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Abstract—The discovery of pharmaceuticals in effluent from wastewater treatment plants and drug manufacturing facilities and in
receiving waters has raised environmental concern. Because these compounds are ending up in the environment, it is important to
investigate the effects of these compounds on wildlife as well as humans. The present study used a fish model to investigate the
endocrine-disrupting effects of spironolactone (SPL), an aldosterone antagonist used as a diuretic, but which also exhibits antiandro-
genic effects in humans. A dose-response study measured the effects of SPL on anal fin ray elongation, an androgen-dependent
secondary sex trait, and expression of the vitellogenin gene, an estrogen-dependent trait, in female western mosquitofish, Gambusia
affinis. Fish were exposed to SPL in the water for 35 d at four nominal concentrations: 10, 100, 250, and 500 nM (4.2, 41.7, 104.1, and
208.3 ng/L, respectively) via the static renewal method. Masculinization of females, as evidenced by development of an elongated and
modified anal fin, was observed in the fish exposed to the three highest concentrations. Anal fin elongation was observed in the group
exposed to the lowest SPL concentration, but without the development of a tip apparatus. These results confirm the results of a
preliminary study that, in contrast to antiandrogenic effects seen in humans, SPL has androgenic and/or antiestrogenic activity in a fish.
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INTRODUCTION

Numerous chemicals introduced into the aquatic environ-
ment by humans have the capacity to act as endocrine disruptors
in both humans and wildlife [1]. Recently, pharmaceuticals
have been recognized as an important class of emerging con-
taminants [2]. Sources of environmental pharmaceuticals
include effluents from public wastewater treatment plants
[3], hospitals [4], drug manufacturing facilities [5], and landfill
leachates [6]. Pharmaceuticals, by design, have specific bio-
logical activities at low concentrations in living organisms,
usually far below toxic concentrations [7]. After ingestion by
humans, they are excreted, usually as conjugated or uncon-
jugated metabolites. Even if they are excreted as inactive
conjugated metabolites, they may be transformed back into
their parent compounds by the activity of microbes in a waste-
water treatment plant [8]. Wastewater treatment technologies
currently in use remove pharmaceuticals and endocrine dis-
ruptors with efficiencies varying from low to >90% [9]. Alarm-
ingly, treatment of wastewater from pharmaceutical
manufacturing plants does not always appear to effectively
remove their products from the effluent. Pharmaceuticals have
been measured in wastewater effluent from pharmaceutical
manufacturing plants in concentrations ranging from less than
1 ng/L to as high as 31,000 ng/L [5].

A veritable drugstore of pharmaceuticals has been detected
in the aquatic environment; these include antiinflammatory
drugs, beta blockers, sympathetomimetics, antiepileptics, lipid
regulators, and antibiotics [10]. Despite the ubiquity of these
compounds in our surface waters, a serious gap exists in our
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knowledge of the effects they are exerting on wildlife. From
the few studies done to date, recognized effects include the
feminization of male fish exposed to effluent from wastewater
treatment plants due to the presence of various estrogens
including 17a-ethynylestradiol, a synthetic estrogen widely
used as a human contraceptive [11,12]. The rapid decline of
vulture populations in India and Pakistan has been attributed to
the consumption of carcasses of livestock treated with the
nonsteroidal antiinflammatory drug, diclofenac [13-15].
Laboratory studies have investigated the effects of drugs such
as fluoxetine [16], clofibric acid [17], and ibuprofen [18] on
aquatic organisms. However, the endocrine-disrupting potential
in aquatic organisms has not been investigated for most drugs. It
is therefore important to understand the effects of these drugs on
fish and other aquatic organisms if we are to make realistic
environmental risk assessments. Data from such studies would
also help us to determine whether these drugs elicit similar
effects in aquatic organisms as those observed in humans.
Spironolactone (SPL) is a 17-lactone drug that acts as an
aldosterone receptor antagonist. It is commonly used as a
diuretic in the management of hypertension and hyperaldoster-
onism. It also exhibits antiandrogenic effects and for this reason
is used to treat hirsutism, acne, and hair loss in women with the
male pattern baldness gene and in hormone therapy of male-to-
female transsexuals (http://www.nlm.nih.gov/medlineplus/dru-
ginfo/meds/a682627.html). In contrast to its effects in humans,
it has been reported that female western mosquitofish
(Gambusia affinis) became masculinized after exposure to
SPL [19]. However, the previous study by Howell et al. [19]
was preliminary; it did not investigate the endocrine-disrupting
capacity of this compound in fish over a range of exposure
concentrations, it used a single biomarker and did not quantify
the changes observed. The objective of the present study was to
determine whether the paradoxical results of Howell et al. [19]
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are repeatable and to quantify the concentration-dependent
effects of SPL exposure on two biomarkers of endocrine
disruption in female western mosquitofish, G. affinis: anal fin
masculinization and inhibition of vitellogenin (VTG) gene
expression.

Gambusia affinis is a member of the livebearing family
Poeciliidae and is native to the southeastern United States. It
has been a popular model species for the study of endocrine-
disrupting compounds in aquatic environments because of its
widespread geographic distribution, wide environmental toler-
ances, and ease of use in the laboratory. Mosquitofish are
sexually dimorphic. A mature male possesses an elongated
and modified anal fin, the gonopodium, which is used to transfer
sperm to the female during copulation. Development of the
gonopodium is androgen-dependent and normally occurs during
sexual maturation in males only. However, if a female is
exposed to an androgen the anal fin transforms into a gonopo-
dium-like structure [20,21]. Because of its sensitivity to andro-
gens and visibility, the presence of a modified anal fin on a
female mosquitofish is regarded as a useful morphological
biomarker of androgen exposure. Additionally, previous studies
carried out in our laboratory and others have shown that
inhibition of VTG gene expression is another biomarker of
androgen exposure in female mosquitofish [22,23]. In the
present study, female mosquitofish were exposed to various
concentrations of SPL and the effects on anal fin masculiniza-
tion and VTG gene expression were evaluated.

MATERIALS AND METHODS
Animals

Mature female western mosquitofish, G. affinis, were
collected from Thomas Spring Pond, a spring-fed pond in
Bessemer, Alabama, USA. The pond is in a residential neigh-
borhood with no point sources of pollution in the vicinity. The
fact that it is spring-fed minimizes the amount of potential
pollution from nonpoint surface runoff. Fish from this pond
have been used for numerous studies in this laboratory and we
have never observed biomarkers of endocrine disruption in
control fish. After collection, the fish were returned to the
University of Alabama at Birmingham, placed in filtered,
aerated aquaria, and allowed to acclimate in the laboratory
for two weeks. The acclimated fish were then randomly
assigned to the treatment levels (n=10 per treatment). The
fish were not pregnant, as evidenced by lack of embryos when
they were dissected at the end of the experiment.

Spironolactone treatment

Fish were exposed to SPL via water by the static renewal
method. The fish were kept individually in 1 L unaerated model
14005 Kimax beakers (Kimble Glass), which contain 1 L. with
an additional 2 cm air space. The water was dechlorinated (with
sodium metabisulfite) Birmingham, AL tap water with 0.25 g/LL
Instant Ocean artificial sea salt (Spectrum Brands) added to
provide trace minerals and buffering capacity. Water temper-
ature was 24 + 2°C. Fish were maintained under a 14:10 light:-
dark cycle. The water was changed every other day and SPL
readded. Water pH, dissolved oxygen, ammonia, and nitrate
were monitored once a week (pH 7 4 0.5 units, DO >5 mg/L,
ammonia and nitrate <0.25 mg/L).

A 1 mM stock solution was made by dissolving SPL (Sigma
Chemicals) in 5 ml of dehydrated absolute ethanol (Pharmaco)
and sufficient propylene glycol (Fisher Chemicals) to obtain a
final volume of 100ml. The stock solution was made at the
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beginning of the study and was stored at 4°C. Previous studies
have shown that spironolactone is stable in aqueous solution,
degrading by less than 2% over a period of 90 d [24]. Final
working concentrations of 10, 100, 250, and 500 nM (4.2, 41.7,
104.1, and 208.3 pg/L, respectively) were prepared by adding
an appropriate volume of the stock solution to a beaker and
bringing the volume up to 1 L. These concentrations were
selected on the basis of a preliminary toxicity range-finding
study. A separate stock solution of 1 mM methyltestosterone
(MT) (Steraloids) was made by dissolving MT in absolute
ethanol and propylene glycol. A concentration of 3.32 nM
(1.0 pg/L) was used as a positive control based on an inde-
pendent study carried out in our laboratory. The solvent control
group received ethanol and propylene glycol equivalent to that
received by the highest concentration experimental group
(350 wL/L). Fish were fed twice a day with Silver Cup granu-
lated trout starter food (Nelson & Sons). Food was stored at 4°C.
The experimental protocols used in the present study were
approved by the University of Alabama at Birmingham’s
Institutional Animal Use and Care Committee.

Morphological measurements

On day 0, before the start of the exposure, fish were
anesthetized by brief immersion in 300 mg/L MS-222 (tricaine
methanesulfonate, Argent Labs) and their standard length and
weight were recorded. Standard length was measured from the
tip of the snout to the end of the caudal peduncle with a dial
calipers and recorded to the nearest 0.2 mm. Fish were pat-dried
with tissue paper and weighed on a digital scale to the nearest
0.1 mg. Mean weights and standard lengths of the different
treatment groups at the beginning of the experiment are shown
in Table 1. Fulton condition factors were calculated for each fish
using the formula K = 100 x weight/length® where weight is in
grams and length is in centimeters. Because length was meas-
ured as standard length, condition factors were converted to
those which would have been obtained using total length using
the formula KTL:r3 X Kg; where r is the ratio of standard
length to total length (which was determined in G. affinis by
measuring n =4 photographs) [25].

The anal fins were photographed with a Polaroid DMC Ie
digital camera mounted on a Leica MZ6 stereomicroscope
(Leica Microsystems). Images (1,600 x 1,200 pixels) captured
by the camera were transferred to a computer running Adobe
Photoshop (Adobe Systems) and saved as JPEG files. Anal fin
ray lengths were measured in pixels using Image Tool software
(University of Texas Health Science Center, San Antonio, TX).
At the magnification used to photograph most of the fins, each
pixel represented 0.003 mm. Anal fin rays were measured at
one-week intervals for five weeks (35 days). Anal fin ray
elongation was quantified as the ratio of length of ray 4, which

Table 1. Mean weights, standard lengths, and condition factors (£ stan-
dard error) of the fish in the various treatment groups at the beginning of the
experiment

Treatment (nM)  Weight (g)  Standard length (mm) Condition factor

Control 0.496 £0.028 27.750 £0.287 1.344 £0.058
SPL10 0.315+£0.036 23.372+1.036 1.405 £0.052
SPL100 0.347£0.031 24.742£0.730 1.306 £0.029
SPL250 0.286 £0.030 23.236+0.821 1.294 £0.045
SPL500 0.319 £0.047 23.572£0.957 1.349 £0.055
MT3.32 0.378 £0.045 24.706 £0.787 1.409 £ 0.065

SPL = spironolactone, MT = methyltestosterone (positive control).
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elongates during gonopodial development, to that of ray 6,
which does not elongate [21]. After the completion of the 35-d
exposure period, standard length and the mass of the fish were
again measured.

Hepatic vitellogenin

We collected livers from the female mosquitofish from the
SPL and control treatments at the end of the 35-d exposure
period, isolated the mRNA, and determined VTG gene expres-
sion relative to 18S ribosomal RNA using real-time polymerase
chain reaction (PCR). Total RNA was extracted from frozen
liver tissue using the Trizol protocol as described by the
manufacturer (Invitrogen). First-strand cDNA was synthesized
using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories).
The ¢cDNA was amplified in an Opticon Continous Fluores-
cence Detector (MJ Research) using IQ SYBR Green supermix
(Bio-Rad Laboratories). The primers were designed specifically
for VTG using the mRNA sequence from GenBank (Accession
number DQ190844) and using Primer3 software (http://frodo.-
wi.mit.edu/). The primers for the 18S reference housekeeping
gene were designed based on the Oncorhynchus mykiss mRNA
sequence (GenBank Accession number: AF243428) because
the 18S mRNA sequence for G. affinis has not been determined.
The sequences of the primers are shown in Raut and Angus [26].
The assay had been validated and the amplification efficiency of
both the primer sets determined previously [26].

Real-time PCR was performed in triplicate for each liver
sample, averaged, and normalized to endogenous 18S RNA
reference transcripts. At least five fish per treatment group were
analyzed for VTG gene expression. Quantification of the hep-
atic VTG mRNA expression was carried out by using the 2AACT
method [27].

Statistical methods

All of the summary statistics are expressed as mean+
standard error. Ratios are not normally distributed but can be
rendered approximately so by an appropriate transformation.
Anal fin 4:6 length ratios were log transformed based on the
findings of a previous study that log transformation successfully
renders the data suitable for analysis using parametric statistical
procedures [21]. Changes in 4:6 anal fin ratios over time were
analyzed using a repeated measures analysis of variance
(RMANOVA). Paired ¢ tests were used to compare means at
each week with the time 0 mean to determine when significant
differences first occurred. Because anal fin elongation was
hypothesized, those tests were done one-tailed. Vitellogenin
mRNA expression levels were compared between treatment
groups and the control using the nonparametric Kruskal-Wallis
test, followed by Dunn’s tests to compare each of the treatments
with the control. Differences between the group means of other
variables (i.e., length, weight and condition factor) were ana-
lyzed by ANOVA using log-transformed data, followed by
Dunnett’s post-hoc tests to compare the means of each of the
treatment groups to that of the control. For all statistical tests,
the cutoff for significance was p <0.05.

RESULTS
Fin ray elongation

Figure 1 shows the 4:6 anal fin ray elongation ratios of SPL-
exposed female mosquitofish at weekly intervals over the 35-d
exposure period. The time course of the change in 4:6 ratio
differed significantly between treatments (RMANOVA,
F=14.93, p<0.001) with a linear model explaining more
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Fig. 1. Changes in anal fin length ratios over time. Female mosquitofish
were exposed to different concentrations of spironolactone (10, 100, 250,
and 500nM) for 35 d. Control=vehicle negative control; MT =
methyltestosterone positive control (3.32nM). Anal fin rays 4 and 6 were
measured weekly and elongation quantified as the 4:6 length ratio. Data are
presented as mean =+ standard error (n = 10 per treatment). At the end of the
35-d exposure, the means of all treatment groups were significantly greater
than that of the negative control group.

of the variance than a polynomial model of any order.
After one week of exposure the mean 4:6 ratios of all the
treatment groups differed significantly from their respective
means at time zero (paired ¢ tests; for the 10 nM spironolactone
treatment, p =0.023; for the 100, 250, and 500 nM spirono-
lactone treatments, p < 0.001; for the MT treatment, p = 0.004).
From weeks 2 through 5, all of the mean 4:6 ratios were
significantly greater than their time 0 means (paired t-tests,
p <0.001). Although the mean 4:6 ratios of the 100, 250, and
500 nM treatment groups increased rapidly during the first two
weeks of the experiment, growth of anal ray 4 ceased at about
that time in both groups and no further increase in the 4:6 ratio
was observed over the next three weeks of the study. In contrast,
although ray 4 grew more slowly in the 10 nM exposure group,
growth continued throughout the 35 d of the study. Figure 2
shows elongated anal fins from representative females exposed
to different concentrations of SPL.

Hepatic vitellogenin gene expression

The hepatic VTG mRNA expression tended to decrease with
increasing SPL concentration. The mean VTG mRNA expres-
sion level was significantly less than that of the solvent control
in fish exposed to SPL at 250 and 500 nM (Dunn’s tests,
p <0.05, Fig. 3). In fact, mRNA levels in those groups were
barely detectable.

Morphological variables

Changes in the mean mass, length, and condition factor of
the treatment groups over a period of 35 d are shown in Figure 4.
Fish in the 500 nM SPL and MT treatment groups gained
significantly less mass over the 35 d of the experiment as
compared to the solvent control (Dunnett’s tests, p =0.010
and p =0.004, respectively, power =0.906). Most groups did
not grow significantly in length during the course of the experi-
ment. The exception was the 100 nM SPL group. The mean
change in length was significantly greater than that of the
control (Dunnett’s test, p =0.036, power =0.554). This may
imply that a low concentration of spironolactone stimulates
growth, or it may represent a type I error. Replication of the
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D

Fig. 2. Gambusia affinis anal fins. Anal fins of representative female
mosquitofish (A) control, and exposed for 35 d to (B) 10 nM spironolactone,
(C) 250 nM spironolactone and (D) 3.32 nM methyltestosterone.

experiment is needed to distinguish between these possibilities.
Two of the treatment groups, 100 nM SPL and MT, showed
significant changes in condition factor during the experiment
compared to the control group (Dunnett’s tests, p =0.004 and
0.001, respectively, power =0.969). Both showed increased
condition, whereas the condition factor of the control group
declined during the present study.

DISCUSSION

In the present study we investigated the paradoxical mas-
culinization of female mosquitofish exposed to SPL. The results
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Fig. 3. Vitellogenin expression in spironolactone treatment groups: Female
mosquitofish were exposed to different concentrations of spironolactone for
35d (seelegend of Fig. 1 for concentrations) and hepatic vitellogenin mRNA
expression was quantified using real-time PCR. It is presented here as percent
expression relative to the 18S rRNA housekeeping gene. Data are presented
as mean + standard error (n>5 for each group). Asterisk (*)=mean
significantly different than that of the control (p <0.05); C= control;
MT = methyltestosterone.

confirm and expand on those of an earlier study that first
described this phenomenon [19]. In contrast to humans, where
SPL has antiandrogenic effects, SPL has androgenic and pos-
sibly antiestrogenic effects in mosquitofish.

Anal fin masculinization, as evidenced by significant anal
ray elongation, was observed in all the treatment groups (Fig. 1).
Previous studies have characterized the development of a
gonopodium in mosquitofish in response to androgen exposure
[20,21,28]. Normal gonopodial development can be divided
into an initial stage of growth and production of new bone
segments followed by a stage of differentiation of the terminal
tip apparatus such as hooks, spines, and serrae. After the
development of the tip apparatus begins, no further growth
of the anal fin rays or addition of segments occurs. At all
concentrations of SPL, except the lowest, development of the
gonopodium proceeded to the formation of serrae and hooks
(Fig. 2). In contrast, at the lowest concentration of SPL (10 nM),
elongation occurred, but less rapidly than the higher concen-
trations, and without any development of hooks and spines
during the 35-d period of the present study. This result suggests
that the lowest exposure concentration was not sufficient to
induce the genes necessary for development of the tip apparatus
during the later phase of differentiation. This response is
consistent with Turner’s hypothesis [20] that, as males begin
to mature sexually, minute quantities of androgenic hormone
are initially secreted by the developing testis. At a low con-
centration, the androgen induces expression of the genes for
elongation of the anal rays and production of new segments.
Higher concentrations of androgen, which would normally
occur later in development, inhibit the genes responsible for
elongation and induce other genes which produce the structures
of the tip apparatus. This hypothesis is supported by observation
that MT, a potent androgen, induces the tip apparatus rapidly,
giving the gonopodium little time to elongate. As a result, anal
fins masculinized by exposure to MT show little anal ray
elongation, but well-developed tip apparatus structures
(Fig. 2D). Similarly, the higher concentrations of SPL (100,
250, and 500 nM) all induced a tip apparatus and fin elongation
ceased well short of the extent seen in a normal gonopodium
(4:6 length ratio of ~2.7, Angus, R.A., unpublished data).
However, in the lowest SPL concentration elongation appeared
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Fig. 4. Changes in mass (a), length (b), and condition factor (c¢) of fish over
the 35-d exposure period (see legend of Fig. 1 for concentrations). Total body
weights and standard lengths were measured at the beginning and end of the
experiment and change in mass, length, and condition factor were calculated
as the differences. Data are presented as mean + standard error (n = 10 per
group). Asterisk (*) = mean significantly different than that of the control
(p <0.05); MT = methyltestosterone.

to still be continuing at the end of the 35-d exposure period and
differentiation of the tip apparatus had not yet begun.

A recent study has shown that, in G. affinis, the androgen
receptor (AR) isoforms ARa and AR are predominantly
expressed in the distal region of the outgrowing anal fin rays
[29]. These receptors have been shown to regulate gonopodial
development through the sonic hedgehog pathway. Because the
development of a gonopodium takes place in two distinct
phases, elongation and differentiation, there are likely to be
two or more signaling pathways responsible for these phases.
We are not aware of any studies that have explored these
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signaling pathways in mosquitofish. It is possible that dose-
dependent up-regulation of AR expression occurs by these
signaling pathways at higher androgen concentrations. Because
the lowest exposure concentration of SPL did not induce the
later phase of differentiation, this concentration may not have
been sufficient to induce a robust response of ARs and, perhaps,
would never have induced the next signaling pathway necessary
for differentiation of the structures in the tip apparatus. Further
studies are necessary to characterize the dose-dependent effect
of SPL on AR expression and its correlation with the signaling
pathways in response to an androgen or androgen-like
compounds in female mosquitofish.

The observation that anal fin rays in female mosquitofish
elongated when they were exposed to SPL indicates that they
have been masculinized (they express an androgen-dependent
trait normally only seen in mature males). In previous studies it
has been observed that compounds that masculinize female
mosquitofish also tend to inhibit estrogen-dependent processes
[22,23]. Therefore, not unexpectedly, SPL also showed an
apparent antiestrogenic effect in mosquitofish. Vitellogenin
mRNA expression, which is normally induced by estrogen,
was significantly inhibited, as determined by quantitative
reverse-transcription PCR (q-RTPCR), in the same treatment
groups (250 and 500 nM) that showed anal fin masculinization
(Fig. 3).

A few other studies have investigated effects of SPL on fish
model systems. McCormick et al. [30] investigated the effects
of spironolactone on mineralocorticoid functions in Atlantic
salmon. Churchill et al. [31] investigated its effects on renal
function in spiny dogfish shark (Squalus acanthias). However,
none of the studies to date have reported masculinization effects
in response to SPL treatment in fish. Spironolactone therapy in
humans has used its effect either as a diuretic (aldosterone
antagonist) or as an antiandrogen. Sexual side effects, such as
gynecomastia in men (possibly an antiandrogenic effect), have
been reported [32]. Therefore, the masculinization results in
mosquitofish obtained in a previous study by Howell et al. [19]
and the present study are somewhat paradoxical. It has been
shown that 11(-substituted spirolactones are potent human AR
agonists in vitro [33]. It is possible that, whereas SPL binds to
androgen receptors in humans and does not induce a response
(antagonist), it binds to androgen receptors in fish and does
induce a response (agonist). Furthermore, synthetic derivatives
of SPL have been shown to inhibit the activity of 17@-hydrox-
ysteroid dehydrogenase (HSD) [34], a steroidogenic enzyme. If
SPL inhibits 17B-HSD, this would cause a buildup of andros-
tenedione, a naturally occurring precursor to testosterone and
estradiol in the teleost steroid synthesis pathway. Androstene-
dione, especially if present in abnormally high amounts, could
bind to AR sufficiently to activate a response and cause
masculinization of female mosquitofish. Previous studies have
demonstrated the ability of androstenedione to activate AR [35]
and also to masculinize female mosquitofish [36]. However,
studies are required to determine if SPL inhibits 173-HSD.

Vitellogenin gene inhibition has been reported in many fish
model systems on exposure to aromatizable androgens such as
MT [23,37,38] and nonaromatizable androgens such as trenbo-
lone acetate [39]. On the other hand, VTG gene expression is
unaffected in female fish exposed to antiandrogens, e.g., mum-
michog (Fundulus heteroclitus) exposed to cyproterone acetate
[37] and medaka (Oryzias latipes) exposed to flutamide [40]. In
the present study we noted a trend of decreasing hepatic VTG
mRNA expression in fish exposed to increasing concentrations
of SPL, with an almost complete shutdown of VTG mRNA
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expression in the two highest SPL treatment groups. These
results are similar to an earlier study on MT in which we
correlated dose-dependent masculinization and vitellogenin
inhibition [41]. Many different mechanisms could be respon-
sible for the reduction in vitellogenin production. First, it is
possible that estradiol concentrations are reduced due to an
inhibitory effect exerted by SPL on 173-HSD, as discussed
earlier. Alternatively, SPL could act as an estrogen receptor
antagonist. The findings of the present study suggest that SPL
could exert a dual mode of action—as an androgen agonist
inducing masculinization and also as an antiestrogen inhibiting
VTG gene expression. Future studies are warranted to inves-
tigate the mechanisms by which SPL exerts its effects.
Drugs, both human and veterinary, are increasingly being
detected in environmental samples [42,43]. Presently, little is
known about the ecological effects of most of these chemicals
[44]. There is reason to be concerned. Pharmaceuticals are
designed to affect specific targets in the species for which they
were developed. Because all vertebrate species are related at
some level, targets tend not to be exclusive to the intended
species. For example, fish share about 65 to 75% genetic
homology with humans at over a thousand different drug
receptors [45]. Thus, drugs intended for treating humans may
potentially affect fish as well. In addition, because drugs are
designed to be pharmacologically active at far lower concen-
trations than their toxic levels [7], traditional toxicity tests will
not be effective in revealing potential effects on the health and
reproductive fitness of wildlife at typical environmental levels
[44,46]. Helpfully, the mode of action in mammals is known for
most pharmaceuticals and therapeutic doses have been estab-
lished. Mammalian acute toxicity to therapeutic efficacy ratio
values are good predictors of acute to chronic effect ratios in fish
and can be used to identify pharmaceuticals that are likely to
affect fish at environmental concentrations, especially if the
chronic response (e.g., expression of a biomarker) used in acute
to chronic calculation is plausibly linked to the therapeutic
mode of action of a particular pharmaceutical [7]. This has led
to the proposed use of adverse outcome pathways [47]. An
adverse outcome pathway links the molecular initiating event
caused by a pharmaceutical to an adverse outcome at a bio-
logical level of organization relevant to risk assessment.
Adverse outcome pathways facilitate the use of molecular or
biochemical biomarkers for predicting the impacts of environ-
mental chemicals on individuals and populations. Results of the
present study provide another example that drugs intended for
humans can affect other vertebrates, in this case a fish, at low
concentrations. Knowledge of the mode of action, namely,
binding to the cytosolic androgen receptor [48], leads to the
prediction of possible endocrine-disrupting effects on verte-
brates. But, in the case of fish, knowing the mode of action does
not necessarily lead to an accurate prediction of the type of
effect (antiandrogenic in humans but androgenic in fish).

CONCLUSION

The results of the present study indicate that SPL, which has
antiandrogenic effects in humans, affects fish differently. It
induces an androgen-dependent trait (gonopodium) and inhibits
an estrogen-dependent trait (vitellogenin gene expression) in
female G. affinis. Further studies are necessary to elucidate the
molecular mechanisms responsible for these effects and the
reasons why fish respond to SPL differently than humans.
Finally, based on these findings we reiterate previous recom-
mendations that, for adequate assessment of the aquatic
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environmental risk of pharmaceuticals, comprehensive studies
on aquatic organisms should be implemented [45,47].

Acknowledgement—This work received support from the Alabama
Academy of Science and the Biology Department of the University of
Alabama at Birmingham.

REFERENCES

1. Hotchkiss AK, Rider CV, Blystone CR, Wilson VS, Hartig PC, Ankley
GT, Foster PM, Gray CL, Gray LE. 2008. Fifteen years after
““Wingspread’’—Environmental endocrine disrupters and human and
wildlife health: where we are today and where we need to go. Toxicol Sci
105:235-259.

2. Celiz MD, Tso J, Aga DS. 2009. Pharmaceutical metabolites in the
environment: Analytical challenges and ecological risks. Environ
Toxicol Chem 28:2473-2484.

3. Watkinson AJ, Murby EJ, Kolpin DW, Costanzo SD. 2009. The
occurrence of antibiotics in an urban watershed: From wastewater to
drinking water. Sci Total Environ 407:2711-2723.

4. Brown KD, Kulis J, Thomson B, Chapman TH, Mawhinney DB. 2006.
Occurrence of antibiotics in hospital, residential, and dairy effluent,
municipal wastewater, and the Rio Grande in New Mexico. Sci Total
Environ 366:772-783.

5. Larsson DG, de Pedro C, Paxeus N. 2007. Effluent from drug
manufactures contains extremely high levels of pharmaceuticals.
J Hazard Mater 148:751-755.

6. Holm JV, Rugge K, Bjerg PL, Christensen TH. 1995. Occurrence and
distribution of pharmaceutical organic-compounds in the groundwater
downgradient of a landfill (Grindsted, Denmark). Environ Sci Technol
29:1415-1420.

7. Berninger JP, Brooks BW. 2010. Leveraging mammalian pharmaceut-
ical toxicology and pharmacology data to predict chronic fish responses
to pharmaceuticals. Toxicol Lett 193:69-78.

8. Ternes TA, Kreckel P, Mueller J. 1999. Behaviour and occurrence of
estrogens in municipal sewage treatment plants-II. Aerobic batch
experiments with activated sludge. Sci Total Environ 225:91-99.

9. Gros M, Petrovi¢ M, Barcel6 D. 2007. Wastewater treatment plants as a
pathway for aquatic contamination by pharmaceuticals in the Ebro River
basin (northeast Spain). Environ Toxicol Chem 26:1553-1562.

10. Fent K, Weston AA, Caminada . 2006. Ecotoxicology of human
pharmaceuticals. Aquat Toxicol 76:122—159.

11. Desbrow C, Routledge EJ, Grighty GC, Sumpter JP, Waldock M. 1998.
Identification of estrogenic chemicals in STW effluent. 1. Chemical
fractionation and in vitro biological screening. Environ Sci Technol
32:1549-1558.

12. Gibson R, Smith MD, Spary CJ, Tyler CR, Hill EM. 2005. Mixtures of
estrogenic contaminants in bile of fish exposed to wastewater treatment
works effluents. Environ Sci Technol 39:2461-2471.

13. Shultz S, Baral HS, Charman S, Cunningham AA, Das D, Ghalsasi GR,
Goudar MS, Green RE, Jones A, Nighot P, Pain DJ, Prakash V. 2004.
Diclofenac poisoning is widespread in declining vulture populations
across the Indian subcontinent. Proc Biol Sci 271 (Suppl 6): S458—460.

14. Taggart MA, Senacha KR, Green RE, Jhala YV, Raghavan B, Rahmani
AR, Cuthbert R, Pain DJ, Meharg AA. 2007. Diclofenac residues in
carcasses of domestic ungulates available to vultures in India. Environ
Int 33:759-765.

15. Green RE, Taggart MA, Senacha KR, Raghavan B, Pain DJ, Jhala Y,
Cuthbert R. 2007. Rate of decline of the oriental white-backed vulture
population in India estimated from a survey of diclofenac residues in
carcasses of ungulates. PLoS ONE 2:e686.

16. Brooks BW, Foran CM, Richards SM, Weston J, Turner PK, Stanley JK,
Solomon KR, Slattery M, La Point TW. 2003. Aquatic ecotoxicology of
fluoxetine. Toxicol Lett 142:169-183.

17. Runnalls TJ, Hala DN, Sumpter JP. 2007. Preliminary studies into the
effects of the human pharmaceutical Clofibric acid on sperm parameters
in adult fathead minnow. Aquat Toxicol 84:111-118.

18. Gravel A, Vijayan MM. 2007. Non-steroidal anti-inflammatory drugs
disrupt the heat shock response in rainbow trout. Aquat Toxicol 81:197—
206.

19. Howell WM, Hunsinger RN, Blanchard PD. 1994. Paradoxical
masculinization of female western mosquitofish during exposure to
spironolactone. Progr Fish-Cult 56:51-55.

20. Turner CL. 1942. A quantitative study of the effects of different
concentrations of ethynyl testosterone and methyl testosterone in the
production of gonopodia in females of Gambusia affinis. Physiol Zool
15:263-280.



1382

21.

22.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Environ. Toxicol. Chem. 30, 2011

Angus RA, McNatt HB, Howell WM, Peoples SD. 2001. Gonopodium
development in normal male and 11-ketotestosterone-treated female
mosquitofish (Gambusia affinis): A quantitative study using computer
image analysis. Gen Comp Endocr 123:222-234.

Stanko JP. 2005. Reproductive and developmental effects of bioactive
constituents of pulp mill effluent on female mosquitofish, Gambusia
affinis. PhD thesis. University of Alabama at Birmingham, Birmingham,
Alabama, USA.

. Lazier CB, Langley S, Ramsey NB, Wright JM. 1996. Androgen

inhibition of vitellogenin gene expression in tilapia (Oreochromis
niloticus). Gen Comp Endocrinol 104:321-329.

Nahata MC, Morosco RS, Hipple TF. 1993. Stability of spironolactone in
an extemporaneously prepared suspension at two temperatures. Ann
Pharmacother 27:1198-1199.

Carlander KD. 1977. Handbook of Freshwater Fishery Biology Vol. 2
Towa State University Press, Ames, IA, USA.

Raut SA, Angus RA. 2010. Triclosan has endocrine-disrupting effects in
male western mosquitofish, Gambusia affinis. Environ Toxicol Chem
29:1287-1291.

Livak KJ, Schmittgen TD. 2001. Analysis of relative gene expression
data using real-time quantitative PCR and the 2-DeltaDeltaCT method.
Methods 25:402-408.

Sone K, Hinago M, Itamoto M, Katsu Y, Watanabe H, Urushitani H, Tooi
O, Guillette LJ, Iguchi T. 2005. Effects of an androgenic growth
promoter 17 beta-trenbolone on masculinization of mosquitofish
(Gambusia affinis Affinis). Gen Comp Endocr 143:151-160.

Ogino Y, Katoh H, Yamada G. 2004. Androgen dependent development
of a modified anal fin, gonopodium, as a model to understand the
mechanism of secondary sexual character expression in vertebrates.
FEBS Lett 575:119-126.

McCormick SD, Regish A, O’Dea MF, Shrimpton JM. 2008. Are we
missing a mineralocorticoid in teleost fish? Effects of cortisol,
deoxycorticosterone and aldosterone on osmoregulation, gill Na+,K+
+ -ATPase activity and isoform mRNA levels in Atlantic salmon. Gen
Comp Endocrinol 157:35-40.

Churchill PC, Malvin RL, Churchill MC. 1985. Lack of renal effects of
DOCA, ACTH, spironolactone, and angiotensin Il in Squalus sacanthias.
J Exp Zool 234:17-22.

Corvol P, MahoudeauJA, Valcke JC, Menard J, Bricaire H. 1976. Sexual
side-effects of spironolactones. Possible mechanisms of their anti-
androgen action. Nouv Presse Med 5:691-694.

Nirdé P, Térouanne B, Gallais N, Sultan C, Auzou G. 2001.
Antimineralocorticoid 11@-substituted spirolactones exhibit androgen
receptor agonistic activity: A structure function study. Mol Pharmacol
59:1307-1313.

Tremblay MR, Luu-The V, Leblanc G, Noel P, Breton E, Labrie F,
Poirier D. 1999. Spironolactone-related inhibitors of type II 17beta-
hydroxysteroid dehydrogenase: chemical synthesis, receptor binding
affinities, and proliferative/antiproliferative activities. Bioorg Med
Chem 7:1013-1023.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

S.A. Raut et al.

Jenkins RL, Wilson EM, Angus RA, Howell WM, Kirk M. 2003.
Androstenedione and progesterone in the sediment of a river receiving
paper mill effluent. Toxicol Sci 73:53-59.

Stanko JP, Angus RA. 2007. In vivo assessment of the capacity of
androstenedione to masculinize female mosquitofish (Gambusia affinis)
exposed through dietary and static renewal methods. Environ Toxicol
Chem 26:920-926.

Sharpe RL, MacLatchy DL, Courtenay SC, Van Der Kraak GJ. 2004.
Effects of a model androgen (methyl testosterone) and a model anti-
androgen (cyproterone acetate) on reproductive endocrine endpoints in a
short-term adult mummichog (Fundulus heteroclitus) bioassay. Aquat
Toxicol 67:203-215.

Korsgaard B. 2006. Effects of the model androgen methyltestosterone on
vitellogenin in male and female eelpout, Zoarces viviparus (L). Mar
Environ Res 62 (Suppl): S205-210.

Ankley GT, Jensen KM, Makynen EA, Kahl MD, Korte JJ, Hornung
MW, Henry TR, Denny JS, Leino RL, Wilson VS, Cardon MC, Hartig
PC, Gray LE. 2003. Effects of the androgenic growth promoter 17-3-
trenbolone on fecundity and reproductive endocrinology of the fathead
minnow. Environ Toxicol Chem 22:1350-1360.

Kang 1J, Hano T, Oshima Y, Yokota H, Tsuruda Y, Shimasaki Y, Honjo
T. 2006. Anti-androgen flutamide affects gonadal development and
reproduction in medaka (Oryzias latipes). Mar Environ Res 62
(SupplS253-257).

Raut S. 2009. Effects of endocrine disruptors on biomarkers of
reproductive function in the western mosquitofish, Gambusia affinis.
PhD thesis. University of Alabama at Birmingham, Birmingham,
Alabama USA.

Crane M, Barrett K, Boxall A, eds. 2008. Veterinary Medicines in the
Environment. SETAC, Pensacola, FL, USA.

Williams RT, ed. 2005. Human Pharmaceuticals: Assessing Impacts on
Agquatic Ecosystems. SETAC, Pensacola, FL, USA.

Ankley GT, Brooks BW, Huggett DB, Sumpter JP. 2007. Repeating
History: Pharmaceuticals in the Environment. Environ Sci Technol
41:8211-8217.

Gunnarsson L, Jauhiainen A, Kristiansson E, Nerman O, Larsson DGJ.
2008. Evolutionary conservation of human drug targets in organisms
used for environmental risk assessments. Environ Sci Technol 42:5807—
5813.

Huggett DB, Cook JC, Ericson JF, Williams RT. 2003. A theoretical
model for utilizing mammalian pharmacology and safety data to
prioritize potential impacts of human pharmaceuticals to fish. HERA
9:1789-1799.

Ankley GT, Bennett RS, Erickson RJ, Hoff DJ, Hornung MW, Johnson
RD, Mount DR, Nichols JW, Russom CL, Schmieder PK, Serrrano JA,
Tietge JE, Villeneuve DL. 2010. Adverse outcome pathways: A
conceptual framework to support ecotoxicology research and risk
assessment. Environ Toxicol Chem 29:730-741.

Jénne OA, Bardin CW. 1984. Androgen and antiandrogen receptor
binding. Annu Rev Physiol 46:107-118.



