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Abstract
Bisphenol A (BPA) has been acknowledged as an estrogenic chemical able to interact with an estrogen 
receptor (ER), and many lines of evidence have revealed that BPA has an impact as an endocrine disruptor 
functioning at very low doses. However, its binding to ER and consequent hormonal activity are extremely 
weak, making the intrinsic significance of low-dose effects intangible and obscure. Based on the idea that 
BPA is accessible to all 48 human nuclear receptors, we searched BPA receptor(s) and eventually discovered 
the estrogen-related receptor γ (ERRγ). BPA functions as an inverse antagonist of ERRγ, and this disruptor 
activity is expected to shed light on the molecular mechanisms of self-activated orphan ERRγ receptor. To 
elucidate the physiological functions of these mechanisms it will be important to undertake the sophisticated 
excision of in vivo mechanisms and a profound analysis of their molecular subtleties in vitro. In this paper 
we review the current understandings about ligand-receptor interaction modes of both the ligand-regulated 
nuclear receptors and the self-activated orphan nuclear receptors, and propose a sophisticated test scheme for 
comprehensive elucidation of their molecular mechanisms. 
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1. Nuclear receptors as the target of endocrine 
disruptors

Bisphenol A (BPA), 2,2-bis(4-hydroxyphenyl) 
propane, has long been recognized as an estrogenic 
chemical that interacts with human estrogen receptor 
(ER). This xenoestrogen, BPA is used mainly in the 
production of polycarbonate plastics and epoxy resins 
and is found in many plastic products, including food 
can linings and dental sealants. Its annual worldwide 
manufacture is approximately 3.2 million metric tones. 
The widespread industrial and household use, economic 
importance, and near ubiquitous presence of BPA in 
the environment emphasize its prospective risk as an 
endocrine disruptor. 

Bisphenol A has been acknowledged as one of 
the so-called endocrine disruptors, or endocrine 
disrupting chemicals (EDC), that are able to 
alter the normal functioning of the endocrine and 
reproductive systems by mimicking or inhibiting 
endogenous hormone action, thereby modulating 
the production of endogenous hormones, or altering 
hormone receptor populations. A major mechanism 
of endocrine disruption is the action of chemicals 
that act as receptor agonists or antagonists through 

direct interaction with hormone receptors, thus 
altering endocrine function. In particular, chemicals 
mimicking endogenous estrogen via ER have been 
the focus of research for the last two decades.

Bisphenol A has also been assumed to be an anti-
androgen, or an antagonist that blocks the action of 
dihydrotestosterone at a human androgen receptor 
(AR). In addition, various so-called "low-dose 
effects" of BPA have recently been reported in vivo 
for many organ tissues and systems in mice and rat 
(Welshons et al., 2003; vom Saal and Welshons, 
2005; Welshons et al., 2006). Since BPA's binding to 
ER and AR and its hormonal activity are extremely 
weak--1,000 to 10,000 times weaker than for natural 
hormones--it is unlikely that BPA interacts directly 
with ER and AR to achieve its effects at low doses. 

All these circumstances prompted us to assume that 
the target of BPA may be nuclear receptor(s) (NR) 
other than ER and AR. Recently, with the completion 
of the human genome project, it became clear that 
nuclear receptors form a superfamily of proteins, 
which consists of forty-eight different NR proteins. 
This superfamily consists of seven families called 
respectively class-0, and 1 – 6. Within these, ER and 
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AR belong to the class-3 NR family that consists of 
nine steroid hormone receptors. We searched these 
class-3 NRs to explore an actual receptor to which 
BPA binds, and eventually found recently that BPA 
binds very strongly to the estrogen-related receptor γ 
(ERRγ). 

In addition to the ligand-regulated NRs such as ER 
and AR, the class-3 NR family includes a number of 
orphan receptors the physiological ligands of which 
remain to be identified. This group, the estrogen-
related receptors (ERRs) (Giguère, 2002; Horard and 
Vanacker, 2003), consist of three members α, β, and 
γ (ERRα, ERRβ, and ERRγ). ERRs and ERs show a 
considerable level of amino acid sequence similarity 
and identity in both the DNA binding domain and the 
ligand-binding domain. 

2. Ligand-regulated nuclear receptors and self-
stimulated nuclear receptors

ERRs are almost fully active with no ligands, and 
we refer to such orphan receptors as self-activated 
NRs. There are 13 self-activated NRs amongst 48 
human NRs. 17β-Estradiol (E2), a natural agonist 
ligand of ERα and ERβ, does not bind to any of 
the ERRs. On the other hand, 4-hydroxytamoxifen 
(4-OHT), which is an antagonist of ERs, deactivates 
ERRs in, for example, the luciferase reporter gene 
assay. Such deactivating activity against the self-
activated NRs is characterized as the activity of an 
inverse agonist. We found that BPA inhibits and 
reverses in a dose-dependent manner the inverse 
agonist activity of 4-OHT to the originally high basal 
activation state, and thus acts as an inverse antagonist 
of ERRγ. 

We also achieved the crystallization and X-ray 
structural analysis of the BPA/ERRγ-LBD complex 
(Matsushima et al., 2007). In the complex, a single 
molecule of BPA stays at the ligand-binding pocket of 
each ERRγ-LBD protein molecule, whose α-helix 12 
(H12) is stabilized in an activation conformation (Fig. 
1). The structural elements important for the ligand-
receptor interactions were elucidated by us from 
studies to clarify the structure-activity relationships 
between BPA-related compounds and ERRγ-LBD 
mutated receptors (Liu et al., 2007; Okada et al., 
2008). 

3. Schematic discrimination of intrinsic types of 
ligand-receptor interactions 

For endocrine disrupting chemicals, it is important 
for us to know and evaluate the type of interactions 
these have with NRs. All the chemicals should first 
be evaluated in a receptor-binding assay. Those 
chemicals that bind should then each have their 
biological activities examined to determine whether 
they have an agonist or antagonist action, when 
bound to the ligand-regulated NRs. In the case that 

the compound is neither an agonist nor antagonist, 
it should then be examined in the assay to determine 
whether it is an inverse agonist or inverse antagonist. 
In such cases, the NR is likely to be one of the self-
activated NRs. Fig. 2 shows a scheme for exploring 
intrinsic types of interactions. 

It should be noted that BPA is neither an agonist 
nor an antagonis t of ER and AR. BPA binds 
extremely weakly to these receptors, and thus is 
almost completely inactive against them. BPA binds 
to ERRγ very strongly, on the other hand, but at this 
receptor is neither an agonist nor an antagonist. BPA 
is also not an inverse agonist, simply sustaining 

Fig. 1. Structure of bisphenol A (BPA) and its complex with 
estrogen-related receptor γ (ERRγ). (A) Chemical structure of 
bisphenol A, 2,2-bis(4-hydroxyphenyl)propane. (B) Space-
filling three-dimensional structure of bisphenol A. (C) X-ray 
crystal structure of BPA/ERRγ-LBD complex. 

Fig. 2. Schematic f low diagram of receptor assays to 
discriminate the characteristic receptor responses. After 
initiating receptor-binding assay, the resulting binder should 
be assayed to test its either agonist or antagonist activity. If the 
compound is neither agonist nor antagonist, it should be assayed 
to evaluate its either inverse agonist or inverse antagonist 
activity. 
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ERRγ's high basal constitutive activity, but reverses 
4-OHT's inverse agonist activity, thus showing very 
effective inverse antagonist activity. Consequently, 
BPA is a strong binder of ERRγ, but quite silent 
without the inverse agonist to reveal its action. This 
kind chemical poses a particular problem because 
it would be excluded from an assay or other test as 
simply an inactive or insensitive ligand, and thus it is 
very important to include an assay that examines the 
receptor binding capability in any assay scheme. 

After these detailed in vitro examinations, it is 
definitely necessary to clarify what the physiological 
roles of ERRγ are, and to examine the degree and 
ways in which BPA may influence these. This is 
particularly important because ERRγ is expressed in a 
tissue-restricted manner—for example, very strongly 
in the mammalian placenta and fetal brain—at sites 
that in humans could have important outcomes for 
newborn children. 
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