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ABSTRACT

Pharmaceutical androgens and estrogens discharged into the
aguatic environment are now known to induce adverse effects in fish
and are a health concern for wildlife. Mosquitofish (Gambusia
affinis) exposed to a pharmaceutical androgen, trenbolone, used to
enhance cattle growth and found to pollute waters below feedlots in
the USA, has been shown to alter the development of the anal fin of
the females and disrupt gonopodium development in fry. In our work,
we showed that altered gonopodium development was associated with
disruption in the normal patterns of expression of 2 cloned androgen
receptors. Furthermore, exposure to trenbolone at 1 ug/L induced
spermatocytes in the ovary of sexually mature females.

Roach (Rutilus rutilus) living in UK rivers are exposed to estro-
genic chemicals in effluents derived from sewage treatment works
and this causes feminizing effects, including the development of
oocytes in the testis of males. The contraceptive estrogen ethinylestr-
adiol (EE)) is believed to contribute to these feminized responses.
Our lab-based studies showed that gonadal feminization of roach
could be induced by exposure to EE, at 4 ng/L and the phenotypic
responses were associated with altered patterns of expression of 2
cloned estrogen receptors (ERs) and aromatase genes. EE, was shown
to induce similar feminized responses in the medaka (Oryzias | atipes).
We established a reporter gene assay system for roach and medaka
ERs and showed that specific environmental estrogens differentially
activated the two fish ER subtypes. We also found evidence for an
enhanced sensitivity for some estrogens to activate the medaka ERs
compared with the roach ERs.
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EFFECTS OF TRENBOLONE ON
MOSQUITOFISH

Contaminant-associated reproductive and devel-
opmental impacts have been reported in wildlife follow-
ing exposure to endocrine disrupting environmental
contaminants (EDCs) [7, 17, 67]. In vertebrates, EDCs
affect hormone-dependent processes including sexual
differentiation, development of secondary sex charac-
teristics, ovulation, behavior and general homeostasis
and they do so through various mechanisms [9, 45]. In
fish, estrogenic responses have been observed follow-
ing exposure to pesticides [68], surfactants [69], pulp
mill effluent [54], industrial waste water [25] and sew-
age effluent [22]. Androgenic substances have also
been associated with disruptions in sexual development
in fish and they include masculinization of mosquitofish
(Gambusia affinis) living in rivers polluted with pulp
mill effluent [11, 21, 53, 65]. The androgenic effects
reported include the development of a male-like
gonopodium (the modified anal fin in males that acts as
a copulatory organ), and altered reproductive behavior
in females. These effects have been confirmed via
|aboratory exposure experiments [3, 13, 53]. Similarly
induction of male secondary sex characteristics, such as
male-like coloration have been induced in femal e guppy
(Poecilia reticulata) exposed to pulp mill effluents
[39]. These androgenic effects have been confirmed
using various in vitro assays [12, 53] however, the
substances and mechanisms producing androgenic ac-
tion are largely unknown [4, 16].

Recently, studies in wild fathead minnows
(Pimephales promelas) have shown the presence of
potent androgenic substances in feedlot effluent dis-
charged into riversin the U.S.A. [51] and this finding
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has been confirmed using in vitro cell assays [63] and a
transcriptional activation assay [51]. The androgenic
activity contained in feedlot effluent has been identified
as being derived from trenbolone, a growth-promoting
hormone used for the production of approximately 90%
of beef cattle in the United States [5]. Trenbolone, an
approved androgenic, anabolic steroid is generally ad-
ministered via an ear implant and induces rapid weight
gain [5]. Trenbolone acetate, the implanted drug, is
rapidly hydrolyzed to an active form, 17f3-trenbolone
(TB), which is epimerized to 17a-trenbolone, a metabo-
lite with significantly less biological action. TB and
17a-trenbolone are both excreted by the treated animal
[60]. TB acts as a potent agonist of mammalian andro-
gen receptors (ARs), with a binding affinity to the
human AR comparable to dihydrotestosterone (DHT),
20-fold higher than for 17a-trenbolone [6, 71].
Moreover, TB induces AR-dependent gene transcrip-
tion in vitro in a transfected cell line with a potency
similar to DHT [5]. TB also binds to an AR of the
fathead minnow, and with a greater affinity than for
testosterone [4]. Exposure of adult female fathead
minnowsto TB (= 0.027 ug/L) has been shown to reduce
fecundity, reduce concentrations of both plasma
vitellogenin (VTG) and sex steroid and to induce mas-
culinization of secondary sex characteristics, including
male specific dorsal nuptial tubercles[4]. No effectson
fry or juvenile fish have been reported at the concentra-
tions tested to date.

Androgenic actions of environmental chemicals
are likely to be directly correlated with interaction with
and transcriptional regulation by ARs or synthesis of
endogenous androgens. In order to further investigate
the effects of TB on AR signaling, we cloned the AR
genes ARa and AR from the western mosquitofish
[62] and evaluated the effect of TB on sexual develop-
ment and AR expression in the mosquitofish. Studies
were undertaken on both adult fish and on fish during
early life.

Comparison of the predicted amino acid sequences
of the cloned mosquitofish (mo)ARa and moARP with
other ARs showed eight completely conserved cysteine
residuesin two zinc finger motifs, and a P-box (GSCKV)
in the DNA binding domain, which plays an important
role in determining the target genes for interaction [66].
Moreover, aleucine zipper-like structure in the COOH-
terminal ligand binding domain, which is conserved in
many nuclear receptors and required for dimerization of
receptors [55], was also conserved in the moARa and
MOARS(, asreported previously in ARsfor other teleosts.
Our phylogenetic analysis of the two forms of moAR
suggests strong similarity with those reported in other
teleosts.

TB was found to be a potent androgen in

mosquitofish [62], as shown previously in the fathead
minnow [4] and exposure to pharmacological concen-
trations of TB (1 ug/L) induced gonopodium differen-
tiation from the anal fin of adult females [71]. This
phenotype in female mosquitofish has been reported
previously following exposure to other androgens [62].
Both types of moAR mRNA were expressed in all fins
of androgen-treated female mosquitofish and therefore
we cannot conclude which AR in the anal fin contributes
to the differences in the response to TB among fins. It
is possible that it is the modification of moAR gene
expression in distinct regions of the anal fin that plays
important roles during gonopodium formation. Expo-
sure of mosquitofish fry to ethinyltestosterone (1.6-32
nM) induced anal fin elongation at the distal tip of the
fin 4 days after exposure wasinitiated [50]. Interestingly,
we observed an increased expression of both moAR
mMRNAs during TB-induced gonopodium development
as early as 3 days after initiating the exposure [62].
These findings suggest a positive feed-back loop of TB
on AR gene expression, and presumably translation of
the moAR mRNA is necessary during the earliest period
of the androgen-dependent gonopodium differentiation.
In addition to its mechanism of action via homodimer-
ization, ARs also exhibit arole as a nuclear receptor and
transcription factor by forming heterodimers with AP-1
[59], Smad3 [19, 26], NFxB [1, 52], SRY [72] or Ets
[61]. Together with AR coregulators [20], expression
levels of these factors would directly affect the andro-
genic action of TB with the moARs to induce
gonopodium differentiation during the early response
phase. Sonic hedgehog expression also isimportant in
the devel oping gonopodium of mosquitofish following
exposure to a pharmaceutical androgen [19]. Detailed
studies examining the molecular mechanisms underly-
ing gonopodium differentiation and development driven
by androgens need to be performed to more fully appre-
ciate the basic control processes.

In developing fry, one can not distinguish exter-
nally males from females until a gonopodium develops
in males at about 70 days after birth, which culminates
in a fully mature gonopodium around day 105 [3].
Following androgenic stimulation with TB at concen-
trations as low as 0.3 ug TB/L in the water, formation
and elongation of a gonopodium was observed in 28
days old fry [62].

Exposure to pharmacological concentrations (1.0
or 10.0 ug/L) of TB induced premature differentiation
of spermatozoain the testes of 28-day-old male fry [62].
Spermatocyte differentiation and spermatozoa are nor-
mally not observed in the testis of mosquitofish until
days 70 and 90, respectively [34]. In addition, sperma-
tocytes and spermatozoa were observed in 28 day-old
‘female’ fry that contained oocytes in ovaries, follow-
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ing exposure to 1.0 or 10.0 ug TB/L. Following TB
treatment for 28 days after hatch, we observed fry with
well-developed ovaries containing ovarian follicles and
spermatocyte-containing tubule-like structures. Thus,
exposure to TB in this experiment was associated with
the formation of an ovotestis[62]. In contrast with fry,
adult females exposed to 10.0 ug/L TB for 28 days did
not develop ovotestes [62]. These findings suggest both
the existence of acritical period for ovotestes induction
by androgenic chemicals in mosquitofish and that envi-
ronmental androgens need to be considered further as
possible causal agents in the formation of ovotestesin
other species.

In summary for effects in mosquitofish, TB altered
anal fin differentiation at 0.3-10.0 ug/L and induced
spermatogenesis in ovaries at 1.0-10.0 ug/L when fry
were exposed from birth for 28 days. These initial
findings confirm that TB is androgenic, at pharmaco-
logical concentrations, as observed in fathead minnow
[51, 63]. Furthermore, TB altered gene expression
profiles for both of the cloned moARs in avery specific
pattern, restricted to moAR mRNAsin the anal fin [62].
For the development of AR responses as potential
biomarkers of environmental androgens, future studies
need to examine the differential responsein AR expres-
sioninthefinsin responseto natural endogenous andro-
gens and following exposure to environmentally rel-
evant concentrations of exogenous androgens. ldeally,
other AR regulated genes need to be studied further to
better elucidate the molecular pathways associated with
gonopodial development. The extensive distribution of
mosquitofish, as well as their survival and persistence
in highly contaminated environments, make this species
an interesting biological model for assessing the bio-
logical activity of (anti) androgens in a wide range of
aquatic environments.

EFFECTS OF ETHINYLESTRADIOL ON ROACH

Extensive studies on wild populations of roach
(Rutilus rutilus) in UK rivers have shown that exposure
to estrogenic effluents from wastewater treatment works
(WwTWSs) cause altered sexual development, and re-
duced fertility [23, 24]. Controlled exposures with
roach have established the association between the femi-
nized responses and WwTW effluents [42, 57]. The
pharmaceutical estrogen 17a-ethinylestradiol (EE,),
used in the contraceptive pill, contributes to the estro-
genic activity of WwTWs effluents and has been mea-
sured in effluents at concentrations up to 62 ng/L [10,
64]. EE, is also present in surface waters up to 5 ng/L
[2, 70]. Laboratory exposures to EE, have shown EE,
is highly potent, inducing feminization in males in
various fish species and resulting and resulting in re-

duced reproduction success [37, 48]. Indeed, EE, is
arguably the environmental estrogen of greatest con-
cern for its potential impacts in aquatic wildlife.
Biological effects of estrogens are principally
mediated through estrogen receptors (ERs). There are
at least two subtypes of ERs (ERa and ER) mediating
the diverse functions of estrogens, and these have been
cloned in a variety of vertebrate species [27, 30]. De-
spite the widespread feminization of wild fish as a
consequence of chemical exposure, the mechanisms of
sexual disruption and roles of the different ER subtypes
in this process are not established. To understand the
ER mediated pathway of sexual disruption in the roach,
ERa, ERB, aromatase brain type (cyp19b) and aromatase
gonad type (cypl9a) genes were cloned, sequenced and
characterized from roach (Katsu et al., unpublished).
Aromatases play fundamental rolesin the steroidogenic
pathway mediating the conversion of androgen to estro-
gen and thus, altered expression/activity of aromatases
can affect sexual development and function, depending
on when the alterations are induced in the life of the fish
(Lange et al., unpublished data). Sequence and phylo-
genetic analysis demonstrated that both roach (r)ERs
showed highest homol ogies with the corresponding se-
quences of fathead minnow (Katsu et al., unpublished
data). The overall identity of the two rER genes was
relatively low, indicating that each rER protein is not an
alternatively spliced isoform, but rather is generated
from adistinct gene. The differential functions of ERa
and ERf, however, have yet to be fully clarified. Simi-
lar to the ERs, aromatases cloned from roach showed the
highest sequence identities with their orthologs isolated
from other cyprinids. Whilst both aromatase isoforms
showed a high percentage of sequence identity to their
orthologs in other teleost species, the overall sequence
identity between both roach aromatases was lower,
indicating that they are only distantly related.
Exposure of roach during early life to an environ-
mentally relevant concentration of EE, (4ng/L) dis-
rupted the normal dynamics of sexual development,
inducing VTG and a concentration-related feminization
of the gonadal ductsin male fish (Katsu et al., unpub-
lished data), comparable with the effects seen in studies
in zebrafish (Danio rerio) and fathead minnow for
similar exposure regimes [14, 37]. Concentration-re-
lated up-regulation of rERa and rERp expression in
both the body and head were associated with the altered
sexual phenotype in the roach. In studies on fathead
minnow and largemouth bass (Micropterus salmoides),
the expression of ERp was not found to be affected by
administration of exogenous 17p-estradiol (E,) [15,
58], whereas in adult zebrafish, E, resulted in a down-
regulation of hepatic expression of ERp [46]. Consis-
tently across all of these fish studies, ERa has been
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shown to be the most responsive ER gene to estrogenic
stimulation. These data support the hypothesis that ER
subtypes do not contribute equally to estrogen-depen-
dent gene regulation, including for vitellogenesis [58].
Other studies have shown elevated gonadal ER expres-
sion after exposure of adult medaka and male zebrafish
to EE, [8, 41]. The induction of both rERs in heads of
fish exposed to the lower concentrations of EE, might
reflect a positive feedback regulation of ER expression
stimulated by the exogenous estrogen. The described
feminizing effects of EE, on developing roach were also
associated with a concentration-related induction of the
expression cypl9b in the heads and, to a lesser extend,
the bodies of exposed roach, both with a marked in-
crease at the highest concentration (our own unpub-
lished data). Thisfinding isin agreement with a previ-
ous studies in which developing or juvenile zebrafish
were exposed to estradiol, xenoestrogens and EE, which
all resulted in elevated levels of brain-type cytochrome
P450 aromatase mRNA [31, 32]. In contrast, a clear
dose-response pattern was not seen for the expression of
the gonad type aromatase in juvenile roach.

We also developed ER reporter gene assays for
two roach and medaka ERs to investigate the ability of
arange of environmental estrogenic chemicals to bind
and activate ERs [29]. We used a reporter gene tran-
scriptional assay using a GAL4 system with Chinese
Hamster Ovarian K-1 (CHO-K1) cells and modified the
two-hybrid system using mammalian cells that can be
used to study protein-protein interactions, as has been
described previously [28]. Estrogenic activities of vari-
ous steroid hormones and chemicals were tested and as
for the conventional ERE-luciferase reporter assay
system, estrone (E;), E,, estriol (E3), EE,, diethylstil-
bestrol (DES) all induced transcriptional activity via
GAL4-ERs. We found that E, induced luciferase activ-
ity by more than 100-fold, which appears to be more
suitable than the ERE-luciferase system for assays of
ER-transactivation. Concentration-dependent stimula-
tion of transcriptional activity was found at concentra-
tions of E, higher than 10° M for both the roach and
medaka ER assays, but the medaka (m)ERa responded
to EE, and DES at lower concentrations compared with
rERa. These results indicate that the mERa and rERa
may differ in their relative sensitivities to specific
estrogens.

Estrogens induced concentration-dependent acti-
vation of both rERs. For the natural estrogens, transacti-
vation was significantly induced in a sequence of effec-
tiveness of E, ~ E; > E3 for both rER subtypes, similar
to the preferences of ERs isolated from rat and Atlantic
croaker [18, 36]. ECsg valuesindicated that rERp was
more sensitive to steroidal estrogens compared with
rERa. A higher sensitivity of zebrafish (zf)ERp for E,

(7-fold) and EE, (10-fold) has been reported [64], but in
contrast with the study on rERs, zfERa was slightly
more sensitive to E,; than zfERB. Exposure of fish to
alkylphenols induces feminizing responses [ 33, 56] and
they are likely to be induced through the activation of
ERs. OP and NP were shown to have a weak activation
of rERa only in the reporter gene assay.

In order to obtain a more detailed understanding of
the gene pathways affected by estrogen exposure and
how they relate to disruption of sexual differentiation
and the induction of testis-ovain fish, 42 genes known
to beinvolved in reproductive function of fish have now
been cloned from roach. These genes include cDNASs
encoding for steroid hormone receptors, steroidogenic
enzymes, genes involved in sex differentiation and go-
nad development, growth and hormone activity and 3
control genes [38]. A macroarray has been developed
and validated for use containing all 42 roach cDNAs.
An exposure to EE, in the laboratory over a 2 year
period has been undertaken with roach and effects on
gonadal gene expression and the associated gonadal
phenotype are under investigation at various sampling
life stages up to when the fish mature. In this work,
using molecular responses (including ER and aromatase
genes) we have identified that exposure to EE, during
early life may sensitize the responsiveness of roach to
estrogen subsequently in later life. It is envisaged that
this detailed work with lab-based exposures to EE, and
effluent will further unravel the mechanisms underlying
sexual disruption in wild roach in UK rivers.

In summary for the work on roach, the differences
in structure between rERa and ERp and differences in
their tissue expression imply distinct physiological
functions. In mammals, ERa is critical for fertility in
both sexes [35, 43] and ERf appears to be the only ER
found in germ cells, indicating a more fundamental role
for ERf in germ cell development/differentiation [49].
In roach, both rERa and rERp have functional rolesin
the normal development of the gonad and brain in both
sexes and both subtypes signal for ER-mediated disrup-
tion of sexual development. In addition to the ERSs,
PA50 aromatases have also been established as targets
for signaling disruption of sexual differentiation in
roach. By altering the expression of aromatase genes,
environmental estrogens, in this case EE,, affect the
normal physiological ratio of androgens to estrogens.
The resulting imbalance of steroids can lead to develop-
mental and reproductive consequences [8]. The re-
porter gene assays developed showed that both rER
subtypes can be activated by environmental estrogens
and mediate disruptions in sexual development and
function. However, the ER subtypes appear to differ in
their sensitivities and responsiveness to different envi-
ronmental estrogens, especially EE,. The present study
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adds substantial support to the hypothesis that EE, plays
a major role in disruption of sexual function in wild
roach in UK rivers and the effects other environmental
estrogens are signaled through both ER subtypes.

EFFECTS OF ESTROGEN ON MEDAKA

Japanese medaka has been widely used for the
evaluation of the effects of chemicals (and estrogenic
effluents from sewage treatment works) on sexual de-
velopment and function, because of its short life cycle,
ease of rearing and ability to distinguish sex by the
secondary sex characteristics and the use of a genetic
male marker, DMY [44]. In this species, in addition to
the use of hepatically derived VTG induction and testis-
ova formation in males as signals for estrogenic
disruption, the morphology of dorsal and anal fins and
formation of papillae have been used for assessing
exposure to androgenic chemicals. Exposure of medaka
from post-hatch to adulthood (for 70-100 days) to 24.5
ng EE,/L has been shown to induce testis-ovain 80% of
males and at an exposure concentration of 9.26 ng EE,/L
resulted in alower fertility [47]. Our ongoing molecular
work on the medaka is focused on identifying and
cloning genes that might act as biomarkers of subse-
quent induction of testis-ova. To date, we have identi-
fied and cloned two genes specifically expressed in
EE,-exposed testis in male medaka using a differential
display method.

CONCLUSIONS

A variety of natural and man-made chemicals can
mimic or inhibit hormonal activities by binding to hor-
mone receptors and in turn this may modul ate endocrine
systems. This is especially true for aquatic species
where exposure to such chemicals can be considerable
and continuous. Hormonally active chemicals, espe-
cially pharmaceutical steroids that are the most potent,
have been shown to cause disruption of sexual differen-
tiation and development, and to impact on reproduction
in various fish species. Studies on the effects of the
pharmaceutical androgen TB on mosquitofish and the
pharmaceutical estrogen EE, on roach have shown that
at some locations in the environment they appear to play
key rolesin inducing sexual disruption. To investigate
the molecular mechanisms of these hormonal effects,
we have cloned a series of genes including those coding
for hormone receptors and genes involved in sex deter-
mination/differentiation. To date, analysis on ARSs,
ERs and aromatases have shown them to be effective
targets for signaling disruption of sexual development/
function. The cloned ARs and ERs have been further
applied to develop reporter gene assays to investigate

the relative potencies of environmental endocrine dis-
rupting chemicals and to identify species-related
differences. Our work on EE,-exposed medaka has
identified two genes which appear to be related to the
induction of testis-ova and as such may be useful as
biomarkers for testis-ova induction in fish in general.
Our focused efforts are to increase the molecular toolbox
for these fish species to investigate both the normal
mechanisms controlling sexual development and how
endocrine disrupting chemicals disrupt these processes.
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