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Abstract

The androgen receptor (AR) plays a critical role in prostate cancer development and progression. This study
aimed to use a computerized docking approach to examine the interactions between the human AR and phyto-
oestrogens (genistein, daidzein, and flavone) and xeno-oestrogens (bisphenol A, 4-nonylphenol, dichlorodiphenyl
trichloroethane [DDT], diethylstilbestrol [DES]). The predicted three-dimensional structure of AR and androgens
was established using X-ray diffraction. The binding of four xeno-oestrogens and three phyto-oestrogens to AR
was analysed. The steroids estradiol and dihydrotestosterone (DHT) were used as positive controls and thyroxine as
negative control. All the ligands shared the same binding site except for thyroxine. The endogenous hormones DHT
and 17p-oestradiol showed the strongest binding with the lowest affinity energy (< —10 kcal mol™"). All three phyto-
oestrogens and two xeno-oestrogens (bisphenol A and DES) showed strong binding to AR. The affinities of flavone,
genistein, and daidzein were between —8.8 and —8.5 kcal mol ™', while that of bisphenol A was —8.1 kcal mol™' and
DES —8.3 kcal mol™". Another two xeno-oestrogens, 4-nonylphenol and DDT, although they fit within the binding
domain of AR, showed weak affinity (—6.4 and —6.7 kcal mol ', respectively). The phyto-oestrogens genistein, daid-
zein and flavone, and the xeno-oestrogens bisphenol A and DES can be regarded as androgenic effectors. The xeno-
oestrogens DDT and 4-nonylphenol bind only weakly to AR.
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1 Introduction

Since the cloning of its cDNA in 1988, the andro-
gen receptor (AR) has been extensively studied and is
considered to play critical roles in prostate cancer de-
velopment and progression [1-3]. Known as NR3C4
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(nuclear receptor subfamily 3, group C, member 4), AR
is a xeno-oestrogen nuclear receptor activated by the
binding of both of the androgenic hormones, testoster-
one and dihydrotestosterone (DHT) [4, 5]. AR is most
closely related to the progesterone receptor, and pro-
gestins in higher dosages can block the AR [6, 7]. Tes-
tosterone and DHT are chemically related sex steroid
hormones with a four-ringed carbon backbone. DHT,
the metabolic product of testosterone, controls mitotic
activity in the prostate by binding to AR and the recep-
tor-ligand complex being translocated to the nucleus
of prostate cells to transactivate androgen-responsive
genes [8]. The proteins translated from these genes
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drive the cell changes guiding androgen-controlled
growth and development [9]. Besides androgens, the
oestrogens or compounds that mimic oestrogens may
also be associated with the tumourigenesis of prostate
cancer [10].

Environmental chemicals with oestrogenic activity
have an endocrine disruption effect [8]. Such substanc-
es include natural plant products called phytohormones
and synthetic xeno-oestrogens. Xeno-oestrogens,
which are now widely dispersed in nature, are en-
countered in everyday life, including diethylstilbestrol
(DES), dichlorodiphenyl trichloroethane (DDT) and
other persistent organochlorine pollutants (polychlorin-
ated biphenyls, commonly known as PCBs), as well
as the industrial chemicals phthalate and bisphenol A
[10]. For instance, residues of DDT can enter the hu-
man body in vegetables and fruit [11]. DES, a growth-
promoting hormone for domestic animals, enters the
body in meat [12]. Other xeno-oestrogens can also be
accumulated by exposure to cleaning and polycarbonate
plastic products, such as bisphenol A and 4-nonylphe-
nol. Significant levels of BPA have been found in the
urine of 93% of the U.S. population in a recent screen
by the Centers for Disease Control and Prevention [13,
14]. Micro-xeno-oestrogens can harm the reproductive
system and promote hormone-related tumourigenesis.
Many epidemiological surveys have shown significant
induction of testicular cancer and prostate cancer, re-
duction of sperm quantity, or significant induction of
breast cancer and uterus cancer in women. Data from
the USA have shown a sudden rise in the incidence of
hormone-related cancers from 1973 to 1991: 126% in-
crease in prostate cancer, 41% increase in testis cancer,
and 24% increase in breast cancer. Similar trends have
been found in investigations in Europe. The incidence
of these cancers has doubled every 10 years. These
epidemiological data indicate that the increases in cer-
tain hormone-related tumours could be ascribed to the
prevalence of xeno-oestrogens [15—17].

As a representative hormone-related tumour, pros-
tate cancer has marked geographic variations between
countries. Genetic, epigenetic and environmental
factors contribute to the development of the cancer
[18]. The relationship of xeno-oestrogens with pros-
tate cancer is still obscure and needs further research.
Some xeno-oestrogens were found to be associated with
prostate cancer, and others were found not to be. For ex-
ample, conflicting data exist on the effects of bisphenol A
with regard to the carcinogenic potential of the prostate

gland [19]. DDT has shown no positive correlation with
prostate cancer [20, 21]. Although xeno-oestrogens
have similar structures to oestrogens, the reason why
different xeno-oestrogens show different associations
with prostate cancer is still unclear, and few compari-
sons among them have been reported.

Phyto-oestrogens, sometimes called ‘dietary oestro-
gens’, are a diverse group of naturally occurring non-
steroidal plant compounds that, because of their struc-
tural similarity with oestradiol (17p-oestradiol), have
the ability to cause oestrogenic or/and anti-oestrogenic
effects [22]. There are three major kinds of phyto-oes-
trogens: isoflavones, lignans and coumestans, all con-
tained in the plants or the seeds. Phyto-oestrogens have
been suggested as cancer preventatives and as treat-
ments for menopausal symptoms and osteoporosis [23,
24]. Soybean, a dietary staple in many parts of Asia, is
a major source of the isoflavonoids daidzein and genis-
tein [25]. Laboratory animal studies and comparisons
of Asian and Western human populations suggest that
diet plays a large role in these types of health problems,
with lower rates of hormone-dependent cancers (breast,
prostate) and lower incidences of menopausal symp-
toms and osteoporosis in Asians than in Westerners [10,
18]. A number of epidemiological and experimental
studies have found that soybeans, which contain large
amounts of isoflavones, including genistein, daidzein,
glycitein and equol, have a prophylactic effect on pros-
tate cancer [18, 26]. But whether phyto-oestrogens
affect androgen-associated diseases or the endocrine
system is still controversial [27-29]. Some data sug-
gest that genistein or flavone can block androgen-induced
prostate-specific antigen (PSA) induction mediated by AR
[30, 31]. It is noteworthy that two recent phase II trials
showed that isoflavones or soy beverage can decrease
PSA levels in prostate cancer patients. It is suggested
that AR target genes can be regulated by isoflavones
or flavones [32, 33]. The binding mechanisms of iso-
flavones and xeno-oestrogens to AR need to be further
investigated.

AutoDock, a widely used molecular docking proce-
dure developed by the Olson Group (Sioux Falls, SD,
USA), is an important tool used to reveal the binding of
hormones and receptors. AutoDock applies a half-flex-
ible docking method, which permits small molecular
conformation changes. Two or more molecules dock
using both geometric matching and energy matching.
The calculated affiity is based on the AutoDock free en-
ergy. This method plays continuously more important
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roles in many research fields, especially in molecular
docking medicine structure analysis [34-36]. To both
examine the interactions of human AR with phyto-
oestrogens and xeno-oestrogens and evaluate their ef-
fectiveness as androgenic effectors, we performed a
molecular docking study to investigate the effects of
xeno-oestrogen and phyto-oestrogen binding to AR and
compared their different affinities for AR.

2 Materials and methods

2.1 Preparation of three-dimensional (3D) structures
of the ligands and receptor molecules for docking

All 3D structures of testosterone, 17f3-oestradiol, thy-
roxine, bisphenol A, 4-nonylphenol, DDT, DES, genis-
tein and daidzein and flavone (2-phenyl-1,4-benzopyrone)
were obtained from NCBI or the RCSB Protein Data
Bank. The 3D spatial structure of the ligand-binding do-
main (LBD) of AR (676-919 AA) (PDB ID: 2ama) was
obtained from RCSB Protein Data Bank.

2.2 Docking system test

The software AutoDock Vina was used for the
docking system test. It was designed and implemented
by Dr Oleg Trott in the Molecular Graphics Lab at The
Scripps Research Institute (La Jolla, CA, USA) [19].
AutoDock tools were used to add polar hydrogen to
the receptor. The grid box was set to include the whole
receptor region. The receptor output was in PDBQT
format, which can be read by using Vina. The ligands
were also rewritten into PDBQT format. The AR LBD
structure [37] was obtained from RCSB Protein Data
Bank, with the ligand extracted by PyMOL software
(San Carlos, CA, USA).

To quantify the relative free energy of ligand bind-
ing of the different binding patterns, we applied linear-
interaction energy (LIE) analysis. LIE quantifies the
free energy of a compound in a given binding mode,
subtracting electrostatic and van der Waals interaction
energies with solvent averaged over the entire simula-
tion from the corresponding energies when bound to
the protein: AG = ot (< Ejg o’ > = < Ejgaor,”>) + B (<
Ejgror > =< Ejjgy ) [38-42].

AutoDock Vina was set with the macromolecule held
fixed and the ligands flexible. The region of interest used
by AutoDock was initially the whole receptor protein,
and then it was defined to include a specific portion of
the binding site of the macromolecule, the AR LBD
(residues 676-919 aa). A smaller grid, focused on the
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binding region, was used and the number of simulations
was set to 50. Affinity maps for all the atom types
present, as well as an electrostatic map, were computed,
with a grid spacing of 0.375 A. In AutoDock Vina, the
Broyden—Fletcher—Goldfard—Shanno method was used
for load optimization, which used not only the value of
the scoring function but also its gradient. Vina avoids
imposing artificial restrictions, such as the number of
atoms in the input, the number of torsions, the size of
the research space, or the exhaustiveness of the search.

The ligands testosterone, 173-oestradiol, thyrox-
ine, bisphenol A, 4-nonylphenol, DDT, DES, genistein,
daidzein and flavone were docked individually into the
AR LBD structure. The rotatable bonds remained how
they were when the ligand was downloaded. The struc-
tural models collected from the lowest-energy docking
solution of each cluster of AutoDock were used as
input for QXP docking. The algorithm implemented
in the QXP program allows for fully flexibility of the
inhibitors and simultaneous flexibility of the active-
site side chains. The starting structure had previously
been optimized by energy minimization. Each dock-
ing run included 50 cycles of Monte Carlo perturba-
tion, subsequent fast searching and final energy mini-
mization. For each single-docking QXP simulation
the results were evaluated in terms of total estimated
binding energy, internal strain energy of the ligand,
and van der Waals and electrostatic interaction ener-
gies. Lower-affinity energy indicates stronger binding
ability.

3 Results

3.1 Reliability analysis of the docking system

The reliability of the AR docking system was tested
using the natural androgen DHT as a ligand. The model
prediction of the LBD structure of AR binding to DHT
in this AutoDock system was compared with that in the
X-ray (PDB ID: 2AMA) diffraction system. Figure 1
shows the binding sites of hormones. Lines represent
ligands, and ribbons represent the AR LBD. The po-
sitional comparison of DHT (shown with a tail) in the
LBD of AR predicted by the docking system was highly
matched to the one that originated from the X-ray (no
tail). A very strong binding with low docking affinity
energy (—11.2 kcal mol™") was also calculated by this
method. Figure 1B was derived from Figure 1A, only
with the camera zoomed in and AR hidden, demonstrat-
ing the accuracy of the 3D structure of AR in this docking
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Figure 1. Reliability analysis of the docking system. (A): The comparison of position of ligand dihydrotestosterone (DHT) binding to
ligand-binding domain of androgen receptor (AR) predicted by this docking system and X-ray (PDBID: 2AMA) diffraction. The lower
one is by docking while the upper one is by X-ray diffraction. (B): Derived DHT from Figure 1A only with the camera zoomed in and
the AR being hidden. The one with a tail (arrow) is by docking while the the other one is by X-ray diffraction.
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Figure 2. Molecular formulas of ligand compounds. (A): The crystal complexes ligands of two endogenous steroid hormones of
dihydrotestosterone (DHT) and 17B-oestradiol, and one endogenous non-steroidal hormone, thyroxin. (B): The crystal complexes
ligands of four xenoestrogens of 4-nonylphenol, Bisphenol A, dichlorodiphenyl trichloroethane (DDT) and diethylstilbestrol (DES). (C):
The crystal complexes ligands of three phytoestrogen of Genistein, Daidzein and Flavone.

system. The reliability of the AR docking system was 3.2 Binding of xeno-oestrogens and phyto-oestrogens

shown to reliably mimic natural molecular docking and A total of 10 ligands were analysed in this study.
to be suitable for further docking prediction with other Two endogenous steroid hormones, DHT and 17p-
ligands. oestradiol, have a four-ringed carbon backbone, where-
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as the negative control, non-steroidal thyroxine, is quite
different from them (Figure 2A). The xeno-oestrogens
bisphenol A, DDT and DES have two additional rings,
and 4-nonylphenol is an alkylphenol consisting of a sin-
gle phenolic ring (Figure 2B). Phyto-oestrogens are a
diverse group of naturally occurring non-steroidal plant
compounds.

The structures of the isoflavones genistein, daid-
zein, and flavone showed similar properties: a hydro-
phobic core and one or two terminal polar groups (Figure
2C), similar to 17p-oestradiol.

All the ligands were docked to the AR LBD separately
to calculate their affinities. Thyroxine was set as the
negative control, while DHT and 17B-oestradiol as
positive control.

3.3 AutoDocking of endogenous hormones to AR

The positive-control docking result showed that
17B-oestradiol fit the ligand-binding site of AR, at the
same position in AR as its natural ligand, DHT. The
negative control, thyroxine, showed a quite different
binding position: its docking site was external (Figures
3A and B).

Comparing the three endogenous ligands, thyroxine
was expected to have the weakest binding to AR and the
highest affinity energy, which we measured at —5.4 kcal mol .
Very strong binding to AR with lower affinity energies
was expected in the two steroid hormones. We observed
affinity energies of —11.2 kcal mol™' for DHT and —10.7
kcal mol™' for 17B-oestradiol (Figure 3C).

3.4 AutoDocking of xeno-oestrogens to AR
Xeno-oestrogens, as endocrine-disrupting chemi-
cals, interfere with endocrine processes by mimicking,
blocking, or altering hormones and their signalling sys-
tems. Bisphenol A, DDT, 4-nonylphenol and DES all
docked to AR. All the four xeno-oestrogens (Figures
4A-D) occupied the same AR binding site as DHT
(Figure 1A) and 17p-oestradiol (Figure 3A), suggesting
that their structures are similar to those of steroid hor-
mones. However, notable differences were seen in their
affinity energies. All four xeno-oestrogens displayed
weaker binding to AR than oestradiol but stronger
than thyroxine. The affinity energies of bisphenol A
and DES were quite different from those of DDT and
4-nonylphenol. As shown in Figure 4E, bisphenol A
and DES showed stronger binding to AR with lower
energies, —8.1 and —8.3 kcal mol™, respectively. The
stronger binding abilities of these two xeno-oestrogens
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Figure 3. Auto docking results of endogenous hormones binding
to androgen receptor. Position of the steroid hormones of 17f-
oestradiol (A), and endogenous non-steroid hormone, thyroxin
(B) binding to androgen receptor. (C): The affinity energies of
endogenous steroid hormones or non-steroid hormone binding to
androgen receptor. DHT, dihydrotestosterone.

suggest that they could have deleterious effects on AR
function at high enough concentrations. 4-nonylphenol
and DDT also fit in the binding domain of AR, but
showed weaker binding with higher affinity energies:
—6.4 and —6.7 kcal mol™, respectively. This suggests
that they are capable of a limited effect on AR.

3.5 AutoDocking of phyto-oestrogens to AR
Phyto-oestrogens, especially the isoflavones, which
come from leguminous plants, may substitute for
oestrogen and simultaneously prevent the side effects
of oestrogen. The isoflavones genistein and daidzein
are two phyto-oestrogens found at very high levels in
soy formula. Some studies on cancer incidences in
different countries suggest that phyto-oestrogens may
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Figure 4. Auto docking results of xeno-oestrogens binding to
androgen receptor. Position of 4-nonylphenol (A), Bisphenol A
(B), DDT (C) and DES (D) binding to androgen receptor. (E): The
affinity energies of xeno-oestrogens binding to androgen receptor.
DDT, dichlorodiphenyl trichloroethane; DES, diethylstilbestrol.

Flavone

Flavone

Daidzein

Genistein

Affinity (kcal mol™)

Figure 5. Auto docking results of phytoestrogens binding to
androgen receptor. Position of genistein (A), daidzein (B) or
flavones (C) binding to androgen receptor. (D): The affinity
energies of phyto-oestrogens binding to androgen receptor.

help protect against certain cancers of the breast, uterus
and prostate [18, 30, 31]. Isoflavones are the best-
known phyto-oestrogens implicated in prostate cancer
inhibition.

As shown in Figure 5, all three phyto-oestrogens fit
in the middle region of the AR LBD, the same as DHT
and 17B-oestradiol. The affinities of the phyto-oestrogens
were expected to lie between the affinities of thyroxine
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and 17B-oestradiol. Two major isoflavones in soybeans,
genistein and daidzein, showed affinity energies of —8.5
and —8.7 keal mol ™, respectively, which were very similar
to the affinity energy of flavone of —8.8 kcal mol™'. From
this result, we concluded that these three (iso)flavones
exhibit similar binding affinities to AR. Considering their
sharing of a binding site with oestradiol, their affinities for
AR and the quantities potentially consumed in the diet,
these phyto-oestrogens could have significant effects on
AR and AR-related cancers.

3.6. Comparisons of all the ligands binding to AR

The affinities of all the xeno-oestrogens, phyto-oes-
trogens and related endogenous hormones were sum-
marized in Figure 6. From these data, it can be seen
that all the hormones share the same binding site, ex-
cept for the negative control, thyroxine, which showed
the lowest affinity, —5.4 kcal mol™'. As expected, the
endogenous hormones DHT and 17(3-oestradiol showed the
highest binding with the lowest affinity energy, lower than
—10 kcal mol™. All the phyto-oestrogens and two xeno-
oestrogens showed strong binding with lower affinity ener-
gies: flavone —8.8 kcal mol ™', daidzein —8.7 kcal mol ™', and
genistein —8.5 kcal mol™; bisphenol A —8.1 kcal mol™';
and DES —8.3 kcal mol™'. Interestingly, all these phyto-
oestrogens and xeno-oestrogens are reported to be as-
sociated with prostate cancer, so we consider them AR-
related xeno-oestrogens. Another two xeno-oestrogens,
4-nonylphenol and DDT, while exhibiting the right
binding position in AR, showed weak binding, with
higher affinity energies of —6.4 and —6.7 kcal mol ',
respectively. This suggests that they have no or very
limited effects on AR.

In addition, we summarized some recent data of
the effects of xeno-oestrogens and phyto-oestrogens on
AR-mediated transcriptional activity and on prostate
tumourigenesis to confirm our findings by AutoDock
methods. As can be seen from Table 1 presenting part
of these data, the xeno-oestrogens DES and BPA and
three phyto-oestrogens, genistein, daidzein, flavone
implicated as androgenic effectors in our research indeed
regulate AR-mediated PSA transcriptional activity. They
have been demonstrated previously to either enhance
AR-mediated transcriptional activity or inhibit DHT- (or
R1881-) induced AR-mediated pPSA activity [30-32,
43-48]. Moreover, isoflavones or soy beverage has al-
ready been shown in phase II trials to decrease PSA levels
in prostate cancer patients [32, 33]. Although one study
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Figure 6. Comparison of the affinity energies of xeno-oestrogens,
phytoestrogens and endogenous hormones binding to androgen
receptor. AR, androgen receptor; DHT, dihydrotestosterone.

found that nonylphenol can inhibit DHT-induced AR-
mediated pPSA-Iuciferase activity, its inhibitory effect was
lower than that of BPA [43]. No adequate data for DDT
and the few effects of nonylphenol are consistent with
our observation that 4-nonylphenol and DDT bind only
weakly to AR.

The epidemiological and animal data on the effects
of xeno-oestrogens and phytoestrogens on prostate
carcinogenesis confirm our results from another point
of view. We summarized part of these data in Table 2.
The association between the mortality rate from prostate
or testicular cancer and environmental exposure to DDT
and para,para’-DDE in the USA during 1971-1994 has
been explored by multiple linear regression analysis.
That analysis provided no support for the hypothesis of
a link between environmental exposure to DDT deriva-
tives and cancer of the male reproductive tract [8, 20,
49]. Other data suggest that nonylphenol pretreatment
has no effect on prostate carcinogenesis either during
the late neonatal period or during the gestation/lacta-
tion period in F344 rats [50, 51]. By contrast, foetal
or developmental exposure to bisphenol A was found
to increase susceptibility to prostate carcinogenesis or
increase the proliferation of basal cells of the prostate
in mice or rats [46, 52-56]. DES is still used as an anti-
prostate cancer drug despite its cardiovascular toxicity
[57—60]. These data support our findings that bisphenol
A and DES but not DDT and 4-nonylphenol are andro-
genic effectors.

Most of the epidemiological studies evaluating the
inhibitory effects of soybean isoflavones in prostate
cancer are consistent [18]. To date, more than five
cohorts and eight case-control studies suggest that soy
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Table 1. Effects of xeno-oestrogens and phyto-oestrogens on AR-mediated transcriptional activity in published studies.
Findings Study type Reference
Xeno-oestrogens
DES Decline of serum PSA Clinical [44, 45]
BPA Inhibition of AR-mediated pPSA-luc induced by Reporter assay [43]
DHT-elevated PSA of AR-T877A Xenograft or reporter assay [46, 55]
DDT No adequate data
Nonylphenol Inhibition of DHT-induced AR-mediated pPSA-luc reporter assay [43]
activity (inhibitor effect lower than BPA)
Phyto-oestrogens
Genistein Inhibition of R1881-induced AR-mediated pPSA-luc Reporter assay [30]
activity decreased AR binding to ARE EMSA
Inhibition of R1881-induced AR-mediated pPSA-luc Reporter assay [48]
activity enhanced AR-mediated pPSA/ARE/Probasin/MMTV-luc
Daidzein Enhanced AR- (with ARA) mediated MMT V-luc Reporter assay [47]
Flavone Inhibition of DHT-induced AR-mediated pPSA-luc activity Reporter assay [31]
Soy food Decreased serum PSA Phase II trial [32,33]

Abbreviations: AR, androgen receptor; ARA, androgen receptor-associated protein; ARE: androgen response elements; BPA, bisphenol A;
DDT, dichlorodiphenyl trichloroethane; DES, diethylstilbestrol; DHT, dihydrotestosterone; EMSA, electrophoretic mobility shift assay;

MMTYV, mouse mammary tumor virus.

food and soy isoflavones, such as genistein and daid-
zein, have prophylactic effects on prostate cancer [18,
60-72]. In recent years, various in vitro and in vivo
experimental studies have demonstrated that these iso-
flavones indeed inhibit prostate cancer [73—78]. The
natural flavones apigenin and acacetin and the flavone
flavopiridol also display a protective effect on prostate
cancer [79-81]. However, a case-control study [82]
that measured serum levels of isoflavonoids in Japanese
men showed that the serum concentrations of genis-
tein and daidzein in both inpatients and outpatients with
prostate cancer were higher than in controls. Some other
case-control studies showed no association or protec-
tive effect for serum isoflavones reviewed by Jian [18].
In recent decades, an accumulating body of evidence
from laboratory studies have suggested that diets rich in
isoflavones are associated with a lower risk of prostate
cancer [18]. Limited epidemiological studies have also
provided promising results that increasing consumption
of soy products and isoflavones may result in reduced
risk of localized prostate cancer [18]. The present study
shows that the phyto-oestrogens (genistein, daidzein
and flavone) and the xeno-oestrogens (bisphenol A and
DES) can bind to AR in an AutoDock model and can be
regarded as androgenic effectors, suggesting important
roles for them in AR-mediated cancers.

Our results provide a viable explanation of the ex-

perimental data associating xeno-oestrogens and phyto-
oestrogens with prostate cancer. Some evidences indi-
cate that the risk of prostate cancer is associated with
bisphenol A [52-56, 46] (shown to have an AR affinity
energy of —8.1 kcal mol ™), while DES, as an oestrogenic
agonist, was an early oestrogen treatment for prostate
cancer [57-60] (affinity energy = —8.3 kcal mol™"). 4-no-
nylphenol and DDT are reported not to be associated
with prostate cancer [8, 20, 83, 84] (affinity energies =
—6.4 and —6.7 kcal mol™', respectively). These data sug-
gest that an affinity energy between —8 and —7 kcal mol™
may be a good cut-off value to predict an association of
a ligand with the risk of prostate cancer, whether harm-
ful or preventative. An affinity energy lower than —8
kcal mol ™' indicates a stronger association, while affin-
ity energies higher than —7 kcal mol™' suggest a weaker
association with prostate cancer.

4 Discussion

Environmental compounds are often presumed
to play important roles in modulating prostate cancer
growth, but epidemiological and experimental results
are controversial, and their exact effects and mecha-
nisms remain largely obscure. DES, an oestrogenic
agonist, is a formerly standard drug for prostate can-
cer. In some cases, DES retains its activity and is still
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Table 2. Effects of xeno-oestrogens and phyto-oestrogens on prostate carcinogenesis in epidemiological and experimental studies.
Humans Animals
Findings Study type OR/RR Pena Reference Findings Reference
Xeno-oestrogens
DES Therapy Clinical [57, 59] ND
BPA ND Promotion [52, 53]
DDT No effect Multiple linear [20, 49] ND
regression analysis
Nonylphenol ND No effect [50, 51]
Phyto-oestrogens
Genistein Protection Cohort 0.52 (0.30-0.90) 0.030 [60] Protection [73, 74]
Case-control 0.58 (0.34-0.97) 0.040 [66]
Case-control 0.53 (0.29-0.97) 0.058 [68]
Promoting Serum case-control [82]
Daidzein Protection Cohort 0.50 (0.28-0.88) 0.040 [60] Protection [75,78]
Case-control 0.55 (0.32-0.93) 0.020 [66]
Case-control 0.56 (0.31-1.04) 0.116 [68]
Promotion Serum case-control [82]
Flavone ND Protection [79, 81]
Soy food Protection Cohorts and case-controls  0.3-0.52 <0.05 [18] Protection [76,77]

Abbreviations: BPA, bisphenol A; DES, diethylstilbestrol; DDT, dichlorodiphenyl trichloroethane; ND, no adequate data; OR, odds

ratio; RR, relative risk.

regarded as a reasonable option for castration-resistant
prostate cancer because it induces a decline in serum
PSA [44, 45, 57]. Bisphenol A, also called BPA or 4,4'-
(propan-2-ylidene)diphenol, has been used primarily
to make plastic products for more than 50 years. Ac-
cording to an experimental study with human prostate
tumours implanted into mice, bisphenol A facilitates the
bypass of androgen ablation therapy in prostate cancer.
Tumour size and PSA levels are significantly greater
in exposed animals just 1 month after treatment [46].
Data from rats link bisphenol A exposure during critical
periods of early development to later prostate cancer
[53-56]. However, 4-nonylphenol, a compound of
concern as an oestrogenic xenobiotic, was found to lack
effects on rat prostate carcinogenesis in male offspring
exposed prenatally and neonatally [50, 51]. DDT is one
of the most well-known synthetic pesticides. Some epi-
demiological evidence demonstrates that DDT causes
cancer of the liver, pancreas and breast but does not
cause cancers of the prostate, lung, bladder or stomach
[29, 30]. These data suggest differences between vari-
ous xeno-oestrogens in prostate carcinogenesis, but the
mechanisms are unclear. Here, by a computer-based
AutoDock model, we provide a viable explanation to
many experimental findings and identify bisphenol A

and DES as AR-related xeno-oestrogens, while 4-non-
ylphenol and DDT are not.

The epidemiological studies on the correlations be-
tween serum phyto-oestrogens and prostate cancer are
controversial. One study suggests a causal relationship
between isoflavones and prostate cancer [8]. Recently
a European prospective investigation of plasma phyto-
oestrogens and prostate cancer was performed, finding
that higher plasma concentrations of genistein were as-
sociated with a lower risk of prostate cancer [85]. Most
experimental and epidemiological studies suggest that
genistein and daidzein are promising agents for cancer
chemoprevention and/or treatment [18]. Eight case-
control studies [65—72] and five cohort studies [60—64]
have reported the protective effect of soy food, with
odds ratios or relative risks ranging from 0.3 to 0.69,
including in China and Japan, where people consume
more soybean food, tofu, soymilk and natto. In vivo
and in vitro experimental data have also shown the pro-
tective effect of the isoflavones genistein and daidzein
and the natural flavones apigenin and acacetin against
prostate cancer [73—-81]. Here, we demonstrated the
AR-binding mechanism of three abundant phyto-oes-
trogens (genistein, daidzein and flavone).

AR plays a critical role in prostate cancer de-
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velopment and progression [2, 3]. One approach to
understanding the role of environmental compounds
in prostate cancer is docking them to AR to evaluate
their effects. The chemical structure-based ligand and
receptor binding is the most important primary step
in generating downstream signal transduction. Auto-
Dock, based on a complex ‘lock-and-key model’, is
an excellent method to reveal ligand—receptor binding.
AutoDock applies a half-flexible docking method. The
ligand and the receptor are flexible, and their confor-
mation can be changed in the program. This requested
docking operation adapts mutually to achieve optimum
matching. Furthermore, the docking results are ap-
praised based on the affinity energy. The molecular
docking needs to satisfy not only the spatial shape
match but also the energy match. The binding intensi-
ties of ligand and receptor depend on affinity and posi-
tion in the process of complex formation.

Here, using the AutoDock method, the interactions
between human AR and phyto-oestrogens and xeno-
oestrogens were studied. The visualization of the
intermolecular function was advantageous in under-
standing their mechanisms. Of all the ligands, the
endogenous oestradiol showed the strongest binding to
AR with an affinity energy of —10.7 kcal mol ™', which
is very close to the —11.2 kcal mol™ of DHT, with the
same binding position. Three phyto-oestrogens (flavone,
genistein and daidzein), and two xeno-oestrogens
(bisphenol A and DES) also exhibited strong binding
affinities to AR, much stronger than the negative
control, thyroxine. Their binding position was the same
one used by oestradiol and DHT. Therefore, they may
exert significant effects on AR, which leads us to refer
to them as AR-related xeno-oestrogens or AR-related
phyto-oestrogens. Three phyto-oestrogens even showed
stronger binding than DES, which was formerly widely
used as an oestrogenic agonist in the clinic. Another
xeno-oestrogen, bisphenol A, is similar in structure to
DES, so all five of these oestrogenic compounds are
extremely likely to influence the organism at sufficient
concentrations. Although another two xeno-oestrogens,
DDT and 4-nonylphenol, used the same binding site
as DHT and oestradiol, their lower binding energies
approached that of thyroxine. Therefore, we concluded
that they had no or limited effects on AR function.

The binding position and affinity energy are two
key aspects of evaluating ligand—receptor binding. The
negative-control, non-steroid hormone thyroxine was
deficient in both binding position and energy. DDT

and 4-nonylphenol displayed the right position but not
the energy, while bisphenol A, DES, and the phyto-
oestrogens flavone, genistein, and daidzein were strong
in both, so they are regarded as AR-related factors.

Asian populations generally eat large quantities
of soy products compared with Western populations.
One study found that Asian populations have lower
rates of hormone-dependent cancers (breast, prostate)
and lower incidences of menopausal symptoms and
osteoporosis than Westerners [85]. The geometric
mean levels of plasma total isoflavonoids were 7-10
times higher in Japanese men than in Finnish men.
Asian immigrants living in Western nations also have
increased risk of these maladies as they ‘Westernize’
their diets to include more protein and fat and reduce
their fibre and soy intake [86]. Interestingly, we
observed that phyto-oestrogens had greater binding
abilities than the xeno-oestrogens. Considering the
differences in the consumption methods and quanti-
ties between phyto-oestrogens and xeno-oestrogens,
much higher concentrations of (iso)flavones can be
consumed from the diet. These competitive ingredi-
ents could possibly reduce the prostate’s exposure to
endogenous DHT or extraneous xeno-oestrogens, thus
reducing prostate cancer risk. This provides a good
explanation for much of the epidemiological data,
indicating the significant protective effect of (iso)fla-
vones on prostate cancer. These high phyto-oestrogen
levels could hypothetically inhibit the growth of pros-
tate cancer in Chinese and Japanese men, and they
might explain the low incidence and mortality from
prostate cancer in Japan [8§7-89]. One possibility may
be that phyto-oestrogens can lower lifetime exposure
to natural oestrogens or xeno-oestrogens by binding
to AR. Our report indicates that each xeno-oestrogen
and phyto-oestrogen examined can bind to the LBD
of AR. The mechanisms by which the ligands trigger
AR-dependent signalling in different cell lines need
further research.

Our study should be valuable for understanding
some of the contradictory experimental data on the
different effects of xeno-oestrogens on prostate cancer.
It also emphasizes the importance of phyto-oestrogens
in prostate cancer prevention. AutoDock technology
can substantially narrow the focus of research invol-
ving ligand-receptor interactions. As a parallel supp-
lement to experimental results, AutoDock data can
play a critical role in understanding prostate cancer
development and progression.
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