
Introduction

In recent years, there has been increasing concern that man- and
nature-made chemicals may cause the dysfunction of human
and wildlife endocrine systems, leading to adverse health
effects, including increased rates of certain hormone-related
cancers, such as breast and prostate, reproductive system
abnormalities, immune system deficiencies and declines in
wildlife populations.1–3 Such chemicals have been classified as
endocrine disruptors.  Endocrine disruptors may be producing

adverse effects in humans and wild life by directly or indirectly
disrupting the endocrine system through mimicking or
antagonizing natural hormones.  While a wide variety of
chemicals, including environmental pollutants, industrial
chemicals and natural products, have been studied concerning
their effects on endocrine functions, most of these studies have
dealt with the estrogenic and antiestrogenic activities of
substances.

The number of environmental chemicals identified with
antiandrogenic properties is increasing.4 There have also been
several studies indicating that certain chemicals can impair the
function and development of male reproductive systems.4 Mice
exposed in utero to hydroxyflutamide, an antiandrogen, showed
an inability to impregnate.5 A dysfunction of the male
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reproductive system was found in alligators in Lake Apopka, Fl,
USA, which is heavily polluted with DDT and its metabolites.6

There have been studies reporting a global decline in semen
quality (sperm density) of humans during the past 50 years.7,8

Androgens have a pivotal role in the development and
maintenance of the male reproductive system.9,10 To ensure the
safety of chemicals and the environment, it is important to
obtain information about the androgenic and antiandrogenic
activities of chemicals and environmental samples.

Natural hormones and endocrine-modulating chemicals elicit
their effects through the transcriptional activation of hormone-
responsive genes.  Thus, the reporter gene assay technique may
be suitable for detecting the hormonal activities of chemicals
and environmental samples because it has been developed to
detect the enhancer and promoter activities of genes.  Several
mammalian cell-based reporter gene assay systems have been
developed for the in vitro evaluation of androgenic and
antiandrogenic activities of chemicals.11–15 All of these systems
adopted the mouse mammary tumor virus (MMTV) promoter
for transcriptional activation of the reporter gene.  There is no
assay system in which the transcription of the reporter gene is
driven by enhancer/promoters of human androgen-regulated
genes.   On the other hand, it has been reported that chemicals
with aryl hydrocarbon receptor (AhR) agonist activity, such as
2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) and some
polycyclic aromatic hydrocarbons (PAHs) having four or more
rings, shows antiandrogenic effects through AhR-mediated
mechanisms without binding to AR.16–18 There is also no assay
system which responds correctly to AhR agonists.  Dioxins and
polycyclic aromatic hydrocarbons are ubiquitous environmental
pollutants.  Taking into consideration that environmental
samples mostly involve constituents acting as an AhR agonist, it
is necessary to develop an assay method that responds correctly
to androgen receptor (AR) agonists, AR antagonist and AhR
agonists.

We report here on a new luciferase reporter gene assay for the
androgenic and antiandrogenic activities of chemicals and
environmental samples.  In this study, we used two androgen-
regulated luciferase expression plasmid vectors, pGLPSAp5.819

and pMMTV-Luc,20 and two human-originated cell lines,
PC3/AR21 and T47D, in combinations.  The combination of
PC3/AR cells and pGLPSAp5.8 vector was found to the most
suitable, responding sensitively and selectively to AR agonists,
AR antagonists and AhR agonists.

Experimental

Chemicals
Dihydrotestosterone (DHT), cortisol (C) and progesterone (P)

and 17β-estradiol (E2) of biochemical study grade, anthracene
(Ant), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP) and
pyrene (Pyr) of environmental analysis standard grade, and
ethanol of ultrapure grade were purchased from Wako Pure
Chemicals (Tokyo, Japan).  R1881 (methyl trienolone) was
purchased from Daiichi Pure Chemicals (Tokyo, Japan).  α-
Naphthoflavone (α-NF) and cyproterone acetate (CPA) was
from Sigma (St. Louis, MO, USA).  Bicalutamide (BCT;
Casodex) was a gift from AstraZeneca (Cheshire, UK).  All
other chemicals were of reagent grade or better from
commercial sources and were used as received.  Chemicals used
for cell treatment were all dissolved in 50% (v/v) ethanol.

Cell culture
A human prostate carcinoma cell line PC3/AR was

established by Burnstein et al.21 Human breast carcinoma T47D
cells were purchased from Dainippon Pharmaceutical (Tokyo,
Japan).  PC3/AR and T47D cells were cultured at 37˚C in a
humidified atmosphere of 5% CO2–95% air.  In routine
maintenance, the cells were grown in phenol red-free RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS)
(Sigma), 100 µg/ml streptomycin, 10 units/ml penicillin, and
passaged with trypsinization every fourth day.  In assays, cells
were cultured in an assay medium of phenol red-free RPMI-
1640 medium supplemented with 5% charcoal/dextran-treated
FBS (Hyclone; Logan, Utah, USA), 100 µg/ml streptomycin
and 10 units/ml penicillin.

Luciferase reporter assay
PC3/AR or T47D cells (5 × 106 cells) were harvested, and

washed once with cold phosphate-buffered saline.  The cells
were suspended in 5 mL of transfection medium of FBS-free
OPTI-MEM I medium (GIBCO) containing 20 µg of a
luciferase reporter vector and 50 µL of LipofectAMINE
(GIBCO) and transiently transfected with a luciferase
expressing plasmid vector for 30 min at 37˚C.  The vector
transfected to the cells was pGLPSAp5.8, pMMTV-Luc or
pGL3-control vector (Promega, Madison, WI, USA).  Then, 25
mL of the assay medium was added to the cell-suspension
solution and the cells were plated on 48-well plates at a cell
density of 5 × 104 cells per well (300 µL of diluted cell
suspension solution per well).  After 24 h, the cells were washed
once with fresh assay medium and treated with 0.2% (v/v)
ethanol (blank), DHT, R1881, C, P, E2, BCT, CPA, BaP or α-
NF alone or in combinations for 24 h.  The final ethanol
concentration in the medium was adjusted at 0.2% (v/v).  After
the treatment, the cells were lysed with 50 µL of PicaGene cell
lysis buffer LUC (Toyo Ink; Tokyo, Japan).  The luciferase
activity in a cell lysate was measured using a PicaGene
luciferase kit (Toyo Ink) according to the manufacture’s
protocol and normalized to the protein concentration measured
by a protein assay kit (Bio-Rad; Hercules, CA, USA).

Statistical analysis
Statistical analyses were performed using an unpaired

Student’s t-test with StatView-J 5.0 for a Macintosh computer
(Nankodo; Tokyo, Japan).  A value of p < 0.05 was considered
to be significant.

Results and Discussion

The MMTV promoter has been used in mammalian cell-based
reporter gene assays developed for the in vitro evaluation of the
androgenic and antiandrogenic activities of chemicals.11–15 It
hardly needs to be said that the luciferase expression system
driven by a promoter of human androgen-regulated gene is
more desirable.  Another important problem is the
responsiveness to AhR agonists.  Typical AhR agonists, such as
2,3,7,8-TCDD and certain PAHs, are found to elicit
antiandrogenic effects through AhR-mediated mechanisms
without binding to AR.16–18 We demonstrated that diesel
exhaust particle extracts exhibited antiandrogenic effects in
PC3/AR cells, and that the major part of the antiandrogenic
effects are caused by constituents with AhR agonist activity.22

Further, the importance of the AhR agonist on male
reproductive-system functions has been suggested by in vivo
studies.  It has been shown that 2,3,7,8-TCDD impairs male
reproductive functions in animal models4 and that TCDD exerts
its adverse effects without affecting the circulatory androgen
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levels and steroidogenic enzyme activities in rats,23–25 suggesting
that activated AhR is implicated in the TCDD-induced
dysfunction of the male reproductive system.  An assay system
has to respond not only to AR agonists and antagonists, but also
to AhR agonists in order to screen chemicals and environmental
samples for their androgenic and antiandrogenic effects.

The prostate specific antigen (PSA) gene is a typical
androgen-regulated gene expressed in the prostate gland, an
accessory sex organ.  In our previous study, we found that
PAHs with AhR agonist activity antagonized the androgen-
induced expression of genomic PSA.18 The PSA promoter was
considered to be promising for developing a new assay system.
In this study, we used a pGLPSAp5.8 plasmid vector
constructed by Mizokami et al.,19 in which a 5.8 kilo bases
region of the PSA promoter was cloned to drive the expression
of the luciferase gene in response to the androgen action.

On the other hand, cell lines expressing wild-type human AR
are few.  In this study, we used a human prostate carcinoma cell
line, PC3/AR, and a human breast carcinoma cell line, T47D.
PC3/AR, established by Burnstein et al.,21 was derived from a
human prostate carcinoma cell line, PC-3, by transforming to
stably express human wild-type AR.

In this study, the responsiveness of the pGLPSAp5.8–PC3/AR
and pGLPSAp5.8–T47D systems to AR agonists, AR
antagonists and AhR agonists was evaluated and compared with
those of the MMTV–PC3/AR and MMTV–T47D systems.

Responsiveness of the four luciferase expressing systems to
DHT and other hormones

First, we evaluated the responsiveness of the four luciferase
expressing systems to DHT, a natural androgen.  The luciferase
activity increased with an increase in the DHT concentration in
the four systems, as shown in Fig. 1.  Significant differences
were observed between the PC3/AR and T47D cell-based
systems.  While the T47D systems yielded higher luciferase
activity (expressed as fold of blank) than the PC3/AR systems
on both the pGLPSAp5.8 and pMMTV-Luc vectors, the

reproducibility of luciferase activity was larger in the T47D
systems than in the PC3/AR systems.  The relative standard
deviations were approximately 35% in the T47D systems and
less than 10% in the PC3/AR systems.  On the other hand, the
PC3/AR systems induced luciferase at a lower DHT
concentration than in the T47D systems.  The minimal DHT
concentration to induce luciferase was 10 fM on the PC3/AR
systems and 10 nM on the T47D systems.  Taking into
consideration the variation of the luciferase activity and DHT
concentration at which luciferase was induced, the PC3/AR cell
systems is preferable to the T47D systems.  Comparing the
pGLPSAp5.8 and pMMTV-Luc vectors, the pGLPSAp5.8
vector gave an approximately two-times higher luciferase
activity than the pMMTV-Luc vector in both PC3/AR and
T47D cells.

Since the consensus sequences of glucocorticoid- and
progestin-response elements are identical to that of the
androgen-response element,26 PC-3, the parent cell line of the
PC3/AR, and T47D cell lines are known to express other
endogenous receptors than AR: glucocorticoid receptor in
PC-327 and progesterone receptor in T47D.28 Thus, the
responsiveness of the four systems to other hormones was
examined.  The hormones used were C, a glucocorticoid; P, a
progestin; and E2, an estrogen.  The obtained results are shown
in Fig. 2.  In the PC3/AR systems, luciferase was induced by C
(100 nM), but the effect of C was not statistically significant in
the pGLPSAp5.8–PC3/AR system.  In the pMMTV-
Luc–PC3/AR system, luciferase was also induced by E2 (100
nM).  In the T47D systems, luciferase was induced by C (100
nM), P (100 nM) and E2 (100 nM), especially by P.  Among the
four systems, the pGLPSAp5.8–PC3/AR system showed the
least responsiveness to C, P and E2.

Responsiveness of the four luciferase expression systems to BaP
We then evaluated the responsiveness of the four systems to

BaP, an AhR agonist.  In this experiment, the cells were treated
with 1 µM BaP in the presence of DHT.  The DHT
concentration was set at 5 pM for the pGLPSAp5.8–PC3/AR
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Fig. 1 Responsiveness of the four androgen-responsive luciferase
expressing systems to DHT.  Each column and vertical bar represent
the mean and SD, respectively, from five separate cultures.

Fig. 2 Responsiveness of the four androgen-responsive luciferase
expressing systems to C, P or E2.  Concentration of C, P and E2: 100
nM.  Each column and vertical bar represent the mean and SD,
respectively, from five separate cultures.  * and **: Significantly
different from blank (p < 0.05 and p < 0.01, respectively).



system, 500 pM for the pGLPSAp5.8–T47D system, 50 pM for
the pMMTV-Luc–PC3/AR system or 500 pM for the pMMTV-
Luc–T47D system, which gives approximately 50% of the
maximum response shown in Fig. 1 in each luciferase
expressing system.  As shown in Fig. 3, BaP reduced the DHT-
induced luciferase activity in the systems, except for the
pMMTV-Luc–PC3/AR system.  The effect of BaP was
concentration-dependent in the three systems (data not shown).
The three systems were found to be capable of responding to
chemicals with AhR agonist activity, such as BaP.

Together these findings indicate that the
pGLPSAp5.8–PC3/AR system is the most suitable among the
four androgen-responsive luciferase expressing systems in terms
of the sensitivity and selectivity to androgen and the
responsiveness to the AhR agonist.

Responsiveness of the pGLPSAp5.8–PC3/AR system to synthetic
AR agonist and antagonists

Then, we further examined the responsiveness of the
pGLPSAp5.8–PC3/AR system to R1881, a synthetic AR
agonist, and B and CPA, synthetic AR antagonists.  R1881
induced luciferase in a concentration-dependent manner in both
the absence and presence of 5 pM DHT; the effect of R1881
was additive to that of DHT (Fig. 4-A).  While BCT, a non-
steroidal AR agonist, and CPA, a steroidal AR antagonist, did
not induce luciferase at concentrations below 10 µM in the
absence of DHT, they inhibited the DHT-induced luciferase
activity in the presence of 5 pM DHT in a concentration-
dependent manner (Fig. 4-B).  The pGLPSAp5.8–PC3/AR
system was found to respond to synthetic AR agonists and AR
antagonists.

AhR-mediated antiandrogenic effect in the pGLPSAp5.8–PC3/AR
system

BaP exhibited an antiandrogenic effect in the
pGLPSAp5.8–PC3/AR system.  Here, we examined whether
AhR agonists showed their antiandrogenic effects through the
action of AhR in the pGLPSAp5.8–PC3/AR system or not.
Four PAHs were selected, representing AhR agonists (BkF and
BaP) and non-agonists (Ant and Pyr), as demonstrated in MCF-
7 cells.29,30 They were evaluated for their antiandrogenic effect.
The obtained results are shown in Fig. 5.  While Ant (1 µM) and
Pyr (1 µM) did not elicit any significant antiandrogenic effect,
BkF (1 µM) and BaP (1 µM) exerted significant antiandrogenic

effects, reducing the DHT-induced luciferase activity.  α-NF (1
µM), a typical AhR antagonist,31 reversed the antiandrogen
action of BkF and BaP, whereas α-NF, itself, did not impact the
luciferase activity, indicating that the antiandrogenic effects of
BkF and BaP are mediated by activated AhR.  Further, the
luciferase activity of the cells treated with DHT, BkF or BaP,
and α-NF were completely blocked by BCT (10 µM), indicating
that the expression of luciferase is mediated by AR.  The
findings shown in Fig. 5 confirmed that the pGLPSAp5.8–
PC3/AR system responds to AhR-mediated antiandrogenic
effects.

Conclusion

The present study demonstrated that the pGLPSAp5.8–PC3/AR
system is the most sensitive and selective to AR agonists among
the four androgen-responsive luciferase expressing systems, and
is also responsive to AR antagonists and AhR agonists.  This is
the first system in which the expression of luciferase is driven
by the promoter region of the PSA gene, a typical human
androgen-regulated gene.

Various adverse trends in male reproductive functions have
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Fig. 3 Responsiveness of the four androgen-responsive luciferase
expressing systems to BaP.  Concentration of BaP, 1 µM.  Each
column and vertical bar represent the mean and SD, respectively,
from five separate cultures.  * and **: Significantly different from
corresponding DHT alone treatment (p < 0.05 and p < 0.01,
respectively).

Fig. 4 Responsiveness of the pGLPSAp5.8–PC3/AR system to
R1881, BCT and CPA in the absence and presence of DHT.  ,
R1881 alone; , R1881 in combination with 5 pM DHT; , BCT
alone; , BCT in combination with 5 pM DHT; , CPA alone; ,
CPA in combination with 5 pM DHT.  Each point and vertical bar
represent the mean and SD, respectively, from five separate cultures.

Fig. 5 Responsiveness of the pGLPSAp5.8–PC3/AR system to
AhR-mediated antiandrogenic effect.  Concentration: DHT, 5 pM;
Ant, Pyr, BkF and BaP, 1 µM; α-NF, 1 µM; BCT, 10 µM.  Each
column and vertical bar represent the mean and SD, respectively,
from five separate cultures.  **: Significantly different (p < 0.01).



been observed during the last decades.32,33 These trends include
increasing incidence rates of testicular and prostate cancers,
declining semen quality, increasing frequencies of undescended
testis and hypospadias.  It has been considered that
environmental chemicals with androgenic or antiandrogen
activity may contribute to those adverse trends.  The
pGLPSAp5.8–PC3/AR system is a powerful tool for the assay of
the androgenic and antiandrogenic activities of chemicals and
environmental samples.
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