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ABSTRACT

Parabens are p-hydroxybenzoic acid esters that have been used extensively as preservatives in foods, cosmetics,
drugs and toiletries. These intact esters are commonly detected in human breast cancer tissues and other human
samples, thus arousing concern about the involvement of parabens in human breast cancer. In this study, an in
vitro nuclear receptor coactivator recruiting assay was developed and used to evaluate the binding activities of
parabens, salicylates and benzoates via antagonist competitive binding on the human oestrogen-related receptor
v (ERRvy), which is known as both a diagnostic biomarker and a treatment target of breast cancer. The results
showed that all of the test parabens (methyl-, ethyl-, propyl-, butyl- and benzylparaben) possessed clear inverse an-
tagonist activities on ERRy, with a lowest observed effect level (LOEL) of 10~ M and the 50% relative effective con-
centrations (REC50) varying from 3.09 x 10~7 to 5.88 x 107 M, whereas the salicylates possessed much lower
activities and the benzoates showed no obvious activity. In silico molecular docking analyses showed that parabens
fitted well into the active site of ERR'y, with hydrogen bonds forming between the p-hydroxyl group of parabens and
the Glu275/Arg316 of ERRY. As the paraben levels reported in breast cancer tissues are commonly higher than the
LOELs observed in this study, parabens may play some role via ERRYy in the carcinogenesis of human breast cancer. In
addition, parabens may have significant effects on breast cancer patients who are taking tamoxifen, as ERRYy is

regarded as a treatment target for tamoxifen.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Parabens are a homologous series of p-hydroxybenzoic acid esters
that differ in the ester group. They have been proven to be very effective
antimicrobial agents, and are used extensively, whether singly or in com-
bination, as preservatives in foods, cosmetics, drugs and toiletries. In
1974, the FAO/WHO Joint Expert Committee on Food Additives
(JECFA, 1974) allocated an acceptable daily intake of 0-10 mg/kg
bw (milligrams/kilogram body weight) sum total of methylparaben
(MP), ethylparaben (EP) and propylparaben (PP). Over the years,
paraben use has steadily increased to include more food categories such
as processed vegetables, baked goods, fats and oils, seasonings, sugar sub-
stitutes, coffee extracts, fruit juices, pickles, sauces, soft drinks and frozen
dairy products at concentrations between 450 and 2000 ppm (Daniel,
1986; Soni et al., 2005). Parabens have routinely functioned as preserva-
tives in cosmetics for several decades and are reportedly used in over
13,200 formulations (Elder, 1984). Rastogi et al. (1995) examined the
contents of parabens in various cosmetic products and reported a prefer-
ential use of MP, EP, PP, butylparaben (BuP) and benzylparaben (BzP).
The European Union has allowed the use of parabens and their salts in
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cosmetic products at a maximum concentration of 0.4% each and a total
maximum concentration of 0.8% (EU Cosmetics directive 76/768/EEC),
and it has recently recommended a reduction in the sum of PP and BuP
to a maximum concentration of 0.19% in the review of SCCS/1348/10.

Studies have recently raised concerns about the potential role of
parabens in breast cancer, as these chemicals are commonly detectable
in human breast cancer tissues. An analysis of 160 breast tissue samples
collected from 40 mastectomies for primary breast cancer in England
showed that at least one intact paraben ester was detectable in virtually
all of the samples (99%), and that all five paraben esters investigated
were detectable in 60% of the samples, with a total median value of 85.5
(range 0-5134.5) ng/g of tissue for all five parabens (Barr et al., 2012).
Another study also showed detectable intact parabens in 20 human
breast cancer tissue samples collected in Scotland at an average of
20.6 & 4.2 ng/g of tissue (Darbre et al., 2004). Parabens are also
commonly detectable in general populations. A recent analysis of
urine samples from the US general population showed that MP, PP and
BuP were measurable in 99.9%, 98.3% and 73.6% of women and 99.3%,
90.2% and 35.9% of men, respectively (Smith et al,, 2012). Studies have
similarly shown the presence of parabens in 98% of urine samples from
Danish men (Frederiksen et al, 2011) and in 100% of urine samples
from pregnant women and children in Spain (Casas et al., 2011).

The toxicology of parabens and their role as endocrine-disrupting
chemicals have been documented in recent years. The antiandrogenic
properties and spermatotoxic effects of PP and BuP were reported
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by Satoh et al. (2005) and Oishi (2001, 2002a,b), respectively. The
oestrogenic properties of parabens have aroused high concern since
1998, generating debate over the role of parabens in the increased inci-
dence of breast cancer (Darbre and Harvey, 2008; Routledge et al.,
1998; Soni et al.,, 2005). In vitro and in vivo assays have since shown
that all of the widely used parabens possess oestrogenic properties
(Darbre and Harvey, 2008). Because oestrogen is known to play a cen-
tral role in the development, growth and progression of breast cancer
(Miller, 1996), some researchers argue that parabens are involved in
its increased incidence. Others, however, maintain that the oestrogenic
activities of parabens are too weak to have a significant effect, with the
most potent (BuP) being 10,000 times less potent than 17(3-estradiol
(E2) (Golden and Gandy, 2004; Golden et al., 2005; Routledge et al,
1998). Using expression microarrays, studies have shown some similar-
ities in the global gene expression patterns of parabens and E, in MCF-7
human breast cancer cells (Pugazhendhi et al.,, 2007; Terasaka et al.,
2006). However, it has also been noted that the majority of genes,
whether up- or down-regulated, do not follow the same pattern of reg-
ulation under parabens and E; treatments (Pugazhendhi et al., 2007).
This raises the question of whether parabens use other pathways in
the regulation of gene expression. Darbre and Harvey (2008) reviewed
more than 150 studies on paraben toxicology and observed that ‘whether
the parabens can also bind to the oestrogen-related receptors (ERRs) will
be important in the light of the recent description of the binding of
bisphenol A (BPA) to human oestrogen-related receptor-y (ERRYy)'.
ERRs are a subfamily of orphan nuclear receptors most closely related
to oestrogen receptors (ERs), with which they share target genes,
coregulatory proteins, ligands and sites of action (Giguere, 2002).
Oestrogen-related receptor-y (ERRYy) is a member of the ERR sub-
family. A recent study reported that ERRy could be detected in 79% of
human invasive breast cancer cases, and that it may play an important
role as a modulator of oestrogen signalling in breast cancer cells (ljichi
etal, 2011). Some earlier studies indicated that ERRy may be a biomarker
of the development of hormone-sensitive breast cancer and a breast can-
cer treatment target for tamoxifen (Ariazi et al, 2002; Coward et al,
2001). In a recent study on uterine endometrial cancer, Yamamoto et al.
(2012) showed that a selective ERRy agonist, DY131, inhibited the
growth of ERa-positive cancer cells but promoted that of ERoi-negative
cancer cells. Therefore, clarification of the binding activities of parabens
on ERRYy is necessary to better understand their role in breast cancer.

Materials and methods
Chemicals

The compounds 17p3-estradiol (>98%, E,), bisphenol A (>98%, BPA),
4-hydroxy-tamoxifen (>98%, 4-OH-TAM), daidzein (>98%), genistein
(>98%) and dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The MP (>99%), EP (>99%) and PP
(>99%) were obtained from Hengye Zhongyuan Chemical Co (Beijing,
China). The BuP (>99%), methyl benzoate (>99%, MB), ethyl benzoate
(>99%, EB), methyl salicylate (>99.5%, MS) and ethyl salicylate (>99%,
ES) were purchased from Aladdin Chemistry Co Ltd. (Shanghai, China).
The BzP (>98%) was obtained from Tokyo Kasei Kogyo Co Ltd. (Tokyo,
Japan). All of the chemicals and reagents used in this study were of molec-
ular biology grade unless otherwise described.

Methods

Plasmid construction and glutathione S-transferase (GST)-human ERRy
LBD protein expression. A cDNA fragment encoding human ERRy LBD
(residues 184-435) was generated by reverse transcription polymerase
chain reaction (RT-PCR) using mRNA from an OVCAR-3 ovarian cancer
cell. The primer sets used for amplification were as follows: forward
primer, 5-CCGGAATTCCGGCAGAAGTACAAGCG-3’ and reverse primer,
5'-CCGCTCGAGTTAGTCAGACCTTGGCCTCCAA-3'. The entire sequence of

the amplified fragment was confirmed by sequencing after subcloning
into a pMD18-T vector (Takara, Dalian, China). The confirmed sequence
of human ERRy LBD was digested with EcoRI and Xhol and ligated into
the EcoRI-Xhol sites of a pGEX-4T-1 glutathione S-transferase (GST)
expression vector (Amersham Bioscience, Uppsala, Sweden). The GST/
ERRYy LBD fusion gene was confirmed by sequencing and the resulting
plasmid was designated as pGEX-4T1-GST-ERRy LBD (Fig. 1A). The
GST-ERRy LBD fusion protein was expressed in Escherichia coli BL21
(Chaperone Competent Cells BL21). Purification of the GST-ERRy LBD
fusion protein was performed according to the standard procedure
(Amersham Bioscience, Uppsala, Sweden). Briefly, the bacteria were
grown at 25 °C to an optical density of 0.4-0.6 and then grown for a fur-
ther 3 hin the presence of 1 mM IPTG at 25 °C, and finally, the cells were
disrupted by sonication and then centrifuged to obtain the crude E. coli
extracts. The GST-ERRvy LBD fusion protein was purified by Glutathione
Sepharose 4B (Amersham Bioscience, Uppsala, Sweden) according to
the manufacturer's instructions. To determine the presence of the fusion
protein, a 10% SDS-polyacrylamide gel electrophoresis analysis was
performed.

Preparation of his-tagged human SRC2-BAP fusion protein.  The E. coli
BL21 strain containing the expression plasmid pET28a, which carried
the 6xhistidine (6xhis)-tagged nuclear receptor interaction domain
of steroid receptor coactivator 2-bacterial alkaline phosphatase
(6xhis-SRC2 NID-BAP), was a gift from Dr. J. Nishikawa (Osaka Univer-
sity, Japan). The preparation of the 6xhis-SRC2 NID-BAP fusion protein
was conducted according to a study by Kanayama et al. (2003).

Human ERR7y coactivator recruiting assay. A crude E. coli extract
containing a GST-ERRy LBD fusion protein was used for fixation on a
Glutathione Immobilizer™ microplate (EXIQON A/S, Vedbaek, Denmark).
The micro-well plate was incubated at 4 °C overnight in a total volume of
100 pl per well. The prepared micro-well plate was rinsed twice with
120 Wl of suspension buffer per well (Kanayama et al, 2003). Next,
100 pl of purified 6xhis-SRC2 NID-BAP fusion protein (30 pg/ml) was
added to the well with the test chemical or DMSO solvent only. After
1 h of incubation at 4 °C, the plate was washed three times with 120 pl
of wash buffer per well (Kanayama et al,, 2003). After removal of the
wash buffer, the enzyme reaction was started by adding 100 pl of a
10 mM p-nitrophenyl phosphate (p-NPP) solution (Kanayama et al,
2003). After incubation at 37 °C for 1 h, the absorbance at 405 nm was
measured to evaluate the BAP activity in the 6xhis-SRC2 NID-BAP bind-
ing on the GST-ERRYy LBD fusion protein. The wells without the crude
E. coli extract and 6xhis-SRC2 NID-BAP fusion protein were used as back-
ground. The wells without the 6xhis-SRC2 NID-BAP fusion protein were
used as control A (Ctrl?). The wells without the crude E. coli extract were
used as control B (Ctrl”). The chemicals were diluted in DMSO to prepare
the appropriate concentrations for the tests. The wells with DMSO were
used as solvent control C (Ctrl®). The known ERRy agonist BPA and antag-
onist 4-OH-TAM were used along with the oestrogen receptor agonist E,
and oestrogen-related receptor o (ERRat) agonists daidzein and genistein
as standards to develop the ERR7y coactivator recruiting assay (Coward
et al,, 2001; Suetsugi et al., 2003; Takayanagi et al., 2006). For a compari-
son with the constitutive transcriptional activity of the GST-ERRy-LBD fu-
sion protein, a human oestrogen receptor o (ERa) coactivator recruiting
assay was performed to show the ligand-dependent transcriptional activ-
ity of the nuclear receptor according to our previous method (Zhang et al,,
2012). To illustrate the ERRy binding activities of the chemicals, the
ERRYy coactivator recruiting assay was developed via antagonist-
competitive binding, which was carried out by mixing 10~ M of
4-OH-TAM with the diluted test chemicals; therefore, the activity is
referred to as inverse antagonist activity. Finally, the inverse antago-
nist activities of the test chemicals, including MP, EP, PP, BuP, BzP, MS,
ES, MB and EB, were analysed by the developed ERRYy coactivator
recruiting assay via antagonist (4-OH-TAM)-competitive binding. The
50% relative effective concentration (REC50) of the chemical that offset



18 Z. Zhang et al. / Toxicology and Applied Pharmacology 270 (2013) 16-22

tac promoter

) GST

PGEX-4T1-hERRg
5.8kb

lac promoter

beta-lactamase

lac repressor binding domain

hERRg LBD

B
80 “n—

—=%
=8~

d

Fig. 1. Expression of the GST-human ERRy LBD fusion protein. (A) The GST-ERRy LBD fusion protein expression vector. (B) 10% SDS-PAGE analysis of the induced and purified GST-ERRy LBD
fusion protein. Lane a: size markers; lane b: uninduced E. coli BL21 whole cells; lane c: 1 mM IPTG induced whole cells; and lane d: purified GST-ERRYy LBD fusion protein by Glutathione

Sepharose 4B (Amersham Bioscience).

50% of the antagonistic activity of 4-OH-TAM (1 x 10~° M) was calculat-
ed with the ERRY-LBD activity in the solvent control (Ctrl) as 100%. Sig-
moidal concentration—effect curves for the test chemicals were calculated
using the GraphPad Prism 4 software (GraphPad Software, Inc., San Diego,
CA).

Automated molecular docking.  Scigress (Ultra Version 3.0.0, Fujitsu)
was used to perform in silico molecular docking analyses. The chemical
structures of the test chemicals and original ligands were drawn,
cleaned and energy optimised using Scigress-integrated procedures.
Crystallographic three-dimensional (3D) structures of ERRy-LBD were
downloaded from the Protein Data Bank website (http://www.rcsb.
org/pdb). The hydrogen atoms of the target proteins and the original li-
gands were subsequently added through the Scigress Workspace module.
Automated blind docking of the flexible ligand into the rigid protein was
then carried out to discover the active binding sites of ERR<y. This method

allowed the ligands to bind anywhere on the surface without bias or in
the interior of the target protein. Unliganded structures (PDB ID codes
1KV6, 1TFC, 2GPO and 2ZBS) and liganded structures (2E2R, 2ZAS, 2ZKC
and 2P7A) were used as the ERRy templates. The 3D structures were re-
fined by removing the ligand molecules, water molecules and other mol-
ecules adsorbed on the surface of the protein. Valences were added to the
protein targets to achieve the correct ionisation and tautomeric states of
amino acid residues such as histidine. The calculations for docking the
flexible ligands into the rigid protein were evaluated using a genetic algo-
rithm. The procedure was set to run 30,000 generations with an initial
population size of 50, an elitism of 7, a crossover of 0.8, a mutation of
0.2 and a convergence of 1.0. Other parameters were left at their default
values. The best fits were identified by analysing the Potential of Mean
Force (PMF) scores of all of the chromosomes to evaluate the possible
binding sites of the test chemicals in ERR+y. Automatic docking of the flex-
ible ligand into the known active site in the liganded structure was

25} = daidzein A| ,sL -~ daidzein B
= -+ genistion -+ genistion
E 20 = BPA o 201 -» BPA
S -~ E u_“_o_%:.;ﬂ - E,
= 15} 1.5F
c
ke
2 1.0} 1.0
[s]
2]
2 o5} 0.5
L}
0 L T L L L L L L L . 0 L " L L " L " L L
.10 -9 -8 7T -6 -5 -4 — 11 10 -9 -8 -7 -6 -5 -4
S s Concentration, log(M) L Concentration, log(M)
o -6
- Cl 25 +10°M 4-OH-TAM D
E 16 ) .
< ~4-OH-TAM| 20} -~ daidzein t
= -+ genistion
z 1.5 - BPA ‘
(=]
= N +E
s 08 1.0} : /
[e]
2
204} 0.5}
L]
o b 0 o 0 N S R S
11 -10 -9 -8 -7 -6 -5 -4 11 10 -9 -8 -7 -6 -5 -4
Ctrl® Ctrl®

Concentration, log(M)

Concentration, log(M)

Fig. 2. Development of the ERR'y coactivator recruiting assay for inverse antagonist activity evaluation, based on the activity of the BAP fused to the coactivator. (A) Agonist activities of test
chemicals on ERRYy. (B) Agonist activities of test chemicals on hERa according to the previous method (Zhang et al., 2012). (C) Antagonist activity of 4-OH-TAM on ERRYy. (D) Inverse antagonist
activity of test chemicals via antagonist competitive binding. The test chemicals include the known ERR<y agonist (BPA), ERRy antagonist (4-OH-TAM), ER agonist (E;) and ERRa agonists
(daidzein and genistein). Ctrl*: wells used as control without 6xhis-SRC2 NID-BAP fusion protein; Ctrl”: wells used as control without crude E. coli extract; and Ctrl°: wells used as solvent
control without test chemical added. Results are expressed as the mean 4 standard deviation (SD) of the triplicate assays. The sigmoidal concentration-effect curves for the test chemicals
were calculated using the GraphPad Prism 4 software (GraphPad Software Inc., San Diego, CA).
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performed to obtain a detailed analysis of the test chemical/ERR"y protein
interaction. The PDB entry 2E2R was selected due to its high resolution
(1.6 A). The structures were refined, and all of the water molecules
were removed from the protein except two (237 and 592) that are im-
portant to the ligand-binding pocket composition. The docking calcula-
tions were evaluated on a 0.25 A grid in a 15 x 15 x 15 A box, which
contained the active site for the original ligand. The local search param-
eters included 300 maximum iterations at a rate of 0.06. The other pa-
rameter settings were the same as for the automated blind docking.
After deleting the original ligand, a geometry optimisation calculation in
Mechanics using augmented MM3 parameters was performed to refine
the docked complex structures of the receptor with the test chemical to
the lowest stable energy state. This energy minimisation procedure con-
tinued until the energy change was less than 0.001 kcal/mol; otherwise,
the molecules were updated 300 times. During the calculation, both the
receptor and ligand were allowed to interact flexibly. Finally, a PMF
score was determined and used to evaluate the binding energy between
the ligand and the active site. To validate this method, an automatic
docking of ERRy agonist 4-chloro-3-methyl-phenol (43M) into the
known active site of the ERR+y structure (2E2R) was performed.

Results
Development of human ERRy coactivator recruiting assay

As shown in Fig. 1B, the SDS-polyacrylamide gel electrophoresis anal-
ysis showed a 55.4 kDa protein that was consistent with the expected size
of the GST-ERRy LBD fusion protein. Purification from a crude E. coli ex-
tract using Glutathione Sepharose 4B indicated that this protein was effi-
ciently expressed with the addition of 0.1 mM IPTG and was present in
the soluble portion. To test the activity of the GST-ERR7y LBD fusion
protein, we performed a nuclear receptor coactivator recruiting
assay for the known ERRYy agonist (BPA), oestrogen receptor agonist
(E2) and ERR«x agonists (daidzein and genistein) (Coward et al,, 2001;
Suetsugi et al., 2003; Takayanagi et al., 2006). As shown in Fig. 2A, there
was a strong interaction between the protein and SRC2 NID-BAP with
or without the addition of chemicals. In comparison, a significant inter-
action between the ERa and the SRC2 NID was observed only in
the presence of sufficient oestrogenic chemical levels (Fig. 2B). We
then performed an ERRY coactivator recruiting assay for 4-OH-
TAM, a known ERR< antagonist, and found that 4-OH-TAM signifi-
cantly weakened the interaction of GST-ERRy LBD with SRC2 NID-
BAP in a concentration-dependent manner (Fig. 2C); the 50% effective
concentration (EC50) was 5.85 x 10~8 M. This demonstrated that the
constitutive transcriptional activity of the GST-ERRy-LBD fusion protein
was consistent with expectation (Hong et al., 1999; Xie et al., 1999). To il-
lustrate the ERR+y binding activities of the chemicals, the ERR"y coactivator
recruiting assay was developed via antagonist-competitive binding. The
BAP activity shown in Fig. 2D confirmed that the BPA had a strong inverse
antagonist activity on ERRYy, effectively resuming the interaction of ERRy
with SRC2 in a concentration-dependent manner, and its EC50 value was
1.93 x 10~7 M. No obvious activities were observed for E,, daidzein
or genistein at levels up to 107> M. These results are consistent
with existing knowledge (Okada et al., 2008; Suetsugi et al., 2003;
Takayanagi et al., 2006).

Inverse antagonist activity of parabens, salicylates and benzoates on ERRy

Using the developed assay, the inverse antagonist activities of MP, EP,
PP, BuP and BzP were determined in addition to those of MS, MB, ES and
EB. As shown in Fig. 3, all of the test parabens had obvious inverse antag-
onist activities, which increased the BAP activity from 107 M (the LOEL)
in a concentration-dependent manner. The REC50 values of MP, EP, PP,
BuP and BzP were 4.79 x 1077,3.73 x 1077,3.45 x 10~7,3.09 x 10~
and 5.88 x 107 M, respectively. In comparison, the salicylates pos-
sessed lower activities than their isomeric parabens, and the REC50s
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Fig. 3. Inverse antagonist activities of test chemicals on ERRYy using the developed ERRYy
coactivator recruiting assay via antagonist competitive binding. In analysing the BAP activities
of the wells, only the added 10~¢ M 4-OH-TAM was used as a background (0%), and of these
wells, only the added DMSO solvent was used as a control (100%), presenting the full consti-
tutive activation of ERR<. The test chemicals, including parabens (methylparaben (MP),
ethylparaben (EP), propylparaben (PP), butylparaben (BuP) and benzylparaben (BzP)), salic-
ylates (methyl salicylate (MS) and ethyl salicylate (ES)) and benzoates (methyl benzoate
(MB) and ethyl benzoate (EB)), were mixed with 10~ M 4-OH-TAM in DMSO. The results
are expressed as the mean + standard deviation (S.D.) of the triplicate assays. The sigmoidal
concentration-effect curves for the test chemicals were calculated using the GraphPad Prism
4 software (GraphPad Software Inc., San Diego, CA).

of MS and ES were 1.55 x 107> and 1.07 x 10~ M, respectively. The
benzoates showed no obvious activity at concentrations of 10~°> M
and lower.

Automated docking of parabens, salicylates and benzoates in ERRy

To understand the nature of the interaction between the test
chemicals and the ERRYy protein, automated blind docking of the flexible
ligand into a rigid protein and automated docking of the flexible ligand
into known active sites were performed. The possible binding sites of
the test chemicals in ERRy were analysed from the results of the automat-
ed blind docking. The parabens preferred to dock into the active site,
i.e., the ligand-binding pocket of ERRY, for known agonists such as
BPA, bisphenol Z (BPZ), 43M and 4-alpha-cumylphenol (10H), whereas
the salicylates and benzoates were more likely to bind into pocket 2
(Wang et al,, 2006), which is known to have no physiological significance
in the transcription process. The results of the automated docking of the
flexible ligand into known active sites revealed the interactions between
the parabens and the ligand-binding pocket (Fig. 4). The important fea-
ture of the interaction was the formation of hydrogen bonds between
the p-hydroxyl paraben groups and the Glu275/Arg316 of the pocket. In
addition, the phenyl ring and alkyl group of parabens produced van der
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Fig. 4. Binding poses of (A) bisphenol A (BPA), (B) methylparaben (MP), (C) ethylparaben (EP), (D) propylparaben (PP), (E) butylparaben (BuP) and (F) benzylparaben (BzP) at the
ERRYy active site. The dotted lines indicate hydrogen bonds between the chemicals and amino acid residues.

Waal interactions with the core hydrophobic moiety provided by
PHE435, PHE450, LEU268, LEU271, LEU309, LEU342, ALA272, MET306,
VAL313 and ILE310. For BzP, we also observed - interactions between
the phenyl ring in the benzyl group and those in PHE435 and PHE450. The
PMEF values of MP, EP, PP, BuP and BzP were calculated as —55.5, —56.1,
—56.8, —61.2 and —65.7 kcal/mol, respectively. These values were less
than the —73.7 kcal/mol of BPA but higher than the —38.587 kcal/mol
of 43M. The method was also validated by automatic docking of 43M
into the known active site of the ERRy structure (2E2R). As shown in
Fig. 5, the calculated conformations of 43M and the ligand-binding pocket
were close to those in the X-ray structure (2P7A) with a root mean square
(RMS) error of 0.9103 A, indicating the reliability of the method.

Discussion

The oestrogen agonist properties and androgen antagonist activities of
parabens have been well documented by a variety of in vitro and in vivo
assay systems over the past decade (Chen et al, 2007; Darbre and
Harvey, 2008; Golden et al., 2005). To the best of our knowledge, this is
the first study to explore the binding activities of parabens to ERRY.
ERR7y is the most recently identified member of the ERR subfamily by
yeast two-hybrid screening, using SRC2 as bait (Hong et al.,, 1999). It is
known as a constitutive regulator that can interact with transcriptional
coactivators, resulting in transcriptional activation in the absence of li-
gands (Hong et al., 1999; Xie et al, 1999). In this study, the developed
in vitro ERRy coactivator recruiting assay clearly showed the constitutive
transcriptional activity of ERRY, as evidenced by the BAP activity (Fig. 2A).
Through antagonist-competitive binding, this in vitro assay also demon-
strated the binding activity of BPA with ERRYy (Fig. 2D), suggesting that

the method could be used to analyse the binding activity of chemicals
on ERRY. Recent studies have shown strong ERRy binding activity of com-
pounds containing phenolic hydroxyl groups in a para position, such as
BPA, BPZ, 43M and 10H, indicating the potential and intrinsic importance

Fig. 5. Comparison between the calculated conformation (blue) of the ligand-binding
pocket of ERRy-43M by molecular docking using 2E2R (PDB ID), and the conformation
(coloured according to element type) in the X-ray structure (2P7A). The root mean square
deviation between the two is calculated at 0.9103 A.
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of these bindings (Abad et al., 2008; Matsushima et al., 2008; Okada et al.,
2008; Takayanagi et al., 2006). Furthermore, the concentrations of these
known ERR7y binding compounds were much lower than those found in
the human body. In this study, we found that parabens possessed high in-
verse antagonist activities on ERRy that were close to that of BPA (Fig. 3),
whereas salicylates and benzoates possessed lower and no activities, re-
spectively (Fig. 3). Automated molecular docking revealed that parabens
fitted well into the active site of ERRYy, and that hydrogen bonds could be
formed between the p-hydroxyl groups in parabens and the Glu275/
Arg316 of ERRY. Although the PMF values of MP, EP, PP, BuP and BzP
were less than that of BPA, they were higher than that of 43M. This con-
firmed the strong ERRy binding activities of parabens and the importance
of the phenolic hydroxyl group in a para position for ERRy agonists
(Fig. 4).

Recent studies have shown that parabens are commonly detectable in
human breast cancer tissues at relatively high levels (Barr et al,, 2012;
Darbre et al., 2004). These findings have raised concern about the involve-
ment of parabens in the increased incidence of human breast cancer, as all
of these chemicals possess oestrogenic properties and oestrogen is known
to play a central role in the development, growth and progression of
breast cancer (Miller, 1996). However, it has also been argued that the ef-
fect of parabens may not be important (Golden and Gandy, 2004; Golden
et al., 2005) because the most widely used parabens have been found to
be weakly oestrogenic, with the most potent (BuP) being 10,000 times
less potent than E, (Routledge et al, 1998). As ERRY is expressed in
most human breast cancers (ljichi et al., 2011), there is concern over the
role that parabens may play in breast cancer via ERRy (Darbre and
Harvey, 2008). By converting the molar concentration into ppb (ng/g),
we found that the LOEL values of parabens (10~7 M = 15 ppb for MP)
observed from the ERRy coactivator recruiting assay were lower than
the levels detected in breast cancer tissues. Barr et al. (2012), for instance,
reported a median value of 85.5 (range 0-5134.5) ppb for five measured
parabens in breast tissue samples collected from mastectomies for prima-
ry breast cancer in England between 2005 and 2008. These values suggest
that the levels in most breast cancer patients are sufficient to have an ef-
fect via ERRy. Worse yet, the levels detected in breast cancer tissues were
often higher than the REC50s observed in this study. Although ERRYy is
known as a constitutively active orphan nuclear receptor, the agonist
may not be able to alter ERRy function. However, Yamamoto et al.
(2012) showed recently that a selective ERRy agonist, DY131, pro-
moted the growth of ERa-negative uterine endometrial cancer cells.
ERRY is known as a modulator of oestrogen signalling in breast cancer
cells, and shares target genes, coregulatory proteins, ligands and sites of
action with ERs (Giguere, 2002). [jichi et al. (2011) showed that ERRy
can stimulate oestrogen response element (ERE)-driven transcription in
MCF-7 cells and 293T cells, and that exogenously transfected ERR<y can in-
crease MCF-7 cell proliferation. Charles and Darbre (2013) very recently
investigated the extent to which proliferation of MCF-7 cells could be in-
creased by exposure to MP, EP, PP, BuP and isobutyl paraben at concentra-
tions in 160 human breast tissue samples reported by Barr et al., 2012,
and demonstrated that parabens, either alone or in combination, were
present in human breast tissue at concentrations sufficient to stimulate
the proliferation of MCF-7 cells in vitro. Therefore, we believe that
parabens play some role in the carcinogenesis of human breast can-
cers. Parabens may have significant effects in breast cancer patients who
are taking tamoxifen because ERRY, in addition to ER, is considered as
a treatment target for tamoxifen (Coward et al, 2001). Additionally,
although to date there has been no report on paraben levels in uterine
tissue, they undoubtedly exist in most uteri due to the high levels of
parabens detected in human urine, serum/plasma, seminal plasma and
milk samples (Meeker et al., 2011; Sandanger et al,, 2011; Ye et al.,
2008, 2009). As ERRy agonists, parabens may possess similar effects to
those of DY131 on uterine endometrial cancers, and a detailed study is
required.

A recent analysis of 2721 urine samples collected from 245 men and
408 women across the US general population between 2005 and 2010

showed that MP, PP and BuP were measurable in 99.9%, 98.3% and
73.6% of samples from women and 99.3%, 90.2% and 35.9% of samples
from men, respectively (Smith et al, 2012). A study by Calafat et al.
(2010) similarly detected MP (99.1%), EP (42.4%), PP (92.7%) and BuP
(47%) in 2548 urine samples taken from the US general population via
the 2005-2006 National Health and Nutrition Examination Survey.
European studies have also demonstrated the presence of parabens
in urine samples from the general population, with parabens detect-
able in 98% of urine samples from 60 Danish men (Frederiksen et al.,
2011) and in 100% of urine samples from pregnant women and chil-
dren in Spain (Casas et al., 2011). As such, the effects of parabens on the
general population should also be of concern. ERRYy is expressed very
strongly in a tissue-restricted manner in the mammalian placenta and
foetal brain during development, and in the brain, lung and many other
tissues during adulthood (Eudy et al., 1998; Heard et al., 2000; Lorke et
al,, 2000). BPA is known as a strong agonist of ERRy, and many of its neu-
ral effects have been documented, including altered explorative activity,
impaired social interaction/activity, compromised learning and memory,
increased anxiety and aggression, decreased male sexual behaviour, mod-
ified or lost brain sex differences, increased number of oxytocin neurones
in the paraventricular nucleus, loss of sex differences in the AVPV
volume and tyrosine hydroxylase levels, loss of sex difference in
the locus coeruleus volume, altered nitric oxide synthase signalling
and advanced puberty (Frye et al.,, 2012). Okada et al. (2008) suggested
a strong binding of BPA to ERRy as a reason for BPA's known effects on
the central nervous system. Thus, the possible neurotoxicity of parabens
on general populations, especially foetuses and children, deserve more
attention.

Funding

This work was supported by the National Natural Science Foundation
of China (20877003 and 21107003).

Conflict of interest statement

The authors declare that they have no actual or potential compet-
ing financial interests.

References

Abad, M.C, Askari, H., O'Neill, J., Klinger, A.L, Milligan, C., Lewandowski, F., Springer, B.,
Spurlino, ], Rentzeperis, D., 2008. Structural determination of estrogen-related receptor
gamma in the presence of phenol derivative compounds. J. Steroid Biochem. Mol. Biol.
108, 44-54.

Ariazi, EA., Clark, G.M.,, Mertz, J.E., 2002. Estrogen-related receptor alpha and estrogen-
related receptor gamma associate with unfavorable and favorable biomarkers, respec-
tively, in human breast cancer. Cancer Res. 62, 6510-6518.

Barr, L, Metaxas, G., Harbach, CA)J.,, Savoy, LA, Darbre, P.D., 2012. Measurement of paraben
concentrations in human breast tissue at serial locations across the breast from axilla to
sternum. J. Appl. Toxicol. 32, 219-232.

Calafat, A M, Ye, X,, Wong, LY., Bishop, A.M., Needham, LL., 2010. Urinary concentrations of
four parabens in the U.S. population: NHANES 2005-2006. Environ. Health Perspect.
118, 679-685.

Casas, L., Fernandez, M.F, Llop, S., Guxens, M., Ballester, F,, Olea, N,, Irurzun, M.B,, Rodriguez,
LS.M,, Riano, L, Tardon, A., Vrijheid, M., Calafat, A.M., Sunyer, J., 2011. Urinary concentra-
tions of phthalates and phenols in a population of Spanish pregnant women and chil-
dren. Environ. Int. 37, 858-866.

Charles, AKX, Darbre, P.D., 2013. Combinations of parabens at concentrations measured
in human breast tissue can increase proliferation of MCF-7 human breast cancer cells.
J. Appl. Toxicol. http://dx.doi.org/10.1002/jat.2850.

Chen, J., Ahn, K.C,, Gee, N.A,, Gee, S.J., Hammock, B.D., Lasley, B.L., 2007. Antiandrogenic
properties of parabens and other phenolic containing small molecules in personal
care products. Toxicol. Appl. Pharmacol. 221, 278-284.

Coward, P., Lee, D., Hull, M.V,, Lehmann, J.M., 2001. 4-Hydroxytamoxifen binds to
and deactivates the estrogen-related receptor gamma. Proc. Natl. Acad. Sci. U.
S. A. 98, 8880-8884.

Daniel, ].W., 1986. Metabolic aspects of antioxidants and preservatives. Xenobiotica 16,
1073-1078.

Darbre, P.D., Harvey, P.W., 2008. Paraben esters: review of recent studies of endocrine
toxicity, absorption, esterase and human exposure, and discussion of potential
human health risks. J. Appl. Toxicol. 28, 561-578.

Darbre, P.D., Aljarrah, A., Miller, W.R,, Coldham, N.G., Sauer, M., Pope, G.S., 2004. Concentra-
tions of parabens in human breast tumours. J. Appl. Toxicol. 24, 5-13.


http://dx.doi.org/10.1002/jat.2850

22 Z. Zhang et al. / Toxicology and Applied Pharmacology 270 (2013) 16-22

Elder, R.L., 1984. Final report on the safety assessment of methylparaben, ethylparaben,
propylparaben and butylparaben. J. Am. Coll. Toxicol. 3, 147-209.

Eudy, J., Yao, S., Weston, M., Ma-Edmonds, M., Talmadge, C., Cheng, J., Kimberling, W.,
Sumegi, ]., 1998. Isolation of a gene encoding a novel member of the nuclear receptor
superfamily from the critical region of Usher syndrome type Ila at 1q41. Genomics
50, 382-384.

Frederiksen, H., Jorgensen, N., Andersson, A.M., 2011. Parabens in urine, serum and seminal
plasma from healthy Danish men determined by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). J. Expo. Sci. Environ. Epidemiol. 21, 262-271.

Frye, CA., Bo, E., Calamandrei, G., Calza, L., Dessi-Fulgheri, F., Fernandez, M., Fusani, L., Kah, O.,
Kajta, M., Le Page, Y., Patisaul, H.B., Venerosi, A., Wojtowicz, AK, Panzica, G.C, 2012. En-
docrine disrupters: a review of some sources, effects, and mechanisms of actions on be-
haviour and neuroendocrine systems. J. Neuroendocrinol. 24, 144-159.

Giguere, V., 2002. To ERR in the estrogen pathway. Trends Endocrinol. Metab. 13, 220-225.

Golden, R., Gandy, J., 2004. Letter to the editor. J. Appl. Toxicol. 24, 297-299 ([Reply
Darbre, P.D., Pope, G.S., Aljarrah, A., Miller, W.R,, Coldham, N.G., Sauer, M]., 2004.
J. Appl. Toxicol. 24, 299-301.]).

Golden, R., Gandy, J., Vollmer, G., 2005. A review of the endocrine activity of parabens and
implications for potential risks to human health. Crit. Rev. Toxicol. 35, 435-458.
Heard, DJ., Norby, P.L.,, Holloway, ]., Vissing, H., 2000. Human ERRY, a third member of the
estrogen receptor-related receptor (ERR) subfamily of orphan nuclear receptors: tissue-
specific isoforms are expressed during development and in the adult. Mol. Endocrinol.

14, 382-392.

Hong, H., Yang, L., Stallcup, M.R., 1999. Hormone-independent transcriptional activation
and coactivator binding by novel orphan nuclear receptor ERR3. J. Biol. Chem. 274,
22618-22626.

[jichi, N., Shigekawa, T., Ikeda, K., Horie-Inoue, K, Fujimura, T., Tsuda, H., Osaki, A., Saeki, T.,
Inoue, S., 2011. Estrogen-related receptor -y modulates cell proliferation and estrogen
signaling in breast cancer. J. Steroid Biochem. Mol. Biol. 123, 1-7.

JECFA, 1974. 17th report of the Joint FAO/WHO Expert Committee on Food Additives.
World Health Organization Technical Report Series, 539.

Kanayama, T., Mamiya, S., Nishihara, T., Nishikawa, J., 2003. Basis of a high through put
method for nuclear receptor ligands. ]. Biochem. 133, 791-797.

Lorke, D.E., Susens, U., Borgmeyer, U., Hermans-Borgmeyer, I, 2000. Differential expression
of the estrogen receptor-related receptor gamma in the mouse brain. Mol. Brain Res.
77, 277-280.

Matsushima, A., Teramoto, T., Okada, H., Liu, X., Tokunaga, T., Kakuta, Y., Shimohigashi,
Y., 2008. ERRgamma tethers strongly bisphenol A and 4-alpha-cumylphenol in an
induced-fit manner. Biochem. Biophys. Res. Commun. 373, 408-413.

Meeker, ].D., Yang, T., Ye, X., Calafat, A.M., Hauser, R., 2011. Urinary concentrations of
parabens and serum hormone levels, semen quality parameters, and sperm DNA
damage. Environ. Health Perspect. 119, 252-257.

Miller, W.R., 1996. Estrogen and Breast Cancer.Chapman and Hall, London.

Qishi, S., 2001. Effects of butylparaben on the male reproductive system in rats. Toxicol.
Ind. Health 17, 31-39.

Oishi, S., 2002a. Effects of propylparaben on the male reproductive system. Food Chem.
Toxicol. 40, 1807-1813.

Qishi, S., 2002b. Effects of butylparaben on the male reproductive system in mice. Arch.
Toxicol. 76, 423-429.

Okada, H., Tokunaga, T., Liu, X.H., Takayanagi, S., Matsushima, A., Shimohigashi, Y.,
2008. Direct evidence revealing structural elements essential for the high binding

ability of bisphenol A to human estrogen-related receptor-gamma. Environ. Health
Perspect. 116, 32-38.

Pugazhendhi, D., Sadler, AJ., Darbre, P.D., 2007. Comparison of the global gene expression
profiles produced by methylparaben, butylparaben and 17(-oestradiol in MCF7
human breast cancer cells. J. Appl. Toxicol. 27, 67-77.

Rastogi, S.C,, Schouten, A., De Kruijf, N., Weijland, J.W., 1995. Contents of methyl-, ethyl-,
propyl-, butyl- and benzylparaben in cosmetic products. Contact Dermatitis 32, 28-30.

Routledge, EJ., Parker, J., Odum, J., Ashby, J., Sumpter, J.P., 1998. Some alkyl hydroxyl benzo-
ate preservatives (parabens) are estrogenic. Toxicol. Appl. Pharmacol. 153, 12-19.

Sandanger, T.M., Huber, S., Moe, MK, Braathen, T., Leknes, H., Lund, E., 2011. Plasma concen-
trations of parabens in postmenopausal women and self-reported use of personal care
products: the NOWAC postgenome study. J. Exp. Sci. Environ. Epidemiol. 21, 595-600.

Satoh, K., Nonaka, R., Ohyama, K., Nagai, K., 2005. Androgenic and antiandrogenic effects
of alkylphenols and parabens assessed using the reporter gene assay with stably
transfected CHO-K1 cells (AR-Eco-Screen System). J. Health Sci. 51, 557-568.

Smith, KW., Braun, J.M.,, Williams, P.L, Ehrlich, S., Correia, KF., Calafat, AM.,, Ye, X, Ford, J.,
Keller, M., Meeker, ].D., Hauser, R., 2012. Predictors and variability of urinary paraben
concentrations in men and women, including before and during pregnancy. Environ.
Health Perspect. 120, 1538-1543.

Soni, M.G., Carabin, L.G., Burdock, G.A., 2005. Safety assessment of esters of p-hydroxybenzoic
acid (parabens). Food Chem. Toxicol. 43, 985-1015.

Suetsugi, M., Su, L., Karlsberg, K., Yuan, Y.C., Chen, S., 2003. Flavone and isoflavone
phytoestrogens are agonists of estrogen-related receptors. Mol. Cancer Res. 1,
981-991.

Takayanagi, S., Tokunaga, T., Liu, X.H., Okada, H., Matsushima, A., Shimohigashi, Y., 2006.
Endocrine disruptor bisphenol A strongly binds to human estrogen-related receptor
gamma (ERR gamma) with high constitutive activity. Toxicol. Lett. 167, 95-105.

Terasaka, S., Inoue, A, Tanji, M., Kiyama, R, 2006. Expression profiling of estrogen-
responsive genes in breast cancer cells treated with alkylphenols, chlorinated
phenols, parabens, or bis- and benzoylphenols for evaluation of estrogenic activity.
Toxicol. Lett. 163, 130-141.

Wang, LP., Zuercher, WJ,, Consler, T.G., Lambert, M.H,, Miller, A.B, Orband-Miller, LA.,
McKee, D.D., Willson, T.M., Nolte, RT,, 2006. X-ray crystal structures of the estrogen-
related receptor-gamma ligand binding domain in three functional states reveal the
molecular basis of small molecule regulation. J. Biol. Chem. 281, 37773-37781.

Xie, W,, Hong, H,, Yang, N.N,, Lin, RJ., Simon, C.M.,, Stallcup, M.R,, Evans, RM., 1999. Constitu-
tive activation of transcription and binding of coactivator by estrogen related receptors
1 and 2. Mol. Endocrinol. 13, 2151-2162.

Yamamoto, T., Mori, T., Sawada, M., Kuroboshi, H., Tatsumi, H., Yoshioka, T., Matsushima, H.,
Iwasaku, K, Kitawaki, J., 2012. Estrogen-related receptor-gamma regulates estrogen
receptor-alpha responsiveness in uterine endometrial cancer. Int. J. Gynecol. Cancer
22,1509-1516.

Ye, X,, Tao, LJ., Needham, L.L., Calafat, A.M., 2008. Automated on-line column-switching
HPLCMS/MS method for measuring environmental phenols and parabens in
serum. Talanta 76, 865-871.

Ye, X,, Wong, LY., Jia, LT., Needham, LL., Calafat, A.M., 2009. Stability of the conjugated
species of environmental phenols and parabens in human serum. Environ. Int. 35,
1160-1163.

Zhang, ZB.,, Jia, CX, Huy, Y., Sun, LB, Jiao, J,, Zhao, L, Zhu, D.S,, i, ]., Tian, Y.L, Bai, H.C, Li, R.B,,
Hu, J.Y., 2012. The estrogenic potential of salicylate esters and their possible risks in
foods and cosmetics. Toxicol. Lett. 209, 146-153.



	Inverse antagonist activities of parabens on human oestrogen-related receptor γ (ERRγ): In vitro and in silico studies
	Introduction
	Materials and methods
	Chemicals
	Methods
	Plasmid construction and glutathione S-transferase (GST)–human ERRγ LBD protein expression
	Preparation of his-tagged human SRC2–BAP fusion protein
	Human ERRγ coactivator recruiting assay
	Automated molecular docking


	Results
	Development of human ERRγ coactivator recruiting assay
	Inverse antagonist activity of parabens, salicylates and benzoates on ERRγ
	Automated docking of parabens, salicylates and benzoates in ERRγ

	Discussion
	Funding
	Conflict of interest statement
	References


