AQUATIG
TOXICOLOGY

www.elsevier.com/locate/aquatox

b
ELSEVIER Aquatic Toxicology 70 (2004) 99-110

Characterization of responses to the antiandrogen flutamide in a
short-term reproduction assay with the fathead minfnow

Kathleen M. Jensért, Michael D. Kah?, Elizabeth A. Makyne®#y Joseph J. Korfe
Richard L. Leind, Brian C. ButterwortR, Gerald T. Ankley

2 U.S. Environmental Protection Agency, Office of Research and Development, National Health and Environmental Effects Research
Laboratory, Mid-Continent Ecology Division, 6201 Congdon Boulevard, Duluth, MN 55804 USA
b Department of Anatomy and Cell Biology, School of Medicine, University of Minnesota Duluth, 10 University Drive, Duluth, MN 55812 USA

Received 12 September 2003; received in revised form 1 June 2004; accepted 24 June 2004

Abstract

A short-term reproduction assay with the fathead minn@imgphales promeldsas been developed to detect chemicals with
the potential to disrupt reproductive endocrine function controlled by estrogen- and androgen-mediated pathways. The objective
of this study was to use the assay to characterize responses of fathead minnow reproductive endocrinology and physiology
to the mammalian antiandrogen, flutamide. Male and female fish were exposed to nominal (target) concentrations of 50 and
500p.g flutamide/l for 21-days, following which plasma steroid and vitellogenin concentrations were determined and gonadal
morphology assessed. Fecundity of the fish was significantly reduced by exposure to a measured test concentratign of 651
flutamide/I. In addition, embryo hatch was significantly reduced at this concentration. Qualitative histological assessment of
ovaries from females exposed to flutamide indicated a decrease in mature oocytes and an increase in atretic follicles. Testes
of males exposed to flutamide exhibited spermatocyte degeneration and necrosis. Concentration-dependent increases in plasm
testosterone and vitellogenin concentrations were observed in the females. Flutamide also altered reproductive endocrinology of
male fathead minnows. Males exposed to agIlutamide/l exhibited elevated concentrationgeéstradiol and vitellogenin.
In summary, the results of this study with the fathead minnow demonstrate that flutamide affects reproductive endocrine function
in fish and that the type of hormonal pattern and histopathology effects observed are consistent with an antiandrogenic mode-of-
action. Consequently, our findings suggest that the 21-day reproduction assay utilizing fathead minnows is a sensitive short-term
screening method for the detection of endocrine-disrupting chemicals, including antiandrogens.
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1. Introduction icals that affect steroid metabolism (Ankley et al.,
2002).

Regulatory organizations throughout the world are  Antiandrogens (generally androgen receptor an-
implementing screening and testing programs for tagonists) represent a group of potentially impor-
chemicals that may adversely affect endocrine func- tant environmental EDCs (Kelce and Wilson, 1997;
tion in humans and wildlife. Emphasis of the pro- Monosson et al., 1997; U.S. EPA, 1998). In mam-
grams to date has been on reproductive endocrinemals, antiandrogens affect aspects of sexual differ-
function, in particular, pathways and endpoints con- entiation and development, causing feminization and
trolled by estrogens and androgens (U.S. EPA, 1998; demasculinization of male offspring dosed in utero
OECD, 1999, 2000). A number of in vitro and in vivo  during sensitive developmental stages (Gray et al.,
tests have been developed to identify these classes1994, 1999; Kelce et al., 1994). There are indica-
of endocrine-disrupting chemicals (EDCs); although tions that antiandrogenic chemicals also can affect sex-
differences exist among different regulatory organi- ual differentiation in some species of fish exposed
zations, all incorporate assays with fish as part of during early life stages (Koger et al., 1999; Bayley
the EDC testing suite. In the U.S., a 21-day repro- et al., 2002). However, effects of exposure to an-
duction assay with the fathead minnoRifiephales  tiandrogens are less well characterized in adult ani-
promelag has been developed for Tier 1 screening mals, including fish (Monosson et al., 1997). Baatrup
(U.S. EPA, 1998, 2002; Ankley et al., 2001). This test and Junge (2001) found that three mammalian an-
has been proposed as a part of a harmonized EDCtiandrogens, vinclozoling,p-DDE and flutamide, al-
screening and testing program for member countries tered the sexual characteristics of the adult male
of the Office of Economic Cooperation and Devel- guppy Poecilia reticulatd. Makynen et al. (2000)
opment (U.S. EPA, 2002; OECD, 1999, 2000, Huet, exposed sexually-mature fathead minnows to vinclo-
2000). zolin and found that the chemical (or its antian-

The short-term fathead minnow reproduction as- drogenic metabolites; Kelce et al., 1994) affected
say is initiated with sexually-mature fish with a gonadal condition (GSI, histology) of the females.
documented history of successful spawning (Ankley However, Makynen et al. (2000) did not assess the
et al., 2001; U.S. EPA, 2002). Over the course of a full suite of endpoints subsequently recommended
21-day chemical exposure, fecundity and embryo vi- by Ankley et al. (2001) for EDC testing in the fat-
ability (fertility, hatching success) are monitored. At head minnow. A further uncertainty relative to char-
conclusion of the assay, evaluations of secondary sex-acterizing vinclozolin as an antiandrogen in the fat-
ual characteristics are made, and gonadal status is ashead minnow reproduction assay was that Makynen
sessed via determination of the gonadosomatic indexet al. (2000) found little, if any, competitive binding
(GSI) and by histological analyses. In addition, con- affinity of vinclozolin or its metabolites to the fat-
centrations of vitellogenin and plasma sex steroids head minnow androgen receptor at the concentrations
(B-estradiol; testosterone; 11-ketotestosterone) are de-tested.
termined. Based on tests with known EDCs, the  The objective of this study was to evaluate the ef-
assay appears to be sensitive, as well as discrim-fects of another antiandrogen, flutamide, on repro-
inatory for identifying chemicals that affect path- ductive endocrinology of the adult fathead minnow
ways involving estrogens and androgens (U.S. EPA, using the complete protocol described by Ankley et
2002). For example, the test described by Ankley al. (2001). Both flutamide and its 2-hydroxyflutamide
et al. (2001), as well as relatively similar vari- metabolite are antagonists of the mammalian andro-
ants of the assay, respond in a reliable and pre- gen receptor, and commonly used as ‘model’ antian-
dictable manner to both weak and strong ago- drogens for EDC testing in mammalian systems (U.S.
nists of the estrogen receptor (Kramer et al., 1998; EPA, 1998). Our previous work has shown that, as
Panter et al., 1998; Miles-Richardson et al., 1999a, opposed to vinclozolin and associated metabolites, flu-
b; Harries et al., 2000; Korte et al., 2000). Similarly, tamide does bind to the androgen receptor of the fat-
the test effectively identifies androgen receptor ago- head minnow (Makynen et al., 2000; Ankley et al.,
nists (Ankley et al., 2001, 2003), as well as chem- 2004).
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2. Materials and Methods ing substrate, counted, and examined microscopically

to determine fertility. Embryosn(= 50 when possi-

ble) were selected from a subset of randomly chosen

spawns i = 10—16/treatment) and maintained in clean
The flutamide used for these studies was reported water for five days to determine hatching success.

as 99% pure (Sigma, St. Louis, MO, USA). A chemi- After 21 days of flutamide exposure, fish were re-

2.1. Experimental conditions

cal ‘saturator’ was prepared by dissolving 3.5 g of flu-
tamide in 40 ml of acetone, which was evenly dried
on the interior of an 18 | carboy. Stock concentrations
of flutamide were generated at about 21 mg/I with an
8 ml/min flow of filtered (0.5.m) Lake Superior water

moved from the test tanks, anesthetized with MS-222
(200 mg/I buffered with 200 mg NaHCG), and blood
was collected from the caudal artery/vein with a hep-
arinized microhematocrit tube. Plasma was isolated by
centrifugation and stored with aprotonin (0.13 units)

through the carboy. Three coated vessels supplied a us-at —80°C until determination of vitellogenin and sex
able stock for the 21 days of chemical exposure. Target steroids. Fish and gonads were weighed for determi-
flutamide concentrations in the test system were gen- nation of GSI, and one gonad from each fish was
erated by combining solution from the saturator with preserved in 1% glutaraldehyde/4% formaldehyde in
clean (Lake Superior) dilution water. The test tanks 0.1 M phosphate buffer for histological analysis. Heads
(40cmx 20cmx 25cm; Lx W x H) contained ap-  from the male fish were removed and preserved in 10%
proximately 10 | of test solution, which was renewed neutral buffered formalin for assessment of nuptial tu-
at a flow rate of about 45 ml/min. The fish were main- bercles, which were scored with respect to the number
tained at 25+ 1°C under a 16:8h L:D photoperiod and relative size of the tubercles (Jensen et al., 2001).
and fed adult brine shrimp (San Francisco Bay Brand,  For histological examination of the gonads, tissues
Newark, CA, USA) twice daily. The mean (range) from randomly selected fish (three males and five fe-
water quality characteristics during the test were pH, males/treatment) were embedded in methacrylate, sec-
7.48 (7.20-7.68); hardness, 41.7 (41.0-42.0) mg/l astioned at 2—3.m in a step-wise fashion, and stained
CaCQ; alkalinity, 37.7 (37.0-38.0) mg/l as CaGO  with hematoxylin and eosin. For each ovary, three
and dissolved oxygen, 6.6 (5.0-7.8) mg/l. slides were made with one section from 500 deep
into the organ and two sections from 100& deep.
Testes were sectioned in a similar manner, except that
the sections were taken at 250 and p@@depths. The
Exposures were conducted using the general exper-gonads were evaluated with no knowledge of the ex-
imental design and test methods described in detail by posure group and conducted as described elsewhere
Ankley et al. (2001) and the U.S. EPA (2002). Briefly, (U.S. EPA, 2002). Briefly, ovarian maturity was evalu-
each tank contained four female and two male adult ated with respect to oocytes in the following stages: (1)
fathead minnows from an on-site culture at the Duluth primary growth, (2) cortical alveolus, (3) early vitel-
EPA laboratory. Animals (six months old) exhibiting logenic, (4) late vitellogenic, and (5) mature spawning
sexual dimorphism but not yet actively spawning were oocyte. In addition to assessing overall stage of the
placed inthe testtanks to begin spawning. The fish were ovary, the numbers of early-stage (1, 2) follicles per
monitored for two weeks prior to initiation of chemical 10x field and atretic follicles per section were deter-
exposure to document reproductive success. Based ormined. Testicular staging was based on the degree of
the results of an initial range-finding study (data not germ cell differentiation and relative size and sperm
shown), the 21-day reproduction test was conducted content of the seminiferous tubules: (1) resting germ
at target flutamide concentrations of 50 and h@d. cells, (2) spermatogonia, (3) spermatocytes, (4) sper-
There were three replicate tanks at each flutamide treat-matids and some spermatozoa in lumen of seminifer-
ment level, plus three clean-water control tanks. ous tubules with small tubule lumen, and (5) abundant
Fish in the test tanks were visually examined daily sperm in lumen of seminiferous tubules with expanded
to assess survival, general appearance (including secdumina (U.S. EPA, 2002).
ondary sex characteristics), reproductive behavior,and Plasma vitellogenin concentrations were deter-
spawning activity. Eggs were removed from the spawn- mined using an enzyme-linked immunosorbent assay

2.2. Experimental design
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(ELISA) with a polyclonal antibody to fathead min-
now vitellogenin, and purified fathead minnow vitel-

logenin as a standard (Parks et al., 1999; Korte et al.,

2000; Ankley et al., 2001; U.S. EPA, 2002). Plasma
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yflutamide was confirmed using ion ratios with the
normally accepted criteria a£20% of the mean of
the standards.

Total lipid content was determined microgravimet-

B-estradiol (E2) and testosterone (T) in both sexes andrically using a slight modification of the method de-

11-ketotestosterone (KT) in males were measured us-

ing radioimmunoassay (RIA) techniques (Ankley etal.,
2001; Jensen et al., 2001; U.S. EPA, 2002).

2.3. Analytical methods

Concentrations of flutamide were determined in the
stock solution and water samples from each expo-
sure tank twice weekly during the 21-day assay. Wa-
ter samples were analyzed by direct injection onto a
Hewlett-Packard 1050 high-pressure liquid chromato-
graph (HPLC) equipped with a diode-array detector (at
310 nm). A gradient program with a mobile phase start-
ing at 40% acetonitrile, 20% methanol, and 40% water;
and increasing to 80% acetonitrile, and 10% methanol
and water (each) at a flow-rate of 1.0 ml per min was
used, with an Alltech Nucleosil C18 AB 4.6 mm
250 mm column (Deerfield, IL, USA). The external
standard method of quantitation was used.

After removing tissue (plasma, gonad) samples, the
remaining carcass of the fish was wrapped in foil, put
into plastic zip-lock bags and frozen a20°C un-
til extraction. Acetonitrile (15ml) was used for ex-
traction using an Ultra-Turrax T25 tissue homogenizer
(Janke and Kunkel, Germany) at 8000 rpm. Approxi-

scribed by Radin (1981). A 3:2 hexanel/isopropanol
mixture was added to the homogenized acetonitrile-fish
slurry and mixed using a wrist action shaker followed

by centrifugation and washing of the supernatant with
warm sodium sulfate solution.

2.4, Data analyses

An unexplained shift in the E2 standard curve oc-
curred while analyzing one set of female plasma sam-
ples by RIA. Since it was impossible to reanalyze the
samples (due to an insufficient plasma volume), the E2
values from these fish were omitted from subsequent
statistical analyses. Consequently, the reported E2 re-
sults are based on plasma samples from only a subset
of fish (4—5/treatment) used in the experiment.

Differences between treatments at conclusion of the
test were assessed with ANOVA followed by Dun-
nett's procedure (U.S. EPA, 2002). When necessary,
data were transformed for normalization and/or to re-
duce variance heterogeneity. Analyses were performed
using SYSTAT 9 (SPSS, Chicago, IL). Results were
considered significant & < 0.05. All data are pre-
sented as mearS.E.) of the three replicate exposure
tanks unless otherwise noted.

mately 3 g of each homogenate was removed and used

for lipid analysis. The remaining mixture was trans-
ferred to a conical polypropylene centrifuge tube and
centrifuged at 3016« g for 20 min at—5°C. Super-
natant was concentrated under nitrogen to a final vol-
ume of 10 ml and stored at20°C until analysis. Ace-
tonitrile tissue extracts were diluted with equal portions
of HPLC grade water before injection. Analysis was by

3. Results
3.1. Water and tissue analyses

Water concentrations of flutamide were stable and
relatively close to the target values of 50 and x@;

HPLC using the same method as described for water the respective meanS.E.,n = 6) measured concen-

samples.

trations were 62.7& 5.9 and 654 45.0p.g/l over the

A subset of the tissue extracts, one male and one course of the 21-day test (Table 1). Mean water concen-

female fish from each treatment, was analyzed for trations in the triplicate tanks at each flutamide treat-
2-hydroxyflutamide using a Finnigan-MAT TSQ700 ment were similar, with average coefficients of vari-

mass spectrometer and Varian 3400 gas chromatograptation (averaged across the duration of the test) of 5.5
(GC/MS). Analyses were done by multiple-ion detec- and 3.4%, respectively, for the low and high treatments.
tion, monitoring mass to charge ratios of 216.0 and There was no detectable flutamide in the control water.
292.1 for hydroxyflutamide and 311.9 for the internal There was a slight accumulation of flutamide by the

standard dibromobiphenyl. The presence of hydrox- fish (Table 1), with bio-concentration factors (based on
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Table 1

Summary of water and tissue concentrations from a 21-day fathead minnow exposure to flutamide

Treatmert Flutamide water concentratiopg/l)? Flutamide tissue concentration
Day of exposure Wet weight (ng/g) Lipid normalized (ng/mg liflid)
1 5 8 13 15 20 Mean (S.E.) Male Female Male Female

Control NOF ND ND ND ND ND - ND ND ND ND

50 61.7 489 432 822 703 69.8 62.7(59) 804.5(127.8) 1373(240.4) 59.1(8.5) 55.4(16.2)

500 822 623 505 730 616 608 651(45.0) 11,050 (1540) 15,362 (1863) 623(30.0) 450 (72.6)

a Nominal (target) concentratiopg/l).

b Water concentrations are the mean from triplicate exposure tanks for each treatment.

¢ Values represent the mean (S.E.) of 4 fish from each treatment group.

d Mean (S.E.) lipid concentrations in males and females (across treatments) were 1.48 (0.14) and 3.14 (0.27)%, respectively.
€ ND; not detectable (3fg/l for water; 14—24 ng/mg lipid for tissue depending on fish weight).

wet weight) ranging from about 13 (in males from the 3.2. Biological endpoints

low treatment) to 24 (females from the high treatment).

On a wet weight basis, males accumulated concentra-  No treatment-related mortality was observed during
tions of flutamide approximately 60—70% of that in fe- the assay. There were no significant treatment-related
males; however, this difference between the sexes wasdifferences in male or female weight, nor were there
reduced through lipid normalization, especially in the any discernable alterations in external morphology, in-
low flutamide treatment (Table 1). It was possible to cluding secondary sexual characteristics of fish ex-
confirm the presence of 2-hydroxyflutamide in two of posed to flutamide. Mean tubercle scores ranged from
the tissue extracts; a male from the low concentration 35.84+ 2.5 to 39.8+ 2.0 in the control and high treat-
and a female from the high concentration contained ments, respectively.

79.2 and 893 ng hydroxyflutamide/qg fish, respectively ~ There were significant effects of flutamide on fecun-

(4—18% the concentration of flutamide). dity of the fathead minnows (Fig. 1). Mean fecundity of
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Fig. 1. Cumulative fecundity of fathead minnows exposed to flutamide for 21 days. Each line represents the cumulative fecundity of three
replicates at each of two flutamide concentrations and the control. Asterisk (*) indicates value significantly different fromRen@dX).
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the fish over the 21-day test was 18:3.6, 14.0+ 3.8, 0.05, 1.72+ 0.08, and 1.81+ 0.32 in the control,
and 5.0+ 1.4 eggs/female/day in the control, low, and low, and high treatments, respectively and female GSI
high treatments, respectively. The decrease in fecun-was 12.0+ 1.06, 12.44+ 0.63, and 11.H1 0.83 in the
dity was related both to a significant reduction in the control, low, and high treatments, respectively). There
mean number of spawns/female in the high treatment: were, however, histological alterations in the gonads
3.24+0.2,2.2+ 0.3, and 1.4+ 0.3, respectively, inthe  of both sexes. There were no differences in testicular
control, low, and high treatments, and to a decrease in stage between the control and low treatment; all were
mean number of eggs per spawn (120.37.1,148.2+ at stage 5 with abundant spermatozoa in an expanded
50.3,and 73.1 13.8 in the control, low, and high treat-  lumen. One testis of a fish from the high treatment was
ments, respectively). Fertility ranged from 94 to 100% classified as less mature, stage 4, with some sperma-
and was not affected by treatment; however, there wastozoa in a small lumen. The testes of two males from
a significant decrease in mean embryo hatch observedboth flutamide treatment levels had small numbers of
in the high treatment (60.& 1.3%) compared to the  cells with pycnotic nuclei located in the seminiferous
control (94.04 3.0%). Hatching success inthe low flu-  tubule epithelium. No pycnotic cells were seen in the
tamide treatment (88.6 5.8%) was not significantly ~ control group. The exact identity of these cells was
affected. not determined, but they appeared to be aborted sper-
No significant effects of flutamide on either the male matogonia or sperm precursor cells (Fig. 2). Histolog-
or female GSI were observed (male GSI was 1470 ical evaluation of the ovaries indicated that there were

PP PR T S i L IPO Do 7{ o LGC A >

T8

A-bg‘

Fig. 2. Section of seminiferous tubule from a male exposed to flutamideu@U0showing clusters of pycnotic and degenerating cells (e.g.,
near asterisk) among healthy-appearing cysts (¥580
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Fig. 3. (A) Section of control ovary showing mature follicles typical of an actively spawning female. (B) Section of ovary from female exposed
to flutamide (50Qug/l) showing oocyte atresia and relatively greater numbers of early-stage follicles compared to the corirol (50
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no differences in ovarian stage among the control and A slight, but not significant, increase in plasma E2
flutamide-exposed fish. Most ovaries were classified as was observed in males exposed to the high flutamide
either stage 4 or 5, spawning ready. There was, how- concentration (Fig. 4A). Male plasma concentrations of
ever, an increase in the number of early-stage follicles T and KT were not significantly affected by exposure to
observed in females from the high flutamide treatment flutamide (Fig. 4B). There was, however, a significant
group compared to the control (Fig. 3); the mean num- increase in the ratio of KT to T in fish exposed to the
ber of these follicles in sections from the control, low, high treatment. Vitellogenin concentrations were very
and high treatments was 20 3.8, 28+ 5.2, and 36 low or non-detectable in male fathead minnows from
+ 7.2, respectively. In addition, an increase in oocyte the control and low treatments; however, there was a
atresiawas observed in females from the high treatmentsignificant increase in males from the high treatment
compared to the control (Fig. 3); the mean number of (Fig. 4C). In the females, plasma concentrations of E2
atretic follicles in sections from the control, low, and
high treatments was 4 10.8, 35+ 15.8, and 66t
22.7, respectively.
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Fig. 5. Plasma concentrations of (f)estradiol (E2), (B) testos-
Fig. 4. Plasma concentrations of (f)}estradiol (E2), (B) testos- terone (T), and (C) vitellogenin (Vtg) in female fathead minnows
terone (T) and 11-ketotestosterone (KT), and (C) vitellogenin (Vtg) exposed to flutamide for 21 days. Data represent the mean (S.E.) of
in male fathead minnows exposed to flutamide for 21 days. Data three replicate tanks at each flutamide concentrafiayil and the
represent the mean (S.E.) of three replicate tanks at each flutamide control (except for E2 where the data represent the mean of 4-5 fish
concentration {g/l) and the control. Asterisks (*) indicate values  at each treatment). Asterisks (*) indicate values that are significantly
that are significantly different from contrdP(< 0.05). different from control P < 0.05).
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appeared toincrease with exposure to flutamide, but theplete role of androgens (and the androgen receptor)
small sample size and variability precluded statistical in reproductively-active fish (particularly females) is
significance in this endpoint (Fig. 5A). Concentration- not well defined (Borg, 1994), so possible effects as-
dependent increases in plasma T and vitellogenin con- sociated with antagonist(s) of the system are uncer-
centrations were observed in the females (Fig. 5B tain. There have been limited studies with adult fish
and C). that are suggestive as to the effects of antiandrogens
on spawning behavior and reproductive endocrinology
(Makynenetal., 2000; Baatrup and Junge, 2001). Some
4. Discussion also have assessed the impact of antiandrogens, includ-
ing flutamide, on sexual differentiation of fish exposed
The objective of this study was to evaluate effects during early development (Koger et al., 1999; Bayley
of a model antiandrogen, flutamide, on reproductive et al., 2002). Results of these studies are qualitatively
biology of the fathead minnow using a short-term as- quite similar to responses observed in rats exposed in
say specifically designed to detect chemicals which af- utero to antiandrogens, where effects include feminiza-
fect pathways controlled by estrogens and/or andro- tion and demasculinization of male offspring (Gray et
gens (Ankley et al., 2001; U.S. EPA, 2002). Exposure al., 1994, 1999). This suggests a common mechanism
to flutamide for 21 days significantly reduced fecun- of action for flutamide (and probably other antiandro-
dity of the fish and subtly affected different aspects gens)indeveloping mammals and fish. Also, flutamide,
of reproductive endocrine function in both males and administered with methyltestosterone, appeared to in-
females. For example, plasma steroid and vitellogenin hibit the effects of the androgen by decreasing epider-
concentrations were affected in both sexes. Atthe tissuemal thickness in juvenile rainbow trout (Sower et al.,
level, there were effects of flutamide exposure on go- 1983). In more recent work, Ankley et al. (2004) found
nadal histology, characterized by spermatocyte degen-that flutamide effectively blocked masculinization of
eration and necrosis in the males and retarded oocytefemales exposed tf-trenbolone, a potent androgen
maturation accompanied by oocyte atresia in the fe- receptor agonist in fish (Ankley et al., 2003), thus pro-
males. Based on these results, we conclude that repro-iding direct in vivo evidence that flutamide is an an-
ductive endocrine function in the fathead minnow is tiandrogen in the fathead minnow. Based on this evi-
affected by chemicals identified as antiandrogens in dence, we feel that at least some of the effects observed
mammalian models. This lends further support to the in the flutamide-exposed fish in our study were likely
utility of the short-term fathead minnow reproduction mediated through antagonism of the androgen receptor.
test as a method for effectively identifying EDCs. The 21-day fathead minnow reproduction study
In previous work, both in our lab and elsewhere, a with flutamide considered the full range of end-
model system based on reproductively-active fathead points recommended by Ankley et al. (2001) as suit-
minnows has proven to be very useful in terms of iden- able for testing (anti-) estrogenic/androgenic EDCs.
tifying certain groups of EDCs. For example, both es- Our previous work with the mammalian antiandro-
trogen and androgen receptor agonists adversely affectgen vinclozolin also included a 21-day exposure of
fecundity of the fathead minnow, and the two different reproductively-mature fathead minnows (Makynen et
groups of chemicals are easily differentiated in that the al., 2000). Because the vinclozolin experiment did not
former strongly induces vitellogenin in males (Kramer assess some of the endpoints measured in the flu-
etal., 1998; Harries et al., 2000; Korte et al., 2000) and tamide study (e.g., plasma vitellogenin), a comprehen-
the latter masculinizes females (Ankley et al., 2001, sive comparison of the two experiments is not possible.
2003). These types of diagnostic responses are com-But there are some notable similarities in their results.
paratively easy to interpret (or, even, anticipate) rela- Although not statistically significant in the flutamide
tive to current knowledge concerning the reproductive study, anincrease in plasma E2 concentrations of about
endocrinology of fish. One of the challenges in in- the same magnitude (ca. 80-100%) was observed in
terpreting results of the current study, however, was males from both experiments. A similar increase in fe-
the difficulty in speculating what an antiandrogen male plasma E2 concentrations was observed, though
should look like in terms of effects on fish. The com- lack of statistical significance may have been the result
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of small sample size in both studies. Plasma T concen- etate and vinclozolin (Kiparissis et al., 2003). In ad-
trations in the females were also affected; a three-fold dition, disruption and/or inhibition of spermatogene-
increase was observed in females exposed tqus00 sis have been observed in adult male guppkse{
flutamide/l and a slight, but not significant, increase of cilia reticulata) exposed to flutamide (Kinnberg and
25% was observed in females exposed to ZO@in- Toft, 2003) and mature male stickleback3asteros-
clozolin/l. Both antiandrogens affected ovarian condi- teus aculeatysexposed to cyproterone acetate (Rouse
tion; there was a significant decrease in GSI of females et al., 1977). It is also interesting to note that the
exposedto 70Q.g vinclozolin/l (Makynen etal., 2000), testicular histopathology (i.e., spermatocyte degener-
and observed histopathological alterations in fish from ation/necrosis) observed in fathead minnows is sim-
that treatment group were similar to those observed in ilar to that observed in flutamide-exposed male rats
females from the high (50@g/l) flutamide treatment. (O’Connor et al., 2002).

The hormonal patterns observed in this study with Somewhat unexpectedly, plasma vitellogenin con-
fathead minnows are similar to those described in stud- centrations were modestly increased by flutamide in
ies with male rats exposed to flutamide (Yamada et al., both males and females. Hepatic vitellogenin produc-
2000; O’Connor et al., 2002). For example, O’Connor tion is mediated via activation of the estrogen receptor
et al. (2002) observed significant increases in serum (Specker and Sullivan, 1994); in males concentrations
T and E2 concentrations (concomitant with increases of the protein are normally close to non-detectable, un-
in follicle stimulating hormone [FSH], lutenizing less there has been exposure to exogenous estrogen re-
hormone [LH], and dihydrotestosterone [DHT]) at ceptoragonists (Sumpter and Jobling, 1995). We could
dosages between 5 and 100mg flutamide/kg/day. find no evidence that flutamide effectively binds to es-
In the intact-male rat assay, an androgen receptortrogen receptor(s) of any species, so it seems unlikely
antagonist such as flutamide typically increases LH thatthis would explain elevated concentrations of vitel-
secretion to stimulate the Leydig cells to produce more logenin in the males. It is possible, therefore, that the
T (and subsequently the metabolic products DHT and observed vitellogenin induction was due to the slight
E2) as a mechanism to compensate for the decreasedncrease in endogenous E2 in the males. Flutamide also
androgenic stimulus at the hypothalamic-pituitary increased vitellogenin in the female fathead minnows;
level (O’Connor et al., 2002). Although gonadotropin in this case we speculate that elevations of the protein
was not measured in this study with fathead minnows, in the plasma may have been due to the increase in
it is likely that the increases in steroid concentrations E2 and/or decreased deposition in the oocytes. Specif-
were the result of a similar feedback mechanism. ically, flutamide reduced fecundity of the fish, largely
Androgens, specifically KT, control the stimulation by reducing frequency of spawning. This indicates that
of male secondary sex characteristics (Borg, 1994). flutamide caused a delay in egg maturation (and/or re-
The maintenance of peripheral androgen levels by the lease), which is consistent with the histological obser-
males via a feedback system offers an explanation asvation of a greater number ofimmature primary oocytes
to why a reduction in tubercle expression (i.e., tubercle in the ovaries of some exposed fish. The inability of the
score) was not observed in this study. The increasedfemales to essentially clear vitellogenin via deposition
plasma T concentrations could be further attributed to to the eggs could explain increased concentrations ob-
the capacity of flutamide and 2-hydroxyflutamide to served in the plasma.
competitively inhibit binding to the fathead minnow A significant reduction in embryo hatch was ob-
androgen receptor (Ankley et al., 2004). served in animals from the high treatment group. In-

Retarded oocyte maturation and an increase in formation concerning early lifestage fathead minnow
oocyte atresia were observed in females exposed totoxicity of flutamide could not be found, but our high
flutamide, consistent with the previous exposure of fat- concentration (50Q.g/l, nominal) is well below the 96-
head minnows to vinclozolin (Makynen et al., 2000). h LC50 value of 3.6 mg/l reported by Hagino et al.
In addition, testicular histopathology was observed in (2001) for newly hatched medaka. We have not ob-
males exposed to 5Q@ flutamide/l. Similar gonadal  served significant effects on hatching success of other
histopathology has been reported for meddbeytias EDCs, including estrogens, androgens, and chemicals
latipeg exposed to the antiandrogens cyproterone ac- which affect steroid metabolism (Ankley et al., 2001,



K.M. Jensen et al. / Aquatic Toxicology 70 (2004) 99-110 109

2002, 2003). Further studies are needed to ascertainReferences
whether decreased hatching success is an indication of

exposure to antiandrogenic chemicals, or whether it is Ankley, G.T., Jensen, K.M., Kahl, M.D., Korte, J.J., Makynen, E.A.,
more specific to flutamide 2001. Description and evaluation of a short-term reproduction

. . test with the fathead minnowP{mephales promeldsEnviron.
Work in mammals indicates that 2-hydroxyflu- Toxicol. Chem. 20, 1276-1290.

tamide is a mUCh more _pOtent antiandrogen than the ankiey, G.T., Kahl, M.D., Jensen, K.M., Horung, M.W., Korte,
parent flutamide (Moguilewsky et al., 1986). In the J.J., Makynen, E.A., Leino, R.L., 2002. Evaluation of the aro-
present study, we detected 2-hydroxyflutamide in the m_atase inhibitor fa_drozolg in a short-term reprod_uction assay
whole body extracts of exposed fish ata comparatively with the fathead minnowRimephales promeldsToxicol. Sci.
. . 67,121-130.

0 _ )
s_ma_ll C(_)nc_entratlon_(<20 %) relative to the parentmate Ankley, G.T., Jensen, K.M., Makynen, E.A., Kahl, M.D., Korte, J.J.,
rial, indicating thf_it fIS_h possess th? enzy.mat!C.SyStems Hornung, M.W., Henry, T.R., Denny, J.S., Leino, R.L., Wilson,
necessary for this biotransformation. It is difficult to V.S., Cardon, M.C., Hartig, P.C., Gray, L.E., 2003. Effects of
ascertain, however, whether responses observed in the the androgenic growth promoter B¢trenbolone on fecundity
fathead minnows were due to the flutamide or the hy— and reproductive endocrinology of the fathead minnow. Environ.
d lated tabolit c titi bindi tudi Toxicol. Chem. 22, 1350-1360.

r_oxya eda meta (_)I e(s). ompetitive binding studies Ankley, G.T., Defoe, D.L., Kahl, M.D., Jensen, K.M., Makynen,
with the mammalian (rat) androgen receptor suggest g ., Miracle, A., Hartig, P., Gray, L.E., Cardon, M. Wilson,
that 2-hydroxyflutamide has an order of magnitude, or  V.S., 2004. Evaluation of the model anti-androgen flutamide for
greater, affinity for the receptor than flutamide (Kelce assessing the mechanistic basis of responses to an androgen inthe
etal., 1994). Recent data from our laboratory indicates fathead minnow (Pimephales promelas). Environ. Sci. Technol.

S . in press.
that blnc_ilng of Z'hydroxyﬂUtamlde to th_e cloned fat- Baatrup, E., Junge, M., 2001. Antiandrogenic pesticides disrupt sex-
head minnow androgen rec_eptor_ al_so IS an order of | characteristics in the adult male gupPpécilia reticulatd.
magnitude greater than relative binding affinity of the Environ. Health Perspect. 109, 1063-1070.
parent chemical (Ankley et al., 2004). Hence, itis quite Bayley, M., Junge, M., Baatrup, E., 2002. Exposure of juvenile gup-
possible that the effects we observed were due to the pies to three antiandrogens causes demasculinization and a re-
. . . . . duced sperm count in adult males. Aquat. Toxicol. 56, 227—

metabolite, despite the fact that its concentrations in the 239 sperm count in adult maies. Aquat. Toxico
fish were more than an order of magthde and lower Borg, B., 1994. Androgens in teleost fish. Comp. Biochem. Physiol.
than those of flutamide. 109C, 219-245.

In summary, the results of this short-term reproduc- Gray Jr, L.E., Ostby, J.S., Kelce, W.R., 1994. Developmental effects
tion study with the fathead minnow demonstrates that of an environmental antiandrogen: the fungicide vinclozolin al-
the mammalian antiandrogen flutamide. affects repro ters sex differentiation of the male rat. Toxicol. Appl. Pharmacol.

. . SN ' ©129,46-52.
ductive endocrm_e functlpn in flsh,_andthatth_e observed gray Jr., L.E., Wolf, C., Lambright, C., Mann, P., Price, M., Cooper,
effects are consistent with an antiandrogenic mode-of-  R.L., Ostby, J., 1999. Administration of potentially antiandro-
action. The type of hormonal pattern and histopathol- ~ genic pesticides (procymidone, linuron, iprodione, chlozolinate,
ogy effects described in this study, along with Makynen ~ P:P~DDE, and ketoconazole) and toxic substances (dibutyl-

J . and diethylhexyl phthalate, PCB 169 and ethane dimethane
et al. (2000)' should be useful in Identlfymg chem- sulphonate) during sexual differentiation produces diverse pro-

iFa|§ with antiandrogenic activity. Consequentl)ﬂ our —files of reproductive malformations in the male rat. J. Toxicol.
findings suggest that the 21-day reproduction assay uti-  Ind. Health 15, 94-118.
lizing fathead minnows is a sensitive short-term screen- Hagino, S., Kagoshima, M., Asida, S., 2001. Effects of ethinylestra-

ing method for the detection of endocrine-disrupting ~ diol: diethylstilbestrol, 4-pentylphenol, 13-estradiol, methyl-
testosterone and flutamide on sex reversal in S-rR strain medaka

chemicals, including antiandrogens. (Oryzias latipel Env. Sci. 8, 75-87.
Harries, J.E., Runnalls, T., Hill, E., Harris, C.A., Maddix, S.,
Sumpter, J.P., Tyler, C.R., 2000. Development of a reproduc-
Acknowledgments tive performance test for endocrine disrupting chemicals using
pair-breeding fathead minnowBimephales promeldsEnviron.

. . Sci. Technol. 34, 3003-3011.
The authors wish to thank Joe Tietge and L. Earl Huet, M.C., 2000. OECD activity on endocrine disrupters test guide-

Gray for their vgluable comments on an garlier draft lines development. Ecotoxicology 9, 77-84.
of the manuscript. Roger LePage and Diane SpeharJensen, K.M., Korte, J.J., Kahl, M.D., Pasha, M.S., Ankley, G.T.,
assisted in manuscript preparation. 2001. Aspects of basic reproductive biology and endocrinology



110

in the fathead minnowRimephales promeldsComp. Biochem.
Physiol. 128C, 127-141.

Kelce, W.R., Wilson, E.M., 1997. Environmental antiandrogens: de-
velopmental effects, molecular mechanisms, and clinical impli-
cations. J. Mol. Med. 75, 198-207.

Kelce, W.R., Monosson, E., Gamcsik, M.P., Laws, S.C., Gray Jr.,
L.E., 1994. Environmental hormone disruptors: evidence that
vinclozolin developmental toxicity is mediated by antiandro-
genic metabolites. Toxicol. Appl. Pharmacol. 126, 276-285.

Kinnberg, K., Toft, G., 2003. Effects of estrogenic and antiandrogenic
compounds on the testis structure of the adult gumecilia
reticulata). Ecotoxicol. Environ. Saf. 54, 16-24.

Kiparissis, Y., Metcalfe, T.L., Balch, G.C., Metcalfe, C.D., 2003. Ef-
fects of the antiandrogens, vinclozolin and cyproterone acetate on
gonadal development in the Japanese medakgz{as latipes
Agquat. Toxicol. 63, 391-403.

Koger, C.S., Teh, S.J., Hinton, D.E., 1999. p-Tert-octylphenol and/or
vinclozolin induced-intersex in developing medaka (Oryzias
latipes). Society of Toxicology 1999 Annual Meeting, New Or-
leans, LA. p. 268.

Korte, J.J., Kahl, M.D., Jensen, K.M., Pasha, M.S., Parks, L.G.,
LeBlanc, G.A., Ankley, G.T., 2000. Fathead minnow vitel-
logenin: complementary DNA sequence and messenger RNA
and protein expression after Bfestradiol treatment. Environ.
Toxicol. Chem. 19, 972-981.

Kramer, V.J., Miles-Richardson, S., Pierens, S.L., Giesy, J.P., 1998.
Reproductive impairment and induction of alkaline-labile phos-
phate, a biomarker of estrogen exposure, in fathead minnows
(Pimephales promelasexposed to waterborne IF-estradiol.
Aquat. Toxicol. 40, 335-360.

Makynen, E.A., Kahl, M.D., Jensen, K.M., Tietge, J.E., Wells, K.L.,
Van Der Kraak, G., Ankley, G.T., 2000. Effects of the mammalian
antiandrogen vinclozolin on the development and reproduction
of the fathead minnowRimephales promelasAquat. Toxicol.

48, 461-475.

Miles-Richardson, S.R., Kramer, V.J., Fitzgerald, S.D., Render, J.A.,
Yamini, B., Barbee, S.J., Giesy, J.P., 1999a. Effects of waterborne
exposure of 13-estradiol on secondary sex characteristics and
gonads of fathead minnowBifmephales promeldsAquat. Tox-
icol. 47, 129-145.

Miles-Richardson, S.R., Pierens, S.L., Nichols, K.M., Kramer, V.J.,
Snyder, E.M., Snyder, S.A., Render, J.A., Fitzgerald, S.D., Giesy,
J.P., 1999b. Effects of waterborne exposure to 4-nonylphenol and
nonylphenol ethoxylate on secondary sex characteristics and go-
nads of fathead minnow®{mephales promeldsEnviron. Res.

80, S122-S137.

Moguilewsky, M., Fiet, J., Tournemine, C., Raynaud, J.-P., 1986.
Pharmacology of an antiandrogen, anandron, used as an adjuvant
therapy in the treatment of prostate cancer. J. Steroid Biochem.
24,139-146.

Monosson, E., Kelce, W.R., Mac, M., Gray, L.E., 1997. Environ-
mental antiandrogens: potential effects on fish reproduction and
development, In: Rolland, R.M., Gilbertson, M., Peterson, R.E.

K.M. Jensen et al. / Aquatic Toxicology 70 (2004) 99-110

(Eds.), SETAC technical publication series SETAC Press, Pen-
sacola, FL, pp. 53-60.

OECD, 1999. Report of the OECD Expert Consultation on Testing in
Fish—EDF1. London, October 1998. OECD, rue AgRascal,
Paris, France.

OECD, 2000. Report of the OECD Expert Consultation on Testing
in Fish—EDF2. Tokyo, March 2000. OECD, rue AgdPascal,
Paris, France.

O’Connor, J.C., Frame, S.R., Ladics, G.S., 2002. Evaluation of a
15-day screening assay using intact male rats for identifying an-
tiandrogens. Tox. Sci. 69, 92—-108.

Panter, G.H., Thompson, R.S., Sumpter, J.P., 1998. Adverse repro-
ductive effects in male fathead minnowBirfhephales prome-
las) exposed to environmentally relevant concentrations of the
natural oestrogens, oestradiol and oestrone. Aquat. Toxicol. 42,
243-253.

Parks, L.G., Cheek, A.O., Denslow, N.D., Heppell, S.A., McLach-
lan, J.A., LeBlanc, G.A,, Sullivan, C.V., 1999. Fathead minnow
(Pimephales promelagitellogenin: purification, characteriza-
tion, and quantitative immunoassay for the detection of estro-
genic compounds. Comp. Biochem. Physiol. 123C, 113-125.

Radin, N.S., 1981. Extraction of lipids with a solvent of low tox-
icity, In: Lowenstein, J.M. (Ed.), Methods in Enzymology, 72.
Academic Press, New York, NY, pp. 5-8.

Rouse, E.F., Coppenger, C.J., Barnes, P.R., 1977. The effect on an
androgen inhibitor on behavior and testicular morphology in the
sticklebackGasterosteus aculeatudorm. Behav. 9, 8-18.

Sower, S.A., Schreck, C.B., Evenson, M., 1983. Effects of steroids
and steroid antagonists on growth, gonadal development, and
RNA/DNA ratios in juvenile steelhead trout. Aquaculture 32,
243-254.

Specker, J.L., Sullivan, C.V., 1994, Vitellogenesis in fishes: Status
and perspectives. In: Davey, K.G., Peter, R.E., Tobe, S.S. (Eds.),
Perspectives in Comparative Endocrinology. National Research
Council of Canada, Ottowa, CA, pp. 304-315.

Sumpter, J.P., Jobling, S., 1995. Vitellogenesis as a biomarker for
estrogenic contamination of the aquatic environment. Environ.
Health Perspect. 103 (Suppl. 7), 173-178.

U.S. EPA, 1998. Endocrine disrupter screening and testing advisory
committee (EDSTAC) report. Office of Prevention, Pesticides
and Toxic Substances, U.S. Environmental Protection Agency,
Washington, DC.

U.S. EPA, 2002. A short-term test method for assessing the repro-
ductive toxicity of endocrine-disrupting chemicals using the fat-
head minnow Rimephales promelasEPA/600/R-01/067. U.S.
Environmental Protection Agency, Office of Research and De-
velopment, National Health and Environmental Effects Research
Laboratory, Mid-Continent Ecology Division, Duluth, MN.

Yamada, T., Kunimatsu, T., Sako, H., Yabushita, S., Sukata, T.,
Okuno, Y., Matsuo, M., 2000. Comparative evaluation of a 5-
day Hershberger assay utilizing mature male rats and a pubertal
male assay for detection of flutamide’s antiandrogenic activity.
Tox. Sci. 53, 289-296.



	Characterization of responses to the antiandrogen flutamide in a short-term reproduction assay with the fathead minnow
	Introduction
	Materials and Methods
	Experimental conditions
	Experimental design
	Analytical methods
	Data analyses

	Results
	Water and tissue analyses
	Biological endpoints

	Discussion
	Acknowledgments
	References


