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Abstract

In the current studies, we evaluated the effects of 4-tert-octylphenol (OP), endosulfan, bisphenol A (BPA), and 17b-estradiol on basal
or hCG-stimulated testosterone formation by cultured Leydig cells from young adult male rats. Exposure of Leydig cells to increasing
concentrations of OP (1 to 2000 nM), 17b-estradiol (1 to 1000 nM), endosulfan (1 to 1000 nM) or BPA (1 to 1000 nM), alone or with 10
mIU/mL hCG for 4 or 24 h, did not lower ambient testosterone levels, although cells exposed to higher OP concentrations1 hCG for 24 h
often had modest declines in testosterone (10 to 20%). Of interest, exposure to the highest concentration OP (2000 nM) alone for 4 or 24 h
increased testosterone levels (; 2-fold in 4-h exposed cells). Whether prior exposure to OP1 hCG for 24 h affects the subsequent
conversion of steroid substrates to testosterone over 4 h was evaluated. Progressive declines in 1mM 22(R) hydroxycholesterol, 1mM
pregnenolone, or 1mM progesterone conversion to testosterone was observed beginning at 100 to 500 nM OP exposure (maximal declines
of 40 to 12% of controls were observed); however, the conversion of 1mM androstenedione to testosterone was not affected by OP. These
results suggested that 24-h exposure to OP1 hCG has no effect on 17b-hydroxysteroid dehydrogenase, which converts androstenedione
to testosterone, but that it inhibits the 17a-hydroxylase/C17–20 lyase step, which converts progesterone to androstenedione. In addition,
potentially, OP could inhibit cholesterol side/chain cleavage activity, which converts cholesterol to pregnenolone, and/or 3b-hydroxysteroid
dehydrogenase, which converts pregnenolone to progesterone. Of interest, exposure to increasing concentrations of 17b-estradiol (1 to 1000
nM), endosulfan (1 to 1000 nM), or BPA (1 to 1000 nM)1 hCG for 24 h had no effect on subsequent conversion of 22(R)hydroxycho-
lesterol to testosterone. Furthermore, the inhibiting effects of OP1 hCG exposure on subsequent conversion of progesterone to testosterone
was unaffected by concomitant exposure to the pure estrogen antagonist, ICI 182,780, or the antioxidants, ascorbate or dimethyl sulfoxide,
suggesting that the actions of OP are not mediated through binding to estrogen receptora or b or by free radical induced damage to
steroidogenic enzymes, respectively. These results demonstrate that direct exposure of adult Leydig cells to OP may have subtle effects on
their ability to produce testosterone, which may not be detected by measuring ambient androgen levels. In addition, the effects of OP on
Leydig cell testosterone formation appear to be different from those of the native estrogen, 17b-estradiol, and from other reported weak
xenoestrogens such as endosulfan and BPA. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Recent publications have hypothesized that environmen-
tal/occupational exposure to endocrine-disrupting chemicals
have had adverse effects on the reproductive system of
humans and various wildlife species [1,2]. Changes that

have occurred in males over the past 40 to 50 years attrib-
uted to gestational exposure to these chemicals [3] include
1) an international decline in semen quality [4], 2) a rise in
the incidence of cryptorchidism [5], and 3) an increase in
the incidence of testicular cancer [6]. However, this idea is
not universally accepted [7], and it has not been established
whether such changes have had any impact on male fertility
[8]. Although there is disagreement on the extent to which
exposure to endocrine-disrupting agents has adversely al-
tered male reproductive functions, there is general agree-
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ment on the need for additional studies to clarify the asso-
ciation between exposure and potential effects on human
reproductive health [9].

Alkylphenol ethoxylates (APEs) are a class of nonionic
surfactants widely used in the manufacture of detergents,
paints, pesticides, and plastics [10]. The alkyl groups pri-
marily are branched nonyl or octyl chains positioned oppo-
site the para-substituted ethoxylate chain, composed of one
to 100 repeating ethylene oxide units. 4-Tert-octylphenol
(octylphenol, OP) and 4-nonylphenol (NP) are environmen-
tally persistent degradation products of APEs [11]. Both OP
and NP have been reported to mimic the effects of estrogen
in various testing assays. Thus, they were demonstrated to
stimulate growth [12] and to displace3H-estradiol binding
to the estrogen receptor [13] of MCF-7 human breast cancer
cells, to stimulate estrogen-dependentb-galactosidase ac-
tivity in a yeast estrogen screen assay [14], and to stimulate
uterine growth when administered in vivo to immature rats
[15]. Bisphenol A (BPA) is a monomer used in the manu-
facture of polycarbonate and epoxy resins. Similar to OP
and NP, BPA has been reported to exhibit estrogen-like
activity in both in vitro [16] and in vivo [17] test systems.
Endosulfan is a polychlorinated cyclodiene insecticide
widely used in agriculture [18], and it has been reported also
to have estrogenic effects when applied to estrogen-sensi-
tive MCF-7 cells [19].

It has been reported that inappropriate gestational expo-
sure to estrogenic chemicals can adversely affect reproduc-
tive function of both male and female offspring. Male off-
spring of mothers treated with diethylstilbestrol (DES), a
synthetic estrogen used in the 1950s and 1960s to prevent
pregnancy complications, were reported to have a higher
incidence of testicular hypoplasia, cryptorchidism, and se-
men abnormalities [20]. Similarly, male offspring of preg-
nant mice exposed to DES were shown to have a higher
incidence of sterility [21] and cryptorchidism [22], and
gestational exposure of pregnant rats to DES or OP was
reported to decrease the amount of the steroidogenic en-
zyme 17a-hydroxylase/C17–20 lyase (P450c17) and of ste-
roidogenic factor 1 (SF-1), a transcription factor involved in
the development of adrenals and gonads and the expression
of steroidogenic enzymes [23,24]. In addition, exposure of
neonatal rats to NP reduced the size of the testis and acces-
sory sexual organ weights and increased the incidence of
cryptorchidism [25]. In adult rats, chronic exposure to OP or
estradiol valerate was reported to decrease testis size and
sperm numbers [26]. With respect to testicular effects of
BPA, maternal exposure of pregnant mice (days 11 through
17 of gestation) to BPA reduced efficiency of sperm pro-
duction (number of spermatids per gram testis) in young
adult males [27]. With respect to the gonadal effects of
endosulfan, oral exposure of young adult male rats to en-
dosulfan was reported to decrease circulating testosterone
levels [28], and in immature males, it was reported to reduce
testicular spermatid numbers [29].

The testicular effects of OP and BPA are proposed gen-

erally to mimic the actions of estrogen; however, the mode
of action of endosulfan on the testis has not been deter-
mined. In addition, whether the actions of each of these
chemicals on the testis represent direct or indirect effects,
and their specific mechanism and site(s) of action have not
been established. Using an in vitro adult rat Leydig cell
model, we examined the potential direct effects of OP, BPA,
or endosulfan on basal or hCG-stimulated testosterone for-
mation, and we compared the effects of these chemicals to
that of 17b-estradiol.

2. Materials and methods

2.1. Animals

Young adult male Sprague-Dawley (Hla: (SD) CVF) rats
were purchased from Hilltop Lab Animals, Inc., Scottdale,
PA, USA. Animals were housed in polycarbonate shoebox
cages (two per cage) and exposed to a 12 h light and 12 h
dark cycle. They were fed Purina rat chow (R-M-H 3500
with 5% fat content) and provided tap water ad libitum.
Animals were maintained in an AAALAC-accredited facil-
ity in compliance with the Guide for the Care and Use of
Laboratory Animals. All animal protocols were reviewed
and approved by the local animal studies committee.

2.2. Reagents

Collagenase (Type I), penicillin G, streptomycin sulfate,
deoxyribonuclease I (DNase I), 22(R)-hydroxycholesterol,
5-pregnen-3b-ol-20-one (pregnenolone), 4-pregnen-3,20-
dione (progesterone), 4-androsten-3,17-dione (andro-
stenedione), L-ascorbic acid, dimethyl sulfoxide (Me2SO),
8- bromoadenosine 39:59-cyclic monophosphate (8-Br-
cAMP), and 3-isobutyl-1-methylxanthine (IBMX) were
from Sigma Chemical Co., St. Louis, MO, USA. Bovine
serum albumin (BSA, clinical reagent grade) and Ecolite
(liquid scintillation fluid) were from ICN Pharmaceuticals,
Inc., Costa Mesa, CA, USA. Dulbecco’s Modified Eagle
Medium without phenol red (DMEM), F-12 Nutrient Mix-
ture without phenol red (F-12), Medium 199 (Med 199),
Hank’s balanced salt solution without Ca21 and
Mg21(HBSS), sodium bicarbonate, soybean trypsin inhibi-
tor, and N-2-hydroxyethylpiperazine-NR-2- ethane sulfonic
acid (HEPES) were from Life Technologies, Grand Island,
NY, USA. [2,3,6,7-3H(N)]-Testosterone (specific activity;
100 Ci/mmol) and [125I]-human chorionic gonadotropin
(125I- hCG, specific activity; 50 mCi/mg) were from NEN
Life Science Products, Boston, MA, USA. 17b-Estradiol
and testosterone were from Steraloids, Wilton, NH, USA.
ICI 182,780 (ICI, pure antiestrogen) was a gift from Dr.
A.E. Wakeling (Zeneca Pharmaceuticals, Cheshire, En-
gland). 4-tert-Octylphenol (OP) and bisphenol A (BPA)
were from Aldrich Chemical Company, Milwaukee, WI,
USA. Endosulfan was from Chem Service, West Chester,
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PA, USA. Percoll was from Pharmacia, Piscataway, NJ,
USA. Human chorionic gonadotropin (hCG, CR-127, spe-
cific activity 14900 IU/mg) was a gift from NIDDK, Be-
thesda, MD, USA.

2.3. Isolation and culture of Leydig cells

Animals were 55 to 65 days of age when sacrificed by
intraperitoneal (i.p.) injection of pentobarbitol. To obtain
sufficient cells for culture, testes from 8 to 10 animals were
utilized. Testes were decapsulated and digested in 0.25
mg/mL collagenase in Med 1991 0.1% BSA and 10
mg/mL DNase I for 20 to 30 min at 37°C. The dispersed
interstitial cells were elutriated using a Beckman elutriation
apparatus as described previously [30]. Cells retained in the
elutriation chamber were layered over a 60% Percoll gradi-
ent and centrifuged at; 25,000g for 1 h. Leydig cells
localized between densities of 1.07 and 1.09 g/mL. These
cells were; 95% pure based on histochemical staining for
3b- hydroxysteroid dehydrogenase (3b-HSD) activity.

Leydig cells were resuspended in a 1:1 mixture of
DMEM/F-12 without phenol red containing 15 mM HEPES
(pH 7.4), 15 mM NaHCO3, 100 U/mL penicillin G, 100
mg/mL streptomycin and 0.1% BSA as described previously
[31]. One milliliter of cells (13 105/mL) was added into
each 1.6-cm diameter well of a 24-well Costar culture plate
and maintained in a humidified atmosphere of 95% air and
5% CO2 at 33°C; however, for125I-hCG binding studies,
1 ml of cells containing 23 105/mL was added. Fresh
medium without BSA was added; 20 h after plating, and
treatments were initiated. Cells were exposed to various
treatments for 4 or 24 h.

2.4. Treatment of cells

OP and 17b-estradiol were dissolved in ethanol. The
final ethanol concentration in all treatment groups (includ-
ing controls) was 0.1%. BPA and endosulfan were dissolved
in Me2SO The final Me2SO concentrations for each chem-
ical (including controls) were 0.1 and 0.15%, respectively.
These concentrations of ethanol or Me2SO did not affect
testosterone biosynthesis or cell viability. Furthermore, the
concentrations of OP, 17b-estradiol, BPA, and endosulfan
used in these experiments did not affect cell viability based
on cell morphology, attachment to culture plates, or the
exclusion of trypan blue.

2.5. Quantitation of testosterone formation,125I-hCG
binding to LH receptors and cellular cAMP levels

Testosterone was quantitated directly from the culture
medium by radioimmunoassay (RIA) as described previ-
ously [32]. Quantitation of125I-hCG binding to LH recep-
tors was similar to a procedure described for cultured im-
mature rat Leydig cells [33]. Cellular cAMP content of
cultured Leydig cells was quantitated after acetylation by

RIA (Amersham cAMP kit, no. RPA 509) as described
previously [34].

2.6. Statistical analysis

Data were expressed as mean6 SEM and analyzed by
ANOVA. Differences among treatment means were deter-
mined using Student-Newman-Keuls’ test. AP value ,
0.05 was considered statistically significant.

3. Results

3.1. Effect of increasing concentrations of OP, alone or
in the presence of 10 mIU/ml hCG, on testosterone
formation following 4 or 24 h exposures

The testosterone level following 4 h ofculture in control
cells was 6.96 0.4 ng/105 cells (Fig. 1, panel A). Exposure
to 1 to 500 nM OP did not alter testosterone levels; how-
ever, exposure to 2000 nM OP significantly increased tes-
tosterone to 13.16 1.2 ng/105 cells. Control Leydig cells
produced 8.16 0.7 ng testosterone/105 cells following 24 h
of culture (Fig. 1, panel B). Exposure to 1 to 100 nM OP did
not alter testosterone levels; however, exposure to 500 or
2000 nM OP increased testosterone to 11.26 0.5 and
12.76 0.4 ng/105 cells, respectively. In response to expo-
sure to hCG alone for 4 h, Leydig cells produced 91.06 3.0
ng testosterone/105 cells (Fig. 1, panel C). Exposure to OP
(1 to 2000 nM) did not have a significant effect on hCG-
stimulated testosterone. In response to exposure to hCG
alone for 24 h, Leydig cells produced 127.96 7.0 ng
testosterone/105 cells (Fig. 1, panel D). Exposure to OP (1
to 2000 nM) did not have a significant effect on hCG-
stimulated testosterone. In 11 separate experiments testos-
terone levels were 100 to 76% of control in cells exposed to
2000 nM OP1 hCG, and in 2 of these experiments, tes-
tosterone levels were significantly less than control.

3.2. Effect of increasing concentrations of 17b-estradiol,
endosulfan or BPA, alone or in the presence of 10 mIU/
ml hCG, on testosterone formation following 4 or 24 h
exposures

Exposure to increasing concentrations of 17b-estradiol
(1 to 1000 nM), endosulfan (1 to 1000 nM), or BPA (1 to
1000 nM) for 4 h or 24 h andwithout or with hCG, had no
effect on testosterone levels (data not shown).

3.3. Effects of increasing concentrations of OP,
endosulfan or BPA on 1 mM 8 Br-cAMP-stimulated
testosterone following 24 h exposure

Increasing concentrations of OP (1 to 2000 nM), en-
dosulfan (1 to 1000 nM), or BPA (1 to 1000 nM) did not
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significantly alter 1 mM 8 Br-cAMP-stimulated testosterone
levels following 24 h of exposure (data not shown).

3.4. Conversion of steroid precursors to testosterone over
4 h following initial 24 h exposure to increasing
concentrations of OP and 10 mIU/ml hCG

Although testosterone levels were not significantly re-
duced in cultured Leydig cells following exposure to in-
creasing concentrations of OP (1 to 2000 nM) and 10 mIU/mL
hCG, the possibility that specific steroidogenic enzymes
converting cholesterol to testosterone might be affected
following this exposure was evaluated. Following the initial
24-h exposure to increasing OP concentrations and hCG,
fresh media containing 1mM 22(R)hydroxycholesterol was
added to each well, and its conversion to testosterone after
incubation for 4 h was evaluated. A progressive decline in
the conversion 22(R)hydroxcholesterol conversion testos-
terone was observed at the 2 highest concentrations of OP
(Fig. 2, panel A). The conversion of cholesterol to testos-
terone involves 4 enzymatic steps: 1) cytochrome P-450

cholesterol side-cleavage (P450scc), which converts choles-
terol to pregnenolone; 2) 3b-hydroxysteroid dehydroge-
nase-isomerase (3b-HSD), which converts pregnenolone to
progesterone; 3) 17a-hydroxylase/c17–20-lyase (P450c17),
which converts progesterone to 17a-hydroxyprogesterone
and androstenedione; and 4) 17b-hydroxysteroid dehydro-
genase (17b-HSD), which converts androstenedione to tes-
tosterone.

The conversion of 1mM pregnenolone or progesterone
to testosterone over 4 h following initial exposure to in-
creasing concentrations of OP and hCG exhibited a pattern
similar to that of 22(R)hydroxycholesterol (Fig. 2, panels B
and C, respectively), although with pregnenolone as sub-
strate, the decline in testosterone with 100 nM OP was
significant. In contrast, the conversion of 1mM andro-
stenedione to testosterone over 4 h after the initial 24 h
exposure to increasing OP concentrations and hCG was
unaffected (Fig. 2, panel D). Collectively, this pattern of
steroid substrate conversion to testosterone suggests that
17b-HSD activity is unaffected by OP, while P450c17 ac-
tivity appears to be inhibited by OP. In addition, P450scc

Fig. 1. Effect of octylphenol on testosterone formation of cultured adult Leydig cells. Leydig cells were exposed to increasing concentrations of OP(1 to
2000 nM) alone or with 10 mIU/mL hCG for 4 or 24 h. Each treatment represents the mean6 SEM of 4 separate samples from a single experiment. These
results are representative of at least 3 separate experiements.a P , 0.05 when compared to appropriate control.
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and/or 3b-HSD activities may be inhibited by OP, but the
pattern of testosterone biosynthesis using 22(R) hydroxy-
cholesterol or pregnenolone as substrates could be ascribed
to the inhibition of P450c17. The conversion of 22(R)
hydroxycholesterol or progesterone to testosterone over 4 h
following an initial exposure to increasing concentrations of
OP alone or with hCG for 4 h or of increasing concentra-
tions of OP alone for 24 h, also was evaluated. Testosterone
levels were no different than control under each of these
conditions, suggesting that the increase in testosterone fol-
lowing exposure to OP alone required the continued pres-
ence of OP or that the enhancement of another segment of
the steroidogenic pathway is responsible for the increase in
androgen, and that in the presence of hCG, more than 4 h of
exposure is needed to exert the inhibiting effects of OP on
22(R) hydroxycholesterol or progesterone conversion to tes-
tosterone.

3.5. Conversion of 1mM 22(R)hydroxycholesterol to
testosterone over 4 h following initial 24 h exposure to
increasing concentrations of 17b-estradiol, endosulfan, or
BPA, and 10 mIU/ml hCG

Exposure to increasing concentrations of 17b-estradiol
(1 to 1000 nM) 1 hCG for 24 h had no effect on the
subsequent conversion of 22(R)hydroxycholesterol to tes-
tosterone (Fig. 3, panel A). Similarly, exposure to increas-
ing concentrations of endosulfan (1 to 1000 nM) or BPA (1
to 1000 nM)1 hCG for 24 h had no effect on the subse-
quent conversion of 22(R)hydroxycholesterol to testoster-
one (Fig. 3, panels B and C, respectively). Thus, in contrast
to OP, exposure to 17b-estradiol, endosulfan, or BPA does
not appear to alter the activity of any of the steroidogenic
enzymes involved in the conversion of cholesterol to tes-
tosterone in cultured adult Leydig cells.

Fig. 2. Effect of initial exposure to octylphenol and hCG on subsequent conversion of steroid substrates to testosterone. Leydig cells were exposed to
increasing concentrations of OP (1 to 2000 nM) and 10 mIU/mL hCG for 24 h. Next, fresh medium containing 1mM 22(R)hydroxycholesterol (panel A),
1 mM pregnenolone (panel B), 1mM progesterone (panel C), or 1mM androstenedione (panel D) was added to each well, and testosterone formation after
incubation for 4 h was determined. Each treatment represents the mean6 SEM of 4 separate samples from a single experiment. These results are
representative of at least 3 separate experiments.aP , 0.05 when compared to appropriate control.
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3.6. Effect of concomitant exposure to 1mm ICI 182,780
1 increasing concentrations of OP1 10 mIU/mL hCG
for 24 h on subsequent conversion of 1mM progesterone
to testosterone over 4 h

To evaluate whether the actions of OP in inhibiting the
conversion of progesterone to testosterone is mediated
through binding to estrogen receptora or b, 1 mM ICI
182,780, a pure estrogen antagonist, was included during

the initial 24 h exposure to increasing OP concentrations
and hCG. Concomitant incubation of cultured Leydig cells
with ICI 182,780 did not alter the decline in the conversion
of progesterone to testosterone by exposure to higher OP
concentrations (Fig. 4).

3.7. Effect of concomitant exposure to 0.2 mM ascorbate
or 10 mM Me2SO and increasing concentrations of OP1
10 mIU/ml hCG for 24 h on subsequent conversion of 1
mM progesterone to testosterone over 4 h

The possibility that OP could function as a pseudosub-
strate and thereby lead to the generation of oxygen free
radicals which can cause lipid peroxidation and damage to
steroidogenic enzymes was examined. The inclusion of 0.2
mM ascorbate or 10 mM Me2S0 to cells exposed for 24 h to
increasing OP concentrations1 hCG had no effect on the
inhibition of progesterone conversion to testosterone (Fig.
5, panels A and B, respectively). The inclusion of both
ascorbate and Me2SO to OP1 hCG exposed cells, simi-
larly, had no protective effects on progesterone conversion
to testosterone (data not shown).

3.8. Effect of increasing concentrations of OP,
endosulfan, or BPA on125I-hCG binding to Leydig cells

Because exposure of Leydig cells to hCG down regulates
luteinizing hormone (LH) receptors [35], exposed cells
were treated with OP (1 to 2000 nM), endosulfan (1 to 1000
nM), or BPA (1 to 1000 nM) alone for 24 h prior to
quantitating125I-hCG binding to LH receptors. Exposure to
increasing concentrations of OP, endosulfan, or BPA alone

Fig. 3. Effect of initial exposure to 17b-estradiol, endosulfan, or bisphenol
A and hCG on subsequent conversion of 22(R)hydroxycholesterol to tes-
tosterone. Leydig cells were exposed to increasing concentrations of 17b-
estradiol (1 to 1000 nM, panel A), endosulfan (1 to 1000 nM, panel B), or
BPA (1 to 1000 nM, panel C), and 10 mIU/mL hCG for 24 h. Next, fresh
medium containing 1mM 22(R)hydroxycholesterol was added to each
well, and testosterone formation after incubation for 4 h was determined.
Each treatment represents the mean6 SEM of 4 separate samples from a
single experiment. These results are representative of at least 3 separate
experiments.

Fig. 4. Effect of initial concomitant exposure to ICI 182,780, octylphenol,
and hCG on subsequent conversion of progesterone to testosterone. Leydig
cells were exposed to 1mM ICI 182,780, increasing concentrations of OP
(1 to 2000 nM) and 10 mIU/ml hCG for 24 h. Next, fresh medium
containing 1mM progesterone was added to each well, and testosterone
formation after incubation for 4 h was determined. Each treatment repre-
sents the mean6 SEM of 4 separate samples from a single experiment.
These results are representative of at least 3 separate experiments.aP ,
0.05 when compared to control.
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for 24 h had no effect on125I-hCG binding to LH receptors
in Leydig cells (data not shown).

Whether exposure to increasing concentrations of OP,
endosulfan or BPA, alone or with 10 mIU/mL hCG, for 4 or
24 h, affect cellular cAMP levels also was evaluated. Cel-
lular cAMP levels were unaffected by any of these treat-
ments (data not shown).

4. Discussion

The studies described herein demonstrate that the sensi-
tivity of cultured adult rat Leydig cells to OP with respect to
testosterone biosynthetic competence differs from that to
17b-estradiol, the native secreted estrogen, and the xe-
noestrogens endosulfan and BPA. Although treatment with
increasing concentrations of OP (1 to 2000 nM), 17b-estra-
diol (1 to 1000 nM), endosulfan (1 to 1000 nM), or BPA (1
to 1000 nM), alone or with 10 mIU/mL hCG for 4 or 24 h
did not significantly lower testosterone levels released into

the medium, exposure to 100 to 500 nM and higher of OP
1 hCG for 24 h inhibited the subsequent conversion of
22(R) hydroxycholesterol, pregnenolone, or progesterone
(but not androstenedione) to testosterone over 4 h. In con-
trast, initial exposure of Leydig cells to increasing concen-
trations of 17b-estradiol, endosulfan or BPA1 hCG for
24 h had no effect on the subsequent conversion of 22(R)hy-
droxycholesterol to testosterone over 4 h. Furthermore, con-
comitant exposure of Leydig cells to the pure estrogen
antagonist ICI 182,780, increasing concentrations of OP and
10 mIU/mL hCG for 24 h did not alter the subsequent
inhibition of progesterone conversion to testosterone, sug-
gesting that the effects of OP are not mediated through the
estrogen receptor. These results suggest that in vitro OP has
the potential to inhibit one or more enzymatic steps in-
volved in the conversion of cholesterol to androstenedione
and that the effects of OP on hCG-stimulated testosterone
biosynthesis differ from that of the native estrogen and from
other reported weak estrogenic chemicals (endosulfan and
BPA).

We reported previously that exposure of cultured neona-
tal rat Leydig cells (which represent a “fetal” population of
Leydig cells) to increasing concentrations of OP (1 to 2000
nM) and 10 mIU/mL hCG for 24 h had a biphasic effect on
testosterone formation, with lower concentrations (1 and 10
nM) actually increasing testosterone levels (10 to 70%
above control), while higher OP concentrations (100 to
2000 nM) progressively reduced testosterone from peak
levels [31]. Exposure to increasing concentrations of OP
alone for 4 or 24 h or with 10 mIU/mL hCG for 4 h, in
contrast, had no or very little effect on testosterone forma-
tion. In both cultured precursor Leydig cells and Leydig
cells from immature rats (23 days of age), exposure to
increasing concentrations of OP (1 to 2000 nM) and 10
mIU/mL hCG for 24 h caused a progressive decline in
testosterone formation beginning at 100 or 500 nM OP and
higher [34]. Thus, there are differences in the pattern or
sensitivity of testosterone response to direct OP exposure of
Leydig cells from animals of different ages. Currently, we
cannot explain why these differences in sensitivity to direct
OP exposure exist. However, this may be explained, in part,
by the fact that neonatal (fetal) Leydig cells represent a
completely separate population of steroidogenic cells that
actively produce testosterone during the later stages of ges-
tation [36] but then become nonfunctional after about 2 to 3
weeks following birth in rodents [37]. Precursor Leydig
cells are derived from mesenchymal cells localized within
the interstitium of immature testes, and they differentiate
into immature Leydig cells between the second and fourth
weeks after birth [38]. Immature Leydig cells differentiate
into adult Leydig cells after about 40 days following birth
[39]. Thus, because each of these cell types represent dis-
tinct stages of Leydig cell maturation, their responses and/or
sensitivity to OP may differ.

The pattern of steroid substrate conversion to testoster-
one over 4 h after an initial 24 h exposure to OP (1 to 2000

Fig. 5. Effect of initial concomitant exposure to antioxidants, octylphenol
and hCG on subsequent conversion of progesterone to testosterone. Leydig
cells were exposed to 0.2 mM ascorbate (panel A) or 10 mM Me2SO (panel
B) and increasing concentrations of OP (1 to 2000 nM) and 10 mIU/mL
hCG for 24 h. Next, fresh medium containing 1mM progesterone was
added to each well, and testosterone formation after incubation for 4 h was
determined. Each treatment represents the mean6 SEM of 4 separate
samples from a single experiment. These results are representative of at
least 3 separate experiments.aP , 0.05 when compared to appropriate
control.
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nM) 1 hCG (no effect on androstenedione conversion to
testosterone, but inhibition of 22(R)hydroxycholesterol,
pregnenolone or progesterone conversion to testosterone),
suggests that 17b-HSD activity is unaffected by OP and that
P450c17 activity is inhibited by OP. Potentially, P450scc
and/or 3b-HSD activities also could be inhibited by OP in
adult Leydig cells, but inhibition of P450c17 activity alone
could account for the pattern of testosterone formation ob-
served following addition of 22(R)hydroxycholesterol or
pregnenolone as substrates. In future studies, it will be
necessary to measure P450scc and 3b-HSD activities spe-
cifically to determine whether OP also affects these en-
zymes. In a study reported previously, exposure of cultured
precursor or immature rat Leydig cells to OP (1 to 2000 nM)
1 hCG for 24 h inhibited P450c17 activity but not 17b-
HSD activity as observed in the present study [34]. How-
ever, in that study ambient testosterone levels of cells ex-
posed to OP1 hCG for 24 h were reduced, suggesting that
precursor and Leydig cells from immature rats may be more
sensitive to OP than adult Leydig cells. In contrast to the
pattern of steroid substrate conversion to testosterone ob-
served in cultured precursor and immature Leydig cells
from prepubertal rats and adult Leydig cells following ini-
tial exposure for 24 h to increasing OP concentrations and
hCG, the conversion of 22(R)hydroxycholesterol, preg-
nenolone, or progesterone conversion to testosterone was
unaffected in cultured Leydig cells from neonatal rats [31],
suggesting that the site(s) of sensitivity of neonatal Leydig
cells to OP differed from that of older Leydig cells.

In one other in vitro study using cultured mouse Leydig
Tumor cells (mLTC-1), exposure to BPA or OP was re-
ported to inhibit hCG-stimulated progesterone production
[40]. These cells lack the enzymatic capacity to convert
progesterone to testosterone, so that progesterone is the
main steroid product secreted. In contrast to the current
studies where the primary actions of OP occurred between
the enzymatic steps converting cholesterol to androstenedi-
one, in mLTC-1 cells, the main actions of OP occurred prior
to the P450scc step (due to a decline in cAMP formation)
and, furthermore, these cells were sensitive to BPA [40].
These differences in sensitivity to BPA and OP and the
site(s) of sensitivity to OP may be due to species differences
(mouse vs rat cells) and cell type (tumor cell vs primary cell
culture).

There is some similarity of the current results with recent
studies on the effects of polychlorinated biphenyls (PCBs),
a mixture of persistent industrial chemicals used in the
manufacture of hydraulic and transformer fluids, on rat
Leydig cell androgen formation. PCBs have been reported
to exhibit both estrogenic and antiestrogenic activities in
various assays [41], and, in addition, some of the actions of
PCBs appear to be mediated through the arylhydrocarbon
receptor (AhR). In interstitial cells from adult rats, a mixture
of PCBs was reported to inhibit hCG-stimulated or proges-
terone-supported (but not androstenedione-supported) tes-
tosterone formation following exposure for 2 h, suggesting

that P450c17 activity was inhibited by PCBs [42]. A sub-
sequent study demonstrated that another mixture of PCBs
(Aroclor 1248) inhibited testicular 3bHSD activity follow-
ing 24-h in vivo exposure or following 2-h exposure of
intact interstitial cells [43]. Aroclor 1248 also inhibited
3bHSD and P450c17 activities following 10 to 15 min
exposure of a postmitochondrial fraction of testes from
normal adult rats [43]. However, the complexity of the
Leydig cell response to PCBs was demonstrated by the
observation that Askarel (containing Aroclor 1260, another
mixture of PCBs), stimulated P450c17 activity when added
directly to a post mitochondrial fraction of testes from
normal adult rats [44]. It is not known whether OP and
PCBs alter testosterone by Leydig cells by similar or dif-
ferent mechanisms; however, it will be important to deter-
mine the specific mode of action of each chemical to better
understand the potential cummulative effect of exposure to
a mixture of these and similar chemicals on steroidogenic
competence.

With respect to how the inhibiting effects of OP on
cholesterol conversion to testosterone are mediated, the
possibility that OP could inhibit testosterone production by
acting as a pro-oxidant was examined. Two cytochrome
P450 enzymes (P450scc and P450c17) are involved in con-
verting cholesterol to testosterone in Leydig cells. They use
molecular oxygen and electrons from NADPH for substrate
hydroxylation. During normal steroidogenesis, reactive ox-
ygen species (superoxide and/or hydroxyl radicals) are pro-
duced by electron leakage outside the electron transfer
chains [45,46], and these oxygen radicals can initiate lipid
peroxidation to inactivate P450 enzymes [47]. Antioxidants
such as ascorbate and Me2SO are protective against super-
oxide and hydroxyl radicals, respectively [45,48]. The in-
ability of ascorbate or Me2SO to protect against the inhib-
itive effects of OP in the current studies suggest that OP
does not inhibit adult Leydig cell steroidogenesis by gen-
erating free radicals. Similar to the current studies, antioxi-
dants were unable to protect against the inhibitive effect of
OP on testosterone formation in cultured precursor and
Leydig cells from immature rats [34].

Although we were able to identify steroidogenic deficits
in the capacity of adult rat Leydig cells to convert choles-
terol to androstenedione (by focusing on a specific locus of
the steroidogenic pathway), it should be recognized that
hCG-stimulated testosterone levels in the ambient media of
exposed cells were not reduced significantly following the
initial exposure for 24 h with OP1 hCG, suggesting that in
adult animals, exposure to OP may not dramatically lower
circulating testosterone levels. That this may be the case is
suggested by recent multigeneration in vivo studies where
continuous exposure through the diet to NP [49] or OP [50]
produced limited effects on the reproductive system of male
rats, although in both studies potential changes in circulat-
ing hormone levels (gonadotropins or androgens) were not
measured. Although dietary exposure of rats to NP or OP
(up to 2000 ppm) appears to have limited adverse effects on
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the reproductive system, both i.p. or s.c. exposures have
been reported to have adverse reproductive effects on males
[24–26]. These observations are supported by a recent study
that examined the uterotropic response of immature rats to
OP administered by gavage vs s.c. injection [51]. This study
found that the uterotropic response was greater following
s.c. injection of OP than following exposure via the oral
route.

An interesting observation in the current studies was the
nearly 2-fold increase in testosterone levels following ex-
posure to increasing concentrations of OP alone. This pat-
tern was not observed in neonatal Leydig cells [31] or
immature Leydig cells [34]. Because adult Leydig cells in
situ would be expected to be exposed continuously to cir-
culating LH, the physiologic relevance of this observation is
not clear. Nevertheless, this observation illustrates the po-
tential varied actions of OP on Leydig cells, which distin-
guishes it from the effects of 17b-estradiol or other reported
xenoestrogens.
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