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A B S T R A C T

Polychlorinated dibenzofurans (PCDFs) are known to cause endocrine disruption in humans and wildlife but
the mechanisms underlying this disruption have not been adequately investigated. In this paper, the suscepti-
bility of the endocrine system to disruption by PCDF congeners via nuclear receptor binding was studied using
molecular docking simulation. Findings revealed that some PCDF congeners exhibit high probabilities of bind-
ing to androgen receptor in its agonistic and antagonistic conformations. In depth molecular docking analysis
of the receptor‐ligand complexes formed by PCDFs with androgen receptor in its agonistic and antagonistic
conformations showed that, these complexes were stabilized by electrostatic, van der Waals, pi‐effect and
hydrophobic interactions. It was also observed that PCDF molecules mimic the modes of interaction observed
in androgen‐testosterone and androgen‐bicalutamide complexes, utilizing between 65 and 83% of the amino
acid residues used by the co‐crystallized ligands for binding. This computational study suggests that some
PCDF congeners may act as agonists and antagonists of androgen receptor in humans and wildlife via inappro-
prate binding to the receptor.
1. Introduction

There is an upsurge of interest and concern among scientists and
the general public about the possible roles of some natural and anthro-
pogenic chemicals in endocrine‐related diseases. These chemicals, now
known as endocrine‐disrupting chemicals (EDCs), are common chem-
icals in the environment, foods, industrial products, cosmetics, and
other personal care products (Caliman and Gavrilescu, 2009; Zhang
et al., 2012; Muncke, 2009; Koo and Lee, 2004; Rudel et al., 2003;
Darbre, 2018; Pojana et al., 2007; Rhind et al., 2013; Archer et al.,
2017; Loffredo and Senesi, 2006). Although most of the chemicals
now classified as EDCs were previously unknown to cause any delete-
rious effects in humans and wildlife, mounting evidence from clinical,
epidemiological and experimental investigations carried out within
the last three decades indicates that EDCs can cause deviation from
normal homeostatic control, reproduction and developmental pro-
cesses in humans and wildlife (Diamanti‐Kandarakis et al., 2009;
Darbre and Darbre, 2015; Gore et al., 2015). Specifically, exposure
of wildlife to EDCs was observed to result in feminization of male fish,
eggshell thinning in birds, and formation of imposex in mollusks
(Darbre and Darbre, 2015). Human exposure to EDCs has also been
shown in several studies to be associated with reduced semen quality,
urogenital tract abnormalities, prostate cancer, precocious and early
puberty, increased rate of ectopic pregnancy, early menopause, high
risk of infertility, emergence of rare cervicovaginal cancer, increased
risk of breast cancer, alteration of immune responses, neurobehavioral
deficits, type‐2 diabetes, obesity, and cardiovascular diseases
(Miodovnik et al., 2011; Schug et al., 2011; Pinson et al., 2016;
Rogers et al., 2013; Wang et al., 2016; Zamkowska et al., 2018; Hu
et al., 2012; Hess‐Wilson and Knudsen, 2006; Soto and
Sonnenschein, 2010; Fernandez et al., 2012; Yum et al., 2013;
Grindler et al., 2015; Khan and Zhang, 2019; Alonso‐Magdalena
et al., 2011; Newbold et al., 2008; Hatch et al., 2010).

Over the past 30 years, a great deal of research efforts was expended
towards the identification of chemicals that act as EDCs and these efforts
led to the discovery of several endocrine active substances. Chemical
compounds suspected or identified to act as endocrine disruptors
include phthalates (Feige et al., 2007; Hao et al., 2012), bisphenols
(Molina‐Molina et al., 2013; Rubin, 2011; Matsushima et al., 2007),
parabens (Vitku et al., 2018; Kolatorova et al., 2018), triclosan (Raut
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andAngus, 2010; Foran et al., 2000), polyhalogenated aromatic organic
pollutants (Aoki, 2001; Iwasaki et al., 2002; Goldey et al., 1995;
Fernandez et al., 2010; Ünüvar and Büyükgebiz, 2012; Li et al., 2013;
Yue et al., 2020), phytoestrogens (Santti et al., 1998), mycotoxins
(Zielonka et al., 2015; Vejdovszky et al., 2017; El. Khoury et al.,
2019), pesticides (Combarnous, 2017; Leemans et al., 2019), and some
pharmaceuticals (Caliman and Gavrilescu, 2009). In recent times how-
ever, the direction of research is being shifted frommere EDC identifica-
tion to studies that focus on understanding the underlying mechanisms
by which individual EDC exerts its actions in humans and wildlife. The
consensus of opinion among experts, according to La Merril et al. (La
Merrill et al., 2020), reveals that EDCs possess the following ten identi-
fiable key characteristics which are related to how they interfere with
hormone action: (a) EDCs inappropriately bind and activate hormone
receptors, (b) EDCs block the effects of endogenous hormone by acting
as receptor antagonists, (c) EDCs alter hormone receptor expression, (d)
EDCs alter signal transduction in hormone‐responsive cells, (e) EDCs
induce epigenetic modifications in hormone‐producing or hormone‐
responsive cells, (f) EDCs alter hormone synthesis, (g) EDCs alter hor-
mone transport across cellmembranes, (h) EDCs alter hormonedistribu-
tion or circulating levels of hormones, (i) EDCs alter hormone
metabolismor clearance, and (j) EDCs alter the total number or position-
ing of cells in hormone‐producing or hormone‐responsive tissues by dis-
rupting or promoting cellular differentiation, proliferation,migration or
death. It is generally agreed that an endocrine‐disrupting chemical
would exert its action by any one or combination of any of the aforemen-
tioned mechanisms of action (La Merrill et al., 2020).

Polychlorinated dibenzofurans (PCDFs) are a group of toxic and
highly persistent aromatic organic pollutants that are generated unin-
tentionally during incineration of chlorine‐containing waste materials
and as unwanted by‐products in some chemical manufacturing pro-
cesses (Liu et al., 2004; Lemieux et al., 2000; Minh et al., 2003;
Chakraborty et al., 1243). Adverse effects of PCDF exposure on
humans and wildlife have been reported in several clinical, epidemio-
logical and laboratory animal studies. For instance, exposure to indi-
vidual PCDF molecule or mixture of PCDFs in combination with
other polychlorinated aromatic organic compounds has been shown
to be associated with fetal anomalies in mouse (Birnbaum et al.,
1987), increased proportion of spontaneous abortions and preterm
deliveries among exposed women in Japan (Tsukimori et al., 2008),
and growth retardation, delayed cognitive development, increased
rates of hyperpigmentation, dystrophic finger‐nails, acne, and swollen
gum among prenatally exposed children in Taiwan (Guo et al., 1995;
Guo et al., 2004; Gladen et al., 1990). Although it is generally believed
that most of the toxic effects of PCDFs and other dioxin‐like com-
pounds are endocrine‐related and are mediated through binding to
aryl hydrocarbon receptor (AhR) (Safe, 1986; Rowlands and
Gustafsson, 1997; Farrell et al., 1987; Birnbaum, 1994; Heuvel and
Lucier, 1993; Beger and Wilkes, 2001; Tuomisto, 2019), review of
recent literature suggests that nuclear receptors are also potential
binding targets for dioxins and dioxin‐like compounds (Casati et al.,
2013; Portigal et al., 2002; Suzuki et al., 2011). While the mechanism
involving AhR‐mediated PCDF toxicity is well documented in the liter-
ature, those involving nuclear receptors have not been sufficiently
investigated. Therefore, the objective of the current research was to
computationally predict the susceptibility of the endocrine system to
disruption by PCDFs via nuclear receptor binding.
2. Materials and methods

2.1. Hardware and software

All the computational methods described in this paper were per-
formed using a laptop computer with the following description: HP
Pavilion 15‐cs0042cl, Intel® CoreTMi7‐8550U processor with 16 GB
358
DDR4 RAM, 1 TB hard drive, 2.20 Hz processor and NVIDIA®
GeForce® Mx150 Graphics 4G of dedicated video and window® 10
operating system. The software used for the computational study
described in this paper include: endocrine disruptome (Kolšek et al.,
2014), Spartan '14 program suite (Shao et al., 2006), Molegro Virtual
Docker 6.0 (Thomsen and Christensen, 2006) and Discovery Studio
Visualizer (BIOVIA, Dassault Systèmes. Discovery Studio Visualizer,
v20.1.0., 2019).

2.2. PCDF congeners and nuclear receptors

All the 135 possible congeners of PCDF were used as exogenous
ligands in this research. The names and the structural formulae of
these PCDF congeners are presented in Table S1 (Supplementary Mate-
rial). Similarly, high resolution crystal structures of 12 nuclear recep-
tors were used as protein targets. These 12 nuclear receptors are
androgen receptor (PDB ID: 3L3X), estrogen receptor α (PDB ID:
1A52), estrogen receptor β (PDB ID: 3OLS), glucocorticoid receptor
(PDB ID: 4P6X), liver X receptor α (PDB ID: 3IPS), liver X receptor β
(PDB ID: 1P8D), peroxisome proliferator activated receptor α (PDB
ID: 3KDU), peroxisome proliferator activated receptor β (PDB ID:
3GZ9), peroxisome proliferator activated receptor γ (PDB ID: 3ET3),
retinoid X receptor α (PDB ID: 1MV9), thyroid hormone receptor α
(PDB ID: 3ILZ) and thyroid hormone receptor β (PDB ID: 3IMY). Addi-
tionally, androgen receptor (PDB ID: 1Z95), estrogen receptor α (PDB
ID: 1SJ0), estrogen receptor β (PDB ID: 1QKN) and glucocorticoid
receptor (PDB ID: 3 N52) were also tested in their antagonistic confor-
mations, bringing the total number of protein targets to 16. Detailed
descriptions of the co‐crystallized ligands, resolutions of the protein
structures, and sources of nuclear receptors used in this computational
study are presented in Table S2.

2.3. Computational screening of PCDF molecules and nuclear receptors

The probability of each of the 135 PCDF molecules displayed in
Table S1 (Supplementary Material) to bind with each of the 16 protein
targets listed in Table S2 (Supplementary Material) was assessed using

endocrine disruptome (http://endocrinedisruptome.ki.si/). Endocrine
disruptome is a computational resource designed as a user‐friendly,
open‐source, web‐based prediction tool, intended for screening large
numbers of chemical substances suspected to be potential EDCs. It runs
on a platform called Docking interface for Target Systems (DoTS) and
it uses AutoDock Vina in the background to perform docking (Kolšek
et al., 2014). Results obtained from this computational tool were
colour‐coded into four probability binding classes on the basis of three
threshold values of sensitivity (SE). Colour red (SE < 0.25) indicates
high probability of binding, colour orange (0.25 < SE < 0.50) and
colour yellow (0.5 < SE < 0.75) indicate intermediate binding prob-
ability, and colour green (SE > 0.75) indicates low probability of
binding (Kolšek et al., 2014). The performance of endocrine disrup-
tome was well‐validated by Kolšek et al. (Kolšek et al., 2014). It should
be realized that the predictions made by endocrine disruptome are not
equally reliable for the different protein targets available for testing in
the software, as some targets suffer from bias (Kolšek et al., 2014).
Endocrine disruptome has been successfully employed for the predic-
tion of endocrine‐disrupting potentials of some chemical substances
(Akinola et al., 2021; Akinola et al., 2021; Kenda and Dolenc, 2020;
Plošnik et al., 2015; Usman and Ahmad, 2019; Wang et al., 2020).

2.4. Detailed molecular docking simulation

PCDF molecules predicted to exhibit high probabilities of binding
to nuclear receptors from the procedure described in section 2.3 were
subject to detailed molecular docking simulation. Two‐dimensional
(2D) structures of the selected PCDF molecules were sketched and
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converted into three‐dimensional (3D) structures using Spartan '14
program suite (Shao et al., 2006). The 3D structures of the molecules
were then optimized using semi‐empirical AM1 model in the Spartan
'14 program suite. The crystal structures of the receptors that show
high probabilities of binding with the PCDF molecules were retrieved

from protein data bank (https://www.rcsb.org/) and molecular dock-
ing simulations were then carried out between the PCDF molecules
and the receptors using Molegro Virtual Docker 6.0 (Thomsen and
Christensen, 2006). Iterated Simplex was chosen as search algorithm
and the poses generated were scored and ranked using MolDock scor-
ing function. Visualization of the 2D structures of the docked ligand‐
receptor complexes was done using Discovery Studio Visualizer
(BIOVIA, Dassault Systèmes. Discovery Studio Visualizer, v20.1.0.,
2019). The procedure described above was repeated for the co‐
crystallized ligands in the experimentally determined crystallographic
structures of the affected receptors in order to generate data for com-
parative analysis.
2.5. Validation of docking methodology

The performance of the docking methodology described in section
2.4 was evaluated using pose selection approach (Hevener et al.,
2009). In this approach, the co‐crystallized ligand found in the crystal
structure of a protein target was re‐docked into its native binding site.
The multiple poses generated from this re‐docking procedure were
then ranked and the root‐mean‐square deviation (RMSD) between
the highest‐ranked pose and the reference ligand in the experimental
crystal structure of the target protein was calculated. Performance of
docking methodology is considered successful if the RMSD between
the highest‐ranked pose and the reference ligand in the experimental
crystal structure of protein target is<2.0 Å (Thomsen and
Christensen, 2006; Hevener et al., 2009; Kramer et al., 1999). To eval-
uate the performance of the docking algorithms employed in the dock-
ing program used in this paper, the crystal structures of agonistic
conformations of androgen receptor, estrogen receptor α, estrogen
receptor β, glucocorticoid receptor, thyroid hormone receptor α and
thyroid hormone receptor β as well as the crystal structures of antago-
nistic conformations of androgen receptor, estrogen receptor α and
estrogen receptor β were retrieved from RCSB Protein Data Bank
Fig. 1. Distribution of PCDF molecules based on their probabilities of bindin
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(https://www.rcsb.org/) and the co‐crystallized ligands in these crys-
tal structures were re‐docked to their native binding sites. The highest‐
ranked poses generated in this process were superimposed on the
bound ligands in the experimental crystal structures of the selected
protein targets. Only the co‐crystallized ligands in the crystal struc-
tures of the protein targets that showed moderate or high probabilities
of binding to PCDF molecules in the procedure described in section 2.3
were used in this validation protocol.
3. Results

The results of the computational screening procedure described in
section 2.3 are shown in Table S3 (Supplementary Material) and these
results are summarized as the distribution of PCDF molecules based on
their probabilities of binding to nuclear receptors in Fig. 1. As shown
in Fig. 1, antagonistic conformation of glucocorticoid receptor as well
as agonistic conformations of liver X receptor α, liver X receptor β, per-
oxisome proliferator activated receptor α, peroxisome proliferator acti-
vated receptor β, peroxisome proliferator activated receptor γ and
retinoid X receptor α exhibit low probabilities of binding to all the
135 PCDF congeners. In Fig. 1, agonistic conformations of androgen
receptor, estrogen receptor α, estrogen receptor β, glucocorticoid
receptor, thyroid hormone receptor α and thyroid hormone receptor
β exhibit moderate binding probabilities with 102, 30, 46, 94, 106
and 127 PCDF congeners respectively. Fig. 1 also reveals that the num-
ber of PCDF congeners that exhibit moderate binding probabilities to
androgen receptor, estrogen receptor α and estrogen receptor β in their
antagonistic conformations are 115, six and two respectively. It was
also shown in Fig. 1 that androgen receptor in its agonistic and antag-
onistic conformations exhibit high probabilities of binding to two and
20 PCDF congeners respectively. The results just presented suggest
that while estrogen receptor α, estrogen receptor β, glucocorticoid
receptor, thyroid hormone receptor α and thyroid hormone receptor
β may likely bind to some PCDF congeners, there is a strong indication
that androgen receptor is highly susceptible to binding by some PCDF
congeners.

Focusing on androgen receptor due to its high probabilities of bind-
ing to PCDF congeners, the outputs of the results obtained for detailed
molecular docking simulation of the two PCDF congeners that showed
g to nuclear receptors as obtained from endocrine disruptome software.
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high probabilities of binding to agonistic conformation of androgen
receptor are displayed as 2D visualizations in Figs. S1 and S2 (Supple-
mentary Material). Similarly, the outputs of the results obtained for
detailed molecular docking simulation of the 20 PCDF congeners that
showed high probabilities of binding to antagonistic conformation of
androgen receptor are displayed as 2D visualizations in Figs. S3 to
S22 (Supplementary Material). Due to limitation imposed by space,
the ligand‐receptor complexes displayed in Figs. S1 to S22 are exem-
plified with the output of the result obtained for the binding interac-
tion of 2,3,4,6,7‐pentachlorodibenzofuran (PCDF 112) with amino
acid residues in the binding pocket of agonistic conformations of
androgen receptor (Fig. S2 in the Supplementary Material) and the
output of the result obtained for the binding interaction of 1,3,4,6,7‐
pentachlorodibenzofuran (PCDF 104) with amino acid residues in
the binding pocket of antagonistic conformations of androgen receptor
(Fig. S16 in the Supplementary Material). Comparing the amino acid
residues in the binding pocket of agonistic conformation of androgen
receptor that formed binding interactions with testosterone (Fig. 2)
and PCDF 112 (Fig. 3) and the amino acid residues in the binding
pocket of antagonistic conformation of androgen receptor that formed
binding interactions with bicalutamide (Fig. 4) and PCDF 104 (Fig. 5)
revealed that both PCDF 112 and PCDF 104 formed ligand‐receptor
complexes that were stabilized by electrostatic, van der Waals, pi‐
effect and hydrophobic interactions, mimicking the modes of interac-
tion observed in androgen‐testosterone complex (Fig. 2) and
androgen‐bicalutamide complex (Fig. 4) respectively. The essential
Fig. 2. Amino acid residues in the binding pocket of agonistic conformation of a
testosterone.
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features of these results are summarized in Table 1. Analysis of the
docking results presented in Table 1 indicates that both testosterone
and 2,3,4,6,7‐pentachlorodibenzofuran formed non‐covalent interac-
tions with 21 and 17 amino acid residues in the active site of agonistic
conformation of androgen receptor, utilizing Arg‐752, Asn‐705, Gln‐
711, Leu‐701, Leu‐704, Leu‐707, Leu‐873, Leu‐880, Met‐742, Met‐
745, Met‐749, Met‐780, Met‐787, Phe‐764, Phe‐876, Thr‐877,
Val‐746 as common amino acid residues. Table 1 also indicates that
both bicalutamide and 1,3,4,6,7‐pentachlorodibenzofuran formed
non‐covalent interactions with 23 and 17 amino acid residues in the
active site of antagonistic conformation of androgen receptor, utilizing
Arg‐752, Asn‐705, Gln‐711, Gly‐708, Leu‐701, Leu‐704, Leu‐707, Leu‐
873, Met‐742, Met‐745, Met‐749, Met‐780, Met‐787, Phe‐764, Phe‐
876, Thr‐877, Val‐746 as common amino acid residues. The amino
acid residues utilized by 2,3,4,6,7‐pentachlorodibenzofuran and
1,3,4,6,7‐pentachlorodibenzofuran for binding correspond to about
81% and 74% of the amino acid residues used by testosterone and
bicalutamide for binding with androgen receptor in its agonistic and
antagonistic conformations respectively. The high degree of common-
alities of the interacting amino acid residues that stabilized the
receptor‐ligand complexes formed by PCDF molecules and the co‐
crystallized ligands in the crystal structures of androgen receptor sug-
gests the possibility of some PCDF congeners acting as endocrine dis-
ruptors by mimicking and antagonizing the binding actions of
testosterone. Values of MolDock scores presented in Table 1 for the
binding of 2,3,4,6,7‐pentachlorodibenzofuran (‐92.75 kcal/mol) and
ndrogen receptor (PDB ID: 3L3X) involved in non-covalent interactions with



Fig. 3. Amino acid residues in the binding pocket of agonistic conformation of androgen receptor (PDB ID: 3L3X) involved in non-covalent interactions with
2,3,4,6,7-pentachlorodibenzofuran (PCDF 112).

L.K. Akinola et al. Current Research in Toxicology 2 (2021) 357–365
1,3,4,6,7‐pentachlorodibenzofuran (‐95.47 kcal/mol) with androgen
receptor are lower than the MolDock scores obtained for the binding
of testosterone (‐111.37 kcal/mol) and bicalutamide (‐142.05 kcal/
mol) with androgen receptor. This indicates that PCDF molecules bind
to androgen receptor with lower binding affinities than testosterone
and bicalutamide.

The results obtained for the procedure described in Section 2.5 for
evaluating the performance of the docking protocol employed in this
paper are presented in Fig. S23 (Supplementary Material). As shown
in Fig. S23, visual inspection of the theoretically‐generated poses
and the bound ligands in the experimental crystal structures of the
selected protein targets indicates that all the poses aligned well with
the experimental reference ligands. Fig. S23 also shows that the values
of the root‐mean‐square deviation (RMSD) ranged from 0.392 Å for
structure with PDB code 1Z95 to 0.978 Å for structure with PDB code
1SJ0. Since the values of the RMSD shown in Fig. S23 are less than the
threshold value of 2.0 Å, the docking protocol used in Molegro Virtual
Docker 6.0 is adjudged to be accurate for the current computational
research.

4. Discussion

The susceptibility of twelve nuclear receptors to binding by PCDFs
was investigated using molecular docking simulation. The computa-
tional results obtained suggest that some PCDF congeners may act as
agonists and antagonists of androgen receptor, thereby causing endo-
crine disruption. Although the use of experimental techniques for tox-
icity assessment is considered more reliable than computational
techniques, utility of experiments for large‐scale screening of potential
endocrine‐disrupting chemicals are known to be more expensive, time‐
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consuming and low‐throughput (Lang et al., 2018; Sakkiah et al.,
2019; Shukla et al., 2010; Tukker et al., 2016). Androgen receptor is
a ligand‐activated transcription factor and a member of the steroid
hormone receptor family that binds with high affinity to testosterone
and other androgens (Davey and Grossmann, 2016; Wilson et al.,
2003). Binding of testosterone to androgen receptor is known to be
responsible for maturation of male reproductive organs, development
of male secondary sexual characteristics at puberty, and muscular
development in men (Marieb and Hoehn, 2019; Dohle et al., 2003;
Wyce et al., 2010). It is well documented in literature that exposure
of humans and animals to complex mixtures of PCDFs and other
structurally‐related polychlorinated aromatic organic compounds is
associated with increased abnormal sperm morphology, reduced
sperm motility, reduced capacity of sperm to penetrate hamster
oocytes, and increased risk of prostate cancer (Guo et al., 2000;
Vested et al., 2014; 2,3,7,8‐Tetrachlorodibenzo‐p‐dioxin exposure
and prostate cancer: a meta‐analysis of cohort studies. Public
Health., 2014). To the best of our knowledge, no experimental report
of PCDF binding to androgen receptor is available in the literature.
Activation of signal transduction or blocking of hormonal action of
testosterone, initiated by binding of PCDFs to androgen receptor as
predicted theoretically in this paper, may perhaps provide plausible
explanation for some of the harmful effects of PCDFs on male repro-
ductive health.

The computational results presented in this paper also indicate that
PCDFs bind to androgen receptor with binding affinities that are lower
than the binding affinities of testosterone and bicalutamide. This find-
ing is consistent with previously reported results for other low‐
molecular weight exogenous chemicals that act as endocrine disrup-
tors—they generally act as weak agonists or antagonists with binding



Fig. 4. Amino acid residues in the binding pocket of antagonistic conformation of androgen receptor (PDB ID: 1Z95) involved in non-covalent interactions with
bicalutamide.
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affinities several orders of magnitude lower than the binding affinities
of endogenous hormones (Autrup et al., 2020; Balaguer et al., 2017;
Shanle and Xu, 2011; Lee et al., 2013). The relatively lower binding
affinities of PCDFs and other low‐molecular weight EDCs may be
due to the fewer contacts that these EDCs made within the binding
cavities of the receptors on account of their small sizes (Balaguer
et al., 2017). In contrast, endogenous ligands could form more effec-
tive interactions within the binding cavities of the receptors because
of their relatively larger sizes (Balaguer et al., 2017). It should be
noted however that, despite the lower binding affinities of PCDFs,
undesirable toxic effects might still occur through additive effects of
PCDFs and other exogenous chemicals since humans and wildlife are
usually exposed to multiple endocrine disruptors in their diets and
environment, and these multiple endocrine disruptors may be acting
through a common mechanism, such as through binding to a specific
biological target (Darbre and Darbre, 2015). Evaluating the perfor-
mance of docking protocol employed in this paper resulted in RMSD
values that are lower than the threshold value of 2.0 Å for all the tested
receptor‐ligand complexes. The high level of accuracy obtained in this
paper is in agreement with what has been reported in the literature on
the performance of MolDock scoring algorithm (Thomsen and
Christensen, 2006). The docking protocol used in the current research
is therefore considered accurate and reliable.
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5. Conclusion

Many exogenous chemicals found in diets, environment, industrial
products and personal care products can cause endocrine disruption
via ten identifiable key mechanisms according to consensus of opinion
among experts. Parts of these mechanisms involve binding of exoge-
nous chemicals to nuclear receptors, leading to inappropriate activa-
tion of signal transduction or blocking the actions of endogenous
hormones by acting as receptor antagonists. Using molecular docking
simulation, it was demonstrated in this paper that some PCDF con-
geners may cause endocrine disruption in humans and wildlife by
inappropriately binding to androgen receptor in its agonistic and
antagonistic conformations. Although the findings obtained in this
paper may provide plausible explanation for the widely reported male
reproductive dysfunctions observed in humans and wildlife due to
PCDF exposure, the high number of positives predicted for androgen
receptor antagonism by endocrine disruptome should be interpreted
with caution since this software suffers from a high false positive rate
for androgen receptor antagonism. In view of this caveat, the predic-
tion made in the current computational study should be viewed as ten-
tative and further experimental investigation specifically designed to
confirm or refute the theoretical findings reported in this paper is
suggested.



Fig. 5. Amino acid residues in the binding pocket of antagonistic conformation of androgen receptor (PDB ID: 1Z95) involved in non-covalent interactions with
1,3,4,6,7-pentachlorodibenzofuran (PCDF 104).

Table 1
MolDock scores and common amino acid residues involved in ligand-receptor binding interactions.

Receptor Ligand MolDock
score
(kcal/mol)

Amino acid residues involved in binding interactions Common amino acid residues involved in binding interactions

AR Testosterone −111.37 Arg-752, Asn-705, Gln-711, Gly-708, Leu-701, Leu-704, Leu-707, Leu-
873, Leu-880, Met-742, Met-745, Met-749, Met-780, Met-787, Met-
895, Phe-764, Phe-876, Phe-891, Thr-877, Trp-741, Val-746

Arg-752, Asn-705, Gln-711, Leu-701, Leu-704, Leu-707, Leu-
873, Leu-880, Met-742, Met-745, Met-749, Met-780, Met-787,
Phe-764, Phe-876, Thr-877, Val-746

PCDF 112 −92.72 Arg-752, Asn-705, Gln-711, Leu-701, Leu-704, Leu-707, Leu-873, Leu-
880, Met-742, Met-745, Met-749, Met-780, Met-787, Phe-764, Phe-
876, Thr-877, Val-746

AR an Bicalutamide −142.05 Arg-752, Asn-705, Gln-711, Gly-708, Ile-899, Leu-701, Leu-704, Leu-
707, Leu-768, Leu-873, Leu-880, Met-742, Met-745, Met-749, Met-
780, Met-787, Met-895, Phe-764, Phe-876, Phe-891, Thr-877, Trp-
741, Val-746

Arg-752, Asn-705, Gln-711, Gly-708, Leu-701, Leu-704, Leu-
707, Leu-873, Met-742, Met-745, Met-749, Met-780, Met-787,
Phe-764, Phe-876, Thr-877, Val-746

PCDF 104 −95.47 Arg-752, Asn-705, Gln-711, Gly-708, Leu-701, Leu-704, Leu-707, Leu-
873, Met-742, Met-745, Met-749, Met-780, Met-787, Phe-764, Phe-
876, Thr-877, Val-746
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