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Various assays with adult fish have been developed to identify potential endocrine-disrupting chemi-
cals (EDCs) which may cause toxicity via alterations in the hypothalamic-pituitary-gonadal (HPG) axis.
These assays can be sensitive and highly diagnostic for key mechanisms such as agonism of the estrogen

Accepted 29 May 2010 and androgen receptors (ERs, ARs) and inhibition of steroid synthesis. However, most of the tests do not

unambiguously identify AR antagonists. The purpose of this work was to explore the utility of a mixture

f_feJI’] words: test design with the fathead minnow (Pimephales promelas) for detecting different classes of EDCs includ-

sho . . . ing AR antagonists. Adults of both sexes were exposed via the water to EDCs with diverse mechanisms of
Endocrine-disrupting chemical . R . ..

Mixtures action in the absence or presence of 173-trenbolone (TB), a potent AR agonist which masculinizes female

fathead minnows. Similar to previous studies with the model AR antagonists flutamide and vinclozolin,
exposure of females to the AR antagonist cyproterone acetate in the presence of TB decreased expres-
sion of an easily-observed masculinization response, nuptial tubercle formation. Mixture studies with
TB and the model ER agonists, 17a-ethinylestradiol and bisphenol A, also showed inhibition of tuber-
cle formation in the females, but unlike the AR antagonists, the estrogens markedly induced synthesis of
vitellogenin (VTG: egg yolk protein), particularly in males. The ER agonists also offset TB-induced depres-
sions in plasma VTG concentrations in female fish. Additional mixture experiments were conducted with
TB and triclocarban, an anti-microbial reported to enhance AR-mediated responses, or ammonia, a “neg-
ative control” with no known direct effects on HPG function. Neither chemical affected VTG status in
males or females in the absence or presence of TB; however, both slightly enhanced TB-induced tubercle
formation in females. Based on studies described herein and elsewhere with the fathead minnow, a TB
co-exposure assay appears to be an effective approach for clearly identifying AR antagonists as well as
potential EDCs with other relevant mechanisms of action.

Anti-androgen

Published by Elsevier B.V.

1. Introduction

Testing programs for endocrine-disrupting chemicals (EDCs)
have been/are being developed by regulatory authorities through-
out the world. These programs vary but, in general, employ a
tiered framework to first identify (screen) chemicals with the
potential to affect different mechanisms/pathways within the
hypothalamic-pituitary-gonadal (HPG) axis, followed by more
intensive testing, where warranted, to define actual risk of the
chemicals in terms of adverse reproductive or developmen-
tal effects (e.g., U.S. Environmental Protection Agency, 1998;
Organisation for Economic Cooperation and Development, 2009a).
Specific HPG mechanisms of concern from the current regulatory
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perspective include stimulation and antagonism of the estrogen
and androgen receptors (ERs, ARs) and inhibition of sex steroid syn-
thesis (U.S. Environmental Protection Agency, 1998; Organisation
for Economic Cooperation and Development, 2009a). One of the
challenges in screening for potential EDCs has been the develop-
ment of a single assay capable of simultaneously discerning these
multiple endocrine mechanisms.

Several fish species are being employed for both EDC screen-
ing and testing. For example, in the U.S. a 21-d fathead minnow
(Pimephales promelas) assay has been developed for use in a con-
gressionally mandated EDC screening program (U.S. Environmental
Protection Agency, 1998, 2007). The assay includes assessment
of reproductive success (egg production), in addition to deter-
mination of more mechanistic indicators of HPG axis disruption
such as alterations in gonad histology, secondary sex characteris-
tics, and plasma steroid and vitellogenin (VTG; egg yolk protein
precursor) concentrations (Ankley et al., 2001). At an international
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level, the Organisation for Economic Cooperation and Develop-
ment has published test guidelines for 21-d EDC screening assays
with adults of three small fish models: Japanese medaka (Oryzias
latipes), zebrafish (Danio rerio) and fathead minnow (Organisation
for Economic Cooperation and Development, 2009b). Endpoints in
these guidelines are limited to secondary sex characteristics and
VTG.

Diagnostic utility of test endpoints in the 21-d fish EDC assays
is far better for some endocrine pathways than others. For exam-
ple, ER or AR agonists are effectively identified through relatively
specific changes; ER agonists cause induction of VTG in males,
while androgenic compounds cause females to develop male
secondary sex characteristics. Chemicals that inhibit steroidoge-
nesis consistently decrease VTG levels in female fish. However,
the suite of responses produced by anti-androgenic chemicals in
sexually mature fish can be somewhat ambiguous, making it dif-
ficult to clearly diagnose this important pathway (Jensen et al.,
2004; Katsiadaki et al., 2006; Seki et al., 2006; Filby et al., 2007;
Organisation for Economic Cooperation and Development, 2009b).
A wide variety of known or potential environmental contaminants,
including some dicarboximide fungicides (e.g., vinclozolin), cona-
zole fungicides (e.g., prochloraz), organochlorine insecticides (e.g.,
p,p’-DDE), urea-based herbicides (e.g., linuron), polybrominated
diphenyl ethers, and pharmaceuticals (e.g., flutamide) have been
shown to bind to the AR, and cause anti-androgenic effects in vivo
(Gray et al., 2006). Further, recent monitoring programs have high-
lighted the occurrence of anti-androgenic chemicals in complex
environmental mixtures (Weiss et al., 2009; Hill et al., 2010).

Uncertainty as to clear identification of chemicals as AR antag-
onists using current test methods with fish led us to consider an
indirect approach to achieve this. The basis of the approach lies in
evaluating whether test chemicals block occurrence of an in vivo
response mediated through the AR. Studies in our lab and elsewhere
have shown that the synthetic androgen 173-trenbolone (TB) binds
with high affinity to fish AR(s) and masculinizes female fish at
concentrations in water in the range of 20-50 ng/L (Ankley et al.,
2003; Wilson et al., 2004; Seki et al., 2006). In the fathead minnow,
masculinization is manifested by a proliferation and thickening of
the dorsal pad and the de novo development of craniofacial nup-
tial tubercles, external structures which can be visually detected
and easily quantified (Jensen et al., 2001). Previously we showed
that flutamide effectively blocked TB-induced production of nuptial
tubercles in female fathead minnows, a finding consistent with its
established mechanism of action (Ankley et al., 2004). Martinovic et
al. (2008) used a similar approach to help confirm that vinclozolin
affects the reproductive endocrine system of fathead minnows
through antagonism of the AR. Katsiadaki et al. (2006) have done
analogous work with the stickleback (Gasterosteus aculeatus), a
fish species in which the male produces an androgen-dependent
protein, spiggin (nest-building “glue”), as part of its normal repro-
ductive cycle. Exposure of female sticklebacks to androgens causes
the abnormal production of spiggin, while co-exposures with flu-
tamide and anti-androgenic pesticides block production of spiggin
in females exposed to exogenous androgens.

In this paper, we describe several experiments focused on fur-
ther evaluation of a mixture assay in the fathead minnow for
identifying EDCs. First we evaluated whether a third widely stud-
ied model AR antagonist, the anti-neoplastic drug cyproterone
acetate (CA; Sonneveld et al., 2005), would block TB-induced tuber-
cle formation in fathead minnows in a manner similar to flutamide
and vinclozolin. We also conducted mixture studies with TB and
17a-ethinylestradiol (EE2) or bisphenol A (BPA) which are consid-
ered, respectively, strong and weak ER agonists (Kang et al., 2007;
Caldwell et al., 2008). Although tubercle formation in fathead min-
nows is clearly an AR-mediated phenomenon, it is possible that
ER agonists could affect development of tubercles in the fathead

minnow (Miles-Richardson et al., 1999). A comparatively recent
HPG-related response of interest involves some common anti-
microbial chemicals (triclocarban, triclosan) that seem to enhance
responsiveness to AR agonists in rats and in vitro (Ahn et al., 2008;
Chen et al., 2008; Blake et al., 2010). To assess cross-class general-
ity of this phenomenon in vivo, we also conducted mixture studies
with TB and triclocarban (TCC). Finally, mixture studies were per-
formed with TB and ammonia (AM), a common environmental
contaminant with no known HPG activity.

2. Materials and methods
2.1. Experimental design

Sexually mature (ca. 5-6 months old) fish used for the research
were from an on-site facility. The fish came from a group cul-
ture setting that, although not conducive to active reproduction,
resulted in animals that could be easily differentiated sexually. Fish
were tested in glass tanks holding 10 L of clean Lake Superior water
or test chemical dissolved in Lake Superior water, which were con-
tinuously renewed at a rate of 45 mL/min. General water quality
characteristics measured in test tanks were: pH, 7.45; conductiv-
ity, 103 wmbhos; alkalinity, 44 mg/L as CaCOs; hardness, 45 mg/L
as CaCOs; dissolved oxygen, 6.6 mg/L. The animals were held at
25+0.5°Cundera16:8 L:D photoperiod, and were fed brine shrimp
to satiation twice per day.

Five separate experiments were conducted with TB and CA, EE2,
BPA, TCC or AM. Solvent-free solutions of TB (Sigma-Aldrich Chem-
ical, St. Louis, MO, USA; >95% purity), CA (Sigma-Aldrich; >98%
purity), EE2 (Sigma-Aldrich; >98% purity), BPA (Sigma-Aldrich;
99% purity), TCC (Sigma-Aldrich; 99% purity) and AM were pre-
pared as concentrated, solvent-free stocks in Lake Superior water.
The AM stock was an approximately 45:1 mixture of ammo-
nium chloride (Fisher Scientific, Fair Lawn, NJ, USA; >99.5% purity)
and ammonium hydroxide (Fisher; Certified ACS Plus Grade)
designed to yield a neutral pH. To accommodate collection of addi-
tional data/samples related to other study objectives, experimental
details (e.g., numbers of animals and replicates) varied somewhat
from test-to-test (Table 1). However, the same basic experimen-
tal design was used for all five studies. Each study was comprised
of six treatments: a control, a TB-only treatment (target concen-
tration, 500 ng/L), low (L) and high (H) concentrations of each test
chemical alone (Table 1), and the two test chemical treatments in
conjunction with the 500 ng TB/L (i.e., TB + CAL, TB + CAH, TB + EE2L,
TB+EE2H, etc.). With the exception of the TCC experiment (21d),
exposures were conducted for 14 d, a duration which, based on pre-
vious work with similar test concentrations of TB, should result in a
high proportion of exposed females developing visually discernible
nuptial tubercles (Ankley et al., 2003, 2004; Martinovic et al., 2008).

2.2. Biological measurements

At conclusion of the exposures, the fish were anaesthetized with
buffered tricaine methane sulfonate (MS-222), and their blood was
sampled from the caudal artery/vein with a microhematocrit tube.
Nuptial tubercles were enumerated and scored based on a combi-
nation of count data and a subjective assessment of size/expression
using ascale of 1 (smallest)to 3 (Jensenetal.,2001; Martinovic et al.,
2008). Plasma concentrations of VTG in the fish were determined
using an enzyme-linked immunosorbent assay (Korte et al., 2000).

2.3. Chemical measurements

Stock solution and tank water concentrations of all test mate-
rials were measured at least two times per week. Concentrations
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Table 1

Experimental details for assays with five chemicals tested in conjunction with 17§-trenbolone (500 j.g/L).

Test chemical Mechanism of action? Water concentrations (jg/L) Test duration (d) Number of fish Number of replicates
per replicate®

Cyproterone acetate AR antagonist 20, 200 14 4:4 2

17a-Ethinylestradiol ER agonist 0.001, 0.01 14 1:1 12

Bisphenol A ER agonist 10, 100 14 4:4 4

Triclocarban Androgen enhancer 5,10 21 2:4 4

Ammonia None known 1000, 5000 14 4:4 2

2 Presumptive mechanism of action within the hypothalamic-pituitary-gonadal axis. AR: androgen receptor, ER: estrogen receptor.

b Males:females.

of TB were determined using direct injection, high-pressure lig-
uid chromatography (HPLC) with fluorescence detection. Water
samples (100-500 L) were injected onto a Synergi-Hydro RP-C18
column (3 x 75 mm; Phenomenex, Torrance, CA, USA) and eluted
isocratically with 70% methanol/water at a flow rate of 0.25 mL/min
at 30°C. Trenbolone was detected using excitation and emission
wavelengths of 364 and 460 nm, respectively, and concentrations
determined with an external standard method of quantification.
Detection limit for the analysis typically was 50 ng/L. Lake Superior
water (method) blanks, spiked-water samples, and duplicates from
one or more of the exposure tanks were analyzed with each set of
samples. No TB was detected in method blanks, control water, or
treatment tanks containing only CA, EE2, BPA, TCC or AM. Mean
recoveries of TB from spiked samples and agreement among dupli-
cate TB analyses conducted over the course of the experiments were
consistently greater than 73%, similar to previous studies we have
conducted with the androgen (Ankley et al., 2003; Martinovic et al.,
2008).

A modification of the method described by Christiaens et al.
(2003) was used for CA analyses. Water samples (200 L) were
directly injected into an HPLC with diode array detection (280 nm),
using a Synergi-Hydro RP 4 wm column (2 x 75 mm; Phenomenex).
Anisocratic elution, with a mobile phase of 70% acetonitrile and 30%
phosphate buffer (0.015 M, pH 6.7), at a flow rate of 0.2 mL/min and
column temperature of 25 °C was employed. An external standard
method of quantification with a six-point calibration curve was
used. No CA was detected (detection limit, 2 pg/L) in the method
blanks, control, or TB-only tanks. The mean (standard deviation;
SD) percent recovery of CA from spiked-water samples was 92 (1.5,
n=>5), and the percentage agreement among duplicate samples was
97 (4.8,n=5).

Water concentrations of EE2 were determined using LC-mass
spectroscopy (LC/MS). Water samples (100 mL) were concentrated
prior to LC/MS analysis using 200 mg StrataX (Phenomenex) solid
phase extraction (SPE) columns. The SPE columns were activated
with methanol and rinsed with de-ionized water, followed by sam-
ple application at 5 mL/min. The loaded columns were rinsed with
de-ionized water then eluted with 100% methanol. The methanol
fraction was brought to dryness using nitrogen and then re-
suspended in 10% methanol/water for subsequent LC/MS analysis.
An 1100 LC/MSD (Agilent Technologies, Wilmington, DE, USA)
equipped with a quadrupole mass analyzer was used for the anal-
yses. Each sample extract was injected onto a Zorbax SB C-18
2.1 x 75 mm (Agilent) column at 30 °C. The mobile phase composi-
tion began at 50% methanol/water and a gradient method finished
at 95% methanol/water at a flow rate of 200 p.L/min. Positive ion
mass spectral data were acquired using a photoionization source
with a toluene dopant. Quantifications were made using the 279
ion. The mean percent recovery (SD, n=4) of EE2 in spiked matrix
samples was 62 (0.15) and 70 (0.05), respectively, in the 1 and
10ng/L treatments. The mean percent agreement (SD) between
duplicate measurements was 93 (8.2, n=8). No EE2 was detected
in the method blanks, or control or TB-only tanks (detection limit,
1ng/L).

Concentrations of BPA were measured using a modification of
the method of Yoon et al. (2003), with HPLC and fluorescence detec-
tion. Water samples (35 pL) were injected onto a Synergi-Hydro
RP-C18 column (2 x 50 mm; Phenomenex) and eluted isocratically
with 40% acetonitrile/phosphate buffer (15 mM monobasic, pH 3.3)
at a flow rate of 0.20 mL/min at 40°C. The BPA was detected using
excitation and emission wavelengths of 275 and 300 nm, respec-
tively. An external standard method with a six-point calibration
curve was used to quantify BPA. No BPA was detected in Lake
Superior water method blanks (detection limit of 0.1 g BPA/L) but
a small peak, which co-eluted with BPA, was detected in control
and treatment tanks containing only TB. Subsequent MS work con-
firmed that the peak is not BPA, but at this time the peak remains
unidentified (unpublished data). Mean (SD) percent recovery of
BPA from spiked-water samples was 98 (2, n=10), and percentage
agreement among duplicate samples was 99 (1, n=20).

Water concentrations of TCC were analyzed using a modifica-
tion of the HPLC method described by Ying et al. (2007), with diode
array detection at 265 nm. Water samples (100 L) were directly
injected onto a Zorbax SB C18 column (2.1 x 75 mm; Agilent) and
eluted isocratically with 75% acetonitrile/25% water at a flow rate
of 0.2 mL/min and column temperature of 21 °C. An external stan-
dard method of quantification with a six-point calibration curve
was used. No TCC was detected (detection limit, 0.9 wg/L) in the
method blanks, control, or TB-only tanks. The mean (SD) percent
recovery of TCC from spiked-water samples was 86 (3.2, n=7), and
the percentage agreement among duplicate samples was 89 (12.3,
n=20).

Concentrations of AM in water from the exposure tanks
were determined according to manufacturer’s recommendations
using an automated ion analyzer (QuikChem 8000; Lachet Instru-
ments, Loveland, CO, USA). No AM was detected (detection limit,
0.01 mg/L)in method blanks, control or TB-only tanks. Recoveries of
AM from spiked samples, and agreement among duplicate analyses
were always greater than 90%.

2.4. Data analysis

Analyses were performed using SYSTAT 11 (SYSTAT Software,
San Jose, CA, USA). Analysis of variance followed by Bonferroni-
adjusted multiple comparisons test was used to test for differences
between treatments. When necessary, data were transformed to
achieve normality and/or reduce variance heterogeneity. Results
were considered significant at p <0.05. All data are presented as
mean (standard error; SE) of the replicate exposure units at each
treatment.

3. Results
3.1. Cyproterone acetate
The measured concentration of TB in the CA study was similar

in all tanks receiving the androgen, with a mean (SD, n=30) value
across the TB, TB +CAL, and TB+ CAH treatments of 505 (84)ng/L.
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Fig. 1. Effects of 173-trenbolone (TB), and low (L) or high (H) cyproterone acetate
(CA) exposure, singly or in combination, on (A) plasma vitellogenin concentrations,
and (B) tubercle score in male (dark bars) and female (light bars) fathead minnows.
Bars indicate the mean and standard error for two replicate tanks per treatment. Dif-
ferent letters indicate similarities and differences among the treatments, analyzed
within sex.

Mean (SD, n=10) measured water concentrations of CA were about
80% of target values, at 16 (1.6) and 160 (17.0) p.g/L in the CA-only
tanks, and 16 (1.4) and 154 (15.2) pg/L in the respective mixture
tanks.

There was no treatment-related mortality of the fish in the
CA experiment. Exposure to TB, alone or in combination with CA,
caused marked reductions in plasma VTG concentrations in females
(Fig. 1A). The highest concentration of CA alone reduced female
VTG, but not to the extent caused by TB. None of the treatments
in the CA experiment affected plasma VTG concentrations in male
fathead minnows, which remained low to non-detectable (Fig. 1A).

There were no significant effects of TB or CA, alone or in com-
bination, on male tubercle score (Fig. 1B). In the females there was
no evidence of tubercle development in control animals or those
exposed to CA alone, and TB caused a substantial induction of tuber-
cles (Fig. 1B). The low concentration of CA in combination with
TB (CAL+TB) decreased the female tubercle score slightly, but not
significantly, while the CAH + TB treatment significantly decreased
tubercle score in the females (Fig. 1B).

3.2. 17a-Ethinylestradiol

The measured concentration of TB in the EE2 experiment was
similar across all tanks receiving the androgen (TB, TB+EE2L,
TB+EE2H), with a mean (SD, n=81) value of 400 (91) ng/L. Mean
(SD, n=12) measured water concentrations of EE2 were close to
target values at 1.6 (0.42) and 7.8 (1.3)ng/L in the two EE2-only
treatments, and 2.2 (0.76) and 8.9 (2.1)ng/L in the respective TB
mixture tanks.

There was no treatment-related mortality in the EE2 experi-
ment. The estrogen caused a substantial, concentration-dependent

induction of plasma VTG concentrations in males that was not mod-
ulated by the TB co-exposure (Fig. 2A). In females TB alone caused a
reduction in plasma VTG concentration, while EE2H caused a signif-
icant elevation over controls (Fig. 2A). Co-treatment of the females
with EE2 offset the TB-induced reduction in VTG, resulting in con-
centrations of the lipoprotein similar to (TB + EE2L) or greater than
(TB+EE2H) those observed in controls (Fig. 2A).

Exposure to EE2 did not affect male tubercle status (Fig. 2B). In
arelatively rare occurrence (at least in our lab), one control female
exhibited a slight amount of tubercle development, as did one
female from the EE2H treatment (Fig. 2B). Exposure to TB caused a
significant increase in tubercle development in the females, which
was not affected by co-treatment with the lower EE2 concentra-
tion; however, EE2H caused a significant decrease in TB-induced
tubercle production in the females (Fig. 2B).

3.3. Bisphenol A

In the BPA study, the measured concentration of TB was similar
in all tanks receiving the androgen, with a mean (SD, n=60) value
across the TB, TB + BPAL, and TB + BPAH of 517 (47) ng/L. Mean (SD,
n=25) measured water concentrations of BPA were close to target
values, at 11.2 (2.0) and 102 (17) pg/L in the BPA-only tanks, and
12.6(1.2)and 94 (14) p.g/Lin the respective TB + BPA mixture tanks.

There was no treatment-related mortality in the BPA study. The
high test concentration of BPA caused a significant induction of
plasma VTG in male fathead minnows (Fig. 3A). Co-exposure with
TB reduced this response, albeit to VTG levels still well above con-
trols. Trenbolone alone decreased plasma VTG in females, and the
high concentration of BPA significantly increased concentrations of

Fig. 2. Effects of 17p-trenbolone (TB), and low (L) or high (H) 17a-ethinylestradiol
(EE2) exposure, singly or in combination, on (A) plasma vitellogenin concentrations,
and (B) tubercle score in male (dark bars) and female (light bars) fathead minnows.
Bars indicate the mean and standard error for 12 replicate chambers per treatment.
Different letters (upper case, males; lower case, females) indicate similarities and
differences among the treatments, analyzed within sex.
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the lipoproteinin the females (Fig. 3A). Co-treatment of TB-exposed
females with BPAH significantly offset the reduction in plasma VTG
caused by the androgen (Fig. 3A).

The high test concentration of BPA alone caused a significant
reduction in basal male tubercle expression (Fig. 3B). No tubercles
were observed in females from the control or BPAL groups, while
one female in the BPAH treatment had a slight amount of tuber-
cle development (Fig. 3B). Co-treatment of TB-exposed females
with the high concentration of BPA reduced expression of tubercles
caused by the androgen (Fig. 3B).

3.4. Triclocarban

Concentrations of TB in the TCC study were similar across all
tanks receiving the androgen (TB, TB+TCCL, TB+TCCH), with a
mean (SD, n=90) value of 416 (60) ng/L. Mean (SD, n=28) mea-
sured water concentrations of TCC were close to target values at
6.1(1.8) and 9.8 (2.2) wg/L in the TCC-only tanks, and 5.5 (1.0) and
10.5 (1.5) g/L in the respective TB + TCC mixture tanks.

Fish exposed to the high TCC concentration (10 pg/L) exhibited
signs of overt toxicity, particularly in males. Three fish (two males)
died in the TCCH and TB + TCCH treatments, and several more males
ceased feeding and were relatively inactive. Exposure to TCC, either
alone or in combination with TB, did not induce VTG concentrations
in male fathead minnows (Fig. 4A). Exposure to TB depressed VTG
in females; treatment with TCC alone or in conjunction with the
androgen did not affect VTG status (Fig. 4A).

Exposure to TCC, alone or with TB, did not affect tubercle sta-
tus in male fish (Fig. 4B). In females, the high TCC concentration
significantly enhanced the induction of tubercles by TB (Fig. 4B).

Fig. 3. Effects of 173-trenbolone (TB), and low (L) or high (H) bisphenol A (BPA)
exposure, singly or in combination, on (A) plasma vitellogenin concentrations, and
(B) tubercle score in male (dark bars) and female (light bars) fathead minnows. Bars
indicate the mean and standard error for four replicate tanks per treatment. Different
letters (upper case, males; lower case, females) indicate similarities and differences
among the treatments, analyzed within sex.

Fig. 4. Effects of 173-trenbolone (TB), and low (L) or high (H) triclocarban (TCC)
exposure, singly or in combination, on (A) plasma vitellogenin concentrations, and
(B) tubercle score in male (dark bars) and female (light bars) fathead minnows. Bars
indicate the mean and standard error for four replicate tanks per treatment. Different
letters indicate similarities and differences among the treatments, analyzed within
sex.

3.5. Ammonia

In the AM study, the concentration of TB was similar in the three
treatments receiving the androgen (TB, TB + AML, TB+ AMH), with
a mean (SD) value of 465 (48, n=24)ng/L. Mean (SD, n=8) mea-
sured water concentrations of AM were consistently within 15%
of target values, at 0.96 (0.08) and 5.41 (0.41) mg/L in the AM-only
tanks,and 0.84(0.13)and 5.54(0.40) mg/Lin the respective mixture
treatments.

There was no treatment-related mortality of the fish in the
AM study. Exposure to TB, alone or in combination with AM,
caused marked reductions in plasma VTG concentrations in females
(Fig. 5A). Ammonia alone did not affect plasma concentrations of
VTG in females. None of the treatments induced VTG in male fat-
head minnows (Fig. 5A).

Neither TB nor AM (alone) affected normal male tubercle sta-
tus (Fig. 5B). Neither control nor AM-exposed females developed
tubercles (Fig. 5B). Exposure to AM did not decrease TB-induced
tubercle development in females; in fact, tubercle score in the
TB+AMH treatment was significantly higher than in the TB or
TB + AML groups (Fig. 5B).

4. Discussion

Alterations in secondary sex characteristics of sexually dimor-
phic vertebrates can be relatively unambiguous and easily detected
indicators of exposure to endocrine-active chemicals. Almost 35
years ago, Smith (1974) described the induction of male-type
dorsal pads and nuptial tubercles in adult female fathead min-
nows exposed to the synthetic androgen methyltestosterone.
More recent studies have better characterized this response with
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Fig. 5. Effects of 173-trenbolone (TB), and low (L) or high (H) ammonia (AM) expo-
sure, singly or in combination, on plasma (A) plasma vitellogenin concentrations,
and (B) tubercle score in male (dark bars) and female (light bars) fathead minnows.
Bars indicate the mean and standard error for two replicate tanks per treatment. Dif-
ferent letters indicate similarities and differences among the treatments, analyzed
within sex.

additional chemicals (such as TB) both in vivo and in vitro,
showing that the masculinization is indeed AR-mediated (Ankley
et al, 2003; Wilson et al., 2004). This indicates the feasibil-
ity of detecting AR antagonists through their ability to block
the in vivo induction of male secondary sex characteristics by
androgens in female fathead minnows. We first examined the
approach in studies with flutamide, a pharmaceutical used to
treat AR-dependent prostate cancer. Flutamide effectively blocked
TB-induced tubercle development in females (Ankley et al.,
2004). The fungicide vinclozolin (or, more specifically, one or
more of its metabolites) is another established AR antagonist
in mammals (Gray et al,, 2006). The anti-androgenic nature of
vinclozolin in fish also was demonstrable through the ability of
the fungicide to block tubercle development in female fathead
minnows exposed to TB (Martinovic et al., 2008). The present
work builds on our prior studies with flutamide or vinclozolin
and TB, and shows that another model AR antagonist, CA, also
blocks tubercle production in female fathead minnows exposed to
TB.

While inhibition of TB-induced tubercle formation in female fat-
head minnows is a technically reasonable approach to identifying
AR antagonists, our studies also showed that two ER agonists pro-
duced a similar response. Both EE2 and BPA suppressed tubercle
production in females exposed to TB. Based on data from in vitro
work with the human AR, it appears that BPA may have sufficient
affinity for the fathead minnow AR to act as a direct antagonist to
TB (Vickie Wilson, U.S. Environmental Protection Agency, RTP, NC,
USA, personal communication). Recent studies with kidney cell cul-
tures from female sticklebacks also suggest that at relatively high
concentrations BPA may act as an AR antagonist in fish (Jolly et
al., 2009). Contributing to the plausibility of this hypothesis, the

water concentration of BPA which reduced tubercle expression in
females in the present study was about 200-fold higher than TB.
However, the possibility that EE2 reduced the masculinizing effect
of TB in female fathead minnows through antagonism of the AR
seems less likely than for BPA, especially given that test concen-
trations of the synthetic estrogen were 50- to 500-fold lower than
those of TB.

In male fathead minnows BPA, but not EE2, decreased basal
expression of tubercles in sexually mature fish. Given that EE2 pro-
duced a level of induction of VTG comparable to BPA in the males,
we postulate that de-masculinization of the BPA-exposed males
was not modulated through activation of the ER. Again, this effect
could be due to antagonism of the AR by BPA. Previous studies have
shown that—at least on occasion—AR antagonists such as flutamide
orvinclozolin can depress basal tubercle expression in male fathead
minnows (Panter et al., 2002; Martinovic et al., 2008).

Although EE2 and BPA both inhibited TB-induced masculiniza-
tion of female fathead minnows and BPA also decreased tubercle
expression in males, the chemicals nonetheless were unequivocally
identified as ER agonists in our study. Both xenoestrogens caused
significant induction of plasma VTG concentrations in males and
females. Because VTG induction in males is an abnormal physio-
logical process, occurring against a very low (often non-detectable)
background, the response is considered an excellent indicator of
exposure to exogenous estrogens (Wheeler et al., 2005). Previ-
ous work with several fish species, including the fathead minnow,
has documented induction of VTG in male and immature animals
by EE2 at water concentrations comparable to those used in this
study (for reviews, see U.S. Environmental Protection Agency, 2008;
Caldwell et al.,, 2008). Kang et al. (2007) reviewed the effects of
BPA on aquatic organisms, and reported induction of VTG in several
fish species, including the fathead minnow, at water concentrations
similar to or greater than that producing effects in the present study
(100 pg/L).

An interesting observation from the present study involved
interactions between TB and the two ER agonists on VTG sta-
tus in females. Specifically, both EE2 and BPA appeared to offset
TB-induced depression in plasma VTG concentrations. Earlier stud-
ies from our lab showed that TB reduces VTG concentrations in
female fish coincident with a depression in plasma concentra-
tions of testosterone and 17(3-estradiol (Ankley et al., 2003). We
hypothesized that exposure to the AR agonist resulted in feedback
inhibition of steroid synthesis which reduced activation of the ER by
estradiol and, hence, VTG production. Data from the present study
support this hypothesis. Since both BPA and EE2 activate the ER
directly, this would obviate the effects of TB on VTG production
through depressed steroid synthesis.

In addition to studies with the AR antagonist CA and the model
estrogens EE2 and BPA, we conducted mixture experiments with
TB and TCC or AM. Ammonia, a common environmental contami-
nant, is not known to exert direct effects on the HPG axis, and did
not inhibit TB-induced masculinization of female fathead minnows
at concentrations that exceeded the chronic AM water quality cri-
terion for fish (at the incoming Lake Superior water pH of 7.8) by
more than a factor of three (U.S. Environmental Protection Agency,
1985). Unexpectedly, exposure to the higher test concentration of
AM enhanced TB-induced tubercle production in female fathead
minnows.

Triclocarban, an anti-microbial chemical commonly found in
aquatic systems (Sapkota et al., 2007), recently was reported to
enhance AR-mediated responses to testosterone both in mam-
malian cell cultures and rats in vivo (Ahn et al., 2008; Chen et al.,
2008; Blake et al., 2010). The mechanism whereby this effect occurs
is not known (Ahn et al., 2008; Chen et al., 2008), but our basic mix-
ture study design provided a unique opportunity to assess whether
TCC could enhance AR-mediated responses in fish. Triclocarban
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did not affect basal tubercle expression in male fathead minnows,
but exposure of fathead minnow females to TB in the presence
of 10 pg TCC/L slightly, but significantly, enhanced tubercle pro-
duction. This is consistent with the effects of TCC in mammalian
systems (Ahn et al., 2008; Chen et al., 2008), suggesting that the
phenomenon is neither class-specific nor related only to testos-
terone. An interesting question raised by our studies, however, is
whether the ability of TCC to enhance activation of the AR recep-
tor is related to a direct interaction of the chemical with the HPG
axis, versus some other more generalized mechanism. Specifically,
AM also enhanced TB-induced production of tubercles in female
fathead minnows. Further work is required to ascertain the mech-
anistic basis of interactions between TCC and androgens, as well as
the significance of this mechanism to human health or ecological
risk.

Short-term (typically 21-d) assays with adult fish are being used
by regulatory authorities throughout the world as a basis for identi-
fying EDCs (Seki et al., 2006; U.S. Environmental Protection Agency,
2007; Organisation for Economic Cooperation and Development,
2009b). While some endocrine mechanisms are reliably detected
in these assays, anti-androgens are more difficult to identify in an
unambiguous fashion (Seki et al., 2006; Katsiadaki et al., 2006;
Filby et al., 2007; U.S. Environmental Protection Agency, 2007;
Organisation for Economic Cooperation and Development, 2009b).
Based on experiments described herein and elsewhere (Ankley
et al., 2004; Martinovic et al., 2008), it appears that a 14-d test
with the fathead minnow that considers the effects of an unknown
test chemical on TB-induced alterations in tubercle production
in females can effectively identify chemicals as AR antagonists.
While in the present study two model ER agonists also inhibited
tubercle production in TB-treated females, the estrogenic nature
of these chemicals was clearly differentiated from that of model
anti-androgens (flutamide, vinclozolin, CA) through measurement
of plasma VTG titers in male fish from the same exposure.

Previous studies in our lab have shown that chemicals that affect
HPG function through depression of steroid synthesis (including
aromatase inhibitors) can be detected in relatively short-term (e.g.,
8-d) exposures through depression of basal VTG in adult female fat-
head minnows (Villeneuve et al., 2009; Ankley et al., 2009). Those
studies, in conjunction with work with ER- and AR-active chemi-
cals reported herein and elsewhere (Ankley et al., 2004; Martinovic
et al., 2008), suggest that it should be possible to detect all the
HPG mechanisms of current regulatory concern: ER agonists and
antagonists, AR agonists and antagonists, and inhibitors of steroido-
genesis (and in addition, perhaps, enhancement of AR-mediated
responses), using a single 14-d assay similar to that described in this
paper. The proposed test could identify chemicals with different
endocrine mechanisms through their effects on two easily mea-
sured endpoints in adult fathead minnows, occurrence of tubercles
and VTG (Table 2). Estrogens induce VTG in males and, occa-
sionally females, and depress TB-induced tubercle production in
females; AR agonists cause tubercle production and VTG depression
in females; AR antagonists block TB-induced tubercle production in
females; and steroidogenesis inhibitors (as well as ER antagonists;
Panter et al., 2002) depress VTG in females, but do not affect tuber-
cle status. This proposed assay is conceptually similar to a longer
(21-d) test with pre-spawning adult fathead minnows suggested by
Panter et al. (2002); however, our use of an androgen co-exposure
design increases specificity of the system. While such an assay
would not capture ecologically important, integrative responses in
fish such as egg production, a single 14-d test capable of discern-
ing multiple, biologically conserved endocrine mechanisms could
reduce the number of assays/resources needed for EDC screening,
thereby increasing the number of chemicals that could be consid-
ered. Testing with additional chemicals in our lab is ongoing to
further explore feasibility of the test.

Table 2

Contingency table for effects of endocrine-active chemicals with differing mecha-
nisms of action on vitellogenin (VTG) concentrations and nuptial tubercles (TUB) in
fathead minnows. Arrows indicate direction of change. Responses in parentheses
indicate a change that can occur, albeit not consistently.

Mechanism of action® Male Female

VTG TUB VTG TUBP
ER agonist 0 ) 1) i
ER antagonist — — 1 —¢
AR agonist — 1) { 1
AR antagonist - (@] - {
Steroidogenesis inhibitor - — 5 —¢

Androgen enhancer — —

2 Refers to primary mechanism within the hypothalamic-pituitary-gonadal axis.
ER: estrogen receptor, AR: androgen receptor.

b Response occurring in conjunction with exposure to 17@3-trenbolone.

¢ Anticipated response, but co-exposure design not yet conducted with chemi-
cal(s) with this mechanism.
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