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Effects of endocrine disrupters on sex steroid synthesis
and metabolism pathways in fish
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Abstract

The interactions of estrogenic (nonylphenol, dicofol, atrazine), androgenic (organotins, phthalates, fenarimol) and anti-androgenic com-
pounds (vinclozolin, diuron,p,p′-DDE) with key enzymatic activities involved in both synthesis and metabolism of sex hormones was
investigated. Carp testicular microsomes incubated in the presence of androstenedione and different xenobiotics evidenced higher sensitivity
of 5�-reductase activity than 17�-hydroxysteroid dehydrogenase activity towards those chemicals. Dicofol, organotins and phthalates were
among the most effective inhibitors. In contrast, ovarian synthesis of maturation-inducing hormones (20�- and 20�-hydroxysteroid dehydro-
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enase activities) were enhanced by nonylphenol, dicofol, fenarimol andp,p′-DDE. Metabolic clearance pathways of hormones were
ffected. Fenarimol, nonylphenol and triphenyltin inhibited the glucuronidation of testosterone and estradiol at concentrations as
0 and 100�M, respectively. Triphenyltin, tributyltin and nonylphenol were also inhibitors of estradiol sulfation with IC50 values of 17, 1
nd 41�M. Overall, the data indicates the interaction of selected chemicals with key enzymatic pathways involved in both synt
etabolism of sex hormones. This interference might be one of the underlying mechanisms for the reported hormonal disrupting
f the tested compounds, and might finally affect physiological processes such as gamete growth and maturation.
2004 Elsevier Ltd. All rights reserved.

eywords:Endocrine disrupters; 17�-HSD; 5�-Reductase; 20�/�-HSD; UGT; Estradiol-SULT; Fish

. Introduction

There is now clear evidence that numerous xenobiotic
ompounds act as endocrine disrupters (EDs) in wildlife af-
ecting reproductive functions. The effects of EDs have been
xtensively reported in fish; they include inhibition of gonad
rowth, reduction in the number and quality of germ cells,

eminisation and masculinisation[1]. However, the mecha-
isms of action of those compounds are not well understood.

Sex steroids have two classical functions in fish develop-
ent: they act as morphogenic factors during sex differen-

iation, and as activational factors during sexual maturation.
ex differentiation and gamete growth are regulated by an-
rogens and estrogens[2], while maturation of both oocyte
nd spermatozoa depends on maturation-inducing hormones
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(MIH) [3,4]. Both, sex steroids and MIH, act through s
cific nuclear or membrane receptors in target cells, and m
studies have reported the interaction of EDs with those re
tors[5–8]. The interference of xenobiotics with the synthe
and clearance of key sex hormones may also alter bioa
able amounts of active hormones within the organism,
be a potential mechanism of endocrine disruption viz. p
cyclic aromatic hydrocarbons (PAHs) had an inhibitory
fect on CYP17, 17�-hydroxysteroid dehydrogenase (17�-
HSD), and P450 aromatase in vitellogenic ovarian tissu
the flounder (Platichthys flesusL.) [9]. Other studies hav
shown inhibition of P450 aromatase activity by fungici
[10,11]. Since a number of cytochrome P450 subfam
(CYP2K and CYP3A) participate in both steroid and xen
otic metabolism in fish[12,13], interactions between foreig
chemicals (e.g. alkylphenols, prochloraz, several imida
compounds) and different P450 isoforms involved in ste
metabolism have often been reported[14–16].
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Fig. 1. Schematic representation of the steroid synthesis and metabolism pathways studied in carp. HSD, hydroxysteroid dehydrogenase; 5�-Re, 5�-reductase;
UGT, UDP-glucuronosyltransferase; SULT, sulfotransferase; -GLU, glucuronide; -SO3H, sulphate; MIH, maturation-inducing hormone.

However, less attention has been paid to the interac-
tion of xenobiotics with steroid phase II metabolism. Glu-
curonidation and sulfation are important routes of clear-
ance of active hormones, generating a pool of hormone-
conjugates that may be excreted or re-converted to the ac-
tive form in peripheral tissues. Thus, alteration of those
metabolic pathways may greatly affect levels of active hor-
mones. Moreover, alkylphenols have been shown to reducep-
nitrophenol and testosterone glucuronidation in salmonoids
[15,17]whereas polychlorinated biphenyls (PCBs) increased
estradiol glucuronidation[18,19]. Estrogen-sulfotransferase
activities have been recently described in fish[20], and the
interference of straight chain 4-n-alkylphenols with estrone
sulfation reported[21].

Thus, this study was designed to further assess the in
vitro interactions of EDs with key enzymatic activities in-
volved in both synthesis and metabolism of sex hormones
in fish by focussing on those pathways where few or no
data is available, namely: (a) testicular metabolism of an-
drostenedione, the classical androgen precursor; (b) ovar-
ian synthesis of MIH; and (c) sulfation and glucuronida-
tion of testosterone and estradiol. Any interference of
xenobiotics with those enzymatic pathways would affect
key physiological processes, such as gamete growth and
maturation (Fig. 1). To this end, widely used xenobi-
o enic
( ltin
—

phthalate —DBP-, di-(2-ethylhexyl) phthalate —DEHP-,
fenarimol), and anti-androgenic compounds (vinclozolin,
diuron, p,p′-DDE) were selected and incubated in vitro
with subcellular fractions isolated from carps (Cyprinus
carpio).

2. Materials and methods

2.1. Chemicals

[1�-3H(N)]-androstenedione was purchased from
PerkinElmer Life Sciences (Boston, MA), [6,7-3H]-
estradiol and [4-14C]-testosterone were from Amersham
(Buckinghamshire, England). The radiochemical purity
of labelled androstenedione, estradiol and testosterone
was analysed by Radio-HPLC and found to be >97%.
Testosterone (T), estradiol (E2), androstenedione (�4), 17�-
hydroxyprogesterone (17�-OHP), 5�-dihydrotestosterone
(5�-DHT), UDPGA and NADPH were obtained from
Sigma (Steinheim, Germany) and PAPs (adenosine 3′-
phosphate 5′-phosphosulfate, tetralithium salt) were from
Calbiochem (Darmstadt, Germany). 5�-Androstene-3,17-
dione (5�-Adione), 17�,20�-dihydroxy-4-pregnen-3-one
(17�,20�-DP) and 17�,20�-dihydroxy-4-pregnen-3-one
( on,
N de
(

tic compounds referenced in the literature as estrog
4-nonylphenol, dicofol, atrazine), androgenic (tripheny

TPT-, tributyltin —TBT-, dibutyltin —DBT-, di-n-butyl
17�,20�-DP) were purchased from Steraloids (Wilt
H). Acetonitrile used for HPLC was of analytical gra

Merck, Darmstadt, Germany).
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2.2. Microsomes and cytosol preparation

Male and female carps (C. carpio) were collected by elec-
trofishing from the Ebro River (Spain). Fish were sacrificed
and the liver and gonads immediately dissected, frozen in liq-
uid nitrogen, and stored at−80◦C until preparation of sub-
cellular fractions. Gonad and livers were flushed with ice cold
1.15% KCl, and homogenised in 1:5( w/v) of cold 100 mM
potassium-phosphate buffer pH 7.4, containing 100 mM KCl,
1 mM EDTA, 1 mM dithiothreitol, 0.1 mM phenantroline and
0.1 mg/mL trypsine inhibitor. Homogenates were centrifuged
at 1500×g for 15 min, the fatty layer removed and the ob-
tained supernatant centrifuged at 12,000×g for 20 min. The
12,000g supernatant was further centrifuged at 100,000×g
for 60 min to obtain the cytosolic and microsomal fractions.
Gonad microsomal pellets were washed in homogenised
buffer and centrifuged again at 100,000×g for 30 min. Mi-
crosomes were resuspended in a small volume of 100 mM
potassium-phosphate buffer pH 7.4, containing 1 mM EDTA,
1 mM dithiothreitol, 0.1 mM phenantroline, 0.1 mg/mL tryp-
sine inhibitor and 20%( w/v) glycerol. Proteins were mea-
sured according to Lowry et al.[22], using bovine serum
albumin as standard.

2.3. Androstenedione testicular metabolism
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17�-hydroxyprogesterone (17�-OHP), was completed by
2× 1 mL ethyl acetate. The ethyl acetate fraction was evap-
orated to dryness under nitrogen stream, redissolved in
acetonitrile-water (1:1, v/v), and injected onto the reverse
phase HPLC column.

2.5. Testosterone and estradiol
UDP-glucuronosyltransferase activities

Testosterone and estradiol UDP-glucuronosyltransferase
(T-UGT and E2-UGT) activities were assayed by preincu-
bating 0.4 mg of liver microsomal protein in Tris–HCl buffer
(50 mM), MgCl2 (10 mM), pH 7.4 with xenobiotic for 20 min
at 25◦C. Assays were started with UDPGA (3 mM) after ad-
dition of 14C-testosterone or3H-estradiol (100�M as final
concentration and final volume 0.25 mL). Then, an additional
incubation of 30 min was carried out in a shaking water bath
maintained at 25◦C. The reaction was stopped by adding
2 mL of ethyl acetate, and the extraction of unmetabolized
steroids was completed by 2 mL× 2 mL of ethyl acetate. An
aliquot (50�L) of the remaining aqueous phase containing
glucuronides was quantified by liquid scintillation counting.
Effects of chemicals on T- and E2-UGT activities were firstly
investigated at 1 mM, and when a striking effect was detected,
assays were repeated at 500, 100, 50, 10, 1, 0.1 and 0.01�M
i ibi-
t
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According to histology of gonads determined in a prev
tudy[23], male carps showing a pronounced spermatog
ctivity were used to investigate the effects of chemical
ndrogen synthesis. Assays were carried out by preincub
.1 mg of testicular microsomal protein in Tris–HCl buf
50 mM), MgCl2 (10 mM), pH 7.4 with 100�M of xenobi-
tic for 10 min at 25◦C. Assays were started with NADP
300�M) after addition of3H-androstenedione (0.1�M as
nal concentration) and additional incubation for 15 m
n a shaking water bath maintained at 25◦C (final vol-
me 250�L). Incubations were stopped by adding 250�L
f acetonitrile and after centrifugation (1500×g, 10 min),
00�L of supernatant were injected onto the RP-HP
olumn.

.4. Ovarian synthesis of MIH

According to histology of gonads[23], female carps be
ng in a maturing stage, with oocytes near maximum
nd containing numerous densely-packed vitelline gran
ere used to investigate the effects of chemicals on
ynthesis. Assays were carried out by preincubating
f ovarian microsomal protein in Tris–HCl buffer (50 mM
gCl2 (10 mM), pH 7.4 with 1 mM of xenobiotics fo
0 min at 25◦C. Assays were started with NADPH (2 m
fter addition of 17�-hydroxyprogesterone (200�M as fi-
al concentration) and additional incubation for 2 ho

n a shaking water bath maintained at 25◦C (final vol-
me 0.5 mL). Incubations were stopped by adding 1 m
thyl acetate, and extraction of metabolites and uncha
n order to calculate concentrations resulting in 50% inh
ion (IC50).

.6. Estradiol-sulfotransferase activity

The first step of the study consisted on the dete
ation of the kinetic parameters (Km, Vmax) of estradiol-
ulfotransferase (E2-SULT) activity and the protein conce
ration range in which the activity was linear, in order
haracterise this enzymatic activity and to find the best i
ation conditions to investigate xenobiotics effects. E2-SULT
inetic parameters (Km andVmax) were determined using3H-
2 concentrations ranging from 0.001 to 10�M. Assays wer
arried out by incubating 0.025–1 mg of liver cytosolic p
ein with the substrate and 10�M PAPS in Tris–HCl buffe
50 mM), MgCl2 (10 mM), pH 7.4 and Na2SO3 (5 mM) as
ulfatase inhibitor (final volume 170�L). Samples were incu
ated for 30 min in a shaking water bath maintained at 25◦C.
he reaction was stopped with 3 mL of dichloromethane

er addition of 200�L of Tris–HCl buffer (50 mM) pH 8.2 in
rder to avoid sulphate hydrolysis. The extraction of un

abolized E2 was completed by 3 mL of dichloromethane a
n aliquot (200�L) of the remaining aqueous phase cont

ng E2-sulfate was quantified by liquid scintillation countin
ffects of chemicals on E2-SULT activity were assessed
reincubating 25�g of liver cytosolic protein with xenob
tics in Tris–HCl buffer (50 mM), MgCl2 (10 mM), pH 7.4
nd Na2SO3 (5 mM) (final volume 170�L). The reaction
as started with PAPS (10�M) after addition of3H-estradio

0.01�M as final concentration). Samples were incubate
0 min in a shaking water bath maintained at 25◦C. Reaction
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was stopped and the samples were treated as described above.
Effects of chemicals on E2-SULT were firstly investigated at
100�M and when a striking effect was detected, assays were
repeated at 50, 25, 10, 5, 1, 0.1, 0.01 and 0.001�M in or-
der to calculate concentrations resulting in 50% inhibition
(IC50).

2.7. Analysis of metabolites

HPLC separations were performed on a Perkin–Elmer Bi-
nary LC pump 250 system equipped with a 250 mm× 4 mm
LiChrospher 100 RP-18 (5�m) reversed-phase column
(Merck, Darmstadt Germany) protected by a guard col-
umn LiChrospher 100 RP-18 (5�m). Separation of3H-
androstenedione metabolites was performed at 1 mL/min

with a mobile phase composed of: (A) 75% water and 25%
acetonitrile; and (B) 25% water and 75% acetonitrile. The run
was set as follows: 0–30 min, linear gradient from 100% A
to 100% B, 30–35 min 100% B. For separation of 17�-OHP
metabolites, the HPLC gradient system elution was pumped
at 1 mL/min with a mobile phase composed of: (A) 71% wa-
ter and 29% acetonitrile; and (B) 100% acetonitrile. The run
consisted on a 30 min linear gradient from 100% A to 60%
B, 30–35 min linear gradient from 60% B to 100% B, and
34–40 min 100% B. Radioactive metabolite peaks were mon-
itored by on-line radioactivity detection with a Radioflow
detector LB 509 (Berthold Technologies, Bad Wildbad, Ger-
many) using Flo-Scint 3 (Packard BioScience, Groningen,
The Netherlands) as scintillation cocktail. Metabolites were
quantified by integrating the area under the radioactive peaks.

F
t

ig. 2. Effect of chemicals on�4 metabolism by carp testicular microsomes
riplicate. Data presented as mean± S.D.* Significantly different from control. nd
. Assays containing 0.1�M �4 and 100�M xenobiotic were carried out in
= not determined.
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The elution of non-radioactive metabolites was monitored
at 254 nm using an UV-detector (Knauer LC-photometer).
Metabolites were quantified by integrating the area un-
der the peaks and using the calibration curve of authentic
standards.

The metabolites were analysed by GC–MS (EI+) as
trimethylsilyl (TMS) derivatives and the chemical structures
were identified by comparison of the retention times and
the mass spectra with authentic standards. Silylation was
achieved using 100�L of BMSTFA and allowed to stand for
1 h at 70◦C. After the reaction, the samples were evaporated
to dryness under a nitrogen stream, and redissolved in
iso-octane before injection. Mass spectra were obtained
on a Fisons GC 8000 Series chromatograph coupled to a
Fisons MD800 mass spectrometer fitted with a HP-5MS
(30 mm× 0.25 mm i.d., crosslinked 5% PH ME siloxane)
column (Hewlett-Packard). The carrier gas was helium
at 1 mL/min. The oven temperature was programmed as
follows: 90 to 130 at 12◦C/min and from 130 to 320 at
6◦C/min. The injector temperature was 250◦C and the ion
source and the analyser were maintained at 200◦C and
250◦C, respectively.

2.8. Data analyses
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Fig. 3. Effect of chemicals on MIH synthesis by carp ovarian microsomes.
Assays containing 200�M 17�-OHP and 1 mM xenobiotic were carried out
in triplicate. Data presented as mean± S.D. * Significantly different from
control. nd = not determined.

3.2. Effect of chemicals on ovarian MIH synthesis

The HPLC profile of 17�-OHP (RT = 21.1 min) incu-
bated with ovarian microsomes exhibited two metabolites;
17�,20�-dihydroxy-4-pregnen-3-one (17�,20�-DP)
at 16.8 min, and 17�,20�-dihydroxy-4-pregnen-3-
one (17�,20�-DP) at 18.4 min. Control microsomes
formed 326± 104 pmoles/mg/h of 17�,20�-DP, and 23
± 6 pmoles/mg/h of 17�,20�-DP. Interestingly, DBT,
p,p′-DDE and DBP at a concentration of 1 mM increased
the synthesis of 17�,20�-DP in the range of 138 to 220%
(Fig. 3). Dicofol increased the synthesis of 17�,20�-DP
to 310%, but due to high variability between samples, this
increase was not statistically significant. The synthesis of
17�,20�-DP was strongly enhanced by dicofol (307%),
but also by fenarimol (284%),p,p′-DDE (241%), and DBP
The Michaelis–Menten parameters (Km andVmax) were
stimated by analysing Lineweaver–Burk plots and u
adie–Hofstee transformation. Statistical analyses were

ormed using Student’st-test with the level of significanc
et atp≤ 0.05 unless otherwise indicated.

. Results

.1. Effect of chemicals on androstenedione testicular
etabolism

In testicular microsomes, the radio-HPLC profile of3H-
ndrostenedione (RT = 22 min) exhibited three metabolite

estosterone (T) at 20 min, 5�-dihydrotestosterone (5�-DHT)
t 24 min, and 5�-androstenedione (5�-Adione) at 26 min
icofol and dibutyltin at a concentration of 100�M signif-

cantly inhibited the synthesis of T (42% and 16%, res
ively) (Fig. 2). An inhibitory effect was observed forp,p′-
DE but due to high variability, the effect was not significa

n contrast, seven out of the twelve chemicals tested led
ignificant inhibition of 5�-Adione production (Fig. 2). The
trongest inhibitor was dicofol, at a concentration of 100�M

ed to 90% inhibition. Organotin compounds (TPT, TBT,
BT) and phthalates (DBP, DEHP) inhibited the forma
f 5�-Adione in the range of 45–65%. A weak inhibito
ffect (25%) was observed for atrazine. Concerning the

hesis of 5�-DHT, dicofol was the strongest inhibitor (74%
ollowed by DBP (41%) and DBT (24%) (Fig. 2). The effec
f atrazine on 5�-DHT synthesis is not presented becaus

he great discrepancy observed between samples.
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Fig. 4. Effect of chemicals on T- and E2-UGT activities in carp liver microsomes. Assays containing 100�M T or E2 and 1 mM xenobiotic were carried out
in triplicate. Data presented as mean± S.D. Significantly different from control*p≤ 0.05,** p≤ 0.01.

(156%). The most striking effect was detected for NP, which
enhanced 8 – 17-fold the synthesis of this metabolite (Fig. 3).
The effect of atrazine and diuron was not assessed because
of co-elution with metabolites in the HPLC system.

3.3. Effect of chemicals on T-UGT and E2-UGT
activities

Fig. 4 shows the effect of chemicals on T- and E2-UGT
activities when tested at a concentration of 1 mM. Kinetics
of inhibition for NP, dicofol, TPT and fenarimol are pre-
sented inFig. 5. E2-UGT activity was strongly reduced by
TPT, fenarimol and NP, the percentage of inhibition being
64%, 74%, and 90%, respectively. Inhibitions were dose-
dependent, and IC50 values were estimated at 692± 134,
92± 63, and 224± 25�M, respectively. TPT, fenarimol and
NP were even stronger inhibitors of T glucuronidation. When
tested at a concentration of 1 mM, 70%, 85%, and 95% inhibi-
tion was measured. Inhibition was dose-dependent, and IC50
values were of 623± 192, 139± 8 and 71± 20�M, respec-
tively. Interestingly, while TPT, fenarimol and NP strongly
affected both UGT activities, dicofol significantly inhibited
T glucuronidation (81% inhibition; IC50 293± 11�M) with
no significant effect on E2-UGT. Similarly, TBT and DBT
were only inhibitors of T glucuronidation.

3

–
M ma-

tion of the kinetic data suggested the presence in the liver
cytosol of two SULT activities able to conjugate E2 (data not
shown). The activity with the greatest affinity for E2 showed
a Km of ≈ 17 nM while the other activity exhibited aKm
of ≈ 3.2�M. Inhibition experiments were conducted using
0.01�M E2, and thus with the sulfotransferase activity show-
ing the greatest affinity for E2. Only three compounds, NP,
TPT and TBT were found to inhibit significantly E2-SULT
activity. Inhibitions were dose-dependent and NP, TPT and
TBT showed IC50 values of 41± 6, 17± 3 and 18± 13�M,
respectively (Fig. 6).

4. Discussion

In carp gonad microsomes, the metabolism of�4 led to
the production of T, 5�-Adione and 5�-DHT. T is synthe-
sised by the reduction of�4, a pathway involving the reduc-
tive 17�-hydroxysteroid dehydrogenase (17�-HSD) activity,
whereas 5�-Adione and 5�-DHT come from 5�-reduction
of �4 and T, respectively (Fig. 1). Among tested com-
pounds, dicofol and DBT were the only inhibitors of 17�-
HSD, and the effect of DBT was rather weak (Fig. 2). Thus,
the inefficiency of most of the tested compounds to inhibit
T synthesis may indicate that 17�-HSD are not likely tar-
g t this
h f-
f no-,
d s
3

.4. Effect of chemicals on E2-SULT activity

E2-SULT activity did not follow a strict Michaelis
enten kinetic. A break in the Eadie-Hofstee transfor
ets for EDs. In fact, several vertebrate studies suppor
ypothesis, viz. Mc Vey and Cooke[24] examined the e

ects in rat testis of a range of organotin compounds (mo
i-, tri-butyltin, mono-, di-, tri-octyltin) on the activitie
�-HSD and 17�-HSD, and reported that 17�-HSD was
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Fig. 5. Dose-dependent effects of EDs on T- and E2-UGT activities in carp
liver microsomes. Assays were carried out in triplicate, and presented as
mean values.

unaffected while 3�-HSD was only inhibited by mono-
octyltin and TBT. Similarly, Doering et al.[25] assessed the
effects of butyltins on human androgen metabolism, and re-
ported no effect on brain 17�-HSD activity working with
0.1�M �4 as substrate and concentrations up to 200�M
of butyltins. Also, octylphenol has been shown not to affect
17�-HSD activity in cultured rat Leydig cells[26]. The only
positive result described so far is the inhibition by TPT of
human 17�-HSD cytosolic (type 1) and microsomal (type
3) activities[27]. IC50 values were estimated at 10.5�M for
17�-HSD 1 and 4.2�M for 17�-HSD 3.

�4 and T are both substrates of 5�-reductase and they are
reduced to 5�-Adione and 5�-DHT, respectively (Fig. 1).
Whether the same or distinct 5�-reductase isoforms are in-
volved in the reduction of�4 and T remains to be determined,
but the effect of xenobiotics on 5�-reductase activity were
more marked when assessed by quantification of 5�-Adione
synthesis than 5�-DHT production (Fig. 3). The formation

Fig. 6. Dose-dependent effects of EDs on E2-SULT activity in carp liver
cytosol. Assays were carried out in triplicate, and presented as mean values.

of 5�-Adione was inhibited by organotin compounds (TPT,
TBT and DBT), phthalates (DBP, DEHP), and dicofol; while
the formation of DHT was only affected by dicofol, DBP
and DBT. Few investigations have been conducted on the ef-
fects of environmental contaminants on 5�-reductases, but in
agreement with our data, TPT and TBT have been shown to
inhibit human brain 5�-reductase (type 1) and prostate 5�-
reductase (type 2) activities[25,27]; and DBT is reported to
inhibit human brain 5�-reductase[25]. In contrast, vinclo-
zolin did not affect the conversion of T to 5�-DHT in rats
[28], nor in carps (this study).

Incubation of ovarian microsomes with 17�-OHP lead
to the formation of 17�,20�-DP and 17�,20�-DP, the
20�-epimer being the major metabolite. In salmonoid fish,
17�,20�-DP is known to play a major role in the final ga-
mete maturation in both male and females[29,3]. Addition-
ally, free and sulfated forms of 17�,20�-DP were among
the most important pheromonal steroids released by female
goldfish, indicative of spawning readiness[30]. To our knowl-
edge, this is the first report on the effects of chemicals on 20�-
and 20�-hydroxysteroid dehydrogenase activities (20�-HSD
and 20�-HSD), the key enzymes involved in the formation
of 17�,20�-DP and 17�,20�-DP, respectively. The obtained
data shows a significant effect of NP that increases the synthe-
sis of the 20�-epimer, but also dicofol,p,p′-DDE, DBP and
f ′ sis
o ions
o , the
m been
r to
r lise
x y-
7 to
b ,
2 like
enarimol;p,p -DDE, DBP, and DBT increased the synthe
f the 20�-epimer. This effect was observed at concentrat
f xenobiotic five-fold higher than substrate. Nonetheless
echanism behind the activation remains unclear. It has

eported that 20�- and 20�-HSD are members of aldo-ke
eductase superfamily[31]. These enzymes can metabo
enobiotics, e.g. 20�-HSD oxidised trans-7,8-dihydrox
,8-dihydrobenzo[a]pyrene (B[a]P trans-dihydrodiol)
enzo[a]pyrene-7,8-dione (B[a]P o-quinone)[32]. Moreover
0�-HSD was shown to exhibit a carbonyl reductase-



492 R. Thibaut, C. Porte / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 485–494

structure and activity in rainbow trout ovary, catalysing the
NADPH-dependent reduction of a variety of endogenous
and foreign carbonyl compounds (4-nitrobenzaldehyde and
menadione) to the corresponding alcohols[33]. The simul-
taneous binding of two substrate molecules, 17�-OHP and
a xenobiotic in the active site of the enzyme, is likely to
occur and could be one of the mechanisms accounting for
the observed 20�-HSD and 20�-HSD activations as previ-
ously indicated for some P450 isoenzymes[34]. Among the
tested compounds, DBP contains two carbonyl groups and
it is, therefore, a potential substrate for carbonyl reductases.
NP, dicofol and fenarimol possessing an alcohol function are
also likely to be substrates of aldo-keto reductases and thus
possible ones for 20�/�-HSD. Alternatively, a specific inhi-
bition of those compounds on 17�-hydroxylase/C17,20 lyase
(P450c17), that converts 17�-OHP to�4 (Fig. 1), would lead
to an increased amount of substrate available for 20�/�-HSD
in our in vitro system, and consequently increased formation
of 17�,20�/�-DP. In fact, the ability of NP to directly inhibit
P450c17 activity in vitro has been demonstrated in rat testis
[40]. In this case, the effect of NP and other active xenobiotics
would be comparable to the shift from�4 to 17�,20�/�-DP
production observed when the transition from gamete growth
to gamete maturation occurs.

Finally, xenobiotic disruption of metabolic clearance path-
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significantly inhibited testosterone glucuronidation in trout
hepatocytes. Overall, the data available supports the hypoth-
esis that some compounds (pesticides, alkylphenols) may
alter the glucuronidation of testosterone and estradiol, and
this interference may account for significant in vivo alter-
ations. In vivo studies are rather limited, but NP was shown
to decrease testosterone UDP-glucuronosyltransferase activ-
ities in salmon and trout[15,17].

Among the 12 tested xenobiotics, NP, TPT and TBT were
the only three compounds inhibiting E2 sulfation. Octyl- and
nonylphenol were potent inhibitors of the sulfation of E2 in
human platelets[36], and straight chain 4-n-alkylphenols in-
hibit the sulfation of estrone in chub liver, being longer chain
compounds the most potent inhibitors[21]. The authors es-
timated an IC50 value for octylphenol and 4-n-nonylphenol
below 1�M. In this study, the IC50 for NP is 40�M, but we
were using commercial NP that is a mixture of isomeric com-
pounds differing in the structure of the alkyl chain. TPT and
TBT were even stronger inhibitors of E2 sulfation with IC50
values at 17�M. Lineweaver-Burk plots analyses of inhibi-
tion kinetics showed competitive and non-competitive inhi-
bition types for NP and TPT, respectively (data not shown).

Table 1summarises the effects of selected EDs on the
enzymatic activities. Among the biosynthesis pathways, 5�-
reductases were more sensitive to xenobiotics modulation
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Fenarimol — — —
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Diuron — — nd
pp′-DDE — — ↑

SD, hydroxysteroid dehydrogenase; 5�-Re, 5�-reductase; UGT, UDP-g
ignificant effect, nd = not determined.
han 17�-HSD. Hence, dicofol, atrazine, organotins and
halates had an inhibitory effect on 5�-reductase. This led to
ecrease in the synthesis of 5�-Adione and 5�-DHT. In mam-
als, 5�-DHT is a potent androgen that binds to the andro

eceptor but neither 5�-DHT nor 5�-Adione functions hav
een elucidated in fish. However, a novel fish androge
eptor was shown to have stronger affinity for DHT tha
r 11-ketotestosterone (the classical active androgens in
uggesting that DHT may also have a physiological func
n fish[37,38]. As shown inFig. 1, 5�-Adione is, like T, a po
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ties are involved in hepatic androgen metabolism[39]. Con-
sequently, the interaction of EDs with 5�-reductases may al-
ter both androgen synthesis and metabolism and male sexual
maturation and development. A number of compounds also
interfere with 20�/�-HSD activities, enhancing the formation
of 17�,20�-DP and 17�,20�-DP metabolites that are known
to act as maturation-inducing hormones[3] and pheromones
[30]. Thus, activation of those pathways at an improper period
of the reproductive cycle may alter gamete quality and quan-
tity and disrupt the synchronization of spawning and mat-
ing behaviour. Among the compounds that exert an effect on
20�/�-HSD it is interesting to mentionp,p′-DDE, a metabo-
lite of p,p′-DDT, still very abundant in some areas[23], that
did not affect any of the other pathways tested. About phase
II activities, UGTs were more sensitive to xenobiotic disrup-
tion than SULT, and NP and organotin compounds had an
inhibitory effect on both pathways. Overall, estrogenic (NP
and dicofol) and androgenic (organotins and fenarimol) com-
pounds were the most active chemicals towards the metabolic
pathways investigated, while the antiandrogenic chemicals
tested were not so efficient. All these compounds may exert
their effects in vivo, by virtue of their ability to bioaccumulate
in fish, and particularly in those organs with a high percent-
age of lipids (gonads and liver) where target enzymes are
located. Additionally, the high affinity of these compounds
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