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Abstract
Indications of effects on fish endocrine system have been noted when exposed to effluents of sewage treatment
plants and subsequently in the receiving surface waters. For screening purposes, the concentration of vitellogenin
(VTG) in plasma is employed to detect potential exposure of fish, to (anti-)estrogenic substances. However, little is
known about the variability of VTG determinations and morphological endpoints (secondary sexual characteristics)
in fish under exposure conditions employing compounds with hormonal activity other than estrogens. An in vivo test
system was established to study the effects of methyltestosterone (MT, a potential model androgen) and fadrozole (F,
an aromatase inhibitor) as well as the combination of MT and F on juvenile, sexually undifferentiated fathead
minnows (Pimephales promelas). Fish were exposed to those compounds continuously in the (nominal) mg/l range
(MT, 10, 50 and 100 mg/l; F, 25, 50, 100 mg/l; MT+F, 10 mg MT per l + 50 mg F per l), for 14 days (MT +F) or
21 days (MT and F) using a flow-through system. The concentration of VTG and the expression of VTG mRNA was
determined using whole body homogenates in an enzyme linked immunosorbant assay (ELISA) or reverse transcription-polymerase chain reaction (RT-PCR), respectively. Exposure to MT alone led to de novo mRNA expression as
well as up to a four-fold increase of VTG. F had no effect on the VTG mRNA expression and VTG protein synthesis.
The combination of MT and F had no effect on VTG concentrations, however, this produced a strong masculinisation of the juvenile fish, e.g. after 13 days of exposure 100% of the fish showed typical male sex characteristics, e.g.
formation of nose tubercles and pigmentation of the dorsal fin. The above findings suggest that in fish MT may be
aromatised to an estrogen. F, on the other hand, inhibits testosterone aromatisation. Consequently, the combination
of MT and F strongly morphologically masculinised the juvenile fathead minnows. VTG detection at the mRNA and
protein level is a sensitive parameter, however, it does not provide for any information regarding the baseline
‘estrogenicity’ of a given parent compound. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction
Concern regarding the potential endocrine
modulating effects of environmental chemicals on
human and wildlife health has existed for over 60
years. Indeed, endocrine modulating substances
are of high ecotoxicological relevance, due to their
potential adverse influence on the reproduction of
organisms and consequently, on the existence of
whole populations. In the late 1930s and early
1940s it was demonstrated that the gonadal sex of
fish can be influenced by the administration of
hormones. With the enormous expansion of fish
culture in the past 25 years, it soon became apparent that it would be desirable to enhance the
expression of a specific sex having advantages
under certain culture strategies (Schreck, 1974;
Donaldson and Hunter, 1982). For example estrogenic chemicals have been applied for purposes of
controlled sex differentiation to at least 56 different species of teleosts belonging to 24 different
families (Piferrer, 2001). Thus, aquaculture has
provided proof that gonadal sex of fish, and thus,
reproduction and population dynamics, can be
manipulated by endocrine modulating substances,
whether they be genuine hormones or not. Thus,
it should not have come as a surprise that reports
regarding dysregulation of sexual development
and reproduction in wildlife populations soon became more frequent, e.g. masculinisation phenomena in conjunction with tributyltin exposure in
prosobranchs, imposex phenomena in marine and
freshwater snails (Langston, 1996; Oehlmann et
al., 1996) or the feminisation of British fish downstream of sewage treatment plants (Jobling and
Sumpter, 1993; Purdom et al., 1994; Harries et al.,
1999). Furthermore, masculinising effects of pulp
and paper mill effluents were observed in female
mosquito fish (Gambusia affinis sp.) from NorthAmerican and New Zealand (Howell et al., 1980;
Munkittrick et al., 1991, 1992; Parks et al., 2001;
Ellis et al., 2001). A number of different in vivo
and in vitro test systems e.g. estrogen/androgen
receptor transfected cell lines (e.g. Petit et al.,

1997), receptor binding assays (e.g. Danzo, 1997)
or in vivo assays in mammalians (e.g. Uterotrophic or Herschberger assay) and other vertebrates, were adopted to screen for the endocrine
modulating activity of chemicals. The specification of the respective test systems and the quantification of the effects however, all have a
different quality and therefore, the relevance of
these tests systems for extrapolation to the environment and for risk characterisation are also
highly variable.
One measure of estrogenic activity is the production of vitellogenin (VTG), an estrogen-inducible egg-yolk protein precursor. This protein,
normally synthesised in the liver of female
oviparous vertebrates, is estrogen dependent and
increases markedly in the serum during oocyte
development (Folmar et al., 1996). In general the
VTG gene is present but only marginally expressed in males or juveniles (Tyler et al., 1999).
VTG can be determined, in vivo and in vitro,
either following exposure of cells or whole animals to endocrine active substances (Jobling and
Sumpter, 1993; Harries et al., 1999). Meanwhile
the demonstration of a VTG increase is considered to be an ‘evidence’ for estrogen activity (Fent
et al., 1996; Bjerregaard et al., 1998). However,
there is a lack of understanding about changes of
VTG levels following exposure to endocrine modulating substances with other modes of action like
androgens or anti-estrogens. The European
Chemical Industry’s aquatic research programme
for endocrine disrupters includes the development
of an in vivo screening assay with juvenile fish.
Nine chemicals, with different endocrine modulating activities were used to develop the screening
protocol, among others methyltestosterone (MT)
and fadrozole, (F) were chosen (for the other
substances see Panter et al., 2002).
The aim of this study was to detect the effects
of an androgen (MT) or an aromatase inhibitor F
as well as the combination of MT and F on the
expression and synthesis of VTG in sexually undifferentiated
juvenile
fathead
minnows
(Pimephales promelas).
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2. Materials and methods

2.1. Test animals
Juvenile, sexually undifferentiated fathead minnows (P. promelas), between 2 and 3 months of
age and with a total length of approximately
15 95 mm, were employed. The juveniles were
bred and cultured in the ecotoxicology laboratory
at Schering AG (Berlin, Germany). The culture
conditions were based on guidelines issued by the
US Environmental Protection Agency (EPA,
1993). Every group of fish was acclimated for a
minimum of 14 days, prior to the start of each
experiment.
The fish were fed throughout the studies from
the same batch of pelleted diet, known to be free
of estrogenic activity (Trouw, UK; Preston, UK).
The feeding rate was 1% of body weight twice a
day (based on mean body weight on day 0).

2.2. Exposure protocol
All tests were conducted according to the
OECD Principles of Good Laboratory Practice
(GLP) and following the OECD guideline for
testing of chemicals 204.

2.2.1. Test chemicals
MT was purchased from Sigma Aldrich
(Deisenhofen, Germany), F was a gift from Novartis (Basel, CH), ethinylestradiol (EE2) was
from Schering AG (Berlin, Germany). Purity of
the chemicals was \99%.
2.2.2. Dilution water
Tap water (total hardness 258 mg CaCO3 per l,
conductivity 736 ms/cm, dissolved organic carbon
3.7 ppm) from the municipal water supply in
Berlin, Germany was used as dilution water. The
water is routinely tested and was found to be free
of chlorine and heavy metal residues. No further
treatment of the water was necessary. The water
was fed into a header tank from which it was
pumped to the dilution water system at a constant
pressure. It has been demonstrated to be suitable
for the holding of fathead minnows during several
years in the routine laboratory testing and culturing of fish.
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2.2.3. Exposure
Prior to each study a range-finding study was
carried out. No mortality or abnormal effects
were observed up to nominal 100 mg/l for MT and
F. For the definitive tests the following concentrations were used: 10, 50 and 100 mg/l, and 25, 50
and 100 mg/l for MT and F, respectively. In the
combination test 10 and 50 mg/l of MT and F,
respectively, were used. Additionally, a positive
control (EE2 at nominal concentration of 10 ng/
l), a dilution water control (DWC) and a solvent
control (SC, 31 mg dimethylformamid per l test
solution resulted in the tanks) were employed in
the MT and the combination test.
The studies were conducted in a flow through
system.
Stock solutions of each chemical were prepared
freshly prior to the start of every experiment. The
substances were dissolved in tap water, apart from
MT, and MT and F in the combination test, were
the solvent dimethylformamid was used. The resulting concentration of the solvent was 31 mg/l
test solution for the SC and the test formulations.
These stock solutions were pumped continuously
into a mixing chamber, where they were mixed
with dilution water. The outflow of the mixing
chamber was split into two 10 l fish tanks, every
duplicate with a flow through rate of 4 l/h. The
combination test was not run in duplicate, and the
flow through rate was 8 l/h. A photoperiod of
16:00 h light and 08:00 h darkness was provided.
Three days prior to the fish were exposed,
dosing commenced to saturate the system with the
test substance. Each exposure vessel was made of
glass and contained initially 68 juvenile fathead
minnows. For the combination study (MT and
F), only a single system with 36 juveniles was
established. The fish were exposed for 21 days, in
the combination study (MT and F) for 14 days.
All studies were carried out consecutively with
separate controls.
2.3. Measurements
2.3.1. Physico-chemical measurements and
biological obser6ations
Physico-chemical parameters were determined
daily, pH and oxygen saturation ranged between
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7.7 – 8.1 and 7.6–8.2 mg/l, respectively, throughout the whole exposure period. The temperature
was equilibrated at 259 2 °C throughout the
exposure periods.
Mortalities and abnormal behaviour were
recorded daily and dead fish were removed from
the tanks. On day 4, 7, 14 and 21, 17 fish per
replicate were randomly sampled and humanely
sacrificed (according to German Animal Welfare
Regulations). In the MT+F combination study
12 fish were taken on day 4, 7 and 14. Total
length and the wet weight were determined.
Subsequently individual fish were transferred
into labelled eppendorf® tubes, frozen and
stored at −20 °C for homogenisation and VTG
analysis.

2.3.2. Analytical chemistry
From each test vessel (both replicates), 500 ml
samples of the test or control water were taken
on day 0, 4, 7, 14, and 21 (no samples were
taken from the combination test). Sample bottles were pre-incubated for 30 min with the water sample to saturate the bottles, the sample
water discarded and then refilled with fresh water sample. Chemical analyses of the test concentrations in the respective water samples were
carried out for each replicate of the treatment
groups, SC and control for each sampling point.
Concentrations of MT were analysed by radioimmunoassay, concentrations of F were determined
by
high
performance
liquid
chromatography and UV detection.
2.3.3. VTG enzyme linked immunosorbant assay
(ELISA)
After thawing the fish (n =32 per group and
sampling day and n =10 in the combination
test), VTG measurement was carried out according to Panter et al. (2002) in whole body homogenates of the fish using a procedure adapted
from Tyler et al. (1999).
2.3.4. Re6erse transcription-polymerase chain
reaction (RT-PCR)
Total RNA was isolated from the remaining
whole, pulverised fish (n =2 per group and sampling day) with a phenol/chloroform extraction

using TRIzol™-Reagent (Chomczynski and Sacchi, 1993). RNA was transcribed to cDNA (reverse transcription) followed by PCR (35 cycles)
with primer for VTG, estrogen receptor (ER)
and a-Actin, as a housekeeping gene. Further
details of the primer sequences and method can
be obtained from the corresponding author of
this paper.

2.3.5. Statistics
Wet weights, total length and VTG concentrations (original data) were analysed by analysis
of variance (ANOVA). Where the assumptions
of normality and homogeneity of variance were
met, ANOVA was followed by a Dunnett’s test
(two sided) to compare the treatment means
with respective controls. Where the assumptions
were not met data were analysed using a suitable non-parametric test (Wilcoxon’s Rank Sum,
Sokal and Rohlf, 1981). Statistical comparisons
with the control were made using the DWC,
however, when both a SC and a DWC were
present, the SC was used as the overall control.
The results are reported as mean9 standard deviation (S.D.). Concentration related responses
were determined using a linear regression statistical package (Dunnett, 1964).

3. Results

3.1. Test solution analyses
Mean actual concentrations analysed are given
in Table 1. The concentrations in the combination test were not determined. The mean measured concentration of the EE2 positive control
was 5.2 ng/l and determined in the F study,
only. Although the mean concentrations
analysed were below (MT) or higher (F) than
nominal concentrations intended, no systematic
error in weighing could be identified. In view of
the fact that the actual concentrations followed
the dose response as intended, the measured
concentrations were considered acceptable. For
the MT and F studies values are reported as
actuals, whereas for the combined study nominals are used.

M. Zerulla et al. / Toxicology Letters 131 (2002) 51–63

3.2. Mean body weight and total length
Mean body weight and length data are presented in Table 2.
MT exposed fish showed a significant (P 5
0.05) increase in wet weight and total length on
day 7 in the 10, 100 mg MT/L and EE2 positive
control) compared with the SC (Table 2). However, due to the lack of a dose- and temporal
related response, these effects were not considered
as being compound related.
Length and weight was not affected by any of
the test substances, indicated by a lack of a concentration related suppression or amplification at
each sampling occasion. However, it appeared
that it was extremely difficult to obtain representative samples of the fish populations at each
sampling occasion, since the fish weight and
length did not continuously increase as expected.
Only in the F experiment there was a time dependent increase at all concentrations.

3.3. Sex ratio of untreated fish
On day 0 ( =start of exposure) one group of 40
non-treated sexually undifferentiated juveniles
were randomly selected out of each of the two
batches of acclimated juveniles and held under the
same conditions until the fish showed secondary
sex characteristics (\6 months), e.g. the black
dorsal fin, the tubercles and an aggressive behaviour for the male fish. After sacrificing the

surviving fish in MS222 (300 mg/l) the sex ratio
was determined macroscopically.
For each batch of fish the sex ratio was nearly
1:1 (19 female to 21 male, or 18 female to 20
male).

3.4. Mortality
In Table 3, mortality of each test is
summarised.
In none of the treatment groups \ 10% mortality was recorded (Table 3). Exposure to 29.5 and
52.4 mg/l MT produced a slight increase in mortality when compared with the lower dose, SC and
control group. In addition, many fish in the MT
groups were cannibalised, such that not all fish
were accounted for at the end of the study. Because of this no statistically analysis of the last
sampling day (day 21) of this study can be done.

3.5. VTG le6els in whole body homogenates
VTG levels were determined in whole body
homogenates, as the amount of blood necessary
for VTG determination in plasma samples could
not be obtained from such juvenile fish employed
here.
A sub-sample of 32 and ten untreated fish from
the MT and F studies and the MT and F combination test, respectively, were sampled to obtain
baseline levels of VTG in whole body homogenate, body weight and total length of the fish

Table 1
Nominal vs. mean measured concentration for the three different studies
Study

Chemical

Nominal concentration (mg/l)

Mean measured concentration (mg/l9S.D.)

MT test

MT

F test

F

Combination test

MT
F
MT+F

10.0
50.0
100.0
25.0
50.0
100.0
10.0
50.0
10.0+50.0

6.9 9 0.8
29.5 9 3.1
52.4 9 10.5
37.7 9 3.1
87.4 9 2.4
114.6 9 1.4
n.d.
n.d.
n.d.

n.d., Not determined; S.D., standard deviation.
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Table 2
Mean body weight and total length of the exposed fish
Nominal concentration
(mg/l)

Day 0 untreated
fisha

MT test (n = 32, day 21 n=3–12)
0.0 (C)
80.49 82.9
15.893.6
0.0 (SC)
10.0
50.0
100.0
EE2
F test (n =32)
0.0 (C)

a

65.3 938.4
14.7 92.8
160.3 9136.1
18.1 95.2
138.1 9135.3
17.5 945.7
97.3 9100.3
14.8 94.1
129.8 9105.1
16.9 94.4
96.0 968.4
15.9 93.1

65.1 9 57.4
14.1 9 3.3
84.7 9 141.4
14.2 9 5.5
210.5 9 163.3
20.5 9 5.0
30.5 9 17.7
12.5 9 0.7
133.0 9 132.9
16.5 9 5.0
56.3 9 48.0
13.2 9 3.7
200.9 9 115.3
20.0 9 4.4
193.5 9 86.0
19.7 9 3.1
225.1 9 107.6
20.4 9 3.7
185.3 9 109.7
20.5 9 4.0
153.2 9 89.7
19.2 9 3.8

170.5 9 88.2
19.0 9 3.1
139.1 9 79.4
17.8 9 3.2
140.8 9 72.7
18.4 9 3.2
140.2 9 67.6
18.9 9 3.2
112.2 9 63.0
17.5 9 3.4

84.8 962.5
1493

45.19 41.5
129 4
176.9 9 181.2
179 6
57.99 62.9
149 3
35.7 9 33.7
129 4

175.5 9 132.5
199 5
154.1 9 124.5
189 5
80.9 9 66.3
159 5
77.8 9 109.8
149 4

162.6 9109.6
19 9 5
162.8 9127.2
169 6
139.1 9129.4
179 6
201.8 9159.2
219 5

EE2

10.0 (MT)+50.0 (F)

Day 21 (mg)
(mm)a

140.3 9 87.1
12.9 9 2.4
137.8 9 87.0
17.2 9 3.9
68.5 9 48.2
13.5 9 3.5
97.0 9 62.5
16.6 9 3.2
93.7 9 58.4
15.6 9 3.7

100.0

50.0 (F)

27.9 924.3
11.2 92.8
35.5 932.2
12.3 92.8
79.9 9113.9
14.6 94.1
65.2 992.5
13.3 94.4
69.1 9139.3
14.3 94.9
69.1 961.2
14.3 93.6

Day 14 (mg)
(mm)a

51.5 930.2
14.2 92.4
53.4 9 45.3
13.89 3.4
51.69 38.6
13.39 3.1
53.7 9 37.8
14.99 3.0
59.39 43.0
15.3 93.2

50.0

10.0 (MT)

25.8913.1
11.392.3
41.2 946.2
11.594.0
57.2943.2
13.793.5
40.8949.5
12.094.0
40.9 941.1
12.593.6
47.3949.0
12.59 3.6

Day 7 (mg)
(mm)a

73.2 9 56.9
15.19 3.1

25.0

Combination test (n = 10)
0.0 (SC)

Day 4 (mg)
(mm)a

–
–
–
–

Representing individual batches of fish, randomly selected from the exposure tanks at the respective days.

at the start of the experiment (= day 0), the VTG
levels of these fish were not shown in the figures.

3.5.1. Methyltestosterone
A time dependent increase in VTG concentrations was observed in fish exposed to MT (Fig. 1).
Fathead minnows exposed to 6.9 mg MT per l for
4 days had VTG concentrations more than 4.6fold higher than fish of the SC (1301 vs. 280
mg/ml, respectively). At day 14 the VTG concentrations in, MT-exposed fish had increased to
more than 9000 mg/ml in all exposure concentra-

tions. For all time points and in each treatment
group the increase was significant (P 5 0.05),
compared with the SC.

3.5.2. Fadrozole
A decrease in whole body VTG concentrations
was observed in fish exposed to F (Fig. 2). This
decrease was significant (P5 0.05) only in the 87.7
mg F per l group at day 7 and 14, and in the 114.6
mg F per l group at day 14. However, it was
neither concentration nor time dependent. VTG
was detectable in all fish (exposed and control).
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3.5.3. Combination test
For the combined testing of F and MT both
substances were dissolved in dimethylformamide
(31 mg DMF per l) and no water (DWC) or
positive (EE2) control was tested. For comparison of VTG concentrations in exposed fish, fish
from the SC were taken (Fig. 3). The simultaneous exposure to F and MT had no significant
effect on whole body VTG concentrations.
3.6. VTG and ER gene expression
3.6.1. Methyltestosterone
The present data suggests that exposure of
fathead minnows to MT leads to a de novo
synthesis of VTG mRNA as of day 4. Juveniles
from the positive control (nominal 10 ng EE2
per l) demonstrated a similar increase in VTG
mRNA. Unfortunately, RNA isolation from the
day 14 samples was unsuccessful, e.g. only very
faded bands for a-actin and no bands of VTG
were visible, respectively. Similarly only one fish
of the positive control presented with a strong
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expression. Exposure of juveniles to MT had no
effect on the ER expression (Fig. 4a).

3.6.2. Fadrozole
No VTG mRNA was detectable in the control fish or in the F exposed juveniles, at all
sampling time points. However, no VTG expression was detectable in the EE2 exposed fish
(corresponding positive control). Actin bands
were detectable in all samples. Weak bands
from day 7 and 21 EE2 exposed fish (positive
control) suggested that some of the RNA had
denatured prior to submission to RT-PCR. Only
very poor bands were detected for the ER in all
juveniles (control or exposed), thus, no conclusions could be drawn from these bands (Fig.
4b).
3.6.3. Combination test
No expression of VTG mRNA could be detected in the MT and F combination test,
whereas, as expected from the previous experiments, the MT exposed fish showed a strong

Table 3
Mortality for each test, n =136 (MT+F), n= 36 (combination test)
Exposure nominal (mg/l)

First week

Second week

Third week

Total (number)

Total (%)

MT
C
SC
10.0
50.0
100.0
EE2

2
–
–
3
2
2

1
1
1
1
4
–

1
–
3
3
1
–

4
1
4
7
7
2

2.9
0.7
2.9
5.1
5.1
1.5

F
C
25.0
50.0
100.0
EE2

–
–
–
1
1

–
–
–
1
–

–
1
–
–
1

–
1
–
2
2

0
0.7
0
1.5
1.5

Combination
SC
10.0 MT
50.0 F
MT+F

–
–
–
–

–
–
–

–
–
–
–

–
–
–
–

0
0
0
0
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Fig. 1. Mean VTG levels in fish homogenate exposed to MT (n = 32, day 21 n =3 – 12).

expression of VTG, while the fish from F and the
SC were negative for VTG mRNA (Fig. 4c).
Actin mRNA was detectable in samples of all
groups. In contrast ER expression was too weak
to derive any conclusions regarding possible
changes in expression.

exposed fish were under 3 months of age, especially as under normal conditions such coloration
effects appear after 6–7 months of age at the very
earliest in our laboratory.

4. Discussion

3.7. Beha6iour and sexual differentiation
No behavioural changes (breathing, swimming
and feeding) were observed in either the MT or F
alone exposed, control and SC fish.
In contrast, fathead minnow juveniles exposed
to MT and F combination demonstrated marked
behavioural effects as of day 13 of exposure.
These effects were characterised by heightened
aggressiveness and marked territorial defence reactions. In addition, typical male sex characteristics, such as black dotted dorsal fins and nuptial
tubercles, were observed in all treated fish. On day
14 all treated fathead minnows developed dark
body coloration, a sign typical for fully sexual
mature males. It is important to stress that the

The general aim of this study was the establishment of baseline data regarding VTG at the
mRNA and protein level, in juvenile fathead minnows. In addition the question was asked whether
juveniles would be suitable test organisms for
screening of chemicals to be tested for hormonal
activity.
The yolk protein VTG is a widely used surrogate parameter for the detection of exposure to
estrogenic substances in vivo and in vitro (Folmar
et al., 1996; Sumpter and Jobling, 1995). In order
to study whether a VTG response can be measured also as a consequence of exposure to compounds displaying hormonal activity other than
estrogenicity, juvenile fathead minnows were ex-
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posed to an androgen, an aromatase inhibitor, and
to a combination of both.
MT was chosen as androgen because the methylgroup at the C17-atom makes it distinguishable
from the endogenous testosterone for analytical
purposes. F is a potent aromatase-inhibitor employed for treatment of ER-positive breast-cancer
(Michaud and Buzdar, 1999).
Following exposure of fathead minnows to F a
slight concentration dependent, significant (P 5
0.05) decrease of the whole body VTG levels,
compared with the control (DWC) was observed in
some of the treatment groups, but this decrease was
accompanied by a time dependent increase of VTG
per treatment group. This observation is corroborated by the fact that VTG in fathead minnows has
a very long half-life (approximately 9 days; Craik,
1977). No de novo synthesis of VTG mRNA could
be detected with the RT-PCR. Whether this is a
right observation or due to an incomplete RNA
isolation, is impossible to derive from the data
present. Given as a single compound, no adverse
effects on the growth, mortality, the behaviour or
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on general health of exposed fish could be observed
over the whole exposure time.
Exposure of juvenile fathead minnows to MT
produced no clear pattern as to body weight and
length, i.e. the fish varied very strongly in their body
weight, but not in length. Despite the weight
variability, no compound related effect on growth
could be detected, suggesting a lack of general
non-specific toxicity at the test concentrations employed. In corroboration to this observation, MT
(200 mgMT per l) had no effects on growth in mud
loach (Migurnus mizolepis; Nam et al., 1998).
Contrary to the expectation that MT would
induce a masculinisation of juvenile fathead minnows, a significant (P5 0.05) time and concentration dependent increase of VTG levels in the whole
body homogenate became apparent. Indeed, MT
was reported to induce masculinisation of various
different fish species (Varadaraj et al., 1994;
Blàzquez et al., 1995), e.g. ] 99.3% masculinisation
in mud loach (M. mizolepis) fry to exposed 100 and
200 mg MT per l (Nam et al., 1998). On the other
hand, feminisation effects of MT were described for

Fig. 2. Mean VTG levels in fish homogenate exposed to F (n =32).
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Fig. 3. Mean VTG levels in fish homogenate exposed in the combination test (n = 10).

goldfish (Hori et al., 1979) or cultured rainbow trout
hepatocytes (Mori et al., 1998).
Ankley et al. (2001) demonstrated masculinisation in adult fathead minnows via a waterborne
exposure to 200 mg MT per l, while simultaneously
an increase in plasma VTG levels was observed. The
data presented here corroborate these earlier findings in that with RT-PCR it was possible to detect
a de novo synthesis of VTG mRNA in the MT
exposed fish.
In view of these slightly contradictory observations, two hypotheses appeared as potential explanations for the MT dependent increase of whole
body VTG levels: MT binds with low affinity to the
ER and thus, activates VTG transcription. Or
alternatively MT is converted through the endogenous aromatase to an estrogen which subsequently
induced VTG transcription.
Consequently, the combination test, simultaneously exposing juvenile fathead minnows to MT
and F, was conducted in order to evaluate the latter
two hypotheses. Direct binding of MT to the ER
should lead to the same VTG increase in exposure

settings with and without F present. On the other
hand the inhibition of the aromatisation of MT with
F should lead to a decrease or stagnation of VTG
levels under the combinatorial exposure conditions.
The results under the combination exposure
conditions strongly suggested that MT can be
aromatised to an estrogen, since no VTG increase
was observed. On the contrary, all exposed fish in
the combination group showed premature secondary male sex characteristics, such as a pigmented
dorsal fin, tubercles or aggressive territory defence.
Furthermore, only the MT exposed fish showed a
de novo synthesis of VTG mRNA in the RT-PCR,
but not the F exposed fish or the fish of the
combination group.
This leads to the presumption, that waterborne
MT was incorporated and converted in fathead
minnows through an endogenous aromatase to an
estrogen, e.g. to methylestradiol (pers. Commun. D.
Kime). Accordingly, exposure to MT leads to a
partial feminisation of the exposed fathead minnows, while in combination with the aromatase-inhibitor F MT was able to exert its full androgenic
potential.
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The comparison of published data on effects of
MT in fish (masculinisation after MT exposure:
mozambique tilapia, Varadaraj et al., 1994 sea
bass Blàzquez et al., 1995 mud leach Nam et al.,
1998, masculinisation with VTG increase: fathead
minnow, Ankley et al., 2001, feminisation after
MT exposure: goldfish, Hori et al., 1979 and
rainbow trout hepatocytes, Mori et al., 1998)
suggests that the prevalence of either feminisation
or masculinisation is species and age specific. Possibly the aromatase activity, specificity, or expression levels vary in different species and in the
different stages of maturation. However, the
present data strongly depict that hormonal active
substances affect the phenotype by interfering
with the process of sexual differentiation, by promoting or inhibiting the expression of certain
genes.
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In conclusion, the present experiments demonstrated, that changes in VTG concentrations are
measurable in mixed sex juvenile fathead minnows at the mRNA and protein level. VTG concentrations not only increase following exposure
to classic estrogens, but also following exposure
to an aromatisable androgen. It was also shown,
that under the influence of the aromatase inhibitor juvenile fathead minnows developed premature strong male secondary sexual characters,
when co-exposed to MT. The morphological and
behavioural changes were found to be an additional important endpoint in short-term tests for
endocrine active substances with androgenic
mechanisms, apart from VTG as biochemical
marker. From these results it becomes evident,
that additional parameters need to be identified
and thoroughly tested for in vivo and in vitro

Fig. 4. Gel electrophoresis of the RT-PCR. A and B stands for the replicates and M for the marker, (A) MT study, (B) F study,
(C) combination test.
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identification of potentially endocrine modulating
substances, especially for androgens or antiandrogens.
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