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ABSTRACT

The present work describes the screening and characterization of some common endocrine disrupting
chemicals for their (anti)androgenic activities. Various chemicals (mostly pesticides and pharmaceuti-
cals) were screened with the NIH3T3 cell line stably expressing human androgen receptor (hAR) and
luciferase reporter gene for their ability to stimulate luciferase activity or inhibit the response that was
evoked by 0.4nM testosterone. The most potent anti-androgenic compounds identified in our assay
included chlorpyrifos, endosulfan and piperophos. Finally, the chemicals were analyzed for their effects
on steriodogenesis in rat Leydig cells. Piperophos and chlorpyrifos showed a significant decrease in
testosterone biosynthesis by Leydig cells. RT-PCR studies showed decrease in the expression of key
steroidogenic enzymes: cytochrome P450scc, 33-HSD and 173-HSD and immunoblot analysis demon-
strated a decrease in steroidogenic acute regulatory (StAR) protein expression by both these chemicals.
Chlorpyrifos also showed a decrease in LH receptor stimulated cAMP production. In conclusion, we
demonstrate that commonly used pesticides like chlorpyrifos and piperophos pose serious threat to

male reproductive system by interfering at various levels of androgen biosynthesis.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Androgens are the hormones that play a pivotal role in the
development and maintenance of the male sex characteristic.
Their biological effects are mediated by the ubiquitously expressed
androgen receptor (AR). The levels of AR change in different
pathological conditions such as malignancies or in response to
physiological changes of the endocrine system. AR translocates to
the nucleus where it binds to the regulatory regions of androgen-
responsive genes and subsequently stimulates their transcription
[1]. Anti-androgenic compounds, respectively, bind to the AR, but
block its transcriptional activity.

In addition to endogenous steroid hormones, an increasing
number of pharmaceutics, products in industrial wastes, pesticides,
fungicides, water treatment plant effluents have been identified
as AR agonists and/or antagonists. These compounds that have
the capability to alter male and female sexual functions are gen-
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erally considered as endocrine disrupting chemicals (EDCs) and
have become an important environmental concern [2,3]. Although
there are some reports on identifying these chemicals using bind-
ing studies with receptors or estimating them chemically, but they
mostly fail to show the biological activities of these compounds.
This necessitates the development of some in vitro bioassays like
that of reporter gene test which can be used to assess the role of
these chemicals as endocrine disruptors at cellular levels. For the
development of reporter based assays, generally, cell lines lacking
the endogenous AR are stably or transiently co-transfected with
either human or rat AR expression plasmid in combination with a
reporter plasmid containing either chloramphenicol acetyl trans-
ferase (CAT) or a luciferase gene under transcriptional control of
the MMTV promoter. A wide range of cell lines like CHO-K1, COS1,
COS7, CV1, MDA-kb-2, PC3, human U2-0S have been used for this
purpose [2,4-10].

Apart from interfering with the hormone binding to the recep-
tor, EDCs have also been known to interfere with the steroid
biosynthesis pathway. A wide range of chemicals like plasticiz-
ers, pesticides, fungicides, pharmaceuticals were shown to affect
steroidogenesis and hypothalamic-pituitary-gonadal axis thereby
altering the serum testosterone and luteinizing hormone (LH) lev-
els. Exposure to phthalates like benzylbutyl (BBP), di(n)butyl (DBP),
diethylhexyl (DEHP), to fungicides like procloraz, iprodione, keto-
conazole, to pesticides like fenarimol, dieldrin, dioxin, decreases
testicular testosterone production [11-17]. Studies showed that
the decrease in testosterone production in Leydig cells was due
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to the alterations in cholesterol availability in the mitochondria for
steroidogenesis, altered steroidogenic enzyme activities and feed
back mechanisms. Recently, Chen et al. [18] had shown the inter-
ference of triclocarban in cAMP dependent pathway activated by LH
receptor. A similar study also demonstrated a cross-talk between
LH receptor and triclosan [19]. All these support the notion that
these EDCs act at various levels of steroidogenic cascade to disrupt
the endocrine system.

The main aim of the present study was to screen different
environmental chemicals for their androgenic and anti-androgenic
activities using a reporter based bioassay. For this, a stable cell
line was made with NIH3T3 cells, transfected with human-AR and
the androgen dependent promoter driven luciferase reporter gene.
Using this recombinant cell line, chemicals were tested for their
(anti)androgenic activities. These chemicals were then studied for
their effects on steroid biosynthesis in rat Leydig cell cultures and
selected chemicals were further analyzed for their cross-talk with
LH receptor mediated functions using a cell-based indirect cAMP
assay as was reported earlier [20,21]. The data presented here
demonstrates that some widely used pesticides and pharmaceu-
tics have (anti)androgenic properties which are not only restricted
through their interactions with AR but also affects the LH receptor
and cAMP cascades. All this warrants further investigation to fully
understand their potential impact on human reproductive health.

2. Materials and methods
2.1. Chemicals

All the cell culture media were purchased from GIBCO (GIBCO,
BRL, Inchinnan, UK) while the antibiotics puromycin and G418
were obtained from Sigma (Sigma, St. Louis, MO, USA) and Promega
(Promega Corp., Southampton, UK), respectively. Superfect trans-
fection reagent was purchased from QIAGEN (Qiagen, Valencia, CA).
Among the tested chemicals salbutamol and acetazolamide were
a kind gift from Dr. R. Husain of Glenmark Pharmaceuticals Ltd.,
Mumbai, India. Testosterone, estrogen, progesterone, dexametha-
sone, danazol, spirinolactone and endosulfan were kindly provided
by Professor llpo Huhtaniemi, Imperial College, London, UK. Chlor-
pyrifos, piperophos and mancozeb were purchased from Rankem
(Rankem, Mumbai, India).

2.2. Cell lines

NIH3T3 and CHO cells were grown in DMEM medium with or
without phenol red (GIBCO, BRL, Inchinnan, UK) supplemented
with 10% heat-inactivated fetal calf serum (FCS), penicillin (10° U/1)
and streptomycin (100 mg/ml) (GIBCO, BRL, Inchinnan, UK) in a
humidified 5% CO, incubator. All the treatments of the cells were
performed with charcoal-stripped FCS to reduce the contaminating
steroids from the serum.

2.3. Stable transfection

Stable transfections were performed by the lipofection
method according to the manufacturer’s recommendation (Super-
fect transfection reagent; QIAGEN, Valencia, CA). Plasmids
pMMTV-neomycin-luciferase (MMTV-Neo-Luc) and pSG5-hAR-
puro, pSG5-human luteinizing hormone receptor (hLHR) and
pADneo2-BGL containing 6 x CRE-luciferase (CRE-Luc) were kindly
provided by Professor Ilpo Huhtaneimi, Imperial College London,
UK. For stable cell lines, the NIH3T3 cells were transfected with
hAR and MMTV-Neo-Luc constructs using transfection reagent as
per the manufacturer’s instruction (Qiagen, Valencia, CA). Forty-
eight hours after that the cells were trypsinized and fresh cells
were plated on a 150-mm diameter plate and selected in medium

containing 1g/l of neomycin (G 418) and 1 mg/l puromycin. The
medium was changed two times a week. After about 2-3 weeks,
some neomycin and puromycin-resistant clones appeared in the
plates. They were picked using cloning rings and replated in 24-
well culture plates. During the assay, about 10,000 cells per well
were plated on 96-well plates in 200 .l of DMEM medium with-
out phenol red and with 10% FCS. The following day the cells were
washed with PBS and the medium was changed to 200 il DMEM
with 10% charcoal-stripped FCS. After about 3 h, the test compounds
were added to the wells in the required concentrations keeping the
final concentration of ethanol in the incubations to be 1%. The cells
were incubated with the compounds for another 24 h. In case of
antagonists, the cells were incubated with the test compound in
the presence of 0.4nM testosterone (half maximally stimulating
concentration of testosterone). Luciferase activity was measured
using the constant light signal luciferase reaction kit (Roche, East
Sussex, UK) according to the manufacturer’s instruction. The light
produced in the reaction was measured in a multilabel plate reader
(BMG Labtech, Germany).

2.4. Leydig cell culture

Leydig cells were isolated according to the method as described
earlier [22]. Briefly, the testes collected from freshly sacrificed
rats were decapsulated and digested in collagenase (type I)
(0.25 mg/ml) containing DMEM-F12 medium at 37°C for 15 min
in a shaking water bath. On completion of the incubation, the tubes
were gently shaken, and then 10 ml of DMEM-F-12 medium with-
out collagenase was added and allowed to stand for 15 min. The
supernatant was aspirated and transferred to a sterile tube and the
procedure was repeated again. The crude Leydig cell preparation
obtained was further purified on discontinuous percoll gradients.
The purity of Leydig cells was assessed by immunocytochemical
staining of 33-HSD according to the methods described earlier
[23] with some modifications. Briefly, the fixed cells were first
allowed to dry for 20min at 37°C followed by at RT for 1-2h.
The cells were then treated with formamide and successively incu-
bated at RT, 75°C and 4°C for various times. The cells were then
incubated with blocking buffer and followed by 33-HSD antibody
for 30 min at RT. Finally the cells were treated with fluorescein
conjugated secondary antibody (Genei, Bangalore, India) for 1h
at RT and then washed 3 times with distilled water and observed
under fluorescence microscope (Axiovert25 CFL, Carl Zeiss, USA).
The cell viability was determined by trypan blue dye exclusion
method. The purity was 85-90% and viability was 90%. Purified
Leydig cells were plated in culture plates containing DMEM-F12
medium with 2% FBS. After 24 h, cells were washed twice with
FBS-free medium and starved for an hour at 34 °C. After starvation,
the medium was replaced with fresh medium containing various
concentrations of test compounds (0.1-100 M) and incubated for
another 24 hat34°C. Leydig cells were used to assess the cell viabil-
ity in response to the test chemicals by microtiter assay according
to the method described earlier [24]. Briefly, to the test chemical
treated cells, 50 pl of 5 mg/ml of 3[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrasodium bromide (MTT) was added and incubated at
37°C for 4 h. The MTT-containing medium was then aspirated and
200 pl of DMSO (Himedia, Mumbiai, India) and 25 pl of Sorensen
glycine buffer (0.1 M glycine and 0.1 M NaCl, pH 10.5) were added
to lyse the cells and solubilize the water insoluble formazone.
Absorbances of the lysates were determined on a Fluostar optima
(BMG Labtech, Germany) microplate reader at 570 nm. The per-
centage inhibition was calculated as

Mean OD of vehicle treated cells (negative control)
—mean OD of treated cells

Mean OD of vehicle treated cells (negative control)

x 100
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Table 1

Primers used for semi-quantitative RT-PCR.
Gene Primer sequence No. Product Gene Bank

size accession

P450scc-F CGCTCAGTGCTGGTCAAAA 688 J0.5156
P450scc-R TCTGGTAGACGGCGTCGAT
3B-HSD-F CCGCAAGTATCATGACAGA 547 M_38178
3B-HSD-R CCGCAAGTATCATGACAGA
17p3-HSD-F TTCTCAAGGCTTTACCAGG 653 AF.035156
17B3-HSD-R ACAAACTCATCGGCGGTCTT
AR-F TTACGAAGTGGGCATGATGA 570 M_20133
AR-R ATCTTGTCCAGGACTCGGTGG
GAPDH-F AGACAGCCGCATCTTCTTGT 207 NM_017008
GAPDH-R CTTGCCGTGGGTAGAGTCAT

To analyze testosterone producing efficacy, Leydig cells were
exposed to test compounds with and without LH (100 ng/ml) for
24 hat 34 °C, then the culture media were collected for testosterone
assay. The assays were performed using the commercial enzyme
immunoassay Kits as per manufacturer’s instructions (Omega Diag-
nostics, UK). A fresh batch of Leydig cells were treated with 10 nM
concentrations of chlorpyrifos and piperophos (that showed a sig-
nificant decrease in testosterone), for the isolation of RNA and
protein which was used for the analysis of steroidogenic enzymes
and StAR protein expression profiles, respectively.

2.5. Indirect estimation of cAMP in CHO-K1 cell lines

The cAMP was estimated by an indirect method using the
luciferase driven cAMP response element according the method
described earlier [20]. Briefly, CHO-K1 cells were transiently trans-
fected with 1 g each of hLH receptor and CRE-luc constructs (as
described earlier) using transfection reagent as per the manufac-
turer’s instruction (Qiagen, Valencia, CA, USA). Twenty-four hours
after transfection the cells were treated with hCG (10 ng/ml) or
other test chemicals and incubated further for another 15h. The
media were thenremoved and cells were lysed using the lysis buffer
and then assayed for reporter gene expression. Luciferase activity
was determined using the luminescence kit (Roche, East Sussex,
UK).

2.6. RNA isolation and semi-quantitative RT-PCR

Total RNA from the cells was isolated using TRI reagent (Sigma,
St. Louis, MO, USA) according to manufacturer’s instructions. The
total RNA was quantified using spectrophotometer at 260 nm.
Equal amount of RNA was used for the semi-quantitative RT-
PCR studies and was performed according to the manufacturer’s
instructions (Genei, Bangalore, India). The primer sequences were
designed according to earlier report [19] and are listed in Table 1.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was
used as internal standard.

2.7. Western blot analysis

The Leydig cells were cultured in a petridish and treated with
the test compounds for 24 h. The cells were then lysed directly
in the dish by adding lysis buffer (160 mM Tris, pH 6.9, 200 mM
DTT, 4% SDS, 20% glycerol, 0.004% bromophenol blue) in the pres-
ence of a protease inhibitor cocktail (Sigma, St. Louis, MO, USA).
The lysate was collected into a microfuge tube and boiled for
10 min and cellular debris was pelleted at 13,000 x g. The extracts
were immunoblotted with a polyclonal antibody for StAR (Kindly
donated by Professor D.M. Stocco, Texas Technical University, USA).

The signal was detected using the alkaline phosphatase conjugated
secondary antibody purchased from Genei (Bangalore, India).

2.8. Statistical analysis

The values shown are the mean + S.D. from three independent
experiments performed in quadruplicates for each treatment. Data
were analyzed by one-way analysis of variance (ANOVA), followed
by Duncan’s multiple comparisons test or Student’s t test when
appropriate. The level of significance was set at p < 0.05. The median
effective concentration (ECsg) and the median inhibitory concen-
tration (ICsg) values were calculated from the dose response curve
considering best-fit values using GraphPad Prism, version 5.02 soft-
ware (GraphPad Software Inc., CA, USA).

3. Results
3.1. Development of cell-based androgen reporter assay

About 12 neomycin and puromycin-resistant clones were
obtained after selection in the presence of 10nM testosterone.
Some of the clones were found to be highly active in the pres-
ence of androgen. Out of all these clone number 4 was found to
be the most active causing about 26-folds inductions in the pres-
ence of testosterone and was picked up for further studies and was
referred as NIH3T3-AR-Luc cell. As shown in Fig. 1A, the testos-
terone induced luciferase activity increased in a dose dependent
manner from 0.001nM and finally saturating at 10nM, with an
ECsg value of 0.4 nM. The expression levels of AR were analyzed
until passage 18, and they remained stable, even after freezing.
Thereafter, the cells showed gradual reduction in AR activity.

To examine the specificity of the NIH3T3-AR-Luc cell line,
the cells were treated with estradiol, progesterone and dexam-
ethasone. All these steroids showed <3% transactivation (Fig. 1B)
at a concentration of 100nM which was insignificant even at
a concentration 1000-fold higher than the 100% transactivation
obtained with testosterone (p<0.05). However, dexamethasone
was marginally more active than other two steroids although sta-
tistically not significant.

3.2. Effects of various chemicals on luciferase activity of
NIH3T3-AR-Luc cells

NIH3T3-hAR-Luc cells were treated with increasing concentra-
tions of three known testosterone agonists, dihydroxytestosterone
(DHT), nandrolone and danazol (Fig. 1C). These compounds showed
an ECsq value of 0.19, 0.3 and 0.75 nM, respectively.

Different classes of chemicals - acetazolamide, salbutamol,
piperophos, spironolactone, endosulfan, chlorpyrifos and man-
cozeb were then tested in NIH3T3-AR-Luc cells. Among the tested
chemicals, while salbutamol and acetazolamide showed androgen
agonistic activity (data not shown), the other latter five com-
pounds, piperophos, spironolactone, endosulfan, chlorpyrifos and
mancozeb, showed anti-androgenic activity (Fig. 2) when the cells
were treated with increasing concentrations of the chemicals in
the presence of 0.4 nM testosterone. Piperophos showed a strong
antagonistic activity with an ICsq value of 1.4 wM while spirinolac-
tone, endosulfan, chlorpyrifos and mancozeb although exhibited
significant anti-androgenic activities (p <0.05) but with a higher
ICs50 values in the range of 5-10 pM.

3.3. Effect of pesticides on Leydig cell viability and steroidogenesis
MTT assay was carried out to check the effect of some common

pesticides as tested above on the Leydig cell viability. As shown in
Fig. 3, there is no significant reduction in the cell viability when the
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Fig. 1. Characterization of the transactivation assay in NIH3T3-AR-Luc cells. (A)
Dose dependent luciferase induction by increasing concentration of testosterone. (B)
Determination of ligand specificity. (C) Determination of the androgenic activities
of nandrolone, danazol and DHT. Luciferase activities were expressed as percentage
of that obtained with 10 nM testosterone which was given the value of 100%. The
values represent the mean =+ S.D. of three similar experiments each performed in
quadruplicates. *Significant luciferase activity as compared to vehicle treated cells
(p<0.05).
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Fig. 2. Determination of anti-androgenic activities of some endocrine disrupting
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resent the mean £ S.D. of three similar experiments performed in quadruplicates.
*Significant inhibition of luciferase activity as compared to vehicle treated cells
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chemicals. The values represent the mean =+ S.D. of three similar experiments per-
formed in quadruplicates. *Significant decrease in viability as compared to control
cells (p<0.05).

cells were treated with the chemicals at a concentration of 10 WM.
However, endosulfan, chlorpyrifos and piperophos showed signif-
icant cytotoxicity at a concentration of 100 uM (Fig. 3) (p<0.05).
None of the other two chemicals showed any significant (p <0.05)
effect on the viability of cells even at a concentration of 100 uM
although carbandezim showed a marginal reduction in cell viability
which was statistically non-significant.

In the next set of experiments these chemicals were tested for
their effects on the LH induced testosterone production in isolated
rat Leydig cells. As shown in Fig. 4, both chlorpyrifos and piperophos
showed a significant reduction in the hCG induced testosterone
production at a concentration of 10 WM (p<0.05). Mean testos-
terone produced when the cells are treated with hCG alone was
148 ng/10% cells, while the cells treated with 10 uM chlorpyri-
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Fig. 4. Effect of various concentrations of test chemicals on testosterone production
by Leydig cells in the presence of hCG. The values represent the mean +S.D. of three
similar experiments performed in triplicates. *Significantly different as compared
to only hCG treated control cells (p <0.05).



26 G. Viswanath et al. / Journal of Steroid Biochemistry & Molecular Biology 120 (2010) 22-29
(A) AR P440scc Sﬁ HSD 17 HSD
- ﬁ =
o seieniingil r's
GAPDH ! ! l I I l I I
g &8 8 g 8 & g 8 & ¢ 8 8
E &5 E E EE E EE E EE
z £ g z % ¢ z % ¢ z % ¢
[=H g =} 9 = =} 9 & =} A =
v~ &g & Y &£ £ Y & =z Y & &
= & = &~ = &~ = &
== == == ==
o o o &)
[l Control
(B) [ Chlorpyrifos
" b M Piperophos
E 1007
z
L
Z 3 80-
=2 (©) StAR Protein
-4
=
-
= % 60 gy
R
E‘S 404
> - » - % ' beta-Actin
E - 20
5 = E : 3
=] = ) =
~ S E 5
o z e;a.
AR P450scc  3pHSD  17p HSD B £
=
&)

Fig. 5. Effect of piperophos and chlorpyrifos on the expression of Leydig cell specific genes. (A) Representative RT-PCR analysis of androgen receptor, cytochrome P450scc,
3B-hydroxysteroid dehydrogenase and 173-hydroxysteroid dehydrogenase genes. (B) The relative intensity of the RT-PCR products for three separate experiments performed
in duplicates. (C) Representative immunoblot showing the levels of StAR protein. *Significantly different as compared to vehicle treated control cells (p <0.05).

fos and piperophos in the presence of 100 ng/ml hCG showed a
decrease in testosterone production to 100 and 115 ng/106 cells,
respectively. This accounts to a decrease of 33 and 23% by chlorpyri-
fos and piperophos, respectively. However, the other pesticides,
endosulfan, mancozeb and carbandezim, did not show any testos-
terone inhibitory activity in this assay (data not shown).

To further investigate the effects of chlorpyrifos and piperophos
on the steroidogenesis machinery within the Leydig cells, their
effects on various steroidogenic gene expression patterns were
analyzed. RT-PCR analysis of some of the crucial steroidogenic
enzymes, P450scc, 3(3-HSD and 173-HSD showed that both chlor-
pyrifos and piperophos resulted in a significant down regulation
in the expression of all the three enzymes (Fig. 5A and B). When
tested for the effect of these chemicals on AR expression, although
chlorpyrifos did not show any effect but piperophos significantly
down regulated its expression (Fig. 5A and B). Steroidogenic acute
regulatory (StAR) protein, a crucial factor for steroidogenesis, was
then evaluated in response to these chemicals. As shown in Fig. 5C,
the immunoblot analysis with StAR antibody suggests that both
piperophos and chlorpyriphos demonstrated remarkable down
regulation in the expression of this crucial steroidogenic protein.

3.4. Effects of chemicals on intracellular cAMP production
mediated by hLH receptor

When the CHO-K1 cells, transfected with hLH receptor and
CRE-Luc constructs, were treated with increasing concentrations
of chlorpyrifos and piperophos, chlorpyrifos showed a significant
reduction of hCG induced cAMP production at 1 wM concentration
as estimated by the reduction of luciferase transactivation (Fig. 6)
(p<0.05). Further, at a concentration of 10 wM it showed approxi-
mately 30-32% decrease in luciferase induction. However, to our
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Fig. 6. Effect of chlorpyriphos and piperophos on intracellular cAMP production.
The cells treated with only hCG was taken as control whose response was consid-
ered as 100%. The values represent the mean=+S.D. of three similar experiments
each performed in quadruplicates. *Significantly different as compared to only hCG
treated cells (p<0.05).

surprise piperophos did not show any significant change when
compared with the vehicle treated cells. This further proved that
chlorpyrifos not only interacts with AR as antagonists but it also
disrupts LH/hCG induced cAMP production.

4. Discussion

Many endocrine disrupting compounds identified so far are
persistent organochlorine pesticides (e.g. DDT, methoxychlor and
dieldrin). However, the endocrine activity of numerous commonly
used compounds like pharmaceutics, products in industrial wastes,
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pesticides, water treatment plant effluents has not yet been stud-
ied in detail so far [2,5,19,25,26]. Out of various EDCs that have
been identified till date, majority of them focused on the identifi-
cation of (anti)estrogenic chemicals from these sources as a result of
which the interaction of these chemicals with many other steroid
hormones like androgen, progesterone, glucocorticoids and thy-
roid were understudied. Hence some user friendly assay systems
are needed for the screening of potentially active endocrine dis-
ruptors affecting the latter set of hormones using various in vitro
and in vivo model systems. With an aim to screen and charac-
terize some (anti)androgenic endocrine disrupting chemicals, in
the present study initially a cell-based assay was developed. The
basic principle of a robust AR-mediated assay is the utilization of
an AR transfected cell line that does not express endogenous 5a-
reductase, 173-HSD and 33-HSD enzymes that are responsible for
metabolizing test steroids or environmental EDCs [18]. Transac-
tivation assays with AR and androgen-responsive reporter genes
have been performed using various mammalian cell lines like PC-
3, COS, CHO, CV-1, MCF-7 and HepG2, HEK293, MDA-MB-453 cells
[2,4,6,7,9,18,27-29]. Of these various transactivation assays many
of them utilized the recombinant cell lines stably or transiently
expressing AR and androgen-responsive reporter genes both of
which are suitable for screening androgenic and anti-androgenic
compounds albeit the former one with greater efficiency. In the
present study we developed a stable cell line stably over-expressing
the hAR and MMTV-luc reporter constructs using NIH3T3 cells.
This system is well suited for screening various (anti)androgenic
chemicals due to its high sensitivity and simplicity. The calcu-
lated ECsg value of testosterone in this assay was 0.4nM which
is in the range as reported by earlier authors [27,30]. Using this
assay initially we tested some well established androgen agonists
and antagonists. Danazol, DHT and nandrolone showed androgen
agonism with ECsq values of 0.75, 0.19 and 0.3 nM, respectively
which are in accordance to the earlier reports while some chemicals
like spirinolactone, piperophos, chlorpyrifos, endosulfan and man-
cozeb inhibited the testosterone induced luciferase activity. Some
of these chemicals like spirinolactone, chlorpyrifos and endosulfan
had been shown to be anti-androgenic using yeast based reporter
gene assay [5,31,32] and mammalian cell based bioassay [2,33].

Our study aimed firstly to screen different classes of pesticides
and pharmaceuticals for their endocrine disrupting activities using
a transactivation assay and then analyze their effects on steriodo-
genesis in rat Leydig cell model. Among the range of chemicals
screened, the pesticides showed anti-androgenic activities with
piperophos showing a strong antagonistic activity with an ICsg
value of 1.4 wM. Endosulfan, chlorpyrifos and mancozeb also exhib-
ited significant anti-androgenic activities (p < 0.05) with ICsg values
0f4.9,9.3 and 10.6 wM, respectively. Some of these chemicals were
shown to be androgen antagonists earlier also employing other
cell lines or assay systems [2,32,34]. The variations in the IC5q val-
ues between different assays could be attributed to the presence
of various co-activators in cell lines. It is conceivable that varia-
tions in the expression pattern and levels of co-activators of the AR
may contribute to the differences as observed in actions of various
anti-androgenic compounds in different cell lines [2,4,35].

Many pesticides and fungicides, apart from their anti-
androgenic nature had been shown to affect the steriodogenesis
pathway leading to the decrease in the testosterone production
both in vivo (rat and fish models) and in vitro (Leydig cell cul-
tures). Dieldrin [15], octylphenol [36], atrazine [37], vinclozolin
[38], ketoconazole and related imidazole anti-fungal chemicals
[39,40] were some of the pesticides/fungicides which were shown
to reduce the testosterone production in Leydig cells. Following a
similar approach, we studied the interference in steroidogenesis
by some common pesticides, endosulfan, chlorpyrifos, piperophos,
mancozeb and carbandezim in the primary cultures of Rat Ley-

dig cells. In our study, both chlorpyrifos and piperophos showed
a decrease in the testosterone production in Leydig cell cultures
in the presence of hCG. This was in accordance with the earlier
report where chlorpyrifos was reported to show anti-androgen
activity by Hershberger assay in rats [41]. However, none of the
other three chemicals showed any remarkable effect on testos-
terone production by isolated Leydig cells although they inhibited
the testosterone induced transactivation. This aspect needs fur-
ther in detailed study to draw a conclusive evidence for their
modes of actions considering the importance of various pathways
by which these EDCs might act. Recent reports demonstrate that
xenobiotics-dependent direct up/downregulation of steroidogen-
esis could be attributed to several factors: (i) their action through
arylhydrocarbon receptor (AhR) [42]; (ii) direct binding of these
chemicals to steroid receptors, steroidogenic enzymes and proteins
associated with steroidogenesis (like steroidogenic acute regula-
tory protein) [43,44] and (iii) increased stability of transcripts and
transcriptional rate of the promoter of steroidogenic enzymes and
steroid receptors [18,45]. In this regard, the decrease in the testos-
terone synthesis by chlorpyrifos and piperophos in our study could
be attributed to the reduction in the expression of the key steri-
odogenic enzymes - P450scc, 33 and 173-HSD and even in the
alteration of steroid metabolizing enzymes as has been reported
earlier [46,47]. Since many of the steroid metabolizing enzymes
are also expressed constitutively in accessory reproductive organs
like prostate, it raises the possibility that the exposure of these
compounds may interfere with steroid hormone metabolism, ulti-
mately disturbing the steroid balance and availability [48]. StAR
gene expression is an important rate limiting step in steriodogene-
sis. This protein helpsin the transport of cholesterol from cytoplasm
into mitochondria during steroid biosynthesis [49,50]. When chlor-
pyrifos and piperophos treated cells were investigated for the StAR
protein expression, both chlorpyrifos and piperophos showed a
significant decrease in the StAR protein.

LH hormone acts via G-protein coupled receptor leading to the
increase in cAMP. This increase in cAMP induces the cholesterol
transportinto the mitochondria suggesting anincrease in StAR gene
expression in a cAMP responsive manner [51-53]. In our study,
chlorpyrifos showed a 30-32% decrease in the intracellular cAMP
level in hCG stimulated CHO-K1 cells transiently transfected with
hLH receptor and CRE-luc reporter construct. However, piperophos
did not show any significant down regulation of cAMP level in
this assay although it showed a potent anti-androgen activity in
transactivation assay. In summary, probably the reduction in cAMP
resulted in the decrease in StAR and P450scc expressions at least
in chlorpyrifos treated Leydig cells finally leading to the decrease
in testosterone biosynthesis. Although the cascade leading to the
decreased steroid biosynthesis by these chemicals are well under-
stood, but their interference with the cAMP decrease and down
stream cross-talks needs to be further investigated especially for
piperophos. This is of prime importance since these alterations
in androgen metabolism may pose serious threat to physiological
system especially when they have various modes of actions.

In conclusion, (anti)androgenic EDCs constitute an important
problem that has to be addressed as they pose a serious threat
to alter male reproductive abilities as well as may result in seri-
ous disease like cancers. The assays using NIH3T3-AR-Luc cell lines
are sensitive with minimum cross-reactivity with other steroids
and generate reproducible results. Some of the EDCs like chlorpyri-
fos and piperophos, as tested here, showed an inhibitory effect on
testosterone biosynthesis in Leydig cells by altering the expression
of some of the crucial steroidogenic enzymes. To the best of our
knowledge, this is the first ever report to show the anti-androgenic
actions of two common organophosphate insecticides, chlorpyrifos
and piperophos, in isolated Leydig cells. However, further in vivo
and in vitro studies are needed for better understanding of their
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modes of endocrine disruption and levels of reproductive toxicity.
All these data put together will help to designate these chemicals
as endocrine disruptors.
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