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ABSTRACT

Endocrine disrupting chemicals (EDCs) are substances that can cause adverse
effects by interfering in endogenous hormones and its actions through blocking the
chemical signals or giving wrong signals. The potential health and ecological effects of
EDCs has become a highly viable environmental issue. In the present investigation,
an attempt has been made to study the effects of bisphenol-A (BPA) and butylhydroxy
anisole (BHA) on the gonadal steroidogenesis and oocyte maturation in an Indian
major carp, Labeo rohita. Oocytes and testicular fragments were exposed in vitro by
incubating in culture medium containing steroid precursorprogesterone alongwith
BPA and BHA. Steroids synthesised were analysed and quantified by High
Performance Liquid Chromatography and confirmed by Radio Immuno Assay. BPA
and BHA showed remarkable inhibitory effect on ovarian and testicular
steroidogenesis. BPA was found to be more estrogenic when compared to BHA. The
decreased E2 synthesis by the oocytes confirms that BPA and BHA have the potential
to inhibit ovarian aromatase. The slight stimulation of 17,20B-P synthesis by BPA in
matured oocytes suggests that BPA may enhance the activity of 20(/-HSD. These
results indicate that the decreased steroid hormone biosynthesis observed in Labeo
rohita, following exposure to BPA and BHA, may lead to reductions in reproductive
capacity of the fish. In the present investigation it was also hypothesized that BPA and
BHA may interfere with P5- and P-induced oocyte maturation, and tested this with an
in vitro GVBD assay. The interference of BPA and BHA on oocyte maturation was
explored.
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INTRODUCTION

Environmental chemicals of natural and
synthetic origin can interact with the
endocrine system and alter development and
humans (Colborn and
Clement 1992; Ohtake et al. 2003) and
wildlife (Tyler et al. 1998; Guillette and

Gunderson 2001). This phenomenon has

reproduction in

been associated with reduced fecundity,
reproductive failure and population-level
effects in a variety of aquatic organisms
(Matthiessen and Gibbs 1998; Jobling et al.
2002; Nash et al. 2004).

The effects of endocrine disrupting
chemicals (EDCs) have been extensively
reported in fish; they include inhibition of
gonad growth, reduction in the number and
quality of germ cells, feminisation and
masculinisation (Arukwe 2001). EDCs are
more likely to cause long-term sublethal,
rather than acute, effects (Ankley et al.
2004). These chemicals are capable of
interfering with the dynamic equilibrium of
the hypothalamo—pituitary—gonadal axis. The
interference of EDCs with the synthesis and
clearance of key sex hormones may also alter
bioavailable amounts of active hormones
within the organism, and be a potential

mechanism of endocrine disruption.

Estrogen mimics are presented in the
class of endocrine disruptors. Man-made
compounds used in the manufacture of

plastics  and pharmaceuticals  were

accidentally found to be estrogenic because

they fouled experiments conducted in

laboratories studying natural estrogens.
Polystyrene tubes released nonylphenol and
polycarbonate flasks released bisphenol-A
(BPA). BPA is widely used in production of
polycarbonate plastics and epoxy resins, food
packaging, dental sealants, and lacquers for
food cans and water pipes (Hiroi et al. 1999;
Kitamura et al. 2005). BPA found to
contaminate the contents of canned foods
(Soto and Sonnenschein 1998) and was
shown to disrupt the organization of the
mitotic spindle and to induce micronuclei in
somatic cells (Barsiene et al. 2006; Ferrara et
al. 2006). The continuous use of plastics,
cosmetics, condoms and other plasticizers,
which contains BPA as a major constituent,
has become a major sewage pollutant in
almost all parts of the world. BPA when gets
attached with the sewage waste, it adversely
affects the fish population and causes

population imbalance.

Butylhydroxyanisole (BHA) is used as
an antioxidant especially in foods and also
used in food packaging, animal feed,
cosmetics, pharmaceutical industry, and in
rubber and petroleum products (HSDB
2000). Both BPA and BHA have estrogenic
activities, they are less hydrophobic and less
persistent compared to dioxin and DDTSs. In
the present investigation, an attempt has been
made to study the interference of BPA and

BHA on in vitrogonadal steroidogenesis in
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EDCshave been

reported to antagonize maturation inducing

Labeo rohita.Several
hormone-induced (MIH) meiotic maturation
of fish oocytes in vitro (Thomas 1999).
(2004)

treatment of oocytes with diethylstilbestrol

Tokumoto et al. reported that
(DES) induces maturation in goldfish and
zebrafish, and suggested that DES might
interact with mPR to induce maturation. In
the present study, the effectiveness of
pregnenolone (P5) and progesterone (P) on in
vitro oocyte maturation induction was
compared. Data regarding the potential
effects of BPA and BHA on ooccyte
maturation are particularly lacking in Indian
major carps. Hence, in the present
investigation it was hypothesized that these
chemicals may interfere with P5- and P-
induced oocyte maturation in the major carp,
L. rohita, and tested this with an in
vitrogerminal vesicle break down (GVBD)
assay. The interference of BPA and BHA on

GVBD was explored.

MATERIALS AND METHODS

Male and female L. rohita were

collected from Tamil Nadu Fisheries
Development  Corporation, Saathanur.
Oocytes were collected during

previtellogenic, vitellogenic and matured
stage and testicular fragments were collected
during stasis, pre-spawning,spawning stage.
The ovarian fragments were incubated in a

medium containing 7.3 gm NacCl, 0.18 g KCl,

0.07 g MgSO, 0.18 g MgCl,, 0.29 g CaCl,,
0.95 g HEPES and 1.0 g Glucose in 1 lit of
pH 7.2

fragments were incubated in L-15 medium.

distilled water at Testicular
Incubations were performed with culture
medium steroid
P(1pg/ml)along with BPA and BHA (5 uM)
for about 24 h at 18°C in a modified BOD

Steroids

containing precursor

incubator. synthesised in the
incubation medium were analyzed and
quantified by TLC and HPLC and confirmed
by Radio Immuno Assay.

Full-grown, but immature folliculated
oocytes (30-40) were incubated in 3 ml of
culture medium to assess the effect of BPA
and BHA on P5-, P- and 17,20B-P-induced
(at 0.1 and 1pg/ml) oocyte maturation. BPA
and BHA (5 uM) was added to the incubation
medium. The incubation was maintained for
24 h at 23°C in a modified BOD incubator.
After the incubation, the oocytes were fixed
in 70% alcohol, dehydrated in absolute
alcohol, cleared in xylene and examined
under a microscope for the incidence of
GVBD.The
calculated by determining the percentage of
oocytes that had undergone GVBD.

percentage of GVBD was

RESULTS

Effect of BPA and BHA on ovarian
steroidogenesis
BPA and BHA exhibited remarkable

inhibitory effect on ovarian steroidogenesis
during all three stages of the gonadal

development. There was a trend of lower
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production of 17-P in all the incubations.

Significant decrease in T synthesis was
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Fig. 1 Effect of BPA and BHA on 1n vitro
steroidproduction by previtellogenic (a)
vitellogenic (b) and matured (c) oocytes

BPA showed more inhibitory effect on
T production when compared to BHA. High
levels of E2 production was recorded in
incubations carried out with vitellogenic
oocytes. Remarkable decrease in E2
synthesis was observed in both BPA- and
BHA-treated incubations (from 1309.2 to
912.3 and 955.65 pg/ml with BPA- and

BHA-treated incubations, respectively; Fig.

observed in both BPA- and BHA-treated
incubations (Fig. 1).
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Fig.2 Effect of BPA and BHA on in vitro steroid
sterotd productionby stasis (a) pre- spawning (b)
and spawming (c)testicular fragments

1b). 17,20p-P  production was
stimulated by BPA in matured oocytes
948.5 + 43.32 to
992.33 £ 75.36 pg/ml; Fig. 1c).

Effect of BPA and BHA on testicular
steroidogenesis

BPA and BHA showed inhibitory

effect on androgen production in all the

slightly

(increased from

incubations carried out with testicular
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fragments from three different stages. BPA
significantly decreased T production (from
670.92 £ 57.51 to 347.33 £22.58 pg/ml) by
stasis testicular fragments (Fig.2a). High
production of T was observed in pre-
spawning testis and the levels drastically
BPA- and BHA-treated

incubations (Fig. 2b). E2 was detected in

decreased in

very low concentrations in all incubations
and the effect of BPA and BHA was not
significant on E2 production.11-KT is the
predominant androgen synthesised by
testicular fragments. High levels of 11-KT
was recorded in incubations carried out with
pre-spawning testicular fragments. BPA
drastically lowered 11-KT production (from
1286.7 £84.19 to 501.25+82.07 pg/ml).
Inhibitory effect of BHA was slightly low
when compared with BPA in all the
incubations. 17,20 B -P production was high

in spawning testis (Fig. 2c¢). Striking effect

100 -

[¥4d)
=]
L
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was observed in BPA- and BHA-treated
incubations and the 17,20 B -P levels were
reduced to half. BHA was found to be weakly
estrogenic in all the incubations carried out
with testicular fragments when compared to
BPA.

Effect of BPA and BHA on oocyte
maturation

The relative effectiveness of P5 and P
on oocyte maturation was investigated and
compared with the effect of 17,20(1-P. P5
was less effective in inducing GVBD (7.8%
and 8.5% at 0.1 and 1 pg/ml concentration,
respectively). P was found to be
comparatively more effective in inducing
GVBD (51.2% and 56.5% at 0.1 and 1 pg/ml
concentration, Oocytes
incubated with 17,20B-P induced 79% and

84.3% at 0.1 and in 1 pg/ml concentration,

respectively).

respectively (Fig. 3).
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Fig.3[n vitro induction of GVED in L. rehita cocytes [Each value is the mean * SEM of three replicate
incubations)

BPA and BHA (5 pM concentration)

was added to the incubation media to

investigate the effect of these chemicals on

P5- and P-induced oocyte maturation. BPA
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slightly induced (11% and 14% with 0.1 and
1 pg/ml of P5, respectively) the rate of
GVBD suggesting that this chemical can
induce oocyte maturation probably at higher
concentrations. BHA was shown to inhibit
GVBD at the concentration tested (Fig. 4a).
However, the difference was not significant.
Similar effect was observed in P-induced
GVBD. induction of GVBD
(64.1% and 69.3% with 0.1 and 1 pg/ml of P,
respectively) was observed over control
(51.2% and 56.5%) with the addition of BPA.

Increased

— a4
L =]
1

GVBIL %)
h =

L=

BHA decreased the rate of GVBD (40.3%
and 44% with 0.1 and 1 pg/ml of P,
respectively) (Fig. 4 b).The %GVBD was
also investigated at different concentrations
(1, 2, 4, 5 and 10 uM) of BPA and BHA on
P-induced GVBD. BPA and BHA had no
observable effect on P-induced GVBD in the
dose range 1-4 puM of BPA and BHA,
whereas these chemicals showed remarkable
on GvBD at 5 and 10 pM

concentration (Fig. 5).

effect
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Fig. 4Effect of BPA and BHA (5 uM) on P5 (a) and P-induced (b) cocyte maturation. Each value is
the mean = SEM of three replicate incubations. %GVEBD was calculated by determining the
percentage of oocytes that had wndergone GVED
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Fig.5 Induction and inhibition of P-induced cocyte maturation at different concentrations of BPA and
BHA Each value is the mean = SEM of three replicate incubations. %GVBD was caleunlated by
determining the percentage of cocytes that had undergone GVBD
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The results suggest that at higher
concentrations BPA and BHA might show
inducing and inhibitory effect on oocyte

maturation, respectively.

DISCUSSION

Fish are appropriate models for testing
EDCs, not only from the perspective of
existing ecological impacts, but also in terms
of species extrapolation. Specifically, there is
a significant degree of conservation of basic
of the

aspects hypothalamo—pituitary—

gonadal axis across vertebrates, which
provides a technically robust basis for using
results from fish tests to predict likely
modes/mechanisms of action of potential
EDCs in other vertebrates (Ankley and
Johnson 2004).1t is likely that EDCs affect
reproduction either by disrupting the
synthesis or degradation of endogenous
hormones or by directly activating steroid
hormone receptor-mediated gene activation
pathways. Concern over the effects of EDCs
on wildlife is driven by the hypothesis that
disruption to the reproductive system may
have serious deleterious consequences on the
reproductive success of fish population. In
the present investigation, in vitro experiments
were carried out to evaluate the effect of
estrogen mimics, BPA and BHA, on the
reproduction of L. rohita.

This is the first study to document
endocrine disruption in Indian major carp,
exposed to estrogen mimics. Although not

proven, other studies have suggested that the

reproductive effects may (at least in part) be
mediated through disruption of the process of
steroidogenesis, by affecting the availability
of cholesterol and pregnenolone and thus
impairing steroid production by the gonads
(Tremblay and Van Der Kraak 1999). In the
present study, E2 synthesis was lowered in
the  incubations  carried out  with
previtellogenic, vitellogenic and matured
oocytes. This confirms that BPA and BHA
inhibit
aromatase, the enzyme that converts T to E2.
(2001) demonstrated that

nonylphenol has adverse effects on pituitary

have the potential to ovarian

Harris et al.

function that can result in inhibition of
ovarian development; ovarian steroidogenesis
was also markedly inhibited in rainbow trout
(Oncorhynchus mykiss).Orlando et al. (2004)
reported that female fathead minnows
exposed to feedlot effluent had decreased
estrogen:androgen ratios during in vitro

culture.

In the present investigation, 17,20 3 -P
synthesis was slightly stimulated by BPA in
incubations carried out with matured oocytes.
This suggests that 203-HSD activity might be
enhanced by BPA, which lead to the increase
in 17,20B-P production by matured oocytes.
Thibaut and Porte (2004) also reported that
ovarian synthesis of MIHs was enhanced by
nonylphenol, dicofol, fenarimol and p,p'-
DDE. Nonetheless, the mechanism behind
the activation remains unclear. Moreover,

20B-HSD was shown to exhibit a carbonyl
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reductase-like  structure and  activity,
catalysing the NADPH-dependent reduction
of a variety of endogenous and foreign
carbonyl compounds (4-nitrobenzaldehyde
and menadione) to the corresponding
1999). The

binding of two

alcohols (Guan et al.

simultaneous substrate
molecules, 17-P (formed from P5 and P) and
a xenobiotic in the active site of the enzyme,
is likely to occur in thisin vitro system and
could be one of the mechanisms accounting
for the observed 20B-HSD activations as
previously indicated for some P450

isoenzymes (Korzekwa et al. 1998).

Alternatively,
effecc of BPA and BHA on 17 §-
hydroxylase/C17,20-lyase  (P450c17), that

converts 17-P to A, would lead to an

a specific inhibitory

increased amount of substrate available for
20 B -HSD in our present study, and
consequently increased formation of 17,20
-P. Thus, activation of this pathway at an
improper period of the reproductive cycle
may alter gamete quality and quantity and
disrupt the synchronization of spawning and
mating behaviour in female L. rohita.In this
investigation, the effect of BPA and BHA
would be comparable to the shift from A to
17,20B8-P production observed when the
transition from gamete growth to gamete
maturation  occurs.  Consequently, the
interaction of estrogen mimics with 5 p -
reductases may alter both steroidogenesis and

sexual maturation. A number of compounds

have been reported to interfere with 20 B -
HSD activities, enhancing the formation of
17, 20 B -P (Nagahama 1997).

Male reproductive function, including
testicular steroidogenesis, is susceptible to
disruption by EDCs. Previous studies have
shown that a variety of xenoestrogens bind
competitively to 20 B -S membrane receptors
on the ovary, testes, and sperm of Atlantic
croaker and spotted sea trout (Das and
Thomas 1999; Thomas 1999). In many
teleost fish, 11-KT is a major androgen.
Loomis and Thomas (2000) reported that
several

xenoestrogens including Kepone

(chlordecone),  4-nonylphenol, and a

hydroxylated  polychlorinated  biphenyl

metabolite significantly decreased
gonadotropin-stimulated 11-KT production in
vitro, which supports the reduced 11-KT
production by testicular fragments in our
present finding. The results suggest that BPA
and BHA could act on the cell surface via a
nongenomic mechanism to alter testicular
steroidogenesis. Testosterone synthesis was
inhibited in all the stages of oocytes and
testicular fragments. T is synthesized by the
reduction of A, which in turn is synthesized
from 17-P. This pathway involves a reductive
17 B -HSD activity. Among the biosynthetic
pathways, 5 [ -reductases were more
sensitive to xenobiotics modulation than 17
-HSD. Thus, the
compound to inhibit T synthesis may indicate

that 17 B -HSD is not likely targets for

inefficiency of any
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endocrine disruption. The lowered T

synthesis  observed in  our  present
investigation suggests that BPA and BHA
have remarkable effect on 17 p -HSD

activity.

Progestin induction of oocyte maturation
in fish is a useful model for investigating
endocrine disruption of nongenomic steroid
actions. The relative in vitro effectiveness of
several pregnene derivatives on GVBD was
investigated by Nagahama et al. (1983) in
different species of teleost and reported that
17,20 B -P was consistently the most potent
inducer of final oocyte maturation. This
supports our present finding in which 17, 20
B -P induced maximum maturation, whereas
P was also effective in inducing oocyte
maturation. P5 was less effective in inducing
oocyte maturation. A difference in the
potency between 17, 20 B -P and P or P5,
shows that addition of a single hydroxyl
group to the 17 B position of progesterone
increases the ability to induce GVBD.
Tokumoto et al. (2005) reported that P5 was
almost completely ineffective in inducing
GVBD in zebrafish and suggested that a
change to the 3-keto group is also important
for interaction between steroids and the MIH

receptor.

Baek et al. (2007) reported that low
concentrations of BPA and DES triggered
GVBD depending on the stage of oocyte
development in
(Chasmichthys

longchin goby
dolichognathus) in vitro

during the oocyte maturation. Studies carried
out by Tokumoto et al. (2004) revealed that
DES exhibited strong activity to induce
GVBD like 17, 20 B -P in goldfish.
Tamoxifen and its  metabolite  4-
hydroxytamoxifen were also effective in
inducing GVBD in zebrafish (Tokumoto et
al. 2005). As predicted, given their structural
similarity to DES, the present finding
revealed that BPA also has inducing effect on
P5- and P-induced oocyte maturation at 5 pM
concentration and above. Conversion of the
3-hydroxy group to a 3-keto group also had a
stimulatory effect because

differed between P and P5. This analytical

the potency
approach to the structure—activity
relationships of steroids reveals that 20 B -
OH, 17 B -OH and 3 = O are critical groups
that contribute to the interaction with the
MIH receptor. The oxygen atom is thought to
make a hydrogen bond with residues in the
receptor protein. In the case of 17, 20 B -P, it
is thought that three oxygen atoms contribute
to a hydrogen bond. BPA may mimic the
hydrogen bond generated by 20 f -OH and 3
= O. Loss of a third hydrogen bond may
explain the weak activity of BPA to induce
oocyte maturation.

Studies by Takami et al. (1999)
indicated that the cell-permeant antioxidant
BHA inhibited GVBD in oocyte-cumulus
complexes of the rat. This inhibition of
GVBD was reversed by washing. In the
present finding, the antioxidant BHA also
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showed subtle inhibitory effect on P5 and P-
induced spontaneous resumption of meiosis,
which may implicate a role of oxygen
radicals in oocyte maturation. Remarkable
inhibitory effect was observed on P-induced
GVBD at 10 uM concentration of BHA. In
general, the potency and biological properties
of a compound can be predicted from its
structure. It is, therefore, possible to clarify
the contribution of a particular structure to
the biological response of a target. As
predicted, BPA did possess maturation
inducing activity and the antioxidant BHA
showed subtle inhibitory effect on oocyte
maturation in L. rohita. The results confirm
that the rate of maturation was enhanced with
higher concentration of BPA, and decreased
with the same concentration of BHA. This
suggests that BPA and BHA might induce
and inhibit oocyte maturation, respectively at
higher concentrations. The magnitude of the
estrogenic effects is dependent on the
estrogenic potency of the chemical, the stage
of reproductive development of the fish, and
the concentration of the chemical in the
water. These results support the contention
that exposure of wildlife to environmentally
persistent estrogenic chemicals can result in

deleterious reproductive consequences.

Taken together, these results indicate

that the decreased steroid hormone
biosynthesis observed in L. rohita, following
exposure to BPA and BHA, may lead to

reductions in reproductive capacity of the

fish. This inhibition of steroid production by
BPA and BHA is of both physiological and
toxicological significance. These compounds
exert their effects in vivo, by virtue of their
ability to bioaccumulate in fish, and
particularly in those organs with a high
percentage of lipids (gonads and liver) where
target enzymes are located. BPA and BHA,
which have been previously shown to
interfere with reproductive function of some
fish, significantly impaired in vitro
steroidogenesis in L. rohita. The
physiological significance of effects of these
chemicals will be confirmed in future studies
by binding assays, which show direct
evidence of the interaction of EDCs with the
MIH receptor. Overall, the data supports the
hypothesis that BPA and BHA interference
may account for significant in vivo

alterations. These findings raise major
concerns about the population-level impacts

for wildlife of long-term exposure to low

concentrations of endocrine  disrupting
chemicals.
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