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endocrine processes, which may result in reproduc-

INTRODUCTION tive problems, certain cancers and other toxicities

related to (sexual) differentiation, growth, and devel-

There is increasing evidence that certain environ- opment. A metabolite of the pesticide dichlorodiph-
mental contaminants have the potential to disrupt  enyltrichloroethane (DDT), is a widespread environ-

% To whom correspondence should be addressed. mental pollutant. Earlier studies have shown that
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in altered sexual differentiation in male rats. Affected
animals display a number of signs of feminization,
including reduced anogenital distance and increased
incidence of nipple retention (Kelce ez al., 1995; You
et al., 1998). Since DDE is able to bind to the andro-
gen receptor and block the actions of testosterone, its
effects on reproductive development have been attri-
buted primarily to an androgen receptor antagonism
(Kelce er al., 1995; Kelce et al., 1997).

Several classes of relatively persistent pesticides,
such as organotin compounds, DDT and several
metabolites, and a number of imidazole-like fung-
icides are suspected or have been shown to interfere
with steroidogenesis. Particular attention has been
given to the enzyme aromatase (CYP19) which catal-
yzes the final, rate-limiting step in the conversion of
androgens to estrogens. It has been postulated that
organotin compounds may cause endocrine—disrup-
tive effects such as “imposex” in molluscs by inhibi-
ting aromatase activity (Fent, 1996). Various imida-
zole-like fungicides are known to inhibit aromatase
activity in human placental (Vinggaard er al., 2000)
and rainbow trout ovarian microsomes (De Mones et
al., 1993). Recently, DDT, which has antiandrogenic
properties (Kelce and Wilson, 1997), has been report-
ed to increase aromatase protein in rat (You et al.,
2001). Aromatase catalyzes the conversion of C19
steroids to estrogens, a reaction that involves the
removal of the C19 carbon and aromatization of the
A ring of the steroid. The expression of aromatase is
controlled by regulatory pathways involving gonado-
tropins, steroid hormones, and growth factors (Roselli
and Resko, 1998).

A recent study reported that DDT exposure signifi-
cantly increased circulating levels of 17f-estradiol
(E2) in male rats (O’Connor et al., 1999). This find-
ing suggests a possibility that the feminization seen
in DDT-exposed male rats may also involve an
overproduction of estrogen. In the present study, we
investigated the effect of DDT on testoesterone pro-
duction through aromatase and investigated its mole-
cular mechanism in testicular leydig cell, R2C. The
involvement of estrogen receptor (ER) in this process
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was also investigated using the ER antagonist, ICI
182.780.

METHODS AND MATERIALS

Materials

DDT was obtained from the Sigma Chemical Co.
(St. Louis, Korea). This compounds was dissolved in
ethanol, and the final concentration of ethanol in the
cell growth medium was 0.1% (v/v). DMEM and
fetal bovine serum (FBS) were purchased from Gibco
BRL (Grand Island, Korea). [B—>H] Androstenedione
was purchased from Amersham Pharmacia Biotech
(Boston, MA).

Cell treatment

R2C cells were obtained from the American Type
Culture Collection. Cells in 24-well culture plates
containing 1 ml medium per well were exposed to
various concentrations of DTT dissolved in dimethyl
sulfoxide (DMSQO). All treatments were tested in
triplicate, For the DMSO at 0.1% had no effect on
CYP19 expression or catalytic activity relative to un-
exposed cells.

Animal

Immature male Sprague-Dawley rats (100~ 120 g)
were purchased from KFDA (Seoul, Korea). The rats
were unbiasedly divided into the vehicle control and
the treatment groups (1 =3 per group) and dosed with
DDT (0~ 100 mg/kg) respectively by daily gavage
for 3 days. The rats were killed by decapitation 24 h
after the last dose. Testis samples were stored at
—20°C until hormone and aromatase assay.

Aromatase assay

The aromatase activity was determined by measur-
ing the [*H]H-O release upon the conversion of [1B-
3H]androstenedione (A) to estrone (E1) (Lephart and
Simpson, 1991). Before the experiment, the cells
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were cultured in DMEM with 5% DCS (dextran—
coated, charcoal—treated FBS) for 48 h. After the
cells were treated with DDT, [1B-3H] and rostene-
dione was added, and then the cells were further in-
cubated for 6 h. The medium (2.0 ml) was extracted
with chloroform and then was centrifuged. The aque-
ous supernatant was mixed with 5% charcoal/0.5%
dextran and then was incubated for 30 min. There-
after, the mixture was centrifuged and the superna-
tant was added to 5 ml of scintillation fluid and as-
sayed for radioactivity. The amount of radioactivity
in [*H]H;O thus measured was standardized based on
the protein concentration which was determined us-
ing a micro BCA kit (Pierce Chemical Co., Korea)
and expressed as pmol/mg protein/6 h.

Testosterone and Estradiol content assayed by
RIA

To ensure that the measured aromatase activity
truly reflected the capability of estrogen production,
the cells were treated with or without various con-
centrations of DDT for 24 h, and then the medium
was collected and the T and E; were assayed in du-
plicate by using a Coat—A~-Count radioimmunoassay
kit. The radioactivity of '>I was quantified by a gam-
ma-counter.

Statistics

All experiments were repeated at least three times.
Student’s t—test was used to assess the statistical sig-
nificance of differences. A confidence level of <0.05
was considered significant.

RESULTS AND DISCUSSION

Because DDT is known to inhibit LH-induced
testosterone production in leydig cell and has been
shown to possess estrogenic properties, we decided
to investigate the effects of DDT on testosterone
production and its effects on aromatase activity in
R2C cell. The potent leydig cell activator luteinizing
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Fig. 1. Effects of DDT on testosterone production by R2C
cells. After being harvested, cells were incubated
without or with LH. R2C cells were apparent after
12 h of DDT (1 uMj treatment testosterone concen-
trations were measured in the spent media by RIA.
Three experiments were conducted for this deter-
mination. *, denotes statistical significance (p<<0.05)
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Fig. 2. Effects of DDT on aromatase activity by R2C cells.
Cells were treated with DDT (1 uM) for 12 h and
then aromatase activities were measured in the spent
media by RIA. Three experiments were conducted
for this determination. *, denotes statistical signifi-
cance (p<0.05)

hormone (LH) increased testosterone production
compared to the control. DDT exposure significantly
decreased testoesterone production in R2C cell and
rat testis (Figs. 1, 5A). Furthermore, DDT alone af-
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Fig. 3. Effects of DDT on aromatase activity in the imma-
ture male rats. Rats were dosed with DDT by daily
gavage for 3 days. Aromatase activities were mea-
sured in the testis by RIA. Three experiments were
conducted for this determination. *, denotes statisti-
cal significance (p<0.05)

fected testosterone reduction in a dose-dependent
manner in R2C cell (data not shown) slightly. The
DDT-mediated suppression of testosterone produc-
tion was not due to a DDT cytotoxic effect. Cell via-
bility was identical for cultures treated with DDT
(data not shown). In addition, DDT was found to
increase aromatase activity in R2C cell (Fig. 2) and
rat testis (Fig. 3). A recent study reported that HPTE
(2, 2-bis(p-hydroxyphenyl)-1, 1, I -tricholoro-
ethane, DDT metabolite) inhibited production of
testosterone in leydig cells, as down-regulation of
P450.., the enzyme that catalyzes the first reaction in
the testosterone biosynthesis pathway (Benson ef al.,
2000). However, the mechanism by which DDT
causes these effects is not clear. Regarding these
results, previous studies have reported that the estro-
genic activities of DDT, such as ER binding affinity
(Beresford et al., 2000). In order to assess whether
the suppressive effects of DDT on LH-inducible
testosterone production might be influenced by the
ER, ICT 182.780, a pure antiestrogen, was used, and
it was found that these inhibitory effects of DDT
were antagonized by ICI 182.780, implying that the
ER mediates the suppressive effects of DDT (Fig. 4).
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Fig. 4. Antagonism of DDT inhibition of testosterone pro-
duction by antiestrogen. DDT (1 uM) inhibition of
testosterone production was prevented when R2C
cells were coincubated with ICI 182,780 (ICI) in
media containing 10 ng/ml LH for 12 h. Testoster-
one productions were measured in the spent media
by RIA. Three experiments were conducted for this
determination. *, denotes statistical significance
(p<0.05)

Furthermore, the inducible effects of DDT on aroma-
tase might be influenced by the ER, ICI 182.780 was
used, and it was found that these enhancing effects of
DDT were antagonized by ICI 182.780, implying
that the ER mediates the inducible effects of DDT
(Fig. 3). Therefore, we believe that decreased LH-
inducible testosterone production by DDT is regulat-
ed through aromatase. Several previous studies have
shown that DDT treatment leads to reduce LH-
inducible testosterone production (You et al., 2001),
and this is confirmed by the present study (Figs. 1,
5A). And we showed that DDT exposure significant-
ly increased levels of E in male rats testis (Fig. 5B).
According to the classical hypothesis, the cellular
effects of estrogens are mediated by the intracellular
ER, which serve as transcription factors. ER belongs
to the superfamily of ligand-activated transcription
factors, the nuclear receptors. E-ER complexes bind
to the genomic estrogen response elements. The
estrogen—occupied receptor interacts with additional

transcription factors and components of the transcrip-
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Fig. 5. Effects of DDT on testosterone and estradiol in the
immature male rats. Rats were dosed with DDT by
daily gavage for 3 days. Testosterone and estradiol
were measured in the testis by RIA. Three experi-
ments were conducted for this determination. *,
denotes statistical significance (p < 0.05)

tion initiation complex to modulate gene transcrip-
tion.

Aromatase regions homologous to the consensus
sequence of the estrogen response elements have
been identified in the 5'-flanking regions of the aro-
matase genes. So, DDT may induce the transcription
of the aromatase genes by interacting with these
sequences.

Our results indicated that DDT inhibition of LH~
inducible testosterone production in R2C and testis is
mediated through aromatase. However, the precise

mechanisms by which DDT enhance in leydig cell
remains unknown. The current study suggests the
possibility that DDT might act as an modulrator aro-
matase gene transcription.

ABSTRACT

Dichlorodiphenyltrichloroethane (DDT), is a wide-
spread environmental pollutant. In this study, we
investigated the effect of DDT on testosterone pro-
duction through aromatase and investigated its mole-
cular mechanism in testicular leydig cell, R2C. We
investigated that the effects of DDT on testosterone
production and its effects on aromatase activity in
R2C cell by radio immunoassay (RIA). As the re-
sults, the potent leydig cell activator LH increased
testosterone production compared to the control.
DDT exposure significantly decreased testosterone
production in R2C cell and DDT alone affected T
reduction in a dose-dependent manner in R2C cell
slightly. In addition, DDT was found to increase aro-
matase activity in R2C cell in a dose dependent man-
ner. In order to assess whether the suppressive effects
of DDT on LH-inducible testosterone production
might be influenced by the ER, ICI 182.780, a pure
antiestrogen, was used, and it was found that these
inhibitory effects of DDT were antagonized by ICI
182.780, implying that the ER mediates the suppre-
ssive effects of DDT. Furthermore, the inducible
effects of DDT on aromatase might be influenced by
the ER, ICI 182.780 was used, and it was found that
these enhancing effects of DDT were antagonized by
ICT 182.780, implying that the ER mediates the indu-
cible effects of DDT. Our results indicated that DDT
inhibition of LH-inducible testosterone production
in R2C is mediated through aromatase. However, the
precise mechanisms by which DDT enhance in
leydig cell remains unknown. The current study sug-
gests the possibility that DDT might act as a modu-
lator aromatase gene transcription.



100 J. ENVIRON. TOXICOL.

ACKNOWLEDGMENTS

This study was financially supported by Chonnam
National University in the program, 2001.

REFERENCES

Akingbemi BT, Ge RS, Klinefelter GR, Gunsalus GL, and
Hardy MP. A metabolite of methoxychlor, 2, 2-bis(p-
hydroxyphenyl)-1, 1, 1-trichloroethane, reduces testo-
sterone biosynthesis in rat leydig cells through suppre-
ssion of steady—state messenger ribonucleic acid levels
of the cholesterol side—chain cleavage enzyme. Biol.
Repr. 2000; 62: 571-578.

Beresford N, Routledge EJ, Harris CA. and Sumpter JP.
Issues arising when interpreting results from an in vitro
assay for estrogenic activity. Toxicol. Appl. Pharmacol.
2000; 102, 22.

De Mones A, Fostier A, Cauty C and Jalabert B. Ovarian
early postovulatory development and oestrogen produc-
tion in rainbow trout (Salmo gairdneri R.) from a spring
—-spawning strain. Mar. Environ. Res. 1993; 35, 153-
157.

Fent K. Vinclozolin and p, p’~DDE alter androgen-depen-
dent gene expression: in vivo confirmation of an andro-
gen receptor—mediated mechanism. Crit. Rev. Toxicol.
1996; 26: 1-117.

Kelce WR and Wilson EM. Environmental antiandrogens:

Vol. 18, No. 2

developmental effects, molecular mechanisms, and
clinical implications. J. Mol. Med. 1997; 75: 198-207.

Kelce WR, Lambright CR, Gray LE and Roberts KP.
Toxicol. Appl. Pharmacol. [997; 142: 192-200.

Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA
and Wilson EM. Persistent DDT metabolite p, p’~DDE
is a potent androgen receptor antagonist. Nature 1995;
375: 581-585.

Lephart ED and Simpson ER. Assay of aromatase activity.
Methods Enzymol. 1991; 206: 477-483.

O’Connor JC, Frame SR, Davis LG and Cook JC. Detection
of the environmental antiandrogen p, p—~DDE in CD and
long—evans rats using a tier I screening battery and a
Hershberger assay. Toxicol. Sci. 1999; 51: 44-53,

Roselli CE and Resko JA. Sex differences in androgen—
regulated expression of cytochrome P450 aromatase in
the rat brain. J. Steroid Biochem. Mol. Biol. 1997; 61:
365-374.

Vinggaard AM, Hnida C, Breinholt V and Larsen JC.
Screening of selected pesticides for inhibition of CYP19
aromatase activity in vitro. Toxicol. In vitro 2000; 14:
227-234,

You L, Casanova M, Archibeque—Engle S, Sar M, Fan L—
Q, Heck Hd’A. Impaired male sexual development in
perinatal Sprague-Dawley and Long-Evans hooded
rats exposed in utero and lactationally to p, p’~-DDE.
Toxicol. Sci. 1998; 45: 162-173.

You L, Sar M, Bartolucci E, Ploch S and Whitt M. Induc-
tion of hepatic aromatase by p, p’~DDE in adult male
rats. Mol. Cell. Endocrinol. 2001; 178: 207-214.



