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 Introduction

Endocrine-disrupting chemicals (EDCs) are compounds
at interfere with hormonal systems and induce devel-
mental, reproductive, neurological, immune, or meta-
lic diseases in humans and wildlife [1–3]. Many EDCs are
an-made chemicals released into the environment like

plasticizers, pesticides, flame retardants, preservatives,
pharmaceuticals, and cosmetics [4,5]. Some naturally
occurring EDCs can also be found in plants or fungi. The
sources of exposure to EDCs are diverse and vary widely
around the world. Single exposure can occur for people
working with high quantities of pesticides, fungicides, and
industrial chemicals. However, the more common expo-
sures are due to a broad mix of chemicals and contami-
nants present at low-concentrations. These complex
mixtures enter the food chain and accumulate in animals
and humans. Exposure occurs through drinking water,
breathing polluted air, ingestion of food or, contacting
contaminated soils.
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A B S T R A C T

Endocrine-disrupting chemicals (EDCs) represent a broad class of exogenous substances

that cause adverse effects in the endocrine system mainly by interacting with nuclear

hormone receptors (NRs). Humans are generally exposed to low doses of pollutants, and

current researches aim at deciphering the mechanisms accounting for the health impact

of EDCs at environmental concentrations. Our correlative analysis of structural, interaction

and cell-based data has revealed a variety of, sometimes unexpected, binding modes,

reflecting a wide range of EDC affinities and specificities. Here, we present a few

representative examples to illustrate various means by which EDCs achieve high-affinity

binding to NRs. These examples include the binding of the mycoestrogen a-zearalanol to

estrogen receptors, the covalent interaction of organotins with the retinoid X- and

peroxisome proliferator-activated receptors, and the cooperative binding of two chemicals

to the pregnane X receptor. We also discuss some hypotheses that could further explain

low-concentration effects of EDCs with weaker affinity towards NRs.
�C 2017 Published by Elsevier Masson SAS on behalf of Académie des sciences. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
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EDCs can affect the endocrine systems of an organism
 a wide variety of ways. These include mimicking natural

ormones, antagonizing their action or modifying their
ynthesis, metabolism, and transport. Moreover, these sub-
tances can act via multiple pathways, including mem-
rane receptors, the aryl hydrocarbon receptor, or the
nzymatic machineries involved in hormone metabolism.
owever, most of the reported harmful effects of EDCs are
ttributed to their interference with hormonal signaling
ediated by nuclear receptors (NRs) [6]. Human NRs are a
mily of 48 ligand-regulated transcription factors that

ontrol a plethora of biological processes such as develop-
ent, organ homeostasis, metabolism, immune function,

r reproduction. They harbor transcription regulation as
ell as DNA- and ligand-binding properties embedded in
ree distinct structural domains, and respond to a large

ariety of small endogenous ligands such as hormones,
itamins, fatty acids or metabolites. Upon ligand-binding,
onformational changes in the C-terminal region of the

ligand-binding domain (LBD) allow the receptors to recruit
transcriptional coactivators. Originally, most of the studies
have focused on NRs involved in reproductive processes, in
particular the estrogen (ERa and ERb) and the androgen
(AR) receptors. More recently, studies have shown that the
activity of the pregnane X receptor (PXR), the estrogen-
related receptor g (ERRg), the thyroid hormone receptors
(TRs), the retinoid X receptors (RXRs), or the peroxisome
proliferator-activated receptors a and g (PPARa and g) is
also affected by EDCs.

The group of molecules acting as NR environmental
ligands is highly heterogeneous and comprises compounds
that are often distantly related to endogenous ligands in
terms of size or chemical structure. This group contains
substances as chemically different as bisphenols, phtha-
lates, parabens, dioxins, alkylphenols, organotins, poly-
chlorinated biphenyls, perfluoroalkyls, or benzophenones,
as well as natural compounds such as the phytoestrogen
genistein, or the mycoestrogen a-zearalanol (Fig. 1). This
Fig. 1. Chemical structures of the representative endocrine disruptors mentioned in this review.
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rge structural diversity renders the interaction of EDCs
ith their biological targets poorly understood and
rdly predictable. Our recent studies combining struc-
ral, biophysical, and cell-based assays have revealed
at chemicals bind to NRs with affinities ranging from
b-nanomolar to high micromolar values via diverse
nding mechanisms [5,7,8]. Since humans and wildlife
e simultaneously and chronically exposed to low doses

 multiple contaminants, understanding the molecular
echanisms underlying the physiological consequences

 exposure to environmentally-relevant concentrations
 EDCs is of prime importance. In this review, we present
e molecular details of three different mechanisms used

 EDCs to bind to NRs with high-affinity and discuss
me current hypotheses that may account for the low
se action of compounds with medium-to-weak affini-
s for NRs.

 a-Zearalanol is a high-affinity ligand of estrogen
ceptors

ERa and ERb (NR3A1-2) are receptors for the sex
rmone, 17b-estradiol (E2), which play important roles

 the growth and maintenance of a diverse range of tissues
ch as the mammary gland, uterus, bone, or the cardio-
scular system. Both ERs are widely distributed through-
t the body, displaying distinct but overlapping expression
tterns in a variety of tissues [9]. Although ERa and ERb
are similar mechanisms of action, several differences in
e transcriptional abilities of each receptor as well as
stinct phenotypes between gene null animals have been
entified, suggesting that these receptors may regulate
stinct cellular pathways [9].

Endogenous estrogens (E2, estriol, estrone) are high-
finity ligands of ERs with dissociation constants (Kd)
mprised between 10 pM and 1 nM. On the contrary,
noestrogens such as the phytoestrogens genistein and
rutinin, the pesticides DDT, HPTE (a methoxychlore
etabolite), vinclozoline or chlordecone, the plasticizers
sphenols and phthalates, and the benzophenones and
rabens used as UV-filters and preservatives, respective-

, bind to ERs with a wide array of affinities ranging
m 10 nM to 10 mM [4,10–12]. All of them bind to the
rmone-binding site of ERs and engage in different sets of
and–protein interactions according to their size and
emical structures. The smallest compounds making fewer
ntacts with the receptor cavity are generally associated

with lower binding affinities, whereas bigger EDCs adopt-
ing a binding mode reminiscent of that used by the
endogenous ligands are characterized by higher inter-
action capacities. This is, for example, the case of the
mycoestrogen a-zearalanol (a-ZA), which acts as a full
ERa agonist (Fig. 2A) and binds to ERs with high-affinity
(Kd of 0.29 nM and 1.88 nM for ERa and ERb, respectively,
to be compared to 0.017 nM and 0.068 nM for E2) [4]. As
observed in the ERa crystal structures, a-ZA recapitulates
most of the interaction network observed with E2
(Fig. 2B, C), including the hydrogen bonds linking the
phenol moieties of the two ligands and the polar residues
H524 and E353 located at the two ends of the ligand-
binding pocket (LBP). The remaining contacts involve
essentially van der Waals interactions, the number and
strength of which account for the different binding
affinities of a-ZA and E2 towards both ER subtypes. This
is particularly evident in the case of ERb, for which we
have previously shown that the replacement of ERa L384
and M421 by M336 and I373, respectively, imposes more
space constraints in its LBP and renders this ER isotype
more sensitive to variations in the size of the bound ligand
[4]. Accordingly, a-ZA, which occupies a slightly bigger
volume (Fig. 2C), displays a 7-fold lower affinity than E2
towards ERb, whereas a-ZA and E2 bind equally well to ERa.

3. Organotins are covalent ligands of many nuclear
receptors

Organotin compounds are ubiquitously present through-
out the environment due to their widespread use since
the 1960s in many industrial and agricultural processes.
Since the 1980s, they were found to be responsible for
a wide variety of deleterious effects in the endocrine
systems of humans and wildlife at nanomolar concen-
trations [13]. Organotins form a collection of more than
200 tin compounds containing a variety of mono-, di-, tri-
or tetra-substituted organic groups. They do neither
structurally nor chemically resemble known NR ligands,
so the mechanism by which organotins act as endocrine
disruptors has remained enigmatic until the structures
of RXRa and PPARg in complex with tribultyltin (TBT)
and tripropyltin (TProT), respectively, were solved.

RXRa, b and g (NR2B1-3) occupy a particular position
in the NR superfamily as they are the common heterodi-
merization partners for one-third of the 48 family
members. As such, RXRs play key roles in the control of

. 2. The mycoestrogen a-zearalanol is a full estrogen (ERa) agonist. Relative transcriptional activity of ERa in HGELN-ERa cells in the presence of

radiol or a-zearalanol (100% as 10 nM E2) (A). Interaction networks of estradiol (B) and a-zearalanol (C) with residues of the ERa–ligand-binding domain

D). The volume around the ligands represents their electron density.
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any NR-dependent signaling pathways. RXRs heterodi-
ers can be partitioned into two classes according to the

ature of the partner receptor. The so-called permissive
eterodimers (e.g., with PPARs, LXRs or PXR) can be
ctivated upon ligand-binding to RXR, even in the
bsence of the partner receptor ligand. In contrast, in
on-permissive RXRs heterodimers (e.g., with RARs, VDR,
r TRs), the activation of RXR by its own ligand is
ubordinated to the presence of a ligand in the partner
eceptor. However, in both cases, RXR ligands and ligands
f the partner receptors can act synergistically to activate
eterodimers [14]. This regulatory control of nuclear
ignaling pathways by multiple RXR heterodimers allows
nvironmental RXR ligands to potentially trigger a multi-
de of adverse effects on human health. The identity of the

hysiological RXR ligands is still debated, and there is
articular uncertainty about the status of the historical
endogenous RXR agonist’’ 9-cis-retinoic acid (9-cisRA),
ecause many groups have been unable to detect 9-cisRA in

ivo. Recently, other vitamin A metabolites and some
nsaturated fatty acids have been demonstrated to act as
ndogenous RXR ligands in several tissues [15]. Thus, the
urrent trend is to assign an intracellular sensor function to
XRs that could bind a variety of fatty acids and metabolites
ith moderate affinities (mM range). In its heterodimeric

adipogenesis, lipid metabolism, and glucose homeostasis
through improving insulin sensitivity [16]. PPARg ligands
are diverse and include unsaturated fatty acids or pro-
staglandins with which they associate with rather weak
affinities [17].

Few environmental ligands of RXRs and PPARg have
been reported up to now. They include the pesticide
metabolite methoprene acid, some bisphenols, the 4-tert-
octylphenol, and organotins for the first one, and halogenated
bisphenols, phthalates, perfluorinated compounds, phytoes-
trogens and organotins for the second one [18–22]. Among
them, organotins are, by far, those showing the strongest
affinity for both receptors (Kd in the nanomolar range)
[7,19,23,24]. The crystal structure of RXRa in complex with
TBT [19] shows that as compared with 9-cisRA (Fig. 3A), the
organotin occupies only a small part of the LBP (Fig. 3B).
However, it also reveals that the high-affinity of TBT for RXRs
derives from the formation of a covalent bond between the
tin atom of the organotin and the sulfur atom of the
conserved cysteine C432. Although TBT interacts with only
a subset of LBP residues, it is engaged in enough essential
contacts to efficiently stabilize RXRa in its active con-
formation. The particular position of C432 in helix H11
allows TBT to stabilize the C-terminal activation helix H12
in a position that is crucial for the recruitment of trans-

ig. 3. Organotins bind covalently to RXRa and peroxisome proliferator-activated receptor g (PPARg). Close-up view on the ligand-binding site of RXRa
gand-binding domain (LBD) structure bound to the 9-cis retinoic acid (A) and the tributyltin (B). Relative transcriptional activity of RXRa and PPARg
gands (100% as CD3254 100 nM for RXRa and rosiglitazone 1 mM for PPARg); concentrations: CD3254 10 nM, TBT 10 nM, rosiglitazone 1 mM, TProT

00 nM (C). Close-up view on the ligand-binding site of PPARg LBD structure bound to the tripropyltin (D).
riptional coactivators. Hence, in addition to bind to RXR at
rm with RXRs, PPARg (NR1C3) plays key roles in regulating c
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ry low-concentrations, TBT acts as a full agonist activating
e receptor as efficiently as the reference synthetic CD3254
ig. 3C). In contrast, the crystal structure of PPARg in
mplex with TProT [7] shows that the anchoring cysteine
285) resides in helix H3, placing the organotin in a region of
e LBP that does not allow the efficient stabilization of the
tive receptor conformation (Fig. 3D). This is in line with the
eak PPARg agonistic activity of the compound [19] (Fig. 3C).
us, the efficient activation of the RXR-PPARg by organotins
sults from the combined action of the compounds on the
o heterodimer subunits. The discovery of this binding

ode suggests that other NRs presenting a cysteine residue
ould be considered as potential targets of organotins, the
nctional outcome of this interaction being dictated by the
sition of the anchoring cysteine in the LBP. Accordingly, it
s been reported that dibutyltin acts as a potent antagonist

 the glucocorticoid receptor (GR), which contains two
steine residues in its hormone-binding site [25].

 The pregnane X receptor and the cocktail effect

PXR (NR1I2) is involved in the biosynthesis, distribution,
d metabolism of steroids, bile acids, and xenobiotics
6]. It plays a prominent role as protector of the endocrine
stem from chemical perturbation by sensing increases in
e concentration of a multitude of external substances.
on activation by xenobiotics, PXR forms heterodimers

ith RXR and binds to PXR response elements in the
gulatory regions of target genes where it up-regulates
e transcription of major detoxification genes such as the
ase-I (CYP), phase-II (conjugating) and phase-III (ABC
nsporters) enzymes, and efflux proteins. By doing so,
R induces the xenobiotic clearance and prevents other
s from interactions with these chemicals. On the other
nd, PXR activation has been linked to drug–drug
teractions, deregulation of steroid homeostasis, chemo-
sistance, growth and aggressiveness of colon and hepatic
ncers [27–30]. Unlike many NRs that tend to be
ecialized to bind few ligands with structural homologies,
R is able to interact with a large number of structurally

verse compounds with medium affinities (Kd between
 and 100 mM). The known ligands of PXR include pesti-
es, phenols, cosmetics, phytoestrogens, pharmaceuti-

ls, etc. [8,31,32]. Crystallographic studies have revealed
e unique characteristics of PXR that account for its
omiscuous ligand-binding properties. Firstly, PXR pos-
sses a large LBP that can accommodate compounds with
ger volumes than that of classical NR ligands, and

condly, several loops of the LBD confer a high plasticity
owing the receptor to adopt different shapes according

 the bound ligands. We recently demonstrated that a
armaceutical estrogen (the contraceptive 17a-ethiny-
tradiol [EE2]) and a persistent organochlorine pesticide
ans-nonachlor [TNC]), both exhibiting low efficacy when
died separately, cooperatively bind to PXR, leading to

nergistic activation [8]. Both biophysical and cell-based
alyses showed that each ligand enhances the binding

finity of the other one, so the binary mixture binds 100-
ld more avidly to PXR than TNC and EE2 alone, and
duces a substantial biological response at doses at which
ch chemical individually is inactive (Fig. 4A, B). High-

resolution crystal structures showed that, individually,
EE2 and TNC are too small to make all the necessary
interactions ensuring high binding affinity and effective
stabilization of the active conformation of the receptor. In
contrast, when associated in a binary mixture, EE2 and TNC
fill a larger fraction of the PXR LBP. Moreover, eight van der
Waals contacts could be measured between EE2 and TNC
(Fig. 4C). These inter-ligand contacts generate a mutual
stabilization of the compounds in the LBP and account for
the enhanced binding affinity of the binary mixture. We
therefore proposed the concept of ‘‘supramolecular ligand’’
that defines a molecular assembly consisting of two or
more compounds that interact with each other inside the
LBP of a receptor, resulting in the creation of a new entity
with improved functional characteristics in regard to those
of its individual components. This study provided the first
detailed mechanistic explanation and a proof of concept for
the synergistic action of a mixture (cocktail) of compounds
via their simultaneous interaction with a NR, as well as new
insight as to how low doses of EDCs or drugs may affect
physiology and homeostasis.

5. Concluding remarks

The deregulation of NR-mediated transcription accounts
for the deleterious effects of many EDCs. Thus, characteri-
zation of the interaction between receptors and environ-
mental compounds, both at the structural and functional
levels, are important for the assessment of the global
hormonal activity of a large number of chemicals as well as
the development of robust in vivo, in vitro and in silico

screening methods. Because EDCs are generally present at
low-concentrations in the environment, the molecular basis
for the health impact of chemically unrelated compounds at
low doses has remained largely elusive. In this review, we
have described three different mechanisms accounting for
the high-affinity interaction between EDCs and NRs.

In spite of its structural differences with E2, the
interaction of a-ZA (a mycoestrogen with non-estrogenic
chemical structure) resembles that of E2. Indeed, the key
contacts observed between the endogenous hormone and
ER were found to be conserved with the mycoestrogen. As
a consequence, a-ZA is one of the most active xenoes-
trogen that can modulate ER activity at concentrations as
low as 0.1 nM. In contrast, we have shown that organotins
such as TBT do not recapitulate any of the specific inter-
actions made by the classical ligands of RXR and PPAR with
their corresponding receptors. Instead, tin compounds use
a Sn–S covalent interaction to bind to and modulate the
transcriptional activity of the RXR–PPAR heterodimer at
nanomolar concentrations. Covalent coupling between
PPARs and pharmaceutical or natural compounds has also
been reported [33,34]. It is thus not excluded that the low
dose effects of some environmental compounds can also
be explained by their covalent interaction with the dozen
NRs containing a cysteine residue in their LBP. In the last
reported mechanism, a pesticide and a pharmaceutical
compound were found to interact with each other in the
PXR LBP, forming a ‘supramolecular ligand’ that is a more
potent activator than either of the two chemicals alone. It
has been observed that the two compounds not only bind
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oncomitantly to the LBP of the receptor, but they do so
ooperatively, i.e. the binding of one molecule promotes

e high-affinity binding of the second one. Structural
tudies revealed that the ligands mutually stabilize each
ther via strong inter-ligand contacts and that a large
umber of interactions with LBP amino acids allow the
upramolecular ligand to tightly hold the receptor in the
anscriptionally-competent conformation.

Considering the conservation of structural and func-
onal NR features and the huge chemical and size diversity
f xenobiotics, one can predict that the three mechanisms
escribed in this review in the context of a given receptor/
DC couple are very likely to apply to many other NR and
DC family members. A synergistic/additive effect result-
g from the simultaneous activation or inhibition of

ifferent signaling pathways could also account for the low
ose action of certain chemicals. BPA, which is a moderate
nvironmental agonist of ERs, ERRg, PXR, and AR antago-
ist [10], is a good example of an EDC whose adverse
ffects could result from its combined estrogenic and anti-
ndrogenic properties. Additionally, the health impact of
DCs at environmentally-relevant concentrations could be

also due to the interaction of chemicals with other bona-fide

targets that remain to be identified, such as membrane-
associated receptors, hormones transporters or enzymes.
Several research groups have proposed that the non-classical
membrane G-protein coupled estrogen receptor (GPER/
GPR30) or the membrane-associated estrogen receptors
(mbERs) could mediate the effects of xenoestrogens
through rapid non-genomic activation of signal trans-
duction pathways [35,36]. It has been postulated that
activation of the extranuclear-initiated signaling pathway
might depend to a lesser extent on the affinity of ligand for
the receptor than the nuclear pathway [36], but this
hypothesis is still controversial and needs further validations.
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