genes selected in this study included peptide hormones, steroid receptors,

peptide hormone receptors, steroidogenic genes, selected estrogen responsive genes,

catabolic gene, lipid receptors, and yolk precursor genes (Table 2.1). For the 14 genes

that lacked transcript evidence, their cDNAs were cloned, sequenced, and submitted to

GenBank/DDBJ/EMBL. The 14 gene partial transcript sequences and their Accession

Numbers are HMGR (EU159456), CYP21 (EU159451Z ), CYP1IA (EU159458), 3,6-HSD

(EU159459), FSHR (EU159460), LDLR (EU159461), GTHa (EU047760), NeuropepY

(EU047761), LH-B (EU047762), HDLR (EU159466), 20,8-HSD (EU159462), activin BA

(EU159463), activin BB (EU159464), and inhibin A (EU159465). In addition, three

house keeping genes including ,B-actin, 16S and RPL-7 were also measured as references

of gene expression calculation. Of the 39 genes targeted in this study, 16, 15, and 24

genes were measured in the brain, liver and gonad tissue, respectively.

The Japanese medaka HPG real-time PCR array system was designed and

optimized based on the SYBR Green detection method, which makes this PCR array

system flexible and widely applicable. The generation of single, gene-specific amplicons

of each primer set was confirmed by the real time PCR dissociation curve of each gene

and by agarose gel electrophoresis characterization. The RT-PCR results demonstrate the

high degree of plate-to-plate, run-to-run and replicate-to-replicate reproducibility inherent

in the technology.
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2. Chemical-induced effects onfishfecundity and indices ofbody condition

Exposure to EE2 did not affect fecundity, but exposure to TRB significantly reduced

fecundity (Figure 2.1). There was no statistically significant effect on the accumulated

egg production for any Japanese medaka exposed to EE2. No statistically significant

differences in fecundity were observed between the control and 50 ng TRB/L for any

durations of exposure. However, after 3 d of exposure, egg production by fish exposed to

500 or 5000 ng TRB/L was significantly less than that of the unexposed fish.

Furthermore, the rate of egg production in the 5000 ng TRB/L exposure almost

completely inhibited egg production by the end of the study.

Exposure to either TRB or EE2 resulted in statistically significant increases of the

gonad-somatic index (G81) and hepatic—somatic index (HSI) determined at the end of

study (Table 2.3). Exposure to 5 or 500 ng EE2/L resulted in significantly greater HSI

values in male Japanese medaka. No treatment-related effects of EE2 were observed for

females. The only statistically significant effects of TRB were greater HSI in males and

GSI in females exposed to 500 ng TRB/L.

3. Chemical-induced effects on HPG gene expression

To evaluate overall changes in gene expression patterns for all tissues in males and

females exposed to 500 ng EE2/L and 5000 ng TRB/L were first examined by ‘volcano

plot’ where Logz-transformed fold-changes in gene expression were plotted against t-test

p-values (Figure 2.2). Genes plotted farther from the central axis’s have greater fold-

changes and p-values. In male Japanese medaka exposed to 500 ng EE2/L (Figure 2.2A),

7 genes were significantly up-regulated in liver. The magnitudes of change for different
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genes ranged from 3- to 9000-fold, and genes displaying such an increase in abundance

included VTG I, VTG II, choriogenin L (CHG L), choriogenin Hminor (CHG HM),

choriogenin H(CHG H) and ER-a. Only one gene, CYP3A, was down-regulated by EE2

in the liver. EE2 caused no statistically significant alteration in genes in the liver of

females, but gonadal CYP19A was significantly less (-5 fold) and brain CYP19B was

Significantly greater (+1.92 fold) relative to that of the controls (Figure 2.2.B).

Exposure ofTRB caused different gene expression profiles from that of EE2 in

both males and females (Figure 2.2.C, D). Expression ofCHG L, CHG HM, VTG I and

VTG II in liver were Significantly down-regulated by TRB in both males and females.

Furthermore, greater expression of gonadal aromatase (CYP19A) and less expression of

brain aromatase (CYP19B) was observed in females exposed to TRB, but not in males.

Other effects on gene expression of females included a greater expression ofCHG L, and

lesser expression of both CYP3 and HMGR in liver.

3.] EE2- inducedgene expression profile

Exposure to EE2 resulted in concentration-dependent alterations in gene expressions in

livers of Japanese medaka that were specific to males (Figure 2.3; Table 2.4).

Statistically significant up-regulation was observed for VTG I, VTG II, CHG L, and CHG

HMin males exposed to 50 or 5000 ng EE2/L. CHG Hwas less sensitive to EE2

exposure than for CHG HMand CHG L for which significant changes were only

observed in fish exposed to 500 ng EE2/L. Expression ofER-a was in liver was directly

proportional to EE2 concentration, and were up-regulated 4.5-fold and 12-fold by

31



exposure to 50 and 500 ng EE2/L, respectively. Expression of CYP3A was significantly

down-regulated in livers of males exposed to 500 ng EE2/L.

Exposure to EE2 for 7 d affected fewer genes and caused lesser fold changes of

gene expression in testes, ovaries and brains than in livers of male Japanese medaka.

Exposure to 500 ng EE2/L caused Significant down-regulation of CYP1 7 and CYP19A

expression in testes and ovaries, respectively. In brains of males, exposure to EE2

resulted in significant down-regulation of expression ofAR-a at all concentrations and

concentration —dependent1y decreased the expression of GnRHR] with a 10-fold change

at 500 ng EE2/L. Furthermore, EE2 exposure down regulated neuropep Y at 500 ng

EE2/L, and up-regulated the expression of CYP19B at 500 ng EE2/L. Expression of

CYP19B was significantly up-regulated (approximately 1.9- fold) in brains of females

exposed to 500 ng EE2/L.

3.2 TRB- induced gene expression profile

TRB differentially regulated gene expression along the HPG axis in Japanese medaka

(Figure 2.4; Table 2.5). In livers of females, exposed to 5000 ng TRB/L the expression

of VTG I, VTG II, CHG L, CHG H, or CHG HMwas significantly down-regulated.

Conversely, the expression of CYP3A and annexin max2 in liver of females was up-

regulated in a concentration —dependent manner. In livers of males, TRB exposure

significantly down- regulated VTG I, VTGII, CHG H, and CHG HMexpression when

they were exposed to 500 or 5000 ng TRB/L. A bimodal response was observed for

CHG L where a statistically significant up-regulation in expression was observed in

males exposed to 50 or 500 ng TRB/L and a statistically significant down-regulation of
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expression when exposed to 5000 ng TRB/L. Exposure to 50 ng TRB/L did not affect

the expression of the selected genes in testis or ovaries. However TRB down- regulated

HDLR and up-regulated CYP19A in ovaries at 500 and 5000 ng TRB/L. In testis, TRB

exposure down regulated expression ofHMGR, StAR and CYP1 IB. In brain, exposure to

TRB did not affect the gene expression in males, but up-regulated cGnRH II and down-

regulated CYP19 in females.

4. Correlations between expression ofreceptors and other genes

Expression of receptor genes and other genes in liver of both males and females were

inter-correlated. Liver ER-a did not correlate to either ER-B or AR-a in either males or

females (Table 2.6). However, ER-a was significantly correlated with CHG HM, CHG H,

CHG L, VTG I and VTG II in both sexes. In male Japanese medaka, hepatic ER-B was

significantly correlated with CYP3A.

Furthermore, the expression of CYP19B in brain was significantly and negatively

correlated with the ovary expression of CYP19A (Figure 2.5). But this relationship was

not significant in males.
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Figure 2.3 Striped view of concentration dependent response profile in EE2 exposure

of male Japanese medaka. Gene expression data from medaka treated by 5, 50 and 500

ng EE2/L are shown as striped color sets on the selected endocrine pathways along the

medaka BHG axis. The legend listed in the upper right corner of the graph describes the

order of the three EE2 concentration and the eight colors designating different fold

thresholds. LH, lutinizing hormone; FSH, follicle-stimulating hormone; E2, 1713-

estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density lipid.
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Figure 2.4

thresholds.

estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density lipid.
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of female Japanese medaka. Gene expression data from medaka treated by 50, 500 and

5000 ng TRB/L are shown as striped color sets on the selected endocrine pathways along
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Table 2.5. Changes in expression for BHG genes in TRB-exposed medaka fish. Genes

exhibited an over two-fold or Significant change (p-value < 0.05) in expression between

control and exgsed medaka are listed. “‘b
 

 

 

 

Male Female

Tissue Gene 50ng/L 500ng/L 5000ng/L 50ng/L 500ng/L 5000ng/L

ER-a 1.61 2.86 1.14 -1.77 —1.12 1.11

ER-[i 1.18 1.68 1.01 25 -1.01 -1.11

AR-a -1.52 -1.12 -1.17 1.03 -1.12 -1.07

NeuropepY 1.11 1.66 1.1 1.21 1.97 -1.19

mfGnRH -1.04 -1.17 -1.17 1.07 1.36 -1.03

_ anRH 1.26 1.62 1.03 -1.06 1.31 -1.52

813'“ cGnRH // -1.46 -141 -154 2.21 " 2.19" 1.88"

GnRH RI -1.21 1.9 -1.27 -1.44 -1.04 1.27

GnRH R” 1.06 1.08 1.05 -1.07 -1.03 -1.48

GnRH R/I/ 1.34 2.69 1.02 -1.15 1.05 1.34

GTH alpha -4.07 -13.2 -2.53 -333 2.36 -1.03

LH beta -3.34 -3.23 -1.75 -100 2.05 -2.98

CYP1QB -1.08 1.04 -1.43 —1.07 1.06 -2.14**

ER-a -1.36 -1.48 -1.15 -1.1 2.24 313*

ER-[i -1.09 -1.59 -1.08 -1.15 1.2 1.34

AR-a -1.13 -1.63 -1.31 -1.02 1.25 -1.02

FSHR -1.29 —1.57 1.27 1.09 1.38 2.26

LHR -1.04 -1.4 -1.22 1.01 1.88 1.79

HDLR -1.77 -3.73 -1.58 -1.4 -2.59* -2.98*

LDLR -1.27 -1.74 1.3 -1.05 —1.87 -1.18

HMGR -1.4 -2.79** -1.72 —1.26 3.73 3.06

StAR -1.34 -2.18** -2.06* -1.51 1.36 1.23

CYP11A 1.08 -1.43 -1.34 -1.16 1.72 1.17

Gonad CYP11B -1.61 -2.58* -1.56 -1.06 5.15 3.89

CYP17 -2.22 -2.49 -1.19 -1.15 1.23 -1.06

CYP19A 1.27 -1.17 -1.54 -1.19 4.14 5.82"

CYP21 1.05 -1.73 -1.63 -1.96 4.49 2.7

ZOE-H80 -1.13 -2.3 -1.42 -1.17 -1.34 -1.12

38-HSD -1.25 -1.69 -1.07 -1.32 2.1 3.07

ActinBA 1.17 ~1.1 -1.36 -1.32 4.73 4.4

ActinBB -1.29 -1.34 -1.31 -1 -1.52 -1.92

lnh/binA -2.02 -2.5 -1.19 -1.55 1.36 2.37

ER-a -1.75 -4.94** -3.26* 1.02 1.29 -2.51

ER-[i 1.58 -1.26 1.25 1.06 2.22 2.56

AR-a 2.25 -1.51 2.03 1.65 1.22 1.11

. VTG I -2.3 -3.9** -10.7** -1.62 -2.48 -12.5*

L'Ve' we I] 1.28 -19.1*** -37.0*** -2.01 -27 —1 73*“

CHG H -2.13 -21.1*** —69.1*** -1.31 1.04 -14.1*

CHG HM -2.27 -4.75*** -21.5*** -2.38 -2.01 62.2“”

CHG L 314* 7.3* -3.81* -2.26 -1.29 -72.3***

CYP3A 1.66 -1.04 1.8 -1.58 1.92“ 303"“

Annexin max2 1.28 -1.03 1.23 -1.27 1.41 2.6”
 

" animal replicate in each treatment group (1124-6).

b * p < 0.05. ** p < 0.01. *** p < 0.001.
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Table 2.6. Spearman rank correlation coefficients (numbers) and probabilities (*)

between hepatic expression levels of ER-a , ER-B, AR-a mRNA and other genes.
a.b,c

 

 

Female Male

ER-a ER-[I AR-a ER-a ER-li AR-a

ER-fl 0.08 -0014

AR-a 0.132 0.512 ** 0.12 0.156

CHG HM 0.798 *** -0.209 0.132 0.76 *** -0.011 0.213

CHG H 0.887 *** 0.098 0.152 0.747 *** 0.19 0.251

CHG L 0.834 *** -0.201 0.22 0.596 *** -0.043 0.212

VTG I 0.69 *** -0.207 0.094 0.817 *** 0.043 0.146

VTG I] 0.813 *** -0.207 0.141 0.848 *** -0.073 0.217

0.521

CYP3A 0.035 0.281 0.055 -0.l46 *** 0.072

Annexin max2 -0. 124 0.246 -0.007 -0. 17 0.315 -0. 144

 

“ Gene expressed level in each animal was calculated as fold change comparing to the average

expression level in control group.

b Analyses were conducted separately within female (11 2 31) and male (n = 40) groups

“ **p<0.01, *** p<0.00l.
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Figure 2.5

(p-value = 0.102).
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DISCUSSION

Japanese medaka HPG axis RT-PCR array

The Japanese medaka HPG real-time PCR array developed for assessing chemical

induced effects on the endocrine pathways of brain, liver, and gonad was found to be

reliable for transcriptional profiling and the results can provide mechanistic knowledge of

chemical induced-effects in a systematic manner. Most of the 36 genes selected in the

Japanese medaka HPG real-time PCR array haven’t been previously examined in teleost

exposures to model chemical EE2 or TRB by the time of study. However, for the genes

previously studied in Japanese medaka and other fishes during similar exposures, their

reported changes in transcription are consistent with the results reported here in terms of

both magnitudes and directions of change (Lee eta]. 2002, Martyniuk et a]. 2007,

Miracle et a]. 2006). For example, VTG I, one of yolk precursor genes, was up-regulated

by l64-fold and 3205-fold in male Japanese medaka from 7 d exposures to 50 and 500 ng

EE2 /L, respectively in this study. An about 700-fold up-regulation for the homologous

VTO 1' were reported in zebrafish exposed for 21 d to 10 ng EE2/L (Martyniuk et a].

2007). In fathead minnows, exposure to EE2 for 24 h also resulted in up-regulation of

VTG] (Miracle er al. 2006). In the present study, exposure to 50 ng EE2/L significantly

Lip-regulated expression of CHG HM and CHG L, but not CHG H, which is consistent

with the report that estrogenic chemicals dose-dependently up-regulated mRNA

expression of CHG subunits and that CHG L was more responsive than CHG H (Lee et a].

2002). Furthermore, up-regulation of ER-a in livers of fish exposed to EE2 similar to

that observed in our study has been previously reported for Japanese medaka (Yamaguchi
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eta]. 2005), zebrafish (Martyniuk et a]. 2007) and fathead minnow (Filby et a]. 2007).

Finally, the statistically significant up-regulation (2-fold) of brain neuropeptide 1’ gene

expression in Japanese medaka exposed to 5 ng EE2/L observed in this study was

consistent with the 3-fold increase reported to occur in zebrafish exposed to 10 ng EE2/L

for 21 d (Martyniuk eta]. 2007). These comparisons have not only verified the reliability

of the measurement by the Japanese medaka HPG axis PCR array, but also demonstrated

that the responses of the HPG axis pathway were similar among teleosts.

Quantification of changes in expression of genes in the HPG axis of Japanese

medaka by RT-PCR array provides unique information to develop hypothesises about the

transcriptional machinery. For example, expression of the VTG and CHG genes were

significantly correlated to expression of ER-a expression but not to either ER-B or AR-a

in liver of both sexes exposed to EE2 or TRB (Table 2.6). This indicates that the VTG

and CHG genes were both primarily regulated by ER-a in the liver of Japanese medaka

exposed to the two model chemicals. Although TRB is considered to be an AR agonist

(Ankley eta]. 2003), the hepatic ER mediated pathway is also responsive to TRB

exposure. Teleost fish such as Japanese medaka, have two distinct aromatase genes, the

gonadal (CYP19A) and brain (CYP19B) forms (Kuhl eta]. 2005). The estradiol

synthesized by gonadal aromatase has critical impacts on reproductive and sexual

functioning, and brain aromatase activity can modulate neurogenic activity in the brain

(Callard eta]. 1995). However, the relationship between the transcriptional regulation of

brain CYP19A and that of gonadal CYP19B has not been examined previously. The

negative correlation between the transcription of brain CYP19B and ovary CYP19A

indicates different physiological roles of brain and ovary aromatase activity.
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17a-ethinylestradio] exposure

Exposure to EE2 had been reported to elevate VTG concentration and cause

feminization of male Japanese medaka and zebrafish (Om et a]. 2006). Recent toxico-

genomic investigations have improved understanding of the molecular mechanisms of

EE2 effects in fish (Martyniuk eta]. 2007; Moens et a]. 2007; Santos eta]. 2007).

However, these studies only focused on Single tissue types, such as liver or gonad.

Transcriptional responses observed in the Japanese medaka HPG axis RT-PCR array

provide systematic information on EE2-induced mechanisms on gene expression. In this

study, the concentration dependent up-regulation of ER-a, VTG and CHG genes in livers

of males exposed to EE2 suggests that exposure to estrogen has resulted in increase of

endogenous estrogen concentration in Japanese medaka. The greater expression of VTG

and CHG genes in EE2 exposed males could produce extra yolk and envelop protein in

liver and explains the greater H81 in EE2 exposed male Japanese medaka (Table 2.3).

The HPG axis pathway in Japanese medaka displayed compensatory feedback

mechanism to EE2 exposure. In male brain, the expression GnRHR I and GTHa were

down-regulated. If less expression of these genes can be translated into lower protein

expression, it could lead to insufficient GnRH signaling and a fall in gonadotrophin

secretion, which could consequently down-regulate gonadal steroidgenesis. The

observed gonadal gene expression profile further confirms this hypothesis. EE2 exposure

down-regulated the testicular expression of CYP17, which is one of the key enzymes

involved in estrogen synthesis. In ovary, expression of CYP19A also displayed
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Significant down-regulation (5-fold), which is in favor of decreased estrogen synthesis to

compensate for redundant endogenous estrogen.

Expression responses of other HPG axis genes have also characterized the

mechanisms induced by EE2 exposure. For example, expression ofAR-a was down-

regulated in brains of males exposed to EE2. The agonist ofAR, androgen is well known

to act on the brain to modify male sexual behavior and other brain functions. Therefore in

brains of EE2 exposed Japanese medaka, the lesser expression ofAR-a may be associated

with some alterations in sexual behavior and olfactory preference for receptive females.

This hypothesis has been confirmed by the previous observation that exposure to another

form of estrogen, 17B-estradiol, suppressed sexual behavior (following, dancing, floating,

and crossing) in male Japanese medaka (Oryzias latipes) (Oshima eta]. 2003). In another

example, the down-regulation of the expression of CYP3A in liver of males exposed to

500 EE2 ng/L is consistent with reduced production of P450 isoforms in E2 exposed

male fish (Kashiwada et a]. 2007). In fish, CYP3A plays a major role in the metabolism

of endogenous compounds, including steroids (Miranda et al., 1989). The less expression

of CYP3A is related to the greater ER transcript that may down-regulate CYP3A in favor

of maintaining high endogenous hormone concentrations during reproduction

(Kashiwada et a]. 2007).

] 7/)’-trenb0]one exposure

TRB is an active metabolite of trenbolone acetate which is used as a growth

promoter for farm animals. It has been reported to cause adverse effects on immune

responses and reproduction (Hotchkiss and Nelson 2007; Miller et a]. 2007). In fish,
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TRB has been reported to cause masculinization of female zebrafish and decrease VTG

production in both. zebrafish and Japanese medaka (Masanori et a]. 2006; Om eta]. 2006).

TRB is an androgen receptor agonist and it has a greater affinity for the fish androgen

receptor than that of the endogenous ligand, testosterone (Ankley et a]. 2003).

Nevertheless, TRB exposure has also been related to alterations of estrogen related

pathways in recent literature. Down-regulation of VTG mRNA (VII and Vt3) were

observed in female fathead minnows in a 21 d exposure to 50 and 500 ng TRB/L

(Miracle et a]. 2006). In Japanese medaka, TRB exposure for 7 d down—regulated

expression of VTG-1, VTG-II, CHG H, CHG L and CHG HM in liver of both males and

females. The reduced expression of VTG and CHG genes in TRB exposed females could

produce less yolk and envelop protein and explains the reduced fecundity in TRB

exposed Japanese medaka (Figure 2.1). These results suggest a lower concentration of

endogenous estrogen (NB-estradiol) in liver of TRB exposed Japanese medaka because

hepatic VTG and CHG genes were primarily regulated by estrogen. The down-regulation

ofER—a in liver ofTRB exposed Japanese medaka further supports this hypothesis.

Furthermore, TRB exposure reduced concentrations of plasma l7B-estradiol and

testosterone In female fathead minnows (Ankley et a]. 2003).

The mechanism by which the androgen TRB inhibits the production of 1713-

estradiol is still unclear. It has been hypothesized that decreased testosterone production

is likely to represent a compensatory response to exposure to exogenous androgen, TRB.

Consequently, less endogenous testosterone results in less 17B—estradiol because 17B-

estradiol is produced by conversion of testosterone by aromatase (Miracle et a]. 2006).

The expression response of the Japanese medaka HPG axis supports this hypothesis. In
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male brain, the down-regulation of the expression of GTHa and LH-/)’ could result in

decreased luteinizing hormone concentrations. The brain gonadotrophin LH plays a

major role in the regulation of gonadal steroidogenesis. In accordance with the decreased

number of LH transcripts in brain, the expression oftesticular steroidogenic genes

involved in the synthesis oftestosterone and estrogen, including HMGR, StAR and

CYPIIB, showed down-regulation in TRB exposed Japanese medaka.

TRB exposure induced gender-specific responses along the HPG axis in Japanese

medaka. Previous reports on the adverse effects by TRB have mainly focused on

masculinization offemales (Ankley et a]. 2003; Miracle eta]. 2006). Nevertheless,

males of Japanese medaka were more sensitive to TRB exposure than were females to the

reduction of expression of estrogen receptor, VT0 and CHG genes in liver. Although the

physiological function of the expression of the VTG and CHG genes in males is largely

unknown, these genes have been shown to rapidly respond in male fish exposed to

estrogens and anti-estrogens in both field and laboratory studies (Hutchinson et a]. 2006).

The higher susceptibility of estrogen-responsive pathways to fluctuations in the

concentration of endogenous estrogen in males than in females may be due to the lower

basal estrogen concentration and estrogen metabolizing capability in males. Conversely

females showed a greater compensatory response to TRB exposure to reduce endogenous

estrogen than males, which includes the up-regulation of brain GnRH R I] and ovarian

CYP19A. These gender-specific transcriptional response profiles in the HPG axis of TRB

exposed Japanese medaka provide a unique Signature of TRB exposure.
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CONCLUSIONS

The HPG -PCR array system developed in this study represents a sensitive,

reliable and flexible monitoring tool to research chemical—induced effects along the HPG

axis in Japanese medaka. The Japanese medaka HPG PCR array developed in the study

combines the quantitative performance of SYBR Green-based real-time PCR with the

multiple gene profiling capabilities of a microarray to examine chemical-induced gene

expression profiles along the HPG axis. The pathway-based approach implemented in

this study provides a valuable tool to analyze and visualize concentration-dependent

responses induced by chemical in the HPG axis of Japanese medaka.

Overall, this Study demonstrated that profiling of HPG transcripts by RT-PCR

array methods can discriminate estrogenic and androgenic EDCS, and represents a useful

tool to systematically evaluate chemical induced molecular responses in multiple

pathways and multiple organs. Mechanistic information derived from the results can be

used in diagnostic and predictive assessments ofthe risk of EDCS.
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ABSTRACT

Both the anabolic androgen 17B-trenbolone (TRB) and the aromatase inhibitor fadrozole

(FAD) can cause decreased plasma concentrations of estrogen (E2) and reduce fecundity

of fish. However, the underlying mechanisms and the molecular pathways involved are

largely unknown. This study was designed to assess time-dependent effects of FAD and

TRB on the transcriptional responses of the hypothalamic-pituitary-gonadal (HPG) axis

of Japanese medaka (Oryzias latipes). Fourteen wk-old Japanese medaka were exposed

to 50pg FAD/L or 2pg TRB/L in a 7-d static renewal and expression profile of 36 HPG

axis genes were measured by means of a medaka HPG real time PCR (RT-PCR) array

after 8 h, 32 h or 7 d of exposure. Exposure to TRB or FAD caused lesser fecundity of

Japanese medaka and down-regulated transcription of vitellogenin (VTG) and

choriogenin (CHG) genes in the liver of females. Exposure to FAD for 8 h resulted in an

8-fold and 71-fold down-regulation of expression of estrogen receptor alpha (ER-a) and

CHG L, respectively in female liver. l7B-trenbolone caused Similar down-regulation of

these genes but the effects were not observed until 32 h of exposure. These results

support the hypothesis that FAD reduces plasma E2 more quickly by inhibiting aromatase

enzyme activity than does TRB, which inhibits production -of the E2 precursor

testosterone. Exposure to FAD and TRB resulted in rapid (after 8 h) down-regulation of

LHR and LDLR in the testis to compensate excessive androgen level. Overall, the

molecular responses observed in the present study differentiate the mechanisms of the

reduced fecundity by TRB and FAD.
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INTRODUCTION

Over the last decade, molecular biomarkers have been successfully applied in the

screening and testing of endocrine disrupting chemicals in fish [1]. While molecular

biomarkers have potential to aid in the elucidation of causative modes of action (MOA)

and may in some cases allow for prediction of possible adverse effects of chemicals at

higher organizational levels, to date this potential has not been realized [2, 3]. It is still

difficult to relate changes in expression of single genes to population-level fitness. One

example ofa successful biomarker has been the yolk protein precursor Il't'rellogenin (VTG)

which has been shown to rapidly respond in fish exposed to estrogens and anti-estrogens

in both filed and laboratory studies [1]. Recent studies have demonstrated that changes in

VTG caused by several model chemicals can be quantitatively translated into adverse

health effects at apical and population-level in fathead minnow (Pimephales promelas)

[4,5]. Measurement of the VTG in plasma using immunology-based detection methods

has been applied in various fish species [6]. Measurements of VTG mRNA transcripts

using real time PCR methods have been demonstrated to be advantageous over protein

determination due to the rapid induction of the gene (early warning) and less

susceptibility to cleavage [1]. Additional molecular biomarkers that have been Shown to

serve as useful indicators for the interaction of EDCS with the teleost hypothalamic-

pituitary-gonadal (l-lPG) axis include nuclear hormone receptors [7], steroidogenic

enzymes (e. g. aromatase) [8], and gonadotropins (follicle-stimulating hormone and

luteinizing hormone) [9]. These studies have demonstrated that molecular responses,

specifically gene profiling, of one or two functional-relevant biomarkers, can facilitate a
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better understanding of the mechanisms of estrogenic disruption in fish. However,

chemicals can cause similar responses of biomarkers at certain target organs by acting

through different mechanisms. For example, both the specific inhibitor of aromatase

fadrozole (FAD) and the androgen receptor agonist 17 B-trenbolone (TRB) inhibit hepatic

estrogen receptor (ER) and VTG transcripts, and consequently impair fecundity in

fathead minnow [10, 1 l] and Japanese medaka (Oryzias latipes) [12, 13]. To better

understand these types of interactions, more comprehensive and integrated molecular

approaches are needed to evaluate potential endocrine disrupting chemicals (EDCS) with

unknown mechanisms.

Recently, Villeneuve et a]. summarized the current understanding of the

reproduction-related molecular pathways within the teleost HPG-axis [14]. Using the

Japanese medaka as a small fish model, we have developed and validated a reliable,

sensitive and flexible real time PCR (RT-PCR) array to systematically study chemical-

induced effects at multiple endocrine pathways in brain, gonad and liver [13]. 36 genes

has been selected from the four modules representing (1) gonadotropin synthesis and

release in the hypothalamus and pituitary, (2) cholesterol transport, (3) steroidogenesis in

the gonads, and (4) production of egg precursors in the liver [13]. Through systematic

monitoring of key genes along the HPG-axis in fish exposed to EDC of concern, it is

anticipated that a better understanding of chemical induced mechanisms of actions (MOA)

can be achieved that ultimately will aid in improving chemical risk assessment.

In the present study, we used FAD and TRB as model compounds to investigate

different MOAS resulting in the same net effect. Because of the direct inhibitory effect of

estrogen production by FAD, we hypothesized that FAD exposure would elicit responses
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more rapidly on gonadal steroidogenesis —related genes and hepatic estrogen-responsive

genes than would TRB. Time—dependent transcriptional responses of key genes along

the HPG axis were examined after exposure to FAD and TRB using the medaka HPG

RT-PCR array [13].
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MATERIALS AND METHODS

Compounds and reagents

Fadrozole was provided by Novartis, Inc. (Summit, NJ, USA). 17B-trenbolone

(TRB) and dimethyl sulfoxide (DMSO) was obtained from Sigma (St. Louis, MO).

Animals

Male and female wild-type Japanese medaka (Oryzias latipes) used in this study

originated from the aquatic culture unit at the US Environmental Protection Agency Mid-

Continent Ecology Division (Duluth, MN, USA). The fish were maintained in flow-

through tanks in conditions that facilitated breeding (23-24 °C; 16:8 light/dark cycle) in

accordance with protocols approved by the Michigan State University Institutional

Animal Care and Use Committee (MSU-IACUC).

Chemical exposure

Chemical exposure was carried out by a static renewable system as previously

described [13]. Briefly, studies were conducted in 10-L tanks filled with 6 L of carbon-

filtered water. Each day during the exposure half of the water in each tank (3 L) was

replaced with fresh carbon-filtered water containing the appropriate amount of chemical

or solvent. Each tank contained 5 male and 5 female 14 wk -old medaka as determined

by secondary sexual characteristics of the fins. Each treatment had 2 replicate tanks that

were sampled at each time point. After the acclimation period, medaka were exposed to

one of three treatments: vehicle control (DMSO with a final concentration of 1:10000 v/v
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water), 50 pg FAD/L or 2 pg TRB/L. Concentrations of the chemicals were selected

based on the results of previous studies [12, 13] so that the selected concentrations would

inhibit fecundity of medaka without causing mortality. Exposures started at midnight

(12:30 AM) of the first day. Eggs produced during the previous 24 h period were

counted and recorded before the replacement of water. No mortality of adult medaka was

observed in any treatment. The three sampling times were 8:30 AM ofthe fist day (8 h),

day 2 (32 h) and day 7 (152 h) of exposure. When sampling fish were euthanized in

Tricaine S solution (Western Chemical, Ferndale, WA, USA), and total weight and snout-

vent length were recorded for each fish. For gene expression analysis, 4-6 males and

females were randomly sampled from the two replicate tanks of each treatment. Tissues

from brain, liver, and gonads were collected and preserved in RNAlater storage solution

(Sigma, St Louis, MO) at -20°C until analysis.

Total RNA isolation and reverse transcription PCR

Total RNA was extracted from individually tissues and first strand cDNA was

separately made for further quantification of transcripts [13]. Total RNA was extracted

by use ofthe Agilent Total RNA Isolation Mini Kit (Agilent Technologies, Palo Alto, CA)

according to the manufacture’s protocol. Purified RNA was stored at —80 °C until

analysis. First-strand cDNA synthesis was performed using Superscript III first-strand

synthesis SuperMix and Oligo-dT primers (Invitrogen, Carlsbad, CA). Briefly, a 0.5 to 2

pg aliquot oftotal RNA was combined with l pL of 50 pM of Oligo(dT)30. 1 pL of

annealing buffer, and RNase-free water to a final volume of 8 pL. Mixes were denatured

at 65 0C for 5 min and then quickly cooled on ice for 2 min. Reverse transcription was
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performed after adding 10 pL 2X first-stand reaction mix, and 2 pL SuperScript

lll/RNaseOUT enzyme mix. Reactions were incubated at 50 °C for 50 min and, on

completion, were inactivated at 85 °C for 5 min. RNA was digested by adding 1.25 pL

RNase H (Invitrogen, Carlsbad, CA) then incubated at 37 °C for 30 min. cDNA was

stored at —20 °C until further analysis.

Real time —PCR array nzeasra‘enzent

Gene expression in brain, liver and gonad was quantified by use of the medaka

HPG axis PCR array described previously (Table 2.1) [13]. Briefly, real time,

quantitative polymerase chain reaction (Q-RT-PCR) was performed by using a 384-well

A81 7900 high throughput real time PCR System (Applied Biosystems, Foster City, CA).

PCR reaction mixtures sufficient for one hundred reactions contained 500 pL of SYBR

Green master mix (Applied Biosystems, Foster City, CA), 2 pL of 10 pM sense/anti-

sense gene-specific primers, and 380 pL of nuclease-free distilled water (Invitrogen). A

final reaction volume of 10 pL was made up with 2 pL of diluted cDNA and 8 pL of PCR

reaction mixtures using a Biomek automation system (Beckman Coulter, Inc., Fullerton,

CA). Expression of target genes was quantified by use ofthe comparative cycle

threshold (Ct) method according to methods reported elsewhere [15]. The average Ct

value of the three reference genes (/i-actin, RPL-7 and 16s) was used as reference for the

expression calculation oftarget genes

Statistical analysis
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Statistical analyses were conducted using the R project language (http://www.r-

project.org/). Analysis of fecundity data was using analysis of variance (ANOVA) model,

in which the effects of time (day), chemical (TRB or FAD) and their interaction on the

daily recorded egg production were examined. Prior to conducting statistical

comparisons of gene expression, the assumption of normality of distributions of data was

evaluated by the Shapiro-Wilk’s test. If necessary, data was log-transformed to

approximate the normal probability function. Differences in magnitudes of expression

among genes were evaluated by use ofANOVA followed by pair—wise t-test. Differences

with p < 0.05 were considered to be statistically significant.
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Table 3.1 Transcriptional response profiles of HPG axis pathways in medaka fish

exposed to 50 pg FAD /L. Gene expression was expressed as the fold change

comparing to the corresponding solvent controls a'b
 

 

 

 

‘ Female Male

Tissue gene 8 h 32 h 7 d 8 h 32 h 7 d

ER-a 1.22 -1.12 1.15 1.13 -1.03 -1.14

ER-B 1.25 1.2 1.48 1 .13 227* -1.52

NeuropepY 1.15 -1.6 1.16 1.46 -1.06 -1.21

mfGnRH 1.61 1.13 1.15 1.43 -1.07 -1.08

Brain anRH 1.17 -1.08 -1.01 1.16 -1.05 -1.13

cGnRH II 1.65 -1.34 1.76 1.05 -1.34 1.25

GnRH RI 1.62 -1.04 -1.34 -1.16 1.18 -1.29

GnRH RM 1.05 1.01 -1.04 1.13 1.11 -1.18

GnRH R!” 1.06 -1.19 -1.02 1.03 1.21 -1.08

GTHa -1.44 1.71 384*" -1.57 -1.3 -1.2

LH-B -1.44 -1.62 1.47 -2.33 2.67 -3.26

CYP1QB ~1.20 -3.11*** -2.90*** -1.50* 292*" -3.11***

ER-a 1.32 1.84 -1.18 1.05 256*“ -1.01

ER-B 1.52 -1.67 -1.76 -1.06 1.78" 1.17

AR-a 1.19 -1.07 -1.15 -1.15 149* 1.06

FSHR 1.19 1.77 1.97 1.02 223* -1.10

LHR -1.07 1.10 -1.36 -6.71* -3.33 -1.19

HDLR -1.21 -2.29*** -2.56* -1.06 182* -1.03

Gonad LDLR 1.12 1.11 -1.04 -2.09* 1.01 -1.44

HMGR 1.14 -3.55 -3.23 -5.15 1.90* -1.02

StAR 1.04 1.52 1.48 -1.04 217* 2.80"

CYP11A -1.15 1.19 -1.08 1.45 1.70 1.34

CYP11B 1.50 -5.62* -3.28 -1.16 229* 192*

CYP17 1.22 1.19 1.45 2.03 313* 1.56

CYP19A 2.02 4.19* 3.99 1.80 -1.56 1.11

CYP21 1.06 -2.64* -2.84 -1.30 -2.37* 1.06

ZOB-HSD 1.09 -1.11 -1.11 1.11 1.05 -1.12

3B-HSD 1.21 2.26 1.25 1.27 2.49" 1.44

CYP3A -1.47 -13.28 -9.17** -1.09 -1.75 1.30

Inhibin A 1.78 1.15 1.16 1.11 1.86* 1.34

Activin BA 1.50 -5.54* -3.81 1.17 -2.59* 1.53

Activin BB 1.20 -1.61* -2.81* -1.21 1.33 1.01

Liver ER-a -8.46** -4.23* ~8.47** 1.09 2.42*** -5.16***

ER-B 1.30 -1.74 1.11 1.12 1.09 1.20

AR-a -2.04 -1.27 -1.36 -1.08 -1.07 -1.16

VTG I 1.96 -2.54 -63.2* -5.23 5.68 -125**

VTG II -1.81 -20.3*** -355*** -2.47 14.8 -41.1***

CHG H 1.22 -1.31 -19.6** -2.56 5.57 -178***

CHG HM -2.19 -17.0*** -61.2*** -2.37 -2.37* -52.0***

CHG L —71.4*** -62.1*** -32.1*** -1.17 -1.34 -34.8***

Annexin max2 1.41 3.27" 1.68 -1.17 1.43 1.39
 

“ animal replicate (n= 4-6).

b It: p<005’ lint P< 001, air-kai- P<0-OOI.
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Table 3.2. Transcriptional response profiles of HPG axis pathways in medaka fish

exposed to 2.0 pg TRB /L. Gene expression was expressed as the fold change comparing

 

 

 

to the corresponding solvent controls 3“”

Female Male

Tissue gene 8 h 32 h 7 d 8 h 32 h 7 d

ER-a -1.14 1.08 -1.12 1.01 -1.05 -1.13

ER-B -1.93* -1.11 1.63 1.14 1.71 1.07

NeuropepY -1.19 -1.18 1.03 1.84 -1.21 1.13

mfGnRH -1.8 1.08 -1.16 2.15" -1.07 1.45

anRH -1.27 -1.46 1.35 1.39 1.08 1.09

cGnRH II 1.1 1.37 1.56 -1.12 1.1 1.04

Brain GnRH RI -1.48 1.34 -2.12** 1.16 1.03 1.44

GnRH RI] -1.16 1.06 -1.07 1.04 1.13 -1.36**

GnRH RI/l -1.22 1.04 -1.32* -1.00 1.42" -1.06

GTHa -1.28 -1.52 -2.85 -1.13 -1.66 -1.33

LH-B 1.01 -2.15 -3.68 1.03 -1.59 -2.36

CYP1QB 1.04 -1.75* -1.95** 1.17 -1.41 -1.16

ER-a 2.51* 1.01 1.20 -1.15 2.72“” -1.22

ER-B 1.53 -1.73 -1.75 -1.35 1.75* -1.11

AR-a 2.16 -2.31*** ~1.58 -1.31 1.56" -1.27

FSHR 369*“ 1.73 1.86 -1.16 222* -1.4

LHR 7.61 1.1 1.07 -13.6** -2.07 1.02

HDLR 1.42 -2.57*** -3.45* -1.14 2.37" -1.48

LDLR 2.21" -1.09 2.00 -2.53** 1.02 -1.17

HMGR -2.8 -3.59 -4.32 -14.9* 1.80* -1.34

Gonad StAR -1.16 -2.99* -1.09 -1.34 -1.51 -1.34

CYP11A -2.2 -3.17"’* -1.81 1.10 -1.09 -1.61*

CYP11B -3.04 -3.76 -3.67 -1.46 1.02 -1.47

CYP17 -1.58 -4.05*** -2.48 -1.02 1.62 -2.12*

CYP19A 2.97* 1.35 3.05 1.29 -1.39 -1.20

CYP21 -2.03 -2.51 -2.16 -2.12 -1.31 -1.22

20 B-HSD 1.13 -1.11 1.08 1.28 1.25 -1.31

3B-HSD 3.18" 1.24 -1.01 -1.46 1.89 -1.47

CYP3A -11.9 -10.7 -8.14* -1.12 5.09 -1.28

Inhibin A 3* —1.27 -1.14 -1.16 206* -1.68

Activin BA -3.17 -4.86 -4.49 -1.09 -2.04 1.10

Activin 88 -1.11 -2.17*** -3.56* -1.68 1.46" -1.08

ER-a 1.57 —8.08* -5.8* 2.74* 2.72"“Hr -2.19*

ER—B 2.09 -3.09 -1.71 -1.07 -1.00 2.09

AR-a 1.8 -3.25 -2.35 -1.06 -1.73 1.04

Liver VTG I 3.41" -4.45 -52.7* 6.91 1.92 -115***

VTG II 1.03 -29.8*** -145*** 13.9 1.19 -16.9***

CHG H 1.98 -5.97*** -73.7*** 1.66 1.43 -86.7**"’

CHG HM 1.23 -24.1*** -84.4*** 2.84 7.51“” -29.8***

CHG L -1.28 -119*** -93.0*** 1.76 -2.17 -25.0**'

Annexin max2 -1.04 1.73 1.47 1.09 1.16 1.66
 

" animal replicate (n= 4-6).

h * p<0.05, ** p<0.01, *** p<0.001.
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Figure 3.2 Striped view of Time dependent response profile in female Japanese

medaka exposed to 50 pg FAD/L. The legend listed in the upper right comer ofthe

graph describes the order of the three sampling time points and the eight colors

designating different fold thresholds. LH, lutinizing hormone; FSH, follicle-stimulating

hormone; E2, l7B-estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density

lipid.
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Figure 3.3 Striped view of Time dependent response profile in female Japanese

medaka exposed to 2.0 pg TRB/L. The legend listed in the upper right comer of the

graph describes the order of the three sampling time points and the eight colors

designating different fold thresholds. LH, lutinizing hormone; FSH, follicle-stimulating

hormone; E2, 17B-estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density

lipid.
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RESULTS

Chemical induced effects on medakafecundity

Both exposures to TRB and to FAD reduced the egg production of Japanese

medaka in a time-dependent manner. There were no differences among daily production

of eggs in the control group during the exposure. However, fewer eggs were produced

after exposure to 2 ug TRB /L or 50 pg FAD /L for 3 or more days (Figure 3.1).

Fecundity was time-dependent; and there was a statistically significant interaction

between the main classification variables of “chemical” and “time” (p < 0.001) for both

FAD and TRB.

Time course ofHPG gene expression profiles: FAD

Exposure to 50 pg FAD /L caused time-dependent changes in expression of some

of the genes studied. Exposure to FAD down-regulated expression of yolk precursor and

egg envelop precursor genes, including VTG I, VTG II, CHG H, CHG HM and CHG L in

liver of both sexes (Table 3.1, Figure 3.2). Expression of ER-a was the only steroid

receptor in liver of females that was significantly affected by FAD. Expression of both

ER-a and CHG L were significantly down-regulated in the liver of females exposed to

FAD relative to that of unexposed females after 8 h. While down-regulation of

expression of most genes in the liver of females, was like that of CHG H/HM, VTG

changed only slightly as a function of time while for some genes such as ER-a, there

were no changes in effects as a function of time. In the case of CHG L down-regulation

of gene expression was greatest after 8 h, with the magnitude of the effect becoming less
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as a function of exposure duration. Annexin max2 was 3.3-fold greater than that ofthe

control after 32 h. Down-regulation of gene expression of genes in the liver occurred

earlier in females than in males. ER-a in liver of males was not affected after 8 h. The

effect of FAD on VTG I in liver of males was greater than that in females while the effect

on VTC 1! was less than that in females.

Changes in gene expression in the gonads of male and female medaka exposed to

FAD were generally less responsive than those observed in the liver. Exposure to FAD

for 8 h caused no statistically significant alteration in expression of any of the genes

analyzed in ovary. However, HDLR, CYP21, CYP1 IB and the activins were down-, and

CYP19A was up-regulated in ovaries after 32 h of exposure. After 7 d exposure to FAD,

ovarian CYP3A, HDLR and Activin BB were significantly down-regulated while CYP19A

was up-regulated 4-fold (p-value < 0.068). Effects of FAD on the testis were broader and

more evident than those observed in ovaries. LDLR and LHR were significantly down-

regulated in testis after 8 h. After 32 h CYP21 and Activin BA were significantly down-

regulated. Genes that were up-regulated after 32 h of exposure included the testicular

hormone receptors ER-a, [ER-[i AR-a, FSHR, steroidogenic genes, including HMGR,

StAR, ("Y/’17, CYP1/B, and 3/i-HSD, HDLR, and inhibin A. After 7 d StAR and CYP1/B

were the two genes for which significant up-regulation in expression occurred in the

testis.

Exposure to 50 pg FAD/L caused a time-dependent down-regulation in

expression of CYPIQB in brains of both males and females. The other gene for which

expression was significantly altered in the female brain was GTHa with a 3.84-fold up-

regulation after 7 d. ER-/)’ was the only other gene that was significantly affected in male
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brain (2.3-fold up-regulation). This effect, however, occurred only after 32 h of exposure

to FAD.

Time course ofHPG gene expression profiles: TRB

TRB affected genes in the liver and gonad of both male and female medaka. 17B-

trenbolone down-regulated expression of genes coding for yolk precursor and egg

envelope in liver of both male and female medaka in a time-dependent fashion (Table 3.2,

Figure 3.3). However, down-regulation in TRB exposure only occurred after 32 h. After

8 h, VTG I in females and ER-a in males were slightly up-regulated in liver. In ovary,

significant up-regulation after 8h was observed for the receptors (ER-a, FSHR and LDLR),

some steroidogenic enzymes (3/i-HSD, CYP19A) and Inhibin alpha. In contrast, after 32

h down-regulation was observed for ovarian expression of AR, CYP1 IA, CYP17, HDLR,

StAR and Activin 88. After 7 d, CYP3A, HDLR and Activin BB were significantly down-

regulated in liver of TRB exposed females. In testis, LHR, LDLR and HMGR were

down-regulated by TRB after 8 h, while the up-regulated genes at 32 h included ERA,

HDLR and inhibin—(1..

Some genes were affected by TRB exposure in the brain of both male and female

medaka. 17B-trenbolone caused time-dependent down-regulation of CYP1 98 transcripts

in brain of females but not males. 17B-trenbolone also down-regulated female ER-fl at 8

h, and GnRH R I and GnRH R1]! at 7 d. GnRH R1] was down—regulated in male brain at 7

d, but mfGnRH and GnRH Rlll were down-regulated at 8 h and 32 h, respectively, though

to a less extent.
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DISCUSSION

Fadrozo/e exposure

FAD is a potent aromatase inhibitor and has been shown to suppress production

ofestrogen, l7B-estradiol (E2), in different in vitro and in vivo systems including the

human H295R cell line and gonad tissues of different fishes [8, 10, 16]. The decreased

E2 production caused by exposure to FAD is due to its inhibition of aromatase enzyme

activity, which catalyzes the conversion of C 19 androgens to C18 estrogens such as E2.

In a study with adult fathead minnow that were exposed to increasing concentrations of

FAD between 2 and 50 pg /L in a short-term (21 d) study, a concentration-dependent

reduction in fecundity was observed [10]. Similarly, exposure to 50 pg FAD /L

significantly reduced fecundity in Japanese medaka. In accordance with the reduced egg

production, time—dependent down-regulation of egg precursor genes including VTGs and

CHGs was observed in liver of FAD exposed females (Figure 3.2). Prior to the decrease

of VTG M] and CHG H/HM, FAD exposure first down- regulated the expression ofER-a

in liver of females after 8 h. These results not only confirm the primary role of ER-a in

the transcriptional regulation of egg precursor in Japanese medaka [13], but also suggest

that exposure to 50 pg FAD /L could decrease the endogenous E2 concentration as early

as within 8 h. Furthermore, males and females display different patterns of gene

expression in the exposure of FAD. Down-regulation of ER-a and egg precursor genes in

males were slower than for females to FAD-caused decrease of E2 concentration, which

is consistent to the key function of E2 in female reproduction. In FAD exposed females

expression of CHG L decreased earlier than VTGs. Conversely, CHG HM in liver of
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male medaka responded more rapidly than the other VTG and CHG genes. These results

suggest that the regulatory mechanisms of VTGs and CHGs were different in male and

female medaka.

Ovary response of gene expression compensates the inhibitory effect of FAD on

E2 production in Japanese medaka. The up-regulation of CYP19A transcription is

apparently a compensatory response to cope with reduced E2 synthesis. Because FAD

inhibits the conversion of C 19 androgens to C18 E2, it may result in excess production of

androgen, which is confirmed by the down-regulation of ovarian HDLR and CYPI IB

transcripts in FAD exposed Japanese medaka at 32 h. CYP1 lB mRNA encodes for the

key enzyme involved in synthesis of 1 IB-hydro-testosterone, the direct precursor of the

active non-aromatizable teleost androgen ll-ketotesterone. HDLR is one of the key

transport proteins for cholesterol, precursor for all steroids. If the down-regulated

transcription ofHDLR and CYPI IB in ovary by FAD lead to a correspondingly less

production of functional proteins, the activity of l l-ketotesterone would be expected to

be less.

Gonadal transcriptional responses also explain the other adverse effects observed

in FAD exposed fish. For example, transcription of CYP1 IB and the cholesterol

transferring protein, StAR were up-regulated at 7 d, which could potentially lead to the

increased production of l l-ketotesterone (KT) and/or testosterone (T). If the testicular

response to FAD is similar between the Japanese medaka and fathead minnow, this result

explains the observed increase of plasma T and KT concentrations and marked

accumulation of sperm in the testes of FAD exposed fathead minnow [10]. In female, the

down-regulation of ovarian activin BA and activin BB might be connected to the retarded
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oocyte maturation observed in FAD-exposed Japanese medaka [12]. Activins are dimeric

proteins consisting of two inhibin B subunits, BA and BB. And the three forms of activins,

activin-A, -B and -A B, are produced by homo- and hetero-dimerization of the two inhibin

[3 subunits. In vertebrates, activins have been identified as important regulators of the

reproductive axis [17]. In fish, the activin system has also been indicated to be involved

in gonadotropin-regulated ovarian functions, such as oocyte maturation. Specifically, it

has been suggested that activin-A mediates gonadotropin-induced oocyte maturation in

zebra fish [17]. Our results support the hypothesis that the retarded oocyte maturation by

FAD exposure could be related to the inhibition of activin gene expression.

Brain response is also consistent to the inhibitory effect of E2 production by FAD.

Fadrozole exposure reduced the expression of brain aromatase (CYPI9B) transcript in

both males and females. CYPI9B mRNA reduction has also been observed in FAD

treated fathead minnow [8]. Different from CYP19A, teleost brain CYPI9B is regulated

by estrogen responsive element (ERE) [18]. Therefore, FAD exposure reduces the local

E2 concentration in brain by both inhibiting brain aromatase activity and less circulating

E2 level due to inhibited ovarian aromatase activity.

1 7—B-trenbolone exposure

l7-beta—trenbolone is the primary metabolite of trenbolone acetate, which is used

to promote growth in cattle. 17B-trenbolone has been characterized as a potent androgen

in both in vitro and in vivo studies with mammals and fish [1 1]. Although TRB has

different biochemical properties from FAD, it induced similar response in Japanese

medaka, such as less fecundity and down-regulation of egg precursor genes in liver.
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These observations can be explained by decreased endogenous E2 production by TRB

exposure. Reduced plasma steroid (T and E2) and VTG concentrations have been

observed in females ofTRB treated fathead minnow, [l 1]. It has been postulated that

exposure to exogenous androgen such as TRB leads to the compensatory response of

decreased endogenous androgen (T and KT) production and in turn, the decreased E2

production since E2 is converted from T by CYP19 aromatase in vertebrates [19].

Similar to FAD, TRB eventually elicits less E2 level and greater concentration of

‘functional’ androgen. In TRB exposed females, the less E2 not only resulted in the

down-regulation of brain aromatase (CYP19B) and ovarian activin BB, but also elicited

compensatory responses, including greater ovarian CYP19A and less CYP3A. While

testicular LHR, LDLR and HMGR were down- regulated at 8 h to compensate androgenic

TRB exposure by slowing down steroidogenesis.

However, TRB treated Japanese medaka also displayed gene expression patterns

different from what were observed in FAD exposure, which can be explained by the

different dynamic change of E2 level in FAD or TRB exposed fish (Figure 3.3). Because

of the direct inhibition of aromatase by FAD, we hypothesize that FAD -induced estrogen

reduction can be more instant than that of TRB, which indirectly repress estrogen

production by inhibited its precursor testosterone. This subtle difference between the two

chemicals can be observed at the time —dependent gene expression changes in Japanese

medaka. For example, TRB exposure decreased expression of ER-a, VTGs and CHGs

transcripts in liver of females after 32h, instead of 8 h in case of FAD. Nevertheless,

significant increases of ER-a in males and VTG I in females were observed in TRB

treatment at 8 h. This leads to the hypothesis that TRB exposure might initially cause a
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temporary increase in the availability of aromatizable androgen, which in turn leads a

slight increase of E2 production. The temporary E2 production by TRB exposure up-

regulated the expression of ovarian ER-a, FSHR, LHR and inhibin A at 8 h. CYPI9B

transcripts in brain are highly sensitive in response to estrogen exposure [20]. But

CYP19B did not respond to TRB exposure in brain of males, but was down-regulated by

FAD, which suggests that the tempered decrease of estrogen by TRB exposure might not

affect the endogenous E2 level in brain. On the other hand, TRB exposure might cause

androgen ‘surge’ more rapidly than that of FAD. Compensatory response to the exposure

of androgenic TRB could be found in the reduction of gonadal CYP17, the key enzyme

synthesizing androstenedione, the direct precursor of testosterone. Decreased plasma

concentrations of I l-ketotestosterone has been observed in TRB exposed male fathead

minnows after 21 d exposure [1 1]. However, such alteration could not be seen in the

FAD treatment.

Overall, the present study examined the molecular responses in the medaka HPG

axis to exposure of anabolic androgen TRB and aromatase inhibitor FAD. Fadrozole

induced a more rapid reduction of hepatic estrogen-responsive pathways than did TRB,

while exposure to FAD and TRB resulted in rapid (after 8 h) down-regulation ofLHR

and LDLR in the testis to compensate excessive androgen level. The time-dependent

molecular responses by FAD and TRB developed in the present study not only help to

elucidate the mechanism of the reduced fecundity, but also present unique signatures for

the two model chemicals. Overall the results from this study demonstrated the great

utility of systematic approach of HPG axis real time PCR array in the testing of potential

EDCs using Japanese medaka.
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ABSTRACT

Effects of two model imidozole-type fungicides, prochloraz (PCZ) and ketoconazole

(KTC), on the hypothalamic-pituitary-gonadal (HPG) axis of the Japanese medaka

(Oryzias latipe) were examined by use of real time PCR (RT-PCR) array. Fourteen-wk-

old Japanese medaka were exposed for 7 d to concentrations of PCZ or KTC from 3.0 to

300 pg /L. Exposure to KTC or PCZ caused significantly less fecundity of Japanese

medaka and down-regulated expression of estrogen receptor (ER)-a and egg precursors

in livers of males and females. These effects are consistent with inhibition of gonadal 17-

B estradiol (E2) and testosterone (T) production by both KTC and PCZ. However, PCZ

was more potent than KTC both in modulating transcription and causing lesser fecundity.

Exposure to 30 pg PCZ/L resulted in 50% less fecundity and significant down-regulation

of VTG II expression, but KTC did not cause such effects at this concentration. Exposure

to PCZ caused a compensatory up-regulation in CYP19A and CYP17 expression in the

ovary, while KTC did not. The ecologically relevant endpoint, fecundity was log-log

related to mRNA level of six genes in livers of females.

Keywords: imidozole, vitellogenin, fecundity, HPG axis RT-PCR array, potency.
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INTRODUCTION

Concerns about possible links between natural and man-made substances on endocrine

and reproductive systems in humans and wildlife (1,2) have resulted in various

international agencies initiating projects to develop new guidelines for the screening and

testing of potential endocrine disrupting chemicals in vertebrates (3,4,5). These assays

include: 1) structure activity relationships and in vitro assays that could be used to

identify potential chemical candidates; 2) short-term in vivo assays to demonstrate

relevant activity in intact animal models; and 3) long-term assays that evaluate different

reproductive and developmental stages of animals (6). Small teleost fish, such as the

Japanese medaka (Oryzias latipes) and fathead minnow (Pimephales promelas), are

appropriate models for testing endocrine disrupting chemicals (EDCS), not only from the

perspective of existing ecological impacts, but also in terms of among-species

extrapolation. The Japanese medaka is a promising small fish model test organism

because individuals are small and can be easily reared and brought into reproductive

condition. Large numbers of fish can be cultured and tested in a small area. The

physiology, embryology, and genetics of the medaka are well known because they have

been extensively studied for more than 100 yr (7). The Japanese medaka has clearly

defined sex chromosomes and sex determination (7). In addition, all mRNA/cDNA

sequences used for this project, which were necessary to design appropriate RNA probes,

are available online in the NCBI database (www.ncbi.nlm.nih.gov). Finally, there is a

marine species of medaka (Oryzias melastigma) that is very similar to the freshwater
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species, such that these two species simultaneously provides a test system that can be

applied to freshwater, marine, and brackish ecosystems (8).

System models utilizing genomic approaches can be useful tools for mechanistic

toxicological studies of EDCS. It has been suggested that mechanistic information

derived from changes in molecular or biochemical biomarkers can be used to aid in

extrapolation of effects among species and chemicals (9,10). However, it is important to

understand linkages between alteration at the molecular and biochemical levels and

ecological relevance of adverse effects at the individual and population levels that might

relate to fitness. We have previously developed an HPG-axis-based real time PCR (RT-

PCR) array system using the Japanese medaka (l 1). To evaluate the chemical-induced

effects on reproductive endocrinology, the HPG axis-based RT-PCR array systematically

examines the transcriptional expression of 36 functionally relevant genes in brain, gonad

and liver of Japanese medaka. In addition, reproductive performance, including fertility

and fecundity are observed during the exposure. This method not only furthers our

understanding of chemical modes of action along the HPG axis, but also provides

opportunity to examine the relationship between transcriptional responses of HPG axis

and fecundity in Japanese medaka.

Two imidozole fungicides ketoconazole (KTC) and prochloraz (PCZ) were

chosen as model chemicals to assess the utility ofthe HPG-axis-based real time PCR

array system and reproductive performance of the Japanese medaka. These commonly

used fungicides have been reported to affect reproduction and development in fish and

wildlife (12,13). Imidazole fungicides were designed to inhibit a cytochrome P450 (CYP)

enzyme involved in ergosterol synthesis of fungi (1.4). However, it has also been shown
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that these fungicides can inhibit other CYP genes, including steroidogenic cytochrome

P450 cl7ahydroxylase, 17,20-Iyase (CYPI 7) and aromatase (CYPI 9) in mammals and

fish (15,16). Recently, KTC and PCZ have been shown to reduce both l7/J-estradiol (E2)

and/or testosterone (T) production in vitro in H295R human adenocarcinoma cells and

fathead minnow ovary explants (17,18). Although these chemicals are structurally

similar, they have also displayed different modes of action (MOA) on other biological

pathways within the reproductive tract and the HPG axis. For example, PCZ, but not

KTC, has been identified as an androgen receptor (AR) antagonist in rat and fathead

minnow (19,20).

The objective of this study was to evaluate the effects of the two fungicides, KTC

and PCZ, during a short-term exposure, on the transcriptional profiles of the key

pathways within the medaka HPG axis. It was hypothesized that the observed different

transcriptional responses by the two chemicals are due to different modes of action on the

HPG axis of Japanese medaka. In the present study, the quantitative relationship between

hepatic transcriptional responses and egg reproduction of medaka was investigated during

7-d laboratory exposures.
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MATERIALS AND METHODS

Animals and Exposure

Male and female wild-type 0. latipes were maintained in flow-through tanks in

conditions that facilitated breeding (23-24 °C; 16:8 light/dark cycle) using the protocol

previously described (1 1,21 ,22). Before exposure, l4-wk-old, Japanese medaka were

acclimated in 10-L tanks filled with 6 L of carbon-filtered water for a period of7 d prior

to initiation of experiments. Each tank contained 5 male and 5 female fish. One half of

the water in each tank (3 L) was replaced daily with fresh carbon-filtered water.

Ketoconazole (KTC) and prochloraz (PCZ) were obtained from Sigma-Aldrich (St. Louis,

MO) and dissolved in the least amount of dimethyl sulfoxide (DMSO) (Sigma-Aldrich,

St. Louis, MO) possible to produce a stock solution of known concentration. After the

acclimation period, fish were exposed to vehicle control (DMSO with a final

concentration of 1210000 v/v water), 3.0, 30 and 300 pg KTC/L, or 3.0, 30 and 300 pg

PCZ/L in a 7—d static renewal exposure scenario. Exposures started at 8:30 AM and one

half of the water in each tank (3 L) was replaced with fresh carbon-filtered water dosed

with the appropriate amount of chemicals at 8:30 AM each day during exposure. Eggs

produced during the previous 24 hr period were counted and recorded before the

replacement of water. No mortalities were observed at any treatment during the exposure

period. Fish were euthanized in Tricaine S solution (Western Chemical, Ferndale, WA,

USA), and total weight and snout-vent length were recorded for each fish. Samples of

brain, liver, and gonads were collected and preserved in RNA/ater storage solution

(Sigma, St Louis, MO) at -20 UC until analysis of gene expression. Masses of body, brain,
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liver and gonad of each fish were recorded. Indices including, hepatic-somatic index

(HSI), gonadal-somatic index (G81), and brain-somatic index (BSI) were calculated.

Real time —PCR array measurement

Processing of tissues followed the previously reported protocol ( l 1). Briefly, total RNA

was individually extracted from tissues according to the manufacture’s protocol with

Agilent Total RNA Isolation Mini Kit (Agilent Technologies, Palo Alto, CA). First-

strand cDNA synthesis was performed using Superscript III first-strand synthesis

SuperMix and Oligo-dT primers (Invitrogen, Carlsbad, CA). The measurement of gene

expression in brain, liver and gonad tissues was conducted using the medaka HPG axis

PCR array system described previously (1 1). Briefly, real-time Q-RT-PCR was

performed by using a 384-well ABI 7900 high throughput real time PCR System

(Applied Biosystems, Foster City, CA). PCR reaction mixtures for one hundred reactions

contained 500 pL of SYBR Green master mix (Applied Biosystems, Foster City, CA), 2

pL of 10 pM sense/anti-sense gene-specific primers, and 380 pL of nuclease-free distilled

water (Invitrogen). A final reaction volume of 10 pL was made with 2 pL of diluted

cDNA and 8 pL of PCR reaction mixtures using a Biomek automation system (Beckman

Coulter, Inc., Fullerton, CA). Quantification of target gene expression was based

comparative cycle threshold (Ct) method with adjustment of PCR efficiency according to

a previous study (23). The average ct value of the three reference genes (beta-actin,

RPL-7 and 16s) was used as reference for the expression calculation of target genes

Statistical analyses
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Statistical analyses were conducted using the R project language (http://www.r-

project.org/). Fecundity data was analyzed using analysis of variance (ANOVA), in

which the effects of time (day) and chemicals on the daily recorded egg production were

examined. Levels of expression of genes in tissues were expressed as the fold change

relative to the average value of the average of the vehicle control. Prior to conducting

statistical comparisons of gene expression value Bartlett Test were performed to check

homogeneity of variances of data. Normality of the distributions of data was evaluated

by Shapiro-Wilk’s test. If necessary, data was log-transformed to approximate normality.

Differences of relative gene expressions among treatments were evaluated by ANOVA

followed by pair-wise t-test. Differences with p < 0.01 were considered to be significant.
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Table 4.1 Transcriptional response profiles of HPG axis pathways in medaka fish

exposed to prochloraz (PCZ). Gene expression was expressed as the fold change

comparing to the corrgsponding vehicle controls a‘b
 

 

 

 

Female Male

Tissue gene 3 pg /L 30 pg /L 300 pg /L 3 pg /L 30 pg /L 300 pg /l.

ER-a -1.06 1.79 -1.26 1.78 2.97* 1.06

ER-l)’ 1.15 1.05 1.15 -1.07 1.17 -1.17

AR-a 1.03 -1.22 -1.08 1.16 1.14 1.13

NPY -1.58 -1.2 -l.42 -l.06 1.03 -1.35

Brain cGnRH II 196* -1.35 1.35 1.22 -l.1 1.06

mfGnRH -1.19 1.85 -l.69 1.7 366* 1.71

anRH -1.8* -1.38 -l.26 1.32 1.46 -1.02

GnRHRl 1.07 1.63 —1.46 1.65 2.6 1.47

GnRH R]! -1.29 —1.49** -l.31 1.14 1.02 1.09

GnRHR/ll -1.17 -l.27 -l.53* 1.21 1.17 -1.07

CYPI9B -1.09 -1.05 —2.69*** -l.l9 -1.61** -2.76***

ER-a -1.26 -l.5 -1.09 1.25 -l.02 1.22

ER-p’ -l.39 -1.68 -2.26* 1.25 1.06 1.35

AR-a -l.29 1.01 1.02 1.3 1.14 1.81**

FSHR -l.19 1.1 1.39 2.12 1.43 1.34

LHR -1.74 -1.46 1.01 1.54 1.31 -1.11

HDLR -1.05 -1.02 -2.74* 1.59 1.33 1.12

LDLR 1.01 1.05 1.04 1.25 1.53* 1.28

HMGR -l.76 -2.39 -3.73* -l.l9 -1.5 -1.62*

Gonad StAR -l.36 -1.0 -1.04 1.53 -l.03 1.4

CYP11A -1.04 1.34 1.33 1.62 1.46 2.66*

CYP1/B -1.74 -2.57 -4.0* 1.65 1.75 3.02”

CYP17 1.19 18* 3.46*** 1.51 1.58 3.48**

CYP19A -1.39 2.46** 2.38** 2.48* 2.76 1.84

CYP3A -1.02 -l.4 -l.86 -3.64 -2.83 -2.34

3/iHSD -1.67 -1.01 1.42 1.41 1.29 2.39**

Inhibin A 1.07 1.11 1.28 1.53 -I.05 1.22

ActivinBA -2.12 ~3.09* —8.33* 2.57* 4.41** 2.04

ActivinBB -1.09 -1.2 -l.03 1.66 1.53 1.09

ER-a -1.0 -1.27 -54.5*** 1.34 -1.09 -1.72

ER—fl 1.32 2.0 2.02 1.2 1.41 l.88**

AR-a 1.3 1.69 -1.78 1.01 -l.ll -1.33

VTG I 1.07 -2.07 ~58.7*** 366* 2.85 -4.37

Liver VTG 11 -1.37* -3.35*** -4000*** 2.72 1.12 -9.11*

CHGH 1.07 ~1.93 -113*** 3.49** 232* —5.8*

CHG HM -l.32 —2.62** -877*** 1.55 1.3 -10.5***

CHG L -1.01 -1.78 -1020*** 4.27 2.78 -4.87*

Annexin.ma.r2 1.6 1.8 2.21* 1.01 -l .32 1.02
 

“ animal replicate (n= 4-6).

“ *1)< 0.01, **p< 0.001.
 

84



Table 4.2 Transcriptional response profiles of HPG axis pathways in medaka fish

exposed to ketoconazole (KTC). Gene expression was expressed as the fold change

comparingto the corresponding vehicle controls “3
 

 

 

 

KTC / Female KTC [Male

Tissue Gene 3 pg /L 30pg /L 300 pg /L 3 pg /L 30 pg /L 300 pg /L

ER-a -l.l -l.27 -1.07 1.52 1.34 1.83

ER-B -1.01 1.26 -1.11 1.16 -1.06 -1.01

AR—a -l.02 -1.09 -1.12 1.15 -1.13 -1.16

NPY 1.01 -1.08 —1.04 -2.03 -1.37 -l.05

cGnRH]! -1.21 1.23 -l.01 -l.46 1.01 1.07

Brain mfGnRH -1.52 -l.84 -1.33 2.44 1.33 2.98

anRH -1.44 -1.68 -l.39 -1.55 -1.08 -1.15

GnRHRI -l.03 —1.l8 -l.59 1.97 1.39 2.54

GnRHRII -1.54* -l.31 -1.63** -1.01 -1.06 -1.25

GnRHRIII -l.48* -1.44 -1.67** 1.1 -1.15 -l.19

CYP19B 1.06 1.14 -1.39 -1.4 -1.33 -1.7*

ER-a 1.29 -1 .61 -1.49 -1.27 —l.21 1.65

ER-B -1.78 -1.59 -2.35** -l.05 -l.15 1.53**

AR-a -1.45 -1.32 -2.36** -l.12 1.2 1.86*

FSHR 1.31 -1.05 1.21 1.03 1.4 1.61

LHR -1.6 -2.25 -3.18** 1.17 1.31 2.09**

HDLR -1.17 -l.83 -1.29 1.04 1.38 1.3

LDLR -1.06 1.22 -1.45 1.11 1.41 1.75“

HMGR -1.75 -2.89* -3.17* -1.86* 1.31 -1.31

Gonad StAR -l.l3 -2.03* -3.14*** -l.78 1.46 1.51

CYP11A -1.03 -1.61* -1.87** -1.29 -I.43 1.34

CYP1/B -2.38 -3.17 -7.3** -1.11 1.22 2.28"“

CYP17 1.17 -1.2 1.25 -1.44 -l.61 1.56

CYP19A 1.18 -l.39 1.08 —1.07 1.91* 2.17*

CYP3A -2.96 -2.47 1.43 -1.15 -13.6 -18.4

3,8HSD -1.16 -1.63 -2.04* -1.18 -1.17 1.59

Inhibin A 1.03 -l.69 -1.55 1.21 1.14 1.56

ActivinBA -2.67 -3.01 -8.18** 1.07 1.83 282*

ActivinBB -l.3l -1.12 -2.01** 1.08 2.13 1.37

ER-a -1.77* -l.21 -3.24*** -l.5 -1.96 6.2***

ER-B -1.02 1.14 1.28 -1.04 -1.45 1.19

AR-a -1.04 1.3* -2.7l*** -l.23 -2.l2** -3.76***

Liver VTG I -1.38 -1.49 -54.0*** 28.1 3.31 -6.46

VTG II -1.46* -l.08 -79.6*** 2.97 1.13 -l.12

CHG H -1.6 -l.64 -35.6** 1.3 1.39 -22.l**

CHG HM -1.09 1.23 -83.0*** 1.39 -l.08 -l9.6***

CHGL 1.11 1.21 -77.8** 2.52 5.96 -1.38

Annexin max2 -l.17 1.48 12.1*** -1.55 -l .92 6.45***
 

"’ animal replicate (n= 4-6).

b *p<0.01, **p<0.001.
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Figure 4.2. Striped view of concentration dependent response profile in PCZ exposure

of female Japanese medaka. Gene expression data from medaka treated by 3.0, 30 and

300 pg PCZ/L are shown as striped color sets on the selected endocrine pathways along

the medaka HPG axis. The legend listed in the upper right comer of the graph describes

the order of the three PCZ concentrations and the eight colors designating different fold

thresholds. LH, lutinizing hormone; FSH, follicle-stimulating hormone; E2, 170-

estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density lipid.
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Figure 4.3. Striped view of concentration dependent response profile in KTC

exposure of female Japanese medaka. Gene expression data from medaka treated by 3.0,

30 and 300 pg KTC/L are shown as striped color sets on the selected endocrine pathways

along the medaka HPG axis. The legend listed in the upper right corner of the graph

describes the order of the three KTC concentrations and the eight colors designating

different fold thresholds. LH, lutinizing hormone; FSH, follicle-stimulating hormone; E2,

l7B—estradiol; T, testosterone; HDL, high-density lipid; LDL, low-density lipid.
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RESULTS

Fecundity. Statistically significant differences were observed on the cumulative egg

productions by medaka from different treatments (Figure 4.1). Both PCZ exposure and

KTC exposure induced concentration-dependent decrease of fish fecundity in a time-

dependent manner. There was no statistically significant difference between cumulative

egg production by fish exposed to 3.0 pg PCZ/L and that of unexposed fish. However,

exposure to 30 pg and 300 pg PCZ/L resulted in significantly less fecundities of 50% and

18%, respectively, relative to that of medaka exposed to the vehicle control. The

proportions of eggs produced, relative to the solvent control were 89%, 84.2%, and

20.3% when medaka were exposed to 3.0, 30, or 300 pg KTC/L, respectively. Only

exposure to 300 pg KTC/L resulted in statistically significant less fecundity. None of the

concentrations of either KTC or PCZ caused any statistically significant effects on any of

the body indices, HIS, GSI or BSI.

Transcriptional response to prochloraz. Sex- and organ-specific transcriptional

patterns were observed in the PCZ treated medaka fish. There was a statistically

significant, concentration-dependent down-regulation of hepatic genes including ER-a,

VTO I, VTG 11, choriogenin L (CHGL), choriogenin H (CHG H) and CHG Hminor (CHG

HM) in females exposed to PCZ (Table 4.1, Figure 4.2). Exposure of males to 300 pg

PCZ /L caused the greatest (54-fold) less ER-a expression, relative to that of the vehicle

control. Alternatively, responses of genes in the livers of males exposed to PCZ were

more variable and of lesser magnitude than that of the females. Slight up-regulation of

VTG I and CHG H transcript were observed in liver of males exposed to 3.0 pg PCZ/L.
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However, exposure to 300 pg PCZ/L significantly down-regulated expression of VTG 11,

CHG H, and CHG HM in livers of males. In contrast, exposure of males to 300 pg

PCZ/L caused a statistically significant and concentration dependent up-regulation in

expression of ER-[i’ in livers.

Exposure to PCZ caused differences in transcriptional responses of genes in both

ovaries and testis. There were no statistically significant differences between levels of

transcription in ovaries from fish exposed to 3.0 pg PCZ /L and that of the vehicle control.

Concentration-dependent up-regulation of CYP1 7 and CYP19A were observed in ovaries

of females exposed to PCZ with the significant differences observed in females exposed

to 300 pg PCZ /L. Conversely, expression of ovarian activin BA was inversely

proportional to PCZ exposure concentration. PCZ exposure caused concentration-

dependent up-regulation expression ofAR-a and steroidogenic CYP1 1B, CYP11A, CYP17

and 3,8 HSD in testes. Expression to 30 pg PCZ /L caused statistically significant up-

regulation ofActivin BA in liver of males.

Exposure to PCZ caused only minor effects in the brains of medaka. PCZ caused

dose-dependent down-regulation of brain-type aromatase (CYP19B) in both male and

female after 7 d of exposure. GnRH RI] and GnRH RIII were also down-regulated in

brains of PCZ exposed females, but not in males.

Transcriptional response to ketoconazole. Exposure to KTC altered the transcriptional

expression of E2 responsive genes in livers of males and females. Consistent with the

lesser fecundity, exposure to KTC caused less mRNA of ER-a, VTG 1, VTG II, CHG L,

CHG H and CHG HM in liver of females (Table 4.2). Choriogenin H and CHG HM
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were decreased, while ER-a was increased by 62-fold in livers of males exposed to 300

pg KTC /L. KTC caused reduction of hepatic AR-a mRNA and an increase in annexin

max2 transcript in both males and females exposed to 300 pg KTC /L.

Changes in opposite direction were observed in testis and ovaries of KTC exposed

Japanese medaka. KTC exposure caused concentration-dependent down-regulation of

ovarian receptors ER-B, AR-a, LHR, steroidogenic genes HMGR, StAR, CYP11A,

CYP1 IB, and activin subunits, activin BA and activin BB. Conversely, exposure to 300

pg KTC /L caused a statistically significantly up—regulated the ER-B, LHR, and LDLR

genes in testes. In addition, transcription of CYP19A (aromastase) and activin BA genes

were up-regulated in a dose-dependent manner, with significant alteration caused by

exposure to 300 pg KTC /L.

KTC caused down-regulation of gene expression in brains of both males and

females. Concentrations of GnRH R11 and GnRH RIII were both less in brains of females

exposed to 300 pg KTC /L. CYB]98 was slightly down-regulated (-1.7-fold change; p =

0.022) in brains of males exposed to 300 pg KTC /L.
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DISCUSSION

Prochloraz. PCZ is a fungicide that can inhibit other CYP enzymes including

steroidogenic CYP17 and CYP19 in mammals and fish (15,16). Exposure of rats to PCZ

resulted in less production of T in the testes, due to inhibition of CYP17 activity (15). In

fathead minnows, plasma concentrations of T and l l-ketotestosterone were less in PCZ

exposed males and plasma E2 was less in PCZ exposed females (19). While PCZ was a

more potent suppressor of E2 production than T production as observed in the H295R

and fathead minnow ovary explant assays (18). The inhibitory effects on production of

E2 and T elicited comprehensive transcriptional responses in gonads, livers, and brains of

Japanese medaka exposed to PCZ. Because the plasma sex steroid hormones are

primarily secreted by the gonad, the concentration-dependent up-regulation of gonadal

CYP19A and CYP17 in males and females can compensate for inhibition of gonadal E2

and T production by PCZ exposure. Nevertheless, the increased mRNA level of gonadal

CYP19A and CYP17 did not change the decrease of circulating concentration of E2. In

liver, expression of ER-a mRNA and VTG as well as CHG genes were down-regulated in

PCZ exposed females and males, which suggests the local E2 concentration was

decreased in livers. As a consequence, egg production of PCZ exposed medaka was

reduced in a time and concentration —dependent manner. In brain, PCZ exposure down-

regulated brain CYP19B in both males and females, which suggests that the local E2

concentration was also decreased by PCZ exposure because brain CYP19B is primarily

regulated by E2 through the estrogen responsive element (ERE) on its promoter sequence

(24). These results demonstrate that transcriptions of genes along the HPG axis react to
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EDCS in an organized manner among organs, and systematic investigation of the HPG

axis can help elucidate chemical-induced MOAs

Changes in transcription of other gonadal genes are also consistent with the

effects on fish previously ascribed to PCZ. The activin system is involved in

gonadotropin-regulated ovarian functions, such as oocyte maturation thus, the

concentration-dependent decrease in activin BA transcript would be expected to result in

decreased fecundity. Activin-A, a homo-dimerization of two activin BA subunits, has

been suggested to mediate gonadotropin-induced oocyte maturation in zebra fish (25).

Although the transcriptional regulation mechanism of activin BA is unknown in medaka,

its reduced expression is consistent with lesser fecundity caused by PCZ. Conversely,

transcription of activin BA in the testes was increased by exposure of Japanese medaka to

30 pg PCZ/L for 7 d. In Japanese eels stimulation of activin B mRNA is accompanied by

spennatogonia proliferation in after gonadotropin treatment (26). While the relative

number of spennatogonia was increased when fathead minnows were exposed to

concentrations of 30 to 300 pg PCZ/L exposed (19). These results suggest a role of

activins in the onset of spennatogenesis in Japanese medaka and activin transcripts can

be used as a biomarker of chemical induced -effects on reproduction in males.

Ketoconazole exposure Similar to PCZ, KTC can also reduce E2 and/ or T production

in mammals and fish (17,18), and exposure to KTC induced similar response profiles to

those of PCZ, including inhibition of hepatic VTG and CHG transcripts, the reduction of

fecundity. Although the underlying mechanism has not been identified, PCZ and KTC

both down-regulated the expression of GnRH R II/ III in brains of females. The
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inhibition of GnRH R was possibly a part of negative feedback mechanism that would

reduce the responsiveness of the pituitary to GnRH stimulation and lead to less secretion

of gonadatrophins in females. This hypothesis was supported by the down-regulation of

steroidogenic pathways except CYP17 and CYP19A in ovaries of Japanese medaka

exposed to either PCZ or KTC.

Previous studies suggested that KTC is a more potent inhibitor of one or more

upstream steroidogenesis enzymes than it is an inhibitor of aromatase, while the

aromatase enzyme is more sensitive to inhibition by PCZ than the upstream targets (18).

These differences can be reflected by the different transcriptional responses observed in

Japanese medaka. For example, exposure to 30 pg PCZ /L caused a 50% less fecundity

and less expression of VTC [1 and CHG HM relative to controls, while the same

concentration of KTC did not cause such effects. In addition, expression of CYP19B was

down-regulated in brains of females exposed to 300 pg PCZ/L but not of KTC. These

results are consistent with the previous observation that PCZ was more than lO-fold more

potent than KTC on the reduction of E2 production by fathead minnow ovary explants

(18). However, KTC was a more potent suppressor of T production than E2 production.

The expression of AR-a was significantly down-regulated in livers of KTC exposed

males and females, but was unaffected in the PCZ exposure.

In summary, the present study demonstrated that transcriptional profiling with the

Japanese medaka HPG axis RT-PCR array provides a systematic understanding of PCZ

or KTC induced effect on the HPG axis of Japanese medaka. The medaka HPG PCR

array system combines the quantitative performance of real-time PCR with the multiple

gene profiling capabilities ofa microarray to examine expression profiles of over 30
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genes along the endocrine pathways in brain, liver and gonad. The organ- gender- and

concentration —specific gene expression profiles derived by the Japanese medaka HPG

axis RT-PCR array provides a powerful tool to not only delineate chemical-induced

modes of action, but also to quantitatively evaluate chemical induced adverse effects
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The HPG -PCR array system developed in this study represents a sensitive,

reliable and flexible monitoring tool to research chemical-induced effects along the HPG

axis in Japanese medaka. Microarray and real-time PCR are currently the two most

popular transcriptional profiling techniques. While the Japanese medaka has a relatively

well-characterized genome, it lacks robust annotation for many gene products. Therefore,

because of absence of baseline information of a large proportion of array spots, full

interpretation of data collected by a Japanese medaka microarray is not yet possible.

Alternatively, real-time polymerase chain reaction (real-time PCR) is a sensitive and

reliable technique enabling reliable quantification of mRNA in biological samples. Real-

tirne PCR methods have greater precision for quantification of changes in gene

expression than do the microarray techniques. In addition, real time PCR techniques are

relatively less expensive than the microarray methodologies. Thus, the real-time PCR

techniques are more powerful for investigation of chemical effects because they allow

higher throughputs at lesser cost. The Japanese medaka HPG PCR array developed in

this study combines the quantitative performance of SYBR Green-based real-time PCR

with the multiple gene profiling capabilities of a microarray to examine chemical-induced

gene expression profiles along the HPG axis. Furthermore, the pathway-focused PCR

array for Japanese medaka is an open system, in which primer sets for new biomarker

genes are ready to be added when new information is available.

The results of the study demonstrated that profiling of HPG transcripts by RT-

PCR array method represents a powerful tool for mechanistic toxicological studies of

EDCS. It has been suggested that mechanistic information derived from changes in

molecular or biochemical biomarkers can be used to aid in extrapolation of effects among
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species and chemicals (1,2). However, it is important to understand linkages between

alteration at the molecular and biochemical levels and ecological relevance of adverse

effects at the individual and population levels that might relate to fitness. Fecundity

represents the potential reproductive capacity of an organism or population. In the

present study, four out of five selected model chemicals significantly reduced fecundity

of Japanese medaka, in a concentration—dependent manner (Table 5.1) (3-5). A similar

pattern was identified in the gene expression of liver tissue of females(Figure 5.1). Four

of the five chemicals studied, including KTC, PCZ, TRB and FAD, induced

concentration dependent down-regulation of six hepatic genes, which consists of ER-a.

VTG I, VTC 11, CHG L, CHG H and CHG HM. Principal component analysis on the

transcript expression of the selected hepatic genes among chemical treatments confirmed

that expression of these genes was correlated, with the first principle component (PC 1)

explaining 96.3% of the variance among expression of the six genes (Figure 5.2). To

reduce the dimension of gene expression data and to simplify their relationship with fish

fecundity, we further developed a hepatic index (HI; Equation 1) for each treatment by

multiplying the fold change in gene expression by the PCI.

HI = 0.236 *logw (ER-a) + 0.326 *loglo (VTG I) + 0.537 *log10(VTG II) + 0.472 *logm

(CHG L) + 0.343 *log10(CHG H) + 0.457 *loglo (CHG HM) (r)

The H1 is a sum of log-transforrned expression levels of the six hepatic genes with

similar weighting, which represents the overall expression level of this cluster of gene.

Plotting log-fecundity as a function of H1 revealed that fecundity was directly
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proportional to H1 (Figure 5.3A). Furthermore, a log—log, relationship was developed for

the log—fecundity as a function log-HI (Equation 2) (Figure 5.3B).

log”) fecundity = 1.616 — 0.4493 * log”) HI (2)

The coefficient of determination for this relationship (r2) was 0.864 and the analysis of

variance test indicated that the linear relationship was statistically significant (n =1 1, F:

56.5, p < 0.001)

A major challenge in the emerging field of ecotoxicogenomics is to define the

relationships between chemically induced changes in gene expression and alterations in

conventional toxicological parameters ( 1,6). The result, for the first time, quantitatively

linked the alteration of gene expression to ecologically-relevant endpoints such as

fecundity. All of the pre-selected hepatic genes are functionally relevant to fish fecundity.

Of the 6 selected hepatic genes, VTG 1 and VTG II are yolk precursor while CHG L, CHG

H and CHG HM are egg envelop precursors, which all are regulated by E2 through ER-a.

A similar linear relationship had also been found between the production of vitellogenin

(VTG), and the reproductive success of fish (7). However, the mRNA measurement by

the RT-PCR method offers many advantages over the VTG assay based on enzyme-linked

immunosorbent assay (ELISA). First, alterations in VTG mRNA would precede changes

of VTG protein, which makes the mRNA response a more rapid response. Second, the

inherent amplification of RT-PCR method makes the measure more sensitive than ELISA

VTC assay and needs only a small amount of tissue, which would reduce the number of

fish for screening of chemical. This is especially true when small fish species is used.
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Finally since the hepatic index, integrates the responses of six genes, and thus

circumvents the variation of any single gene, it provides a more reliable prediction of

effects of chemicals on fecundity. Therefore, the hepatic index has a potential to be used

in the quantitative assessment of chemical induced effects on reproduction of Japanese

medaka in short-term exposure.

In summary, the present study demonstrated that transcriptional profiling with the

Japanese medaka HPG axis RT-PCR array provides a systematic understanding of PCZ

or KTC induced effect on the HPG axis of Japanese medaka. The medaka HPG PCR

array system combines the quantitative performance of real-time PCR with the multiple

gene profiling capabilities of a microarray to examine expression profiles of over 30

genes along the endocrine pathways in brain, liver and gonad. The organ- gender- and

concentration —specific gene expression profiles derived by the Japanese medaka HPG

axis RT-PCR array provides a powerful tool to not only delineate chemical-induced

modes of action, but also to quantitatively evaluate chemical induced adverse effects.
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Table 5.1. Effects of different chemicals on fecundity of Japanese

medaka in 7 d exposure.
 

 

 

Chemical Cone. Fecundity (%)

5 ng/L 91.0%

EE2 50 ng/L 92.4%

500 ng/L 65.1%

50 ng/L 99.8%

TRB 500 ng/L 46.1% (*)

5000 ng/L 26.0% (*)

3 ug/L 95.5%

Prochloraz 30 ug/L 49.8% (*)

300 ug/L 18.0% (*)

3 ug/L 89.7%

Ketoconazole 30 ug/L 84.2%

300 ug/L 20.3% (*)

1 ug/L NA.

10 ug/L N.A.

Fadrozole 50 ug/L 20.4% (*)

100 ug/L N.A.

*, p < 0.05
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Figure 5.1 Heatmap of the concentration-dependent gene expression profiles in livers of

chemical exposed females. Gene tree was constructed by pearson correlation metric.

Chemical tree was constructed by ‘ToxClust” method, where the dissimilarity between

any two chemicals was calculated by the distance between the concentration—dependent

response curves in the exposure of both chemical.
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Figure 5.3 Relationship between fecundity and gene expression in livers of females.

A: fecundity vs hepatic index, the broken line shows the trend of data. B: Simple linear

regression of loglO-transformed fecundity and hepatic index. The functions describing

the relationship are: Hepatic index = 0.236 *loglO (ER-(I)+ 0.326 *loglO (VTG I)+ 0.537

*log10(VTGII)+ 0.472 *loglO (CHG L) + 0.343 *loglO (CHG H) + 0.457 *log10

(CHG HM). The formula for the regression model was: loglO (fecundity) = 1.616 —

0.4493 * loglO(-hepatic index).
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Figure 5.2 Scree plot of the percentage of variance explained by each of the Principal

Components (PC) as a percentage of the total variance of the gene expression. The six

hepatic genes included in the analysis were ER-a, VTG 1, VTG II, CHG L, CHG H and

CHG HM
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