Environmental Pollution xxx (xxxx) 114806

Contents lists available at ScienceDirect

ENVIRONMENTAL
POLLUTION

Environmental Pollution

journal homepage: http://ees.elsevier.com

BPA and its analogues (BPS and BPF) modify the expression of genes involved in the
endocrine pathway and apoptosis and a multi drug resistance gene of the aquatic
midge Chironomus riparius (Diptera)*

Moénica Morales, Mercedes de la Fuente, Raquel Martin-Folgar *

Grupo de Biologia y Toxicologia Ambiental, Facultad de Ciencias, Universidad Nacional de Educacién a Distancia, UNED, Senda del Rey 9, 28040, Madrid, Spain

ARTICLE INFO ABSTRACT

Many countries are limiting the use of bisphenol A (BPA) because evidence shows it is dangerous to human
health and wildlife. For the manufacturing of polycarbonate plastics, bisphenol S (BPS) and bisphenol F (BPF) are
proposed as safer alternatives. They have already been released into the aquatic environment without previously
available information about their potential adverse effects. In this study, we compared the effects of BPA, BPS
and BPF exposure to the expression profile of genes involved in the endocrine pathway (EcR and E74), ecdysone
metabolism (Cyp18al and Shadow), apoptosis (DRONC) and the multidrug resistance-associated protein 1 gene
(MRP1) in the midge, Chironomus riparius (Diptera). The three toxicants increased Shadow expression, which is in-
volved in ecdysone synthesis, but only BPF significantly altered Cyp18al, which is implicated in ecdysone degra-
dation. BPS and BPF modified EcR and E74 expression; BPF upregulated the effector caspase DRONC. Further-
more, BPA significantly increased MRP1 expression. This study provides insights into the action of bisphenols at
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the molecular level and highlights the potential risks of BPS and BPF as BPA alternatives.
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1. Introduction

Bisphenol A (BPA, 2, 2-bis [4-hydroxyphenyl] propane) is commonly
used as a monomer in polycarbonate synthesis in the production of
epoxy resins and an additive for the removal of excess of hydrochloric
acid during polyvinyl chloride (PVC) production (Michatowicz, 2014).
BPA is present in plastic food containers, kitchen utensils, dental ma-
terials, healthcare equipment, thermal paper, toys and articles for chil-
dren and babies and in the internal coatings of cans and caps (Chen
et al., 2002; Vandenberg et al., 2012). This toxicant can migrate
to the food and beverages stored in the containers made from polycar-
bonates. Due to its widespread use in the chemical industry for more
than 50 years, BPA can be detected in wastewaters, surface and drink-
ing waters, terrestrial and marine environments and humans (urine and
blood) (Fromme et al., 2002; European Union Risk Asses, 2010;
Vandenberg et al., 2010). Exposure of humans to this compound can
occur through different routes, including oral, inhalation and transder-
mal. BPA is metabolised in the liver to form BPA glucuronide and it is
excreted in the urine (Yokota et al., 1999). Since it has a phenolic
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structure, BPA can interact with estrogen receptors and act as an antag-
onist or hormonal agonist (Ma and Sassoon, 2006). Numerous studies
demonstrated the endocrine disruptive potential of BPA (Vandenberg
et al., 2012) and its adverse effects on aquatic organisms (Alexan-
der et al., 1988; Mihaich et al., 2009; Planell6 et al., 2008;
Martinez-Paz et al., 2012; Martinez-Paz et al., 2013). This chemi-
cal compound is involved in the pathogenesis of multiple endocrine dis-
orders, including female and male infertility, precocious puberty and
hormone-dependent tumors such as breast and prostate cancer (Dia-
manti-Kandarakis et al., 2009). Previous studies with Echinometra lu-
cunter showed that BPA affected significantly the embryonic develop-
ment of this sea urchin, indicating the risk that this pollutant may pre-
sent to marine biota (Da Silva and de Souza Abessa, 2019). Recent
research suggest that this compound may interrupt molting and repro-
duction in Daphnia magna (Kim et al., 2019a). BPA use is currently
subject to strict regulation; many countries are limiting its use (Ji and
Choi, 2013). Thus, the industry is replacing it with other analogues,
such as the structurally similar bisphenol S (BPS; bis [4-hydroxyphenyl]
sulfone) and bisphenol F (BPF; bis [4-hydroxyphenyl] methane), pre-
sumably safer alternatives to BPA (Table 1).

Currently, BPS and BPF are used for a wide variety of consumer and
industrial products (Michatowicz, 2014; Liao et al., 2012; Office of
Environmental Health Hazard Assessment, 2012). Thus, humans
are increasingly exposed to these structural BPA analogues. According
to environmental monitoring studies, BPA remains the major bisphenol
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Table 1
BPA and its structural analogues.

Abbreviation Synonym Chemical structure MW(g-mol 1) Formula
Bisphenol A BPA 2,2-bis(4-hydroxyphenyl) propane > % 228.291 Cy5H1602
HO I I OH
Bisphenol S BPS 4,4'-Sulfonyldiphenol HO\@\ /@OH 250.27 C12H1004S
f
g
I}
Bisphenol F BPF bis(4-hydroxyphenyl) methane 200.237 C13H1202

found in surface waters in China, the United States, Japan, South Ko-
rea, Germany and Italy (Fromme et al., 2002; Chen et al., 2016).
BPF and BPS are frequently detected as the second- and third-most abun-
dant analogues in the environment. However, this scenario is currently
changing, some recent studies reported similar orders of magnitude for
BPS, BPF and BPA in surface waters, sediments and sewage effluents
and human urine (Thomas et al., 2014; Yang et al., 2014). The
BPA concentration detected in the Kogawauchi and Kiyotake Rivers in
Japan was 900 ng/L (Kang and Kondo, 2006). BPF concentrations ex-
ceeded 1000 ng/L in river seawater collected from Japan, Korea and
China and became up to 2850 ng/L in the Tamagawa River in Tokyo
(Chen et al., 2016; Yamazaki et al., 2015; Yan et al., 2017). In
aquatic environments, the reported BPS concentration was 1600 ng/L
in Lake Taihu (China), located in an industrial zone, and 7200 ng/L in
the Adyar River in India (Yamazaki et al., 2015). Multiple locations
have median bisphenol concentrations that exceed the predicted no-ef-
fect concentration (PNEC) of 1500 ng/L for BPA recommended by the
European Union (Yamazaki et al., 2015). Xenobiotics are not contin-
uously discharged into the environment beyond this basal level. How-
ever, acute concentration peaks can often occur as a result of spills. Very
little is known about the consequences of such exposures, including the
cumulative effect or the pulse recovery (Ashauer and Escher, 2010).
In addition, there is only scarce information with respect to the bioac-
cumulation of emerging bisphenols in aquatic organisms. The bioaccu-
mulation and biomagnification of BPS, along with other analogues, have
been evaluated in biota samples collected at different trophic levels in
Lake Taihu, China (Wang et al., 2017). This previous study showed
the detection frequency of BPS in the biota samples analysed was 70.6%
and the mean proportion of this compound in the total bisphenols was
0.34%.

Compounds that replace BPA should be inert or less toxic than the
original product, but many of the new synthesis chemicals have not been
tested before being introduced into industries and the environment. The
toxicological properties and adverse health impacts of BPA are widely
known (Alexander et al., 1988; Mihaich et al., 2009; Planelld et
al., 2008; Martinez-Paz et al., 2012; Martinez-Paz et al., 2013;
Diamanti-Kandarakis et al., 2009; Da Silva and de Souza Abessa,
2019; Kim et al., 2019a). Recent research works have shown that
bisphenol A analogues exhibit similar toxicity to BPA (Tisler et al.,
2016). Comparative toxicity studies between BPA and BPF in aquatic
organisms have shown that in most cases, BPA is a more toxic com-
pound, however, BPF affects more the pigmentation of zebrafish em-
bryos and the Daphnia magna reproduction after 21 days of exposure
(Vincent et al., 2017). BPS and BPF have a similar potency to BPA
in terms of their androgenic, antiandrogenic, estrogenic and antiestro-
genic activities (Liao et al., 2012). Previous studies carried out in
vitro and in vivo have demonstrated the estrogenic capacity of these
three BPs in different cells and tissues and at different stages of de-
velopment in zebrafish (TiSler et al., 2016). Furthermore, a recent

study reported the endocrine disruptive potential of BPS in inverte-
brates: it enhances transcriptional activity of some genes that encode nu-
clear receptors, genes involved in the hormonal pathway mediated by
ecdysone or genes involved in the cellular stress response and detoxifi-
cation mechanisms (Feng et al., 2015; Herrero et al., 2018). There-
fore, in vivo studies that compare the effects, mechanisms of action and
putative interaction routes of these three compounds are necessary to
evaluate the physiological effects and endocrine activities of BPA substi-
tutes.

The midge, Chironomus riparius (Meigen, 1804), is a widely used or-
ganism in ecotoxicology studies. The larvae have a characteristic in-
tense red color due to haemoglobin and they are used in standardised
tests because of their ecological relevance in freshwater ecosystems.
This species belongs to the order Diptera and presents four developmen-
tal stages: embryo, larva (with four different instars), pupa and adult.
All stages, with exception of the adult, are aquatic and the life cycle
takes approximately one month (Armitage et al., 1995). Several stan-
dard tests are used to analyse different physiological endpoints (EPA,
1996; OECD, 2004). Alterations in gene expression by different toxi-
cants are described in this species. Existing data suggest that it is appro-
priate for molecular analysis (Lencioni et al., 2016; Martin-Folgar
and Martinez-Guitarte, 2017a; Nair et al., 2011; Park and Kwak,
2012).

The endocrine system is essential for insect development and meta-
morphosis and it involves interactions among different hormonal path-
ways. In the transition from the larval stage to the adult, molecular and
cellular alterations occur, as well as morphological and physiological
changes that cause the loss of embryonic tissues and the formation of
others. There are two hormones, 20-hydroxyecdisone (20E) and juve-
nile hormone (JH), responsible for coordinating the growth and devel-
opment of insects (Dubrovsky, 2005). The genes EcR and E74 encode
proteins involved in the ecdysone response cascade which are essential
for the activation of factors involved in development signaling pathways
and cell cycle regulation during metamorphosis. Shadow is involved in
the synthesis pathway of the ecdysone hormone while Cyp18al is re-
sponsible for ecdysone degradation (Guittard et al., 2011). On the
other hand, death regulator Nedd2-like caspase (DRONC), which en-
codes a protein that acts as an upstream regulator of the DNA dam-
age response (DDR), can intervene or initiate the DDR or apoptosis
in damaged cells (Khan et al., 2017). Finally, different ATP-bind-
ing cassette (ABC) transporters participate in the cellular detoxification
process. Multidrug resistance-associated protein 1 gene (MRPI) codes
for a protein involved in this process with the excretion of the conju-
gated compound to the extracellular medium. MRP1 is related to cel-
lular resistance to different toxicants. Martinez-Guitarte et al. (2018)
(Martinez-Guitarte, 2018) previously identified a partial sequence for
this ABC transporter.

In this study, we compared how BPA and its analogues, BPS and
BPF, altered the expression of genes involved in several cellular
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processes using quantitative real-time polymerase chain reaction
(RT-PCR). Acute exposures for a short time period (24 h) were used
to simulate what would happen in the case of a spill. Concentrations
were selected based on the results from previous studies in C. ripar-
ius with BPA (Planell6 et al., 2008; Martinez-Paz et al., 2012;
Martinez-Paz et al., 2013) and BPS (Herrero et al., 2018). The ef-
fects of BPA, BPS and BPF exposure to the expression profile of genes
involved in the endocrine pathway (EcR, E74), ecdysone metabolism
(Cyp18al and Shadow), a gene related to apoptosis (DRONC), and MRP1
were evaluated in C. riparius larvae to compare the putative mechanisms
involved and the molecular interactions of these three BPs.

The aim of this study was to unravel the putative effects of BPS and
BPF in relation to BPA to assess their safety in strongly polluted aquatic
environment. The obtained results will allow to compare the effects and
to analyse the similarities and differences in the activity of these three
bisphenols. Moreover, this study will provide new evidence at the mole-
cular level of the activity of BPA and its analogues.

2. Materials and methods
2.1. Animals

Fourth instar C. riparius larvae were used as the experimental model
organism. They were maintained in a controlled-climate room at 20 °C
for several generations according to toxicity testing guidelines (EPA,
1996; OECD, 2010). The culture conditions were defined previously
(Martin-Folgar and Martinez-Guitarte, 2017b).

2.2. Treatments

Three individual fourth instar larvae were exposed to different con-
centrations of BPA, BPS and BPF separately in glass vessels. Each treat-
ment consisted of three replicates (n = 9) and three independent exper-
iments performed for each analysis (n = 27). Individuals with the same
age and size were collected from different egg masses. A starting stock
solution (2.5 g/L) of each compound was prepared in ethanol. Larvae
were exposed to 0.05, 0.5 or 1 mg/L BPA, BPS or BPF diluted in 50 mL
of culture medium for 24 h. Control larvae were maintained for 24 h in
culture medium with the same concentration of ethanol (0.00016%) as
the bisphenol-exposed larvae and were also measured in triplicate. Lar-
vae did not receive food during the whole experiment. No mortality was
observed during the BPs exposures. After the treatments, exposed and
control larvae were stored at —80 °C.

2.3. RNA isolation

Each control and treated larvae were processed individually for
the extraction of their total RNA following the methods of Martin-Fol-
gar and Martinez-Guitarte (2017) (Martin-Folgar and Martinez-Gui-
tarte, 2017b). Purified RNA was stored at —80 °C.

2.4. Complementary DNA (cDNA) synthesis and gqRT-PCR

Reverse transcription was performed using MMLV (Invitrogen, Ger-
many), according to the manufacturer's instructions. cDNA was used
as the template for qRT-PCR to analyse the messenger RNA (mRNA)
expression profile of four genes related to the endocrine system (EcR,
E74, Cyp18al and Shadow), one gene related to apoptosis (DRONC) and
MRP1 from control and bisphenol-treated samples. The sequences of
all gene-specific primers used in this study are indicated in Table 2.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and ribosomal pro-
tein L13 (rpL13) genes, with a coefficient of variation < 0.25 and an
M-value < 0.5, were used as endogenous reference controls
(Martinez-Paz et al., 2012; Martinez-Guitarte et al., 2007;
Martinez-Guitarte et al., 2012; Martinez-Paz et al., 2014;

Table 2
Primers used for qRT-PCR amplification from Chironomus riparius.

Gene Sequence Efficiency (%)

DRONC 5'- GAAATGTCACAGATTTCAGTGCC-3’ 99.3
5'- GTGAATATCGTAAGCATGTTCTGC-3'

MRP1 5-CGAGACAACTTCAAGTTCCACA-3’ 101.4
5'-CCTTATTATCTCCATCATCTTGG-3'

Cyp18al 5'- GTTTCACTCGAGACGATCCA-3’ 104.5
5'- TTTAGCGGCTTGAAATGTTG-3'

E74 5'- TCTTACTGAAACTTCTTCAAGATCG-3' 103.2
5'- GCTTTGAGACAGCTTTGGAATCG-3'

EcR 5’- CCATCGTCATCTTCTCAG-3' 106.6
5'- TGCCCATTGTTCGTAG-3’

rpL13 5'- ACCAGCTAGAAAGCACCGTC-3' 101.6
5'- ATGGGCATCTGACGATTGGG-3’

GAPDH 5'- GGTATTTCATTGAATGATCACTTTG-3’ 107.7

5'- TAATCCTTGGATTGCATGTACTTG-3’

Morales et al., 2011; Morales et al., 2012). qRT-PCR conditions
were defined previously (Martin-Folgar and Martinez-Guitarte,
2017b).

2.5. Statistical analysis

mRNA levels for EcR, E74, Cyp18al, Shadow, DRONC and MRP1 were
normalised against the expression of GAPDH and rpL13 in the same sam-
ples. Statistical analyses were performed using SPSS 19 software (IBM).
Data normality and variance homogeneity was assessed with the Levene
test. For normally distributed data, significant differences among control
and treated larvae were compared using analysis of variance (ANOVA)
followed by Games-Howell's and Dunnett's multiple comparison tests.
Two levels of significance are reported: p < 0.05 (*) and p < 0.01 (*%).

2.6. Bioinformatics analyses

Sequence alignments were performed with ClustalW by using MEGA
7.0.14 with default options (Kumar et al., 2016). Structures for bind-
ing site analysis were obtained from the Protein Data Bank (PDB)
(Berman et al., 2000). Binding sides were established from the anno-
tated structural features (Golovin et al., 2005) and by visual inspec-
tion of poseview diagrams in RCSB-PDB (Stierand and Rarey, 2010)
and of environmental details in PDBe (see Supplementary material).

Chemical and Physical Properties of estradiol, 20-hydroxyecdysone
(20E), BPA, BPS and BPF were obtained from PubChem (https://
pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2019b), and ChEMBL (https:
//www.ebi.ac.uk/chembl/) (Davies et al., 2015; Gaulton et al.,
2017).

3. Results
3.1. Effects of BPA, BPS and BPF on endocrine-related genes

The effects of BPA, BPS and BPF exposure on the expression of the
endocrine-related genes E74, EcR, Cyp18al and Shadow were examined
with qRT-PCR. At 0.5 mg/L, BPA, BPS and BPF significantly elevated
Shadow expression compared to control treatment. Thus, the three com-
pounds affect the ecdysone synthetic pathway by altering Shadow ex-
pression (Fig. 1). Regarding ecdysone degradation, only the highest BPF
concentration (1 mg/L) significantly increased Cyp18al mRNA. How-
ever, there was a trend for increased CypI18al expression with BPS at
1 mg/L and BPA at 0.5 and 1 mg/L with respect to the control larvae
(Fig. 1).
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Fig. 1. Effects of BPA, BPS and BPF exposure on the expression of genes related to the endocrine system in C. riparius larvae. mRNA levels were quantified using QRT-PCR. Transcript levels
were normalised using GAPDH and rpL13 as reference genes. Distribution of the data is represented by box plot analysis. The transcript levels in the exposed groups were compared with
controls using ANOVA followed by Dunnett's and Games-Howell's multiple comparison tests. Significant differences are denoted by *p < 0.05 and **p < 0.01.

For genes involved in the ecdysone response pathway, BPA did not
alter the EcR mRNA level. However, BPS and BPF increased the expres-
sion of this gene. This increase was significant for 1 mg/L BPS compared
to control levels. Finally, 1 mg/L BPS and BPF treatment significantly
increased E74 gene expression (Fig. 1).

3.2. DRONC and MRP1 gene expression in response to BPA and analogues
Although there is a lack of apoptosis-related genes described in C.
riparius, we analysed one caspase gene related to apoptosis in an at-

tempt to compare the effects produced by BPA, BPS and BPF in pro-
grammed cell death in this species. DRONC is an initiator caspase de-

DRONC expressian
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BPAD.S
BRA 1
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B8PS 1
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mgfl

scribed in Drosophila; it includes a caspase recruitment domain (CARD)
(Kumar and Doumanis, 2000). The exposure of the larvae for BPF
for 24 h (1 mg/L) significantly upregulated DRONC mRNA compared
to control (Fig. 2). Additionally, there was a trend for an increase in
this gene expression for all the analysed compounds and concentrations
(Fig. 2).

Different ABC transporters participate in the cellular detoxification
process. MRP1 codes for a protein involved in this process with the
excretion of the conjugated compound to the extracellular medium.
MRP1 participates in cellular resistance to different toxicants. The BPA
treatment for 24 h (0.5 or 1 mg/L) significantly upregulated MRP1 ex-
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Fig. 2. mRNA levels of DRONC and MRP1 in C. riparius larvae at 24 h after BPA, BPS and BPF treatments. The mRNA levels were quantified by qRT-PCR. Values were normalised to
reference genes and compared with the controls solvent-exposed larvae. Data from three independent experiments are shown (n = 27) in the whisker boxes. Differences between BPA,
BPS and BPF-treated and the corresponding solvent control samples were considered significant at **p < 0.01.
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pression compared to control. Notably, BPS and BPF did not alter this
gene expression (Fig. 2).

3.3. Bioinformatics analyses: comparative study of binding sites in nuclear
receptors (NRs) and physicochemical properties of the different ligands

It is well known that bisphenols can act on estrogen receptors (ER).
This action ranges from weak agonist (BPA) to antagonism (e.g., bisphe-
nol C) (Delfosse et al., 2012; Levy et al., 2004). The ecdysone re-
ceptor (EcR) has the characteristic protein architecture of the NR su-
perfamily, with two highly conserved domains associated with DNA
and ligand binding (Pawlak et al., 2012). In order to verify the con-
servation of key structural features for ligand binding in chironomid
EcR, their sequences were compared with those of several NRs from
insects and humans with known structures. The binding sites in the
different analysed NRs (Supplementary Material 1) contain a con-
served internal structure with a number of conserved binding sites

regions, most of them common to all NRs and one of them unique to
the studied EcRs (Fig. 3). Thus, the interaction of BPA and its analogues
with EcR would be expected to be similar to the interaction of these lig-
ands with the other previously studied NRs.

Furthermore, different physicochemical properties of the ligands of
interest were examined (Table 3). Notably, while the octanol-water par-
tition coefficient (P), a quantitative descriptor of lipophilicity, and the
topological polar surface area (TPSA) parameters of BPA are comparable
to those of estradiol, these properties for BPS are more similar to 20E.

4. Discussion

Humans are frequently exposed to emergent pollutants for which,
in most cases, no information is available on their potential effects and
their implications for the environment. The industry is continuously
evolving and the synthesis of new compounds that theoretically im-
prove our quality of life, are placed at our disposal. The negative effects
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Fig. 3. Comparison of the ligand binding domain sequence for different nuclear receptors and protein-ligand binding sites. The protein-ligand binding sites for different complexes from
Protein Data Bank were analysed (Supplementary Material 1). Sequence alignment of six nuclear receptors, with known structures, and the ecdysone receptors for three Chironomidae
(Chironomus riparius, Chironomus tentans and Clunio marinus) was performed. The alignment revealed highly conserved amino acid residues and different well-defined regions that involve
the ligand binding sites. Alignments were performed with ClustalW using MEGA 7.0.14 (default options).
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Table 3
Chemical and physical properties of estradiol, 20-hydroxyecdysone (20E), BPA, BPS and BPF (Data from PubChem, https://pubchem.ncbi.nlm.nih.gov/and ChEMBL, https://www.ebi.ac.
uk/chembl/).
Estradiol (E3T) 20, hydrnpeadysane [T08] | biphewal A TP [20K) birplens] 5, BPS hisphenol F (TP
F2-ia f-gedraayplanyl vapans | 44" Gy bighaual A i el
PabiChem CA 5757 Pubiem CT0 5459848 PufiChem C10 6623 Paabhem CUIF G626 Pubhews CI0 121010
ChEMBL MY CREMEL I CHOMAT, [ ChIENMTTL MK ChIEMRL JTF,
CINEMBL IS CHEMRLZZFITR CIEMATAIN9T ] CWESTRLRN- T CMEAMLT ARG )
'-# -
g e !
1 M |
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Moo o w2 AR IZED 2503 003
Mag?a 4 05 13 1% ]
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Ao (Ot i 1.9 14 15 LT
AED Lag? 03 16 11 LE
) & 2 2
vt k3 7 1 r
Topolsioal Polar Surface Aree /i 50.5 1335 4015 23 05

' Calculated LogP: P i the OctanclWater Pantition Coefficent. [*0LogP3- A8 method
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of BPA on human health have been demonstrated in multiple studies.
There is increasing evidence of the toxic effects of BPA analogues (TiSler
et al., 2016; Vincent et al., 2017). In the present study, we demon-
strated that exposure to BPA analogues, namely BPS and BPF, altered
the expression of genes involved in several pathways (endocrine, detox-
ification and apoptosis) in fourth instar C. riparius larvae.

The obtained results indicated that BPA, BPS and BPF behave in a
similar manner with respect to the ecdysone biosynthesis route: they
all increased the expression of Shadow. This gene is a member of the
ecdysone biosynthetic (Halloween) embryonic lethal genes that codes
for mitochondrial cytochrome P450 (Cyp450) hydroxylases (Gilbert,
2004). Steroid hormones play crucial roles in the coordinated regulation
of many developmental and physiological events in invertebrates and
vertebrates. Ecdysone is the main hormone of the insect endocrine sys-
tem and it regulates the processes of moulting and metamorphosis that
are essential for development (Nation James, 2008). In Drosophila,
these enzymes mediate the last hydroxylation reactions in the ecdysone
biosynthetic pathway and they convert dietary sterols to ecdysteroids,
such as 20E (Lavrynenko et al., 2015). Shadow encodes a Cyp450
hydroxylase that performs the last synthetic step for ecdysone produc-
tion (Warren et al., 2002). In our study, Shadow was statistically sig-
nificantly upregulated after BPA, BPS and BPF exposures. These results
showed that both BPA and its two analogues similarly affected ecdysone
synthesis. They apparently activated its synthesis at the same point of
the biosynthetic route. In arthropods, steroid hormones play vital de-
velopmental roles, especially in mediating transitions between different
developmental stages. An increase in Shadow mRNA expression implies
an increase in the synthesis of the hormone ecdysone. Ecdysone and
its derivative 20E were originally identified as “moulting hormones”,
and differences in their expression levels would induce drastic morpho-
logical and developmental changes in the natural processes of moult-
ing and metamorphosis. Once ecdysone performs its function, it must
be inactivated by Cyp18al, a Cyp450 enzyme (Guittard et al., 2011).
Thus, the Cyp18al gene is related to inactivation of the active form of
ecdysone. As shown in Fig. 1, BP treatments tended to increase the lev-
els of Cyp18al, but the increase was only significant for 1 mg/L BPF.
Similar results were previously described with BPS in C. riparius at lower
concentrations (Herrero et al., 2018). Taken together, these data sug-
gest activation of ecdysone synthesis, observed as an increase Shadow
gene expression that would subsequently activate the Cyp18al gene that
codes for the protein involved in its degradation.

The ecdysone receptor (EcR) is the first target for ecdysone action
inside the cells (Lezzi et al., 1999). In our work, while BPA, at the
tested concentrations and time, did not induce changes in EcR expres-

sion, the treatment with 1 mg/L of BPS or BPF for 24 h significantly in-
creased EcCR mRNA levels. Previous results obtained with BPA and C.
riparius larvae showed that this toxicant induces EcR upregulation, al-
beit at a higher concentration (3 mg/L) than those used in our study
(Planell6 et al., 2008). Our results suggest that BPA and its analogues
can modulate Chironomus EcR. Moreover, 1 mg/L BPS and BPF increased
E74 mRNA expression. The EcR data are consistent with the results ob-
tained by analysing the early ecdysone-inducible E74 gene. Once 20
OH-Ec binds to the EcR-USP heterodimer, a cascade of transcription fac-
tors is triggered, beginning with the expression of the early-response
gene E74 (Riddiford et al., 2000). Interestingly, these results demon-
strated that the two BPA analogues could act as endocrine disruptors,
as has been clearly demonstrated with the original compound (Kang et
al., 2007), even at lower concentrations.

Some of the physicochemical properties of BPS could at least par-
tially justify these results. As mentioned earlier, the BPA lipophilicity
and TPSA parameters are comparable to those of estradiol, whereas the
BPS properties are more similar to those of 20E. Accordingly, BPA and
estradiol would be expected to bind their target receptor in a similar
manner, a supposition that is consistent with previously reported exper-
imental data (Delfosse et al., 2012). On the other hand, the higher
TPSA and the lower lipophilicity of BPS and 20E could suggest a more
analogous behaviour for these two compounds in their interaction with
NRs.

Our obtained data suggest a specific effect of BPS and BPF on genes
related to the endocrine pathway in C. riparius. These BPA alternatives,
with similar chemical structures, can bind to EcR and cause the en-
docrine disruptive effects. The effects of these chemicals were already
examined in the testes and on spermatogenesis of male rats by means of
in vivo and in vitro studies (Ullah et al., 2018).

Detoxification mechanisms are activated in cells in response to toxic
compounds. The detoxification process is performed in three phases that
each involves different proteins. Cyp450s in phase I introduce reac-
tive or polar groups into the compound to decrease toxicity (Schuetz,
2001) or efflux transporters (phase III), like ABC transporters (Der-
mauw and VanLeeuwen, 2014), that are responsible for removing
the modified compounds from the cell. MRP1 is one such ABC trans-
porter. MRP1 was previously studied because of its involvement in re-
sistance to anticancer drugs (Lu et al., 2015) and it also has been re-
lated to the efflux of different endobiotics from the cell (Cole, 2014).
The role of MRP1 is not clear in invertebrates. There are only two re-
ports in Drosophila melanogaster and Pediculus humanus that show the
involvement of this protein in the elimination of methotrexate and the
pesticide ivermectin, respectively (Chahine et al., 2012; Yoon et
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al., 2011). Recent results showed that two ultraviolet (UV) filters,
namely benzophenone-3 (BP3) and 4-methylbenzylidenecamphor
(4MBCQ), increase MRP1 mRNA levels in C. riparius (Martinez-Guitarte,
2018). In our work, BPA exposure significantly increased MRP1 expres-
sion, but BPS and BPF did not alter this gene. These data help to un-
derstand the role of the transport protein MRP1 in the mechanisms of
detoxification in invertebrates. On the other hand, the effector caspase
DRONC was upregulated after treatment with the highest tested BPF
concentration. These data suggest activation of the apoptosis.

5. Conclusions

All BPs studied affected in a similar way to the ecdysone biosynthesis
route. BPA, BPS and BPF increased the expression of Shadow gene in-
volved in the last step of this metabolic pathway. An increase in Shadow
mRNA expression implies an increase in the synthesis of the ecdysone,
which would alter the stages of larval development. A tendency to in-
crease the expression levels of the Cyp18al gene, related to the inacti-
vation of the active form of ecdysone, was observed. This result might
suggest that chronic exposures, at longer times than those studied here,
bisphenol A and bisphenol S also could cause a significant alteration in
Cyp18al, such as the significant increased caused after BPF exposure in
C. riparius. Moreover, BPS and BPF are likely biologically active com-
pounds that would act as endocrine disruptors at the level of the EcR
and E74 genes. Therefore, based on the results obtained we can con-
clude that the ecdysone pathway is a target of BPS and BPF. Both acute
and short-term exposures could cause alterations in C. riparius develop-
ment. Furthermore, this finding suggests a similar mechanism of action
for BPA and its analogues, specifically through interaction with steroid
hormone receptors. Remarkably, our data suggest that the endocrine dis-
ruptive effects of BPS and BPF in invertebrates could be more significant
than the clearly established effects of BPA. Moreover, our findings im-
ply an increase in cellular sensitivity to BPS and BPF and a pro-apop-
totic effect in cells under their exposure. The pro-apoptotic effect of BPA
analogous may be related to a reduced expression of MRP1. These re-
sults showed that BPA analogous affect the transcriptional activity and
produce changes in apoptosis and stress processes in C. riparius.

Declaration of competing interest

The authors declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by Programa Independent Thinking from
the Universidad Nacional de Educacién a Distancia and Programa Es-
tatal de I+D+1i Orientada a los Retos de la Sociedad (Spain), grant
RTI2018-094598-B-100 from the Ciencias y Tecnologias Medioambien-
tales programme. The authors are grateful to Dr. Martinez-Guitarte for
critically reading the text. The authors declare that they have no conflict
of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envpol.2020.114806.

Uncited references

Michailova et al., 1996; OECD, 2011.

References

Alexander, H C, Dill, D C, Smith, L W, Guiney, P D, Dorn, P, 1988. Bisphenol A: acute
aquatic toxicity. Environ. Toxicol. Chem. 7, 19-26.

Armitage, P D, Pinder, L C, Cranston, P, 1995. The Chironomidae. Biology and Ecology of
Non-biting Midges. Springer, Dordrecht, Germany.

Ashauer, R, Escher, B, 2010. Advantages of toxicokinetic and toxicodynamic modelling
in aquatic ecotoxicology and risk assessment. J. Environ. Monit. 12 (11), 2056-2061.
d0i:10.1039/c0em00234h.

Berman, H M, Westbrook, J, Feng, Z, Gilliland, G, Bhat, T N, Weissig, H, Shindyalov, I N,
Bourne, P E, 2000. The protein Data Bank. Nucleic Acids Res. 28, 235-242.

Chahine, S, Campos, A, O’Donnell, M J, 2012. Genetic knockdown of a single organic
anion transporter alters the expression of functionally related genes in Malpighian
tubules of Drosophila melanogaster. J. Exp. Biol. 215, 2601-2610. doi:10.1242/
jeb.071100.

Chen, M Y, Ike, M, Fujita, M, 2002. Acute toxicity, mutagenicity, and estrogenicity of
bisphenol-A and other bisphenol. Environ. Toxicol. 17, 80-86.

Chen, D, Kannan, K, Tan, H, Zheng, Z, Feng, Y L, Wu, Y, 2016. Bisphenol analogues
other than BPA: environmental occurrence, human exposure, and toxicity-a review.
Environ. Sci. Technol. 50 (11), 5438-5453.

Cole, S P C, 2014. Targeting multidrug resistance protein 1 (MRP1, ABCC1): past, present,
and future. Annu. Rev. Pharmacol. Toxicol. 54, 95-117. doi:10.1146/
annurev-pharmtox-011613-135959.

Da Silva, A Q, de Souza Abessa, D M, 2019. Toxicity of three emerging contaminants to
non-target marine organisms. Environ. Sci. Pollut. Res. Int. 26 (18), 18354-18364.
doi:10.1007/511356-019-05151-9.

Davies, M, Nowotka, M, Papadatos, G, Dedman, N, Gaulton, A, Atkinson, F, Bellis, L,
Overington, J P, 2015. ChEMBL web services: streamlining access to drug discovery
data and utilities. Nucleic Acids Res. 43 (W1), W612-W620. doi:10.1093/nar/gkv352.

Delfosse, V, Grimaldi, M, Pons, J-L, Boulahtouf, A, le Maire, A, Cavailles, V, Labesse, G,
Bourguet, W, Balaguer, P, 2012. Structural and mechanistic insights into bisphenols
action provide guidelines for risk assessment and discovery of bisphenol A substitutes.
Proc. Natl. Acad. Sci. U.S.A. 109, 14930-14935. doi:10.1073/pnas.1203574109.

Dermauw, W, VanLeeuwen, T, 2014. The ABC gene family in arthropods: comparative
genomics and role in insecticide transport and resistance. Insect Biochem. Mol. Biol.
45, 89-110. doi:10.1016/j.ibmb.2013.11.001.

Diamanti-Kandarakis, E, Bourguignon, J P, Giudice, L C, Hauser, R, Prins, G S, Soto, A M,
Zoeller, R T, Gore, A C, 2009. Endocrine-disrupting chemicals: an Endocrine Society
scientific statement. Endocr. Rev. 30 (4), 293-342.

Dubrovsky, E B, 2005. Hormonal cross talk in insect development. Trends Endocrinol.
Metabol. 16, 6-11. doi:10.1016/j.tem.2004.11.003.

EPA (US), 1996. Chironomid sediment toxicity test, ecological effects. In: Test Guidelines
EPA 712-C-96-313, second ed. EPA 600/R-99/064: Washington DC, USA.

European Union Risk Assessment Report, 2010. Environment Addendum of April 2008
(To Be Read in Conjunction with Published EU RAR of BPA, 2003)
4,4 -isopropylidenediphenol ~ (Bisphenol-A) Part 1 Environment. European
Commission, Joint Research Centre, Institute for Health and Consumer Protection,
Luxembourg.

Feng, Y, Jiao, Z, Shi, J, Li, M, Guo, Q, Shao, B, 2015. Effects of bisphenol analogues on
steroidogenic gene expression and hormone synthesis in H295R cells. Chemosphere
147, 9-19.

Fromme, H, Kiichler, T, Otto, T, Pilz, K, Miiller, J, Wenzel, A, 2002. Occurrence of
phthalates and bisphenol A and F in the environment. Water Res. 36, 1429-1438.
Gaulton, A, Hersey, A, Nowotka, M, Bento, A P, Chambers, J, Mendez, D, Mutowo,
P, Atkinson, F, Bellis, L J, Cibridn-Uhalte, E, Davies, M, Dedman, N, Karlsson, A,
Magarinos, M P, Overington, J P, Papadatos, G, Smit, I, Leach, A R, 2017. The
ChEMBL database in 2017. Nucleic Acids Res. 45 (D1), D945-D954. doi:10.1093/nar/

gkw1074.

Gilbert, L I, 2004. Halloween genes encode P450 enzymes that mediate steroid hormone
biosynthesis in Drosophila melanogaster. Mol. Cell. Endocrinol. 215, 1-10.
doi:10.1016/j.mce.2003.11.003.

Golovin, A, Dimitropoulos, D, Oldfield, T, Rachedi, A, Henrick, K, 2005. MSDsite: a
database search and retrieval system for the analysis and viewing of bound ligands
and active sites. Proteins 58, 190-199. doi:10.1002/prot.20288.

Guittard, E, Blais, C, Maria, A, Parvy, J P, Pasricha, S, Lumb, C, Lafont, R, Daborn, P J,
Dauphin Villemant, C, 2011. CYP18A1, a key enzyme of Drosophila steroid hormone
inactivation, is essential for metamorphosis. Dev. Biol. 349, 35-45. doi:10.1016/
j-ydbio.2010.09.023.

Herrero, O, Aquilino, A, Sanchez-Argiiello, P, Planellé, R, 2018. The BPA-substitute
bisphenol S alters the transcription of genes related to endocrine, stress response
and biotransformation pathways in the aquatic midge Chironomus riparius (Diptera,
Chironomidae). PloS One 13 (2), e0193387.

Ji, K, Choi, K, 2013. Endocrine disruption potentials of bisphenol A alternatives — are
bisphenol A alternatives safe from endocrine disruption? J. Environ. Health Sci. 39,
1-18.

Kang, J H, Kondo, F, 2006. Bisphenol A in the surface water and freshwater snail collected
from rivers around a secure landfill. Bull. Environ. Contam. Toxicol. 76 (1), 113.
Kang, J H, Asai, D, Katayama, Y, 2007. Bisphenol A in the aquatic environment and its

endocrine-disruptive effects on aquatic organisms. Crit. Rev. Toxicol. 37 (7), 607-625.


https://doi.org/10.1016/j.envpol.2020.114806
https://doi.org/10.1016/j.envpol.2020.114806

8 M. Morales et al. / Environmental Pollution xxx (xxxx) 114806

Khan, C, Muliyil, S, Ayyub, C, Rao, B J, 2017. The initiator caspase Dronc plays a
non-apoptotic role in promoting DNA damage signalling in D. melanogaster. J. Cell Sci.
130, 2984-2995.

Kim, R O, Kim, H, Lee, Y M, 2019. Evaluation of 4-nonylphenol and bisphenol A toxicity
using multiple molecular biomarkers in the water flea Daphnia magna. Ecotoxicology
28 (2), 167-174. doi:10.1007/s10646-018-2009-2.

Kim, S, Chen, J, Cheng, T, Gindulyte, A, He, J, He, S, Li, Q, Shoemaker, B A, Thiessen, P
A, Yu, B, Zaslavsky, L, Zhang, J, Bolton, E E, 2019. PubChem 2019 update: improved
access to chemical data. Nucleic Acids Res. 47 (D1), D1102-D1109. doi:10.1093/nar/
gky1033.

Kumar, S, Doumanis, J, 2000. The fly caspases. Cell Death Differ. 7, 1039-1044.

Kumar, S, Stecher, G, Tamura, K, 2016. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.

Lavrynenko, O, Rodenfels, J, Carvalho, M, Dye, N A, Lafont, R, Eaton, S, Shevchenko,
A, 2015. The ecdysteroidome of Drosophila: influence of diet and development.
Development 142, 3758-3768.

Lencioni, V, Grazioli, V, Rossaro, B, Bernabo, P, 2016. Transcriptional profiling induced by
pesticides employed in organic agriculture in a wild population of Chironomus riparius
under laboratory conditions. Sci. Total Environ. 557-558, 183-191.

Levy, G, Lutz, I, Kriiger, A, Kloas, W, 2004. Bisphenol A induces feminization in Xenopus
laevis tadpoles. Environ. Res. 94, 102-111.

Lezzi, M, Bergman, T, Mouillet, J F, Henrich, V C, 1999. The ecdysone receptor puzzle.
Arch. Insect Biochem. Physiol. 41, 99-106.

Liao, C, Liu, F, Guo, Y, Moon, H B, Nakata, H, Wu, Q, Kannan, K, 2012. Occurrence of
eight bisphenol analogues in indoor dust from the United States and several Asian
countries: implications for human exposure. Environ. Sci. Technol. 46, 9138-9145.

Lu, J F, Pokharel, D, Bebawy, M, 2015. MRP1 and its role in anticancer drug resistance.
Drug Metab. Rev. 47, 406-419. doi:10.3109/03602532.2015.1105253.

Ma, R, Sassoon, D A, 2006. PCBs exert an estrogenic effect through repression of the Wnt7a
signaling pathway in the female reproductive tract. Environ. Health Perspect. 114 (6),
898-904.

Martin-Folgar, R, Martinez-Guitarte, J L, 2017. Cadmium alters the expression of small
heat shock protein genes in the aquatic midge Chironomus riparius. Chemosphere 169,
485-492.

Martin-Folgar, R, Martinez-Guitarte, J L, 2017. Cadmium alters the expression of small
heat shock protein genes in the aquatic midge Chironomus riparius. Chemosphere 169,
485-492.

Martinez-Guitarte, J L, 2018. Transcriptional activity of detoxification genes is altered by
ultraviolet filters in Chironomus riparius. Ecotoxicol. Environ. Saf. 149, 64-71.

Martinez-Guitarte, J L, Planellé, R, Morcillo, G, 2007. Characterization and expression
during development and under environmental stress of the genes encoding ribosomal
proteins L11 and L13 in Chironomus riparius. Comp. Biochem. Physiol. B Biochem.
Mol. Biol. 147, 590-596. doi:10.1016/j.cbpb.2007.03.015.

Martinez-Guitarte, J L, Planell6, R, Morcillo, G, 2012. Overexpression of long non-coding
RNAs following exposure to xenobiotics in the aquatic midge Chironomus riparius.
Aquat. Toxicol. 110-111, 84-90. doi:10.1016/j.aquatox.2011.12.013.

Martinez-Paz, P, Morales, M, Martinez-Guitarte, J L, Morcillo, G, 2012. Characterization
of a cytochrome P450 gene (CYP4G) and modulation under different exposures to
xenobiotics (tributyltin, nonylphenol, bisphenol A) in Chironomus riparius aquatic
larvae. Comp. Biochem. Physiol. Toxicol. Pharmacol. 155, 333-343.

Martinez-Paz, P, Morales, M, Martinez-Guitarte, J L, Morcillo, G, 2013. Genotoxic effects
of environmental endocrine disruptors on the aquatic insect Chironomus riparius
evaluated using the comet assay. Mutat. Res. 758, 41-47.

Martinez-Paz, P, Morales, M, Martin-Folgar, R, Martinez-Guitarte, J L, Morcillo, G, 2014.
Characterization of the small heat shock protein Hsp27 gene in Chironomus riparius
(Diptera) and its expression profile in response to temperature changes and xenobiotic
exposures. Cell Stress Chaperones 19 (4), 529-540. doi:10.1007/s12192-013-0479-y.

Michailova, P, Petrova, N, Ramella, L, Sella, G, Todorova, J, Zelano, V, 1996. Cytogenetic
characteristics of a population of Chironomus riparius Meigen. (1804) (Diptera,
Chironomidae) from a polluted Po river station. Genetica 98 (2), 161-178.

Michatowicz, J, 2014. Bisphenol A, sources, toxicity and biotransformation. Environ.
Toxicol. Pharmacol. 37 (2), 738-758. doi:10.1016/j.etap.2014.02.003.

Mihaich, E M, Friederich, U, Caspers, N, Hall, A T, Klecka, G M, Dimond, S S, Staples, C
A, Ortego, L S, Hentges, S G, 2009. Acute and chronic toxicity testing of bisphenol A
with aquatic invertebrates and plants. Ecotoxicol. Environ. Saf. 72, 1392-1399.

Morales, M, Planellé, R, Martinez-Paz, P, Herrero, O, Cortés, E, Martinez-Guitarte, J L,
Morcillo, G, 2011. Characterization of Hsp70 gene in Chironomus riparius: expression
in response to endocrine disrupting pollutants as a marker of ecotoxicological stress.
Comput. Biochem. Physiol. Toxicol. Pharmacol 153, 150-158. doi:10.1016/
j.cbpc.2010.10.003.

Morales, M, Martinez-Paz, P, Ozaez, I, Martinez-Guitarte, J L, Morcillo, G, 2012. DNA
damage and transcriptional changes induced by tributyltin (TBT) after short in vivo
exposures of Chironomus riparius (Diptera) larvae. Comp. Biochem. Physiol. Toxicol.
Pharmacol. 158, 57-63. doi:10.1016/j.cbpc.2013.05.005.

Nair, P M G, Park, S Y, Choi, J, 2011. Expression of catalase and glutathione S-transferase
genes in Chironomus riparius on exposure to cadmium and nonylphenol. Comp.
Biochem. Physiol. Toxicol. Pharmacol. 154, 399-408.

Nation James, L, 2008. Insect Physiology and Biochemistry. CRC Press, Boca Raton,
Florida, USA.

Office of Environmental Health Hazard Assessment Biomonitoring California: p,p’-Bisphe-
nols and Diglycidyl Ethers of p,p’-Bisphenolshttp://www.oehha.ca.gov/multimedia/
biomon/pdf/041113Bisphenols_priority.pdf2012

Park, K, Kwak, I S, 2012. Gene expression of ribosomal protein mRNA in Chironomus
riparius: effects of endocrine disruptor chemicals and antibiotics. Comp. Biochem.
Physiol. Toxicol. Pharmacol. 156, 113-120.

Pawlak, M, Lefebvre, P, Staels, B, 2012. General molecular biology and architecture of
nuclear receptors. Curr. Top. Med. Chem. 12 (6), 486-504.

Planelld, R, Martinez-Guitarte, J L, Morcillo, G, 2008. The endocrine disruptor Bisphenol
a increases the expression of HSP70 and ecdysone receptor genes in the aquatic
larvae of Chironomus riparius. Chemosphere 71 (10), 1870-1876. doi:10.1016/
j.chemosphere.2008.01.033.

Riddiford, L M, Cherbas, P, Truman, J W, 2000. Ecdysone receptors and their biological
actions. Vitam. Horm. 60, 1-73.

Schuetz, E G, 2001. Induction of cytochromes P450. Curr. Drug Metabol. 2, 139-147.

Stierand, K, Rarey, M, 2010. Drawing the PDB: protein-ligand complexes in two
dimensions. ACS Med. Chem. Lett. 1, 540-545. doi:10.1021/ml100164p.

OECD, 2004. Test No. 219: Sediment-Water Chironomid Toxicity Using Spiked Water.
Organisation for Economic Co-operation and Development, Paris, France.

OECD, 2010. Test No. 233: Sediment-Water Chironomid Life-Cycle Toxicity Test Using
Spiked Water or Spiked Sediment. Organisation for Economic Co-operation and
Development, Paris, France.

OECD, 2011. Test No. 235: Chironomus sp., Acute Immobilisation Test. Organisation for
Economic Co-operation and Development, Paris, France.

Thomas, K, Schlabach, M, Langford, K, Fjeld, E, @xnevad, S, Rundberget, T, Bak, K,
Rostkowski, P, Harju, M, 2014. Screening Programme 2013. New Bisphenols, Organic
Peroxides, Fluorinated Siloxanes, Organic UV Filters and Selected PBT Substances.
Norwegian Institute for Water Research, Norwegian Institute for Air Research: Kjeller,
Norway.

Tisler, T, Krel, A, GerZelj, U, Erjavec, B, Dolenc, M S, Pintar, A, 2016. Hazard identification
and risk characterization of bisphenols A, F and AF to aquatic organisms. Environ.
Pollut. 212, 472-479. doi:10.1016/j.envpol.2016.02.045.

Ullah, A, Pirzada, M, Jahan, S, Ullah, H, Turi, N, Ullah, W, Siddiqui, M F, Zakria, M,
Lodhi, K Z, Khan, M M, 2018. Impact of low-dose chronic exposure to bisphenol
A and its analogue bisphenol B, bisphenol F and bisphenol S on
hypothalamo-pituitary-testicular activities in adult rats: a focus on the possible
hormonal mode of action. Food Chem. Toxicol. 121, 24-36 Epub 2018 Aug 16.
doi:10.1016/j.fct.2018.08.024.

Vandenberg, L N, Chahoud, I, Heindel, J J, Padmanabhan, V, Paumgartten, F J,
Schoenfelder, G, 2010. Urinary, circulating, and tissue biomonitoring studies indicate
widespread exposure to bisphenol A. Environ. Health Perspect. 118, 1055-1070.

Vandenberg, L N, Colborn, T, Hayes, T B, Heindel, J J, Jacobs, D R, Jr., Lee, D H,
Shioda, T, Soto, A M, vom Saal, F S, Welshons, W V, Zoeller, R T, Myers, J P, 2012.
Hormones and endocrine disrupting chemicals: low-dose effects and non-monotonic
dose responses. Endocr. Rev. 33, 378-455.

Vincent, Le Fol, Selim, Ait-Aissa, Manoj, Sonavane, Jean-Marc, Porcher, Patrick, Balaguer,
Pierre, Jean, Cravedi, Daniel, Zalko, Francois, Brion, 2017. In vitro and in vivo
estrogenic activity of BPA, BPF and BPS in zebrafish-specific assays. Ecotoxicol.
Environ. Saf. 42, 150-156. doi:10.1016/j.ecoenv.2017.04.009.

Wang, Q, Chen, M, Shan, G, Chen, P, Cui, S, Yi, S, Zhu, L, 2017. Bioaccumulation
and biomagnification of emerging bisphenol analogues in aquatic organisms from
Taihu Lake, China. Sci. Total Environ. 15 (598), 814-820. doi:10.1016/
j.scitotenv.2017.04.167.

Warren, J T, Petryk, A, Marques, G, Jarcho, M, Parvy, J P, Dauphin-Villemant, C,
O’Connor, M B, Gilbert, L I, 2002. Molecular and biochemical characterization of
two P450 enzymes in the ecdysteroidogenic pathway of Drosophila melanogaster. Proc.
Natl. Acad. Sci. U.S.A. 99, 11043-11048.

Yamazaki, E, Yamashita, N, Taniyasu, S, Lam, J, Lam, P K, Moon, H B, Jeong, Y, Kannan,
P, Achyuthan, H, Munuswamy, N, Kannan, K, 2015. Bisphenol A and other bisphenol
analogues including BPS and BPF in surface water samples from Japan, China, Korea
and India. Ecotoxicol. Environ. Saf. 122, 565-572.

Yan, Z, Liu, Y, Yan, K, Wy, S, Han, Z, Guo, R, 2017. Bisphenol analogues in surface water
and sediment from the shallow Chinese freshwater lakes: occurrence, distribution,
source apportionment, and ecological and human health risk. Chemosphere 184,
318-328.

Yang, Y, Lu, L, Zhang, J, Yang, Y, Wu, Y, Shao, B, 2014. Simultaneous determination of
seven bisphenols in environmental water and solid samples by liquid chromatography
— electrospray tandem mass spectrometry. J. Chromatogr., A 1328, 26-34.

Yokota, H, Iwano, H, Endo, M, Kobayashi, T, Inoue, H, Ikushiro, S, Yuasa, A, 1999.
Glucuronidation of the environmental oestrogen bisphenol A by an isoform of
UDP-glucuronosyltransferase, UGT2B1, in the rat liver. Biochem. J. 340 (2), 405-409.

Yoon, K S, Strycharz, J P, Baek, J H, Sun, W, Kim, J H, Kang, J S, Pittendrigh, B R,
Lee, S H, Clark, J M, 2011. Brief exposures of human body lice to sublethal amounts
of Ivermectin over-transcribes detoxification genes involved in tolerance. Insect Mol.
Biol. 20, 687-699. doi:10.1111/j.1365-2583.2011.01097.x.


http://www.oehha.ca.gov/multimedia/biomon/pdf/041113Bisphenols_priority.pdf
http://www.oehha.ca.gov/multimedia/biomon/pdf/041113Bisphenols_priority.pdf

	BPA and its analogues (BPS and BPF) modify the expression of genes involved in the endocrine pathway and apoptosis and a multi drug resistance gene of the aquatic midge Chironomus riparius (Diptera)☆
	Keywords
	Abstract
	Introduction
	Materials and methods
	Animals
	Treatments
	RNA isolation
	Complementary DNA (cDNA) synthesis and qRT-PCR
	Statistical analysis
	Bioinformatics analyses

	Results
	Effects of BPA, BPS and BPF on endocrine-related genes
	DRONC and MRP1 gene expression in response to BPA and analogues
	Bioinformatics analyses: comparative study of binding sites in nuclear receptors (NRs) and physicochemical properties of the different ligands

	Discussion
	Conclusions
	Declaration of competing interest
	Acknowledgments
	Supplementary data
	Uncited references
	References


