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A B S T R A C T

The retinoid system controls essential cellular processes including mitosis, differentiation and metabolism
among others. Although the retinoid-signalling pathway is a potential target for the action of several endocrine
disrupting chemicals (EDCs), the information about the developmental effects of bisphenol-A (BPA) on the
hepatic retinoid system is scarce. Herein, male mice were in utero exposed to BPA following maternal sub-
cutaneous doses of 0, 10 and 100 μg/kg bw/day from gestational day 9–16 and they were sacrificed at post-natal
day 30. Retinoid concentrations and gene expression of key elements involved in the retinoid system were
determined in liver. BPA increased all-trans-retinoic acid concentration and expression of Adh1, Aox1 and
Cyp1a2 (biosynthesis of retinoic acid), while reduced Mrp3 (efflux from hepatocyte to blood), increased Bcrp
expression (biliary excretion) and changed the retinoid-dependent signalling system after reducing expression of
Rxrβ and increasing that of Fgf21. Furthermore, we found bivariate associations of Rarγ and Rxrγ expressions
with all-trans-retinoic acid concentrations and of Fgf21 expression with that of Rarγ. Those findings occurred in
animals which showed altered pancreatic function and impaired glucose metabolism during adulthood. The
present information should be useful for enhancing testing methods for the identification of EDCs.

1. Introduction

Humans are exposed to a wide number of chemicals including EDCs
which have been proposed to play a contributing role in the aetiology of
diseases, such as metabolic disorders, cancer and alterations in fertility
and development (ECHA, 2017; Gore et al., 2015). One of the EDCs
which has attracted major attention is BPA, due to its potential human
health hazard (ECHA, 2017; Gore et al., 2015; NTP, 2018).

BPA is used in the production of polycarbonate plastic and epoxy
resins and consequently it is present in many consumer products in-
cluding food containers, water bottles, children toys, medical devices,
dental sealants as well as the thermal paper of cash register receipts
(Geens et al., 2012; Huang et al., 2018; Vandenberg et al., 2010, 2007).

Humans are continuously exposed to BPA from different sources,
diet and dermal contact being the main routes of exposure (Bernier and
Vandenberg, 2017; Huang et al., 2018). Thus, BPA has been measured
in different human biological samples, including blood, urine, human
milk (Mercogliano and Santonicola, 2018) and placenta (Vandenberg

et al., 2010, 2007). Although BPA bans on products for children were
associated with decreasing intake trends, those for adults were in-
creasing and varied greatly among continents (Huang et al., 2018).

According to the European Chemical Agency (ECHA), BPA exposure
has been related to alterations in reproduction, mammary gland de-
velopment, cognitive function and metabolism, whereas other effects
will deserve closer attention in the future (ECHA, 2017). A report of the
perinatal and chronic extended-dose-range study of BPA by the Na-
tional Toxicology Program is available (NTP, 2018) and final CLARITY-
BPA conclusions are expected in 2019.

Although the risk was considered negligible as a result of BPA ex-
posure in humans compared with the EFSA's temporal-Tolerable Daily
Intake of 4 μg/kg bw/day (Sarigiannis et al., 2016), it was also stated
that risk should not be ignored because 15.7–19.8% of pregnant women
exceeded the exposure of 0.08 μg/kg bw/day which produced adverse
effects on the mammary gland in rats (Bemrah et al., 2014).

At the moment, testing methods are being updated and there is
consensus for the need to enhance testing methods aimed at the
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identification of EDCs (Manibusan and Touart, 2017). A proposed ap-
proach is to implement observations on the retinoid-signalling
pathway. In fact, a Detailed Review Paper on the retinoid system under
the frame of the Organisation for Economic Co-operation and Devel-
opment (OECD) is underway to propose new testing methods and re-
levant enhancements (Manibusan and Touart, 2017). Available adverse
outcome pathways for alterations of the retinoid system described lipid
accumulation and obesity (Manibusan and Touart, 2017) as well as
defects on neural tube and axial patterning (Tonk et al., 2015).

The retinoid system plays an essential role in the homeostasis of
physiological processes such as tissue differentiation and development,
cell proliferation and apoptosis; immune response; development and
organogenesis of the foetus among others which was reviewed else-
where (Chelstowska et al., 2016; Kedishvili, 2013; Novak et al., 2008;
Piersma et al., 2017; Rhinn and Dolle, 2012; Theodosiou et al., 2010).
The retinoid system consists of: 1) chemical molecules derived from
vitamin A, known as retinoids; 2) proteins involved in their transport,
biosynthesis and biotransformation and 3) nuclear receptors involved
in their signalling. Retinoids are not synthetized de novo, yet they are
essential nutrients obtained from the diet, either from vegetables as β-
carotene or animal sources as retinol (REOH) and retinyl esters, in-
cluding retinyl palmitate (REPA). In addition, some retinoids have been
tested as candidates for therapies in diseases such as cancer, acne and
metabolic alterations, among others (Vaz and de Lera, 2012). The
biological activity of functional retinoids, such as all-trans-retinoic acid
(ATRA) and 9-cis-4-oxo-13,14-dihydro-retinoic acid (9C4O13,14DHRA)
(Schuchardt et al., 2009), is mediated by binding to retinoic acid

receptors (RARs) which is involved in the regulation of gene expression
(Evans and Mangelsdorf, 2014; Rhinn and Dolle, 2012). RARs form
heterodimers with retinoid X receptors (RXRs), which in turn are able
to dimerise with many other nuclear receptors, including PPAR (Evans
and Mangelsdorf, 2014).

Therefore, the alteration of key elements of the retinoid system is
associated with severe adverse developmental effects, such as lethality
and a wide array of abnormalities in different organ systems (Rhinn and
Dolle, 2012).

The outcomes of the interaction between BPA exposure and the
retinoid system revealed changes at the level of retinoid receptors (Li
et al., 2008; Nishizawa et al., 2005, 2003), as well as toxic effects in the
liver (Shmarakov, 2015; Shmarakov et al., 2017, 2016).

There is a data gap on lasting effects on the retinoid system as a
result of BPA exposure in utero. Therefore, in the present work we have
quantified retinoid concentrations as well as gene expression of target
genes of enzymes, transport proteins, receptors and signalling hor-
mones related with the retinoid system in liver several weeks after
mice, exposed to BPA in utero, were born.

2. Materials and methods

2.1. Chemicals

BPA (97% purity), also known as 4,4′-isopropylidenediphenol, was
purchased from MP Biochemicals (Illkirch, France). The following re-
tinoid standards were acquired from Sigma-Aldrich (Madrid, Spain):

Abbreviations

9C4O13,14DHRA 9-cis-4-oxo-13,14-dihydro-retinoic acid
ABC ATP-binding cassette
Abcb1 ATP-binding cassette B1
Abcc2 ATP-binding cassette C2
Abcc3 ATP-binding cassette C3
Abcc4 ATP-binding cassette C4
Abcg2 ATP-binding cassette G2
Adh1 alcohol dehydrogenase 1
AIC Akaike information criterion
ALDH aldehyde dehydrogenase
Aldh1a1 aldehyde dehydrogenase 1A1
Aldh1a2 aldehyde dehydrogenase 1A2
ANOVA analysis of variance
Aox1 aldehyde oxidase 1
ATRA all-trans-retinoic acid
Bcrp breast cancer resistance protein
BPA bisphenol-A
BW body weight
cDNA complementary DNA
Ces1c carboxylesterase 1C
Crabp2 cellular retinoic acid binding protein II
Crbp1 cellular REOH binding protein 1
Cyp1a2 cytochrome P450 1A2
Cyp1b1 cytochrome P450 1B1
CYP26 cytochrome P450 26
Cyp26a1 cytochrome P450 26A1
ECHA European Chemical Agency
EDC endocrine disrupting chemicals
EFSA European Food Safety Authority
Fgf21 fibroblast growth factor 21
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GD gestational day
HPLC high performance liquid chromatography
IU international Unit

Lrat lecithin:REOH acyltransferase
LXR liver X receptor
Mdr1b1 multidrug resistance protein 1b1
mRNA messenger RNA
Mrp2 multidrug resistance-associated protein 2
Mrp3 multidrug resistance-associated protein 3
Mrp4 multidrug resistance-associated protein 4
NTP National Toxicology Program
Oatp2b1 organic anion transporter 2B1
OECD Organisation for Economic Co-operation and Development
OF-1 Oncins France 1
PCR polymerase chain reaction
PND postnatal day
PPAR peroxisome proliferator-activated receptor
PPARγ peroxisome proliferator-activated receptor γ
RA retinoic acid
RAR retinoic acid receptor
Rarα retinoic acid receptor α
Rarβ retinoic acid receptor β
Rarγ retinoic acid receptor γ
Rbp4 retinol binding protein 4
REOH retinol
REPA retinyl palmitate
RXR retinoid X receptor
Rxrα retinoid X receptor α
Rxrβ retinoid X receptor β
Rxrγ retinoid X receptor γ
SD standard deviation
SLCO solute carrier organic anion transporter
Stra6 stimulated by retinoic acid gene 6
TTR transthyretin
Ugt1a1 UDP glucuronosyltransferase 1A1
Ugt1a6 UDP glucuronosyltransferase 1A6
Ugt1a9 UDP glucuronosyltransferase 1A9
Ugt2b35 UDP glucuronosyltransferase 2B35
USEPA United States Environmental Protection Agency
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all-trans-retinoic acid (ATRA) (purity > 98%), retinol (REOH)
(purity > 95%), retinyl palmitate (REPA) (purity> 90%), acitretin
(purity > 98%) and retinyl acetate (purity > 90%). The retinoic acid
metabolite 9-cis-4-oxo-13,14-dihydro-retinoic acid (9C4O13,14DHRA)
was not commercially available. All the other reagents and chemicals
used were of HPLC or analytical grade.

2.2. Animals and treatment

Pregnant OF-1 mice were purchased from Charles River (Barcelona,
Spain) and individually housed under standard conditions. Mice were
maintained on 2014 Teklad Global 14% protein rodent maintenance
diet (Harlan Laboratories, Barcelona, Spain), which does not contain
alfalfa or soybean meal. The composition of the diet was as follows:
vitamin A, 21000 IU/kg; crude protein, 14.3%; fat, 4%; carbohydrate,
48%; crude fiber, 4.1%; neutral detergent fiber, 18%; ash, 4.7%; energy
density, 2.9 kcal/g (12.1 kJ/g); calories from protein, 20%; calories
from fat, 13%; and calories from carbohydrate, 67%.

BPA was dissolved in tocopherol-stripped corn oil and sub-
cutaneously administered from gestation day (GD) 9–16 in a volume of
100 μL. The daily dose applied was either 10 or 100 μg/kg. The lower
dose was between the tolerable daily intake of 4 μg/kg/day established
by the European Food Safety Authority (Bolognesi et al., 2015) and the
reference dose of 50 μg/kg/day established by the Environmental Pro-
tection Agency (USEPA, 1988). In animal models, adverse effects were
observed below the reference dose of 50 μg/kg/day (Vandenberg et al.,
2012). Hence, the selected doses used in the present study were con-
sidered to be within the relevant range in terms of human health.
Control animals received a daily dose of 100 μL of tocopherol-stripped
corn oil vehicle, at the same time points.

After weighing at postnatal day (PND) 0, pups from the same
treatment were pooled together and then placed in equal number with
foster mothers of the same treatment group. The litter size was main-
tained at a constant number. Animals were sexed and weaned on
PND21. They were housed (eight male mice/group) from weaning
through the day the animals were euthanized. After weaning, they were
maintained, ad libitum, on the diet described above. Animals were eu-
thanized in a CO2 chamber and decapitated on PND30, livers were
dissected out, flash frozen in liquid nitrogen and stored at −80 °C until
analysis. Only male offspring was used in this study.

The Ethical Committee of Miguel Hernandez University specifically
reviewed and approved this study (approval identification IB-AN-001-
11, UMH-IB-AN-01–14). Animals were treated humanely and with re-
gard for alleviation of suffering.

2.3. Retinoid analysis in liver

ATRA, its non-commercially available metabolite 9C4O13,14DHRA
(see Schmidt et al., 2003 for quantification details), REOH and REPA in
livers were analyzed by HPLC (Agilent 1100 series, Agilent, CA, USA) as

previously described (Mahiout et al., 2017; Schmidt et al., 2003). Aci-
tetrin was used as an internal standard for the determination of ATRA
and 9C4O13,14DHRA whereas retinyl acetate for that of REOH and
REPA. Briefly, 300mg of livers were homogenized in 300mL of water.
Separation of ATRA and 9C4O13,14DHRA (acidic fraction) from REOH
and REPA (neutral fraction) was achieved by solid-phase extraction
using an aminopropyl phase (Agilent SampliQ amino, Agilent, CA,
USA). REOH and REPA were eluted in a first tube by using chloroform-
isopropanol 2:1 (v/v). Then, ATRA and 9C4O13,14DHRA were eluted
in a second tube with chloroform-isopropanol 2:1 (v/v) containing 3%
glacial acetic acid. Both neutral and acidic fractions were evaporated
and reconstituted in the corresponding tube and finally transferred to
different HPLC micro-vials. Separation was achieved on a Poroshell
120 EC-C18 column (Agilent, CA, USA) and detection at 325 nm for
REOH and REPA and at 340 nm for ATRA and 9C4O13,14DHRA.

2.4. Quantitative real-time PCR

PCR assays were performed using the CFX96 real-time system (Bio-
Rad Laboratories). RNA extraction was performed with the RNeasy
Micro Kit (Qiagen, USA) and RNA purity estimated from the 260/
280 nm absorbance ratios with a mean (SD) value of 2.01 (0.05). A total
RNA amount of 0.5 μg was used for the retrotranscription reaction
(HighCapacity cDNA Reverse transcription, Applied Biosystems).
Reactions were carried out in a final volume of 10 μL, containing
100 μM of each primer, 1 μL of cDNA, and 5 μL IQ SYBR Green supermix
(Bio-Rad Laboratories). Samples were subjected to the following am-
plification conditions: 3 min at 95 °C, 40 cycles (5 s at 95 °C, 5 s at 60 °C,
and 10 s at 72 °C), and a melting curve of 65–95 °C. The housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as
the endogenous control for quantification. The resulting values were
analyzed with CFX Manager version 1.6 (Bio-Rad Laboratories) and
shown as the relative expression with respect to control levels (2−ΔΔCT).
mRNA expression of the genes was measured within the following ca-
tegories: 1) Storage and mobilization of retinoids: carboxylesterase 1C
(Ces1c), cellular REOH binding protein 1 (Crbp1), lecithin:REOH acyl-
transferase (Lrat); 2) RA biosynthesis: alcohol dehydrogenase 1 (Adh1),
aldehyde dehydrogenases 1A1 and 1A2 (Aldh1a1 and Aldh1a2), alde-
hyde oxidase 1 (Aox1), cytochromes P450 1A2 and 1B1 (Cyp1a2 and
Cyp1b1); 3) RA biotranformation: cellular retinoic acid binding protein
II (Crabp2), cytochrome P450 26A1 (Cyp26a1), UDP glucuronosyl-
transferases 1A1, 1A6, 1A9 and 2B (Ugt1a1, Ugt1a6, Ugt1a9 and
Ugt2b35); 4) REOH carrier in the blood: REOH binding protein 4
(Rbp4). 5) Influx transport from blood to hepatocyte: stimulated by
retinoic acid gene 6, (Stra6), solute carrier organic anion transporter
(SLCO) 2B1 (Oatp2b1); 6) Efflux transport from hepatocyte to blood:
multidrug resistance-associated proteins 3 and 4 (Mrp3 and Mrp4), also
known as ATP-binding cassette (ABC) transporters (Abcc3 and Abcc4);
7) Biliary excretion: breast cancer resistance protein (Bcrp, also known
as Abcg2); multidrug resistance protein (Mdr1b1, also known as Abcb1),

Table 1
Concentrations of retinoids in livers of male OF-1 mice offspring at PND 30 after exposure to bisphenol-A (BPA) in utero.

Retinoid p-valueb Controla BPA10a BPA100a

N Mean ± SD N Mean ± SD N Mean ± SD

All-trans-retinoic acid (pmol/g) 0.013 8 9.40 ± 2,09 8 12.1* ± 2,4 8 8,7 ± 1,9
9-cis-4-oxo-13,14-dihydro-retinoic acid (pmol/g) 0.549 8 290 ± 180 8 366 ± 177 8 370 ± 123
Retinol (nmol/g) 0.835 8 604 ± 155 8 668 ± 185 8 668 ± 350
Retinyl palmitate (μmol/g) 0.285 8 12.1 ± 3.4 8 9.7 ± 3.0 8 9.9 ± 3.3

Data are expressed as mean ± SD from 8 independent samples per dose group (N).
a Pregnant mice were exposed subcutaneously to either control vehicle (100 μL of tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at doses of either

10 or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male OF-1 mice offspring was sacrificed at PND30. Pairwise comparisons between means were performed by
using analysis of variance and linear contrast tests.

b Statistical significance was considered for p-values< 0.05. * p-values< 0.05 vs control.
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Mrp2, also known as Abcc2; 8) Signalling: fibroblast growth factor 21
(Fgf21), retinoic acid receptors α, β and γ (Rarα, Rarβ, Rarγ), retinoid X
receptors α, β and γ (Rxrα, Rxrβ, Rxrγ). The primers used in these assays
are described in Supplementary Table 1.

2.5. Statistical analysis

A descriptive analysis, which included calculations of mean and
standard deviation, was made for retinoid concentrations and gene
expressions since they showed a normal distribution as determined by
the Levene's test and Q-Q plots. Pairwise multiple comparisons between
means were performed by using analysis of variance (ANOVA) and
linear contrast tests. Statistical significance was considered for p-va-
lues< 0.05 and tendency for p-values< 0.1. The associations between
continuous variables, ie. hepatic concentrations of ATRA and expres-
sion of target genes involved in retinoic acid (RA) signalling were
evaluated by using the package PROAST (version 65.5) for the analysis
of dose-response data according to EFSA guidance (EFSA et al., 2017).
The exponential model was considered to be better than the null model
on the basis of the difference of their Akaike information criterion
(AICs), ie. AIC null model – AIC exponential model> 2 (EFSA et al.,
2017). Statistical tests were run in R version 3.5.0 (R Development Core
Team, R Foundation for Statistical Computing, Vienna, Austria).

3. Results

3.1. Hepatic retinoid concentrations following BPA exposure

Male offspring at PND30 following maternal BPA exposure from
gestational day 9–16 at a dose of 10 μg/kg bw/day showed increased
hepatic concentrations of ATRA compared with those of controls
(Table 1). Hepatic concentrations of 9C4O13,14DHRA, REOH and
REPA did not differ between groups (Table 1).

Table 2
Hepatic expression of genes involved in storage, mobilization, biosynthesis and biotransformation of all-trans-retinoic acid (ATRA) in livers of male OF-1 mice
offspring at PND 30 after exposure to bisphenol-A (BPA) in utero.

Gene p-valueb Controla BPA10a BPA100a

N Mean ± SD N Mean ± SD N Mean ± SD

Storage and mobilization
Lrat 0.157 6 1.00 ± 0.62 7 1.83 ± 1.10 7 1.95 ± 0.88
Ces1c 0.996 6 1.00 ± 0.70 7 0.98 ± 0.37 7 0.98 ± 0.34
Crbp1 0.414 6 1.00 ± 0.51 7 1.33 ± 0.79 7 1.45 ± 0.46

ATRA Biosynthesis
Adh1 0.041 6 1.00 ± 0.35 6 1.44* ± 0.19 7 1.22 ± 0.26
Aox1 0.010 6 1.00 ± 0.57 7 1.95* ± 0.70 7 2.38** ± 0.86
Aldh1a1 0.369 6 1.00 ± 0.54 7 1.03 ± 0.30 7 1.32 ± 0.48
Aldh1a2 0.274 6 1.00 ± 0.66 7 1.49 ± 0.54 7 1.47 ± 0.57
Cyp1a2 0.029 5 1.00 ± 0.58 7 2.57* ± 1.34 6 2.47* ± 0.59
Cyp1b1 0.117 5 1.00 ± 0.62 6 1.70 ± 0.95 7 0.97 ± 0.20
Crabp2 0.763 5 1.00 ± 0.52 6 1.30 ± 0.74 7 1.22 ± 0.73

ATRA Biotransformation
Cyp26a1 0.789 5 1.00 ± 0.77 7 0.81 ± 0.46 6 0.81 ± 0.27
Ugt1a1 0.120 6 1.00 ± 0.17 7 1.11 ± 0.61 7 0.64 ± 0.30
Ugt1a6 0.349 6 1.00 ± 0.36 7 1.00 ± 0.39 6 0.76 ± 0.16
Ugt1a9 0.714 5 1.00 ± 0.33 7 1.18 ± 0.47 7 1.22 ± 0.54
Ugt2b35 0.428 5 1.00 ± 1.08 7 1.50 ± 0.50 8 1.41 ± 0.45

Data are expressed as mean ± SD from 5 to 8 independent samples per dose group (N).
a Pregnant mice were exposed subcutaneously to either control vehicle (100 μL of tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at doses of either

10 or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male OF-1 mice offspring was sacrificed at PND30. Pairwise comparisons between means were performed by
using analysis of variance and linear contrast tests.

b Statistical significance was considered for p-values< 0.05. * p-values< 0.05 or ** p-values< 0.01 vs control. Lrat, Lecithin-retinol acyltransferase (phos-
phatidylcholine-retinol-O-acyltransferase); Ces1c, Carboxylesterase 1C; Crbp1, Cellular retinol binding protein 1; Adh1, Alcohol dehydrogenase 1; Aox1, Aldehyde
oxidase 1; Aldh1a1, Aldehyde dehydrogenase 1A1; Aldh1a2, Aldehyde dehydrogenase 1A2; Cyp1a2, Cytochrome P450 1A2; Cyp1b1, Cytochrome P450 1B1; Crabp2,
Cellular retinoic acid binding protein II; Cyp26a1, Cytochrome P450 26A1; Ugt1a1, UDP-glucuronosyltransferase 1A1; Ugt1a6, UDP-glucuronosyltransferase 1A6;
Ugt1a9, UDP-glucuronosyltransferase 1A9; Ugt2b35, UDP-glucuronosyltransferase 2B35.

Table 3
Hepatic gene expression of transporters in livers of male OF-1 mice offspring at
PND 30 after exposure to bisphenol-A (BPA) in utero.

Gene p-valueb Controla BPA10a BPA100a

N Mean ± SD N Mean ± SD N Mean ± SD

Retinol carrier in the blood
Rbp4 0.063 6 1.00 ± 0.25 7 0.72 ± 0.37 8 0.59* ± 0.26

Influx transport from blood to hepatocyte
Stra6 0.660 5 1.00 ± 0.40 6 1.20 ± 0.74 8 0.93 ± 0.45
Oatp2b1 0.081 6 1.00 ± 0.74 6 1.15 ± 0.32 8 1.65* ± 0.46

Efflux transport from hepatocyte to blood
Mrp3 0.015 6 1.00 ± 0.46 7 0.95 ± 0.54 8 0.38* ± 0.11
Mrp4 0.557 6 1.00 ± 0.53 7 0.78 ± 0.51 8 1.45 ± 1.83

Biliary excretion from hepatocyte to bile duct
Mrp2 0.889 5 1.00 ± 0.84 7 1.11 ± 0.54 8 0.98 ± 0.24
Bcrp 0.005 5 1.00 ± 1.03 7 1.71 ± 0.67 8 2.56** ± 0.54
Mdr1b1 0.311 6 1.00 ± 0.07 6 0.54 ± 0.26 6 2.16 ± 3.06

Data are expressed as mean ± SD from 5 to 8 independent samples per dose
group (N).

a Pregnant mice were exposed subcutaneously to either control vehicle
(100 μL of tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at
doses of either 10 or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male
OF-1 mice offspring was sacrificed at PND30. Pairwise comparisons between
means were performed by using analysis of variance and linear contrast tests.

b Statistical significance was considered for p-values< 0.05 and tendency
for p-values< 0.1. * p-values< 0.05 or ** p-values< 0.01 vs control. Rbp4,
Retinol binding protein 4; Stra6, Stimulated by retinoic acid gene 6; Oatp2b1,
Solute carrier organic anion transporter (SLCO) 2B1; Mrp3, multidrug re-
sistance-associated protein 3, also known as ATP-binding cassette (ABC)
transporter ABC C3; Mrp4, also known as ABC C4; Mrp2, also known as ABC C2;
Bcrp, breast cancer resistance protein, also known as ABC G2; Mdr1b1, multi-
drug resistance protein 1B1/P-glycoprotein, also known as ABC B1.
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3.2. Hepatic gene expression of retinoid system components following BPA
exposure

There was an increment in the level of expression of genes involved
in ATRA biosynthesis in hepatic cells. Adh1 expression showed a sig-
nificant increase in the BPA 10 group compared with those of controls
(Table 2). Aox1 and Cyp1a2 gene expressions were increased in both
BPA10 and BPA100 animals compared with those of controls (Table 2).
Expressions of Aldh1a1, Aldh1a2, Cyp1b1 and Crabp2 did not differ
between groups following exposure to BPA (Table 2).

The hepatic expression of Lrat, Ces1c, and Crbp1 genes, involved in
storage and mobilization of retinoids, did not show significant differ-
ences between groups following prenatal exposure to BPA (Table 2).

Hepatic expressions of Cyp26A1, Ugt1a1, Ugt1a6, Ugt1a9, and
Ugt2b35 genes, involved in ATRA biotransformation in hepatic cells, did
not differ between groups (Table 2).

We, then, evaluated the hepatic gene expression of REOH binding
protein in serum (Rbp4) and transporters involved in the disposition of
retinoid metabolites, ie. hepatocyte influx and efflux transporters, and
those for biliary excretion (Table 3). There were two tendencies with p-
values< 0.1, ie. reduced expression of Rbp4 (p-value= 0.063) and
increased one for Oatp2b1 (p-value= 0.081; Table 3). At the dose of
100 μg/kg bw/day, the hepatic gene expression of Mrp3 was sig-
nificantly reduced, whereas Bcrp was increased compared with those of
controls according (Table 3). Expressions of Stra6, Mrp4, Mrp2 and
Mdr1b1 did not differ between groups following exposure to BPA
(Table 3).

Gene expression of nuclear receptors Rar α, β, and γ, and Rxr α, β,
and γ as well as those of the hormone Fgf21 was measured as indicators
of modulated retinoid-dependent signalling in hepatic cells. Among all
those genes, mRNA expression of Rxr β showed a significant reduction
in BPA100 group, whereas Fgf21 expression was increased in BPA10
compared with those of controls (Table 4).

Hepatic levels of ATRA were associated with those of Rar γ (Fig. 1A)
and Rxr γ (Fig. 1B) as well as those of Rar γ with Fgf21 expression
(Fig. 1C). Neither expression of Rar α or β, nor the expression of Rxr α or
β was associated with ATRA concentrations. No association was ob-
served between Fgf21mRNA expression and Rxr γ.

4. Discussion

In the current work, we found lasting effects at PND30 following
gestational exposure to BPA, including: increased retinoid-dependent
signalling changes involving increased Rar γ, Rxr γ and Fgf21 (BPA10),
but reduced Rxr β expression (BPA100); induced ATRA biosynthesis
based on its hepatic concentrations and expressions of Adh1, Aox1 and
Cyp1a2; and modulation of transporter expressions, including Mrp3 and
Bcrp towards the biliary excretion of glucuronide metabolites. Animals
from the same experimental design in mice showed adverse metabolic
effects as a result of BPA exposure in utero at environmentally relevant
doses (Alonso-Magdalena et al., 2010; Garcia-Arevalo et al., 2016,
2014). With regard to the selected doses and route of exposure, livers
removed at birth from pups of pregnant rats treated with 50 μg/kg bw/
day showed total BPA levels (Xia et al., 2014) within the range found in
human foetal livers (Cao et al., 2012). Additionally, non-oral routes
such as transdermal exposures are considered to be significant sources
of BPA (Bernier and Vandenberg, 2017; Geens et al., 2012). As a matter
of fact, BPA pharmacokinetics studies reported that subcutaneous ad-
ministration of BPA may be a better delivery route than oral adminis-
tration, leading to a ratio of conjugated vs unconjugated BPA within the
range reported in human biomonitoring studies (Taylor et al., 2011;
vom Saal et al., 2014). Thus, subcutaneous exposure as herein em-
ployed may provide a better model for human exposure to BPA than
oral route (Vandenberg et al., 2014).

A strict regulation of RA levels is essential for life maintenance since
both a detriment (Wiseman et al., 2017) and an excess (Hathcock et al.,

1990) of retinoid-dependent signalling are associated with adverse ef-
fects. During development, a balance between synthesis and degrada-
tion is required for a RA homeostasis in the vertebrate gastrula, which
determines vertebrate body axis pattern formation in the embryo
(Piersma et al., 2017). With respect to the liver, repressed RA signalling
triggered a progression of the histopathology, ie. steatosis, steatohe-
patitis and hepatocellular carcinoma along with biochemical changes in
mice (Yanagitani et al., 2004). Similarly, lower levels of RA in serum
and of Rxrα mRNA in liver were associated with hepatic steatosis se-
verity and liver injury in humans (Liu et al., 2015). Complementary to
that, RA signalling was considered as a protective factor as, for in-
stance, its administration to mice increased lipid metabolism and re-
duced lipogenesis (Amengual et al., 2010), repressed obesity and in-
sulin resistance (Berry and Noy, 2009) and reversed the occurrence of
liver tumours (Yanagitani et al., 2004). Similarly, specific RARβ2
agonists improved hyperglycemia and peripheral insulin resistance and
promoted the reduction of lipid levels (Trasino et al., 2016).

In this context, the increase of ATRA at BPA10 but unchanged levels
at BPA100, along with the corresponding bivariate associations with
Rar γ, Rxr γ and Fgf21 (Fig. 2) could be understood as a protective
response to counteract a direct action of BPA on the liver. The en-
dogenous ligand ATRA activates RARs for the regulation of cellular
processes via RXR-RAR heterodimers (Allenby et al., 1993; Bastien and
Rochette-Egly, 2004; Conaway et al., 2013; Mic et al., 2003;
Shmarakov, 2015). Furthermore, ATRA induced the expression of Rars
α, β and γ (Balmer and Blomhoff, 2002), which might be related to the
induction of Rar γ shown in the present paper (Fig. 2), for which RAR-
dependent responses might be anticipated. One of those effects might
be the increased expressions of Fgf21 (Fig. 2), which is a hormone
produced in liver and fat, released into the circulation for energy reg-
ulation via glucose and lipid metabolism and regarded as a protective
factor against steatosis (Li et al., 2014; Xu et al., 2009). Fgf21 expres-
sion was not only induced by RXR-PPAR heterodimers formed with
RXRs and PPARα in liver (Badman et al., 2007; Inagaki et al., 2007;
Lundasen et al., 2007) and with PPARγ in adipose tissue (Dutchak et al.,
2012; Evans and Mangelsdorf, 2014; Muise et al., 2008), but also via RA
signalling by RARs (Li et al., 2013). Complementary to that, ATRA was
able to activate PPARs (Berry and Noy, 2007; Conaway et al., 2013;
Shaw et al., 2003; Wolf, 2010). Regarding the reduced gene expression
of Rxr β, although none of the retinoids assayed herein could a priori
explain such a change at BPA100, it might be relevant for different
findings found later in life. An RXRβ active in its transcriptional

Table 4
Hepatic gene expression of nuclear signalling receptors in livers of male OF-1
mice offspring at PND 30 after exposure to bisphenol-A (BPA) in utero.

Gene p-valueb Controla BPA10a BPA100a

N Mean ± SD N Mean ± SD N Mean ± SD

Rarα 0.219 6 1.00 ± 0.34 7 1.69 ± 1.06 7 1.26 ± 0.76
Rarβ 0.216 6 1.00 ± 0.44 7 0.63 ± 0.21 7 0.73 ± 0.43
Rarγ 0.184 6 1.00 ± 0.34 6 1.31 ± 0.38 6 0.98 ± 0.23
Rxrα 0.296 6 1.00 ± 0.38 7 0.83 ± 0.44 7 0.69 ± 0.18
Rxrβ 0.034 6 1.00 ± 0.38 7 0.75 ± 0.32 7 0.54* ± 0.13
Rxrγ 0.101 6 1.00 ± 0.32 7 0.83 ± 0.34 7 0.65 ± 0.12
Ffg21 0.023 5 1.00 ± 1.43 6 4.62* ± 3.62 8 1.46 ± 0.67

Data are expressed as mean ± SD from 5 to 8 independent samples per dose
group (N).

a Pregnant mice were exposed subcutaneously to either control vehicle
(100 μL of tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at
doses of either 10 or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male
OF-1 mice offspring was sacrificed at PND30. Pairwise comparisons between
means were performed by using analysis of variance and linear contrast tests.

b Statistical significance was considered for p-values< 0.05. * p-values<
0.05 vs control. Rar α, β, γ, retinoic acid receptors α, β and γ; Rxr α, β, γ,
retinoid X receptors α, β and γ; Fgf21, fibroblast growth factor 21.
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activation function AF-2 was found to be essential to control lipid stores
in Sertoli cells (Mascrez et al., 2004) for which a reduced signalling
could be responsible for lipid overloads.

Besides endogenous retinoids, it was proved that xenobiotics are
able to modulate retinoid receptors (Novak et al., 2008), including BPA
in vitro and in vivo (Iwamuro et al., 2006; Li et al., 2008; Nishizawa

et al., 2005, 2003). The decreased hepatic expression of Rxrβ (BPA100,
Fig. 2) could potentially alter glucose homeostasis and be connected
with the metabolic outcomes observed later in life. The potential as-
sociation between retinoids and glucose homeostasis relies partly on the
fact that RXR is crucial for the function of other nuclear receptors such
as PPARγ and LXR. Both PPARγ and LXRs form obligate heterodimers
with the RXR and can be activated by RXR ligands (Mukherjee et al.,
1997). Along with that, specific agonists of RXRs have been shown to
display antidiabetic effects in several animal models (Rhee and Plutzky,
2012). On the contrary, it has been largely demonstrated that devel-
opmental exposure to BPA is a programming factor for metabolic dis-
orders including diabetes and obesity (Alonso-Magdalena et al., 2015;
Gore et al., 2015; Heindel et al., 2017). In particular, administration of
BPA following the same experimental design used in the current study
lead to a rise in pancreatic β-cell division and mass together with
marked hyperinsulinemia at PND30 (Garcia-Arevalo et al., 2016). This
excessive insulin signalling was connected with later metabolic ab-
normalities. After 6 months of age, they showed severe glucose intol-
erance and decreased insulin sensitivity; alterations that were more
pronounced in BPA10 (Alonso-Magdalena et al., 2010; Garcia-Arevalo
et al., 2014).

The increased expression of retinoid-dependent signalling at BPA10
but reduced at BPA100 occurred along with the induction of both Adh1
and Aox1 genes (Fig. 2). Those genes are involved in a reversible oxi-
dation of REOH to retinal and an irreversible oxidation of retinal for the
biosynthesis of ATRA, respectively (Kedishvili, 2013; Rhinn and Dolle,
2012; Shmarakov, 2015; Theodosiou et al., 2010), as well as, the non-
specific and high capacity hepatic Cyp1a2 enzyme (Chen et al., 2000;
Tomita et al., 1996; Zhang et al., 2000) (Fig. 2).

Preserving hepatic REOH levels would also be required for
homeostatic ATRA levels (Fig. 2), which might explain the decreasing
tendency (BPA100) of Rbp4 expression (Senoo et al., 2017), a carrier of
REOH in blood which forms a complex with transthyretin (TTR) to
deliver hepatic REOH to target tissues through STRA6 (Chelstowska
et al., 2016; Novak et al., 2008; Theodosiou et al., 2010). Marked RBP4
reductions in patients were associated with chronic liver disease and a
reduced hepatic Rbp4 gene expression was linked to an impaired he-
patic function after induction of experimental cirrhosis in male
Sprague-Dawley rats (Yagmur et al., 2007). Although both Aox1 and
Cyp1a2 mRNA levels were upregulated, ATRA concentration (BPA100)
and the expression of enzymes involved in the biotransformation of
ATRA were unchanged (Fig. 2), so that the observed modulations were
considered to represent an attempt to counteract the effects of BPA. On
the contrary, the induction of genes involved in both biosynthesis and
biotransformation of ATRA were found in humans diagnosed with
steatosis and steatohepatitis of non-alcoholic origin (Ashla et al., 2010).

Moreover, the absence of changes on hepatic REPA and

Fig. 1. Exponential models fitted to retinoid-dependent signalling data in livers
of male OF-1 mice offspring at PND 30 after exposure to bisphenol-A (BPA) in
utero.
Pregnant mice were exposed subcutaneously to either control vehicle (100 μL of
tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at doses of ei-
ther 10 or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male OF-1 mice
offspring was sacrificed at PND30. Bivariate associations describe relative
mRNA expressions of A) Rar γ and B) Rxr γ vs all-trans retinoic acid con-
centrations (in pmol/g), and C) Fgf21 vs Rar γmRNA expressions, where Rar γ is
retinoic acid receptor γ, Rxr γ is retinoid X receptors γ and Fgf21 is fibroblast
growth factor 21. Both x and y axis are represented in log scale. The exponential
models (E3: y = a*exp(bxˆd)) were better than the null model (E1: y= a) as the
Akaike information criterion (AIC) difference of null model minus AIC of ex-
ponential model > 2 (EFSA et al., 2017), ie. 4.76 for A), 10.04 for B) and 3.10
for C. In model C), d parameter was constrained to 1, while default settings for
E3 model provided an AIC difference of 1.94. Further details on retinoid con-
centrations and mRNA gene expressions are described under “2.4. Quantitative
real-time PCR”.
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9C4O13,14DHRA might reveal that the hepatic function was not se-
verely affected as retinoids in the form of retinyl esters, being the main
one REPA, are stored in healthy stellate cells of the liver (50–80% of all
vitamin A in the body), whereas such levels are depleted after a mor-
phological change of stellate cells towards myofibroblasts (Senoo et al.,
2017). Such a consideration is supported by the absence of responses on
9C4O13,14DHRA, which shows a similar behaviour to REPA (Schmidt
et al., 2002), and LRAT, the enzyme involved in the esterification of
retinol into REPA (Senoo et al., 2017). However, it does not imply
necessarily the absence of deleterious effects by BPA on the liver at
longer time points. Similarly, metabolic disorders were apparent in old
mice whereas young mice showed compensatory responses, such as
fatty acid oxidation (Ke et al., 2016). Moreover, long-term changes with
direct effects on mitochondria following perinatal exposure to BPA
were apparent in livers of rats after several weeks of treatment (Xia
et al., 2014).

Another factor which influences ATRA concentrations is the ex-
pression of a number of genes that code for transporters involved in the
transport of glucuronide metabolites, since its oxidised metabolites are
known to be conjugated with glucuronic acid generating both 4-oxo-all-
trans- and 4-oxo-13-cis-retinoyl-β-glucuronide isomers by UDP-glucur-
onosyltransferases (UGTs) (Li et al., 1996).

The disposition of glucuronide metabolites was modulated towards
biliary excretion on the basis of decreased expression of Mrp3, a

sinusoidal transporter which is involved in the efflux transport from
hepatocytes to blood, and increased expression of Bcrp, a canalicular
transporter which is involved in the biliary excretion from hepatocyte
to bile duct (Quesnot et al., 2014) (Fig. 2). The expression of both
genes, belonging to the ABC transporter family, was increased in He-
paRG cells and primary human hepatocytes after incubation with 5 μM
ATRA for 48 h (Le Vee et al., 2013), whereas RXRα:RARα supressed
Mrp3 expression (Chen et al., 2007).

Additionally, in vitro studies reported differences in gene expression
among the transporters mentioned herein in response to BPA exposure
(Dankers et al., 2013; Hanet et al., 2008; Jin and Audus, 2005).

Furthermore, the expression of Oatp2b1, a SLCO transporter located
in the sinusoidal surface of the hepatocytes which is involved in the
influx transport from blood to hepatocyte, showed a tendency to in-
creased levels (BPA100). Remarkably, such an increase is associated
with the uptake of glucuronide conjugates (Fig. 2). Interestingly,
Oatp2b1 levels were supressed by knocking-down expression of RARα
and RXRα (Le Vee et al., 2013).

Overall, the expression of transporter genes was modulated for the
uptake of their substrates from the circulation (tendency to increased
levels of Oatp2b1, p < 0.1), in order to minimize their efflux to the
circulation (Mrp3), and to increase their excretion in the biliary tract
(Bcrp), which might be involved in the reduction of glucuronide me-
tabolites (Fig. 2). Such a modulation on the gene expression of

Fig. 2. Modulation of the retinoid-signalling pathway in livers of male OF-1 mice offspring at PND 30 after exposure to bisphenol-A (BPA) in utero.
Pregnant mice were exposed subcutaneously to either control vehicle (100 μL of tocopherol-stripped corn oil) or commercial bisphenol-A (BPA) at doses of either 10
or 100 μg/kg bw/d from day 9 to day 16 of gestation. Male OF-1 mice offspring was sacrificed at PND30. A summary of results reported in Tables 1–4 and Fig. 1 are
depicted for supporting the discussion section. Abbreviations of key elements of the retinoid system are provided in alphabetical order within the following cate-
gories: Retinoids: all-trans RA, all-trans retinoic acid; 9c-4o-13,14dh-RA, 9-cis-4-oxo-13,14-dihydro-retinoic acid; REOH, retinol; REPA, retinyl palmitate (Table 1).
Storage and mobilization of retinoids: CES1C, carboxylesterase 1C; CRBP1, cellular retinol binding protein 1; LRAT, lecithin:retinol acyltransferase (Table 2). RA
biosynthesis: ADH1, alcohol dehydrogenase 1; ALDH1A1 and 1A2, aldehyde dehydrogenases 1A1 and 1A2; AOX1, aldehyde oxidase 1; CYP1A2 and 1B1, cyto-
chromes P450 1A2 and 1B1 (Table 2). RA biotransformation: CRABP2, cellular retinoic acid binding protein II; CYP26A1, cytochrome P450 26A1; UGT1A1, 1A6,
1A9 and 2B35, UDP-glucuronosyltransferases 1A1, 1A6, 1A9 and 2B35 (Table 2). Retinol carrier in the blood: RBP4, Retinol binding protein 4 (Table 3). Influx
transport from blood to hepatocyte: STRA6, Stimulated by retinoic acid gene 6; OATP2B1, solute carrier organic anion transporter (SLCO) 2B1 (Table 3). Efflux
transport from hepatocyte to blood: MRPs 3 and 4, multidrug resistance-associated proteins 3 and 4, also known as ATP-binding cassette (ABC) transporters ABC
C3 and ABC C4 (Table 3). Biliary excretion: BCRP, breast cancer resistance protein, also known as ABC G2; MDR1B1 multidrug resistance protein, also known as
ABC B1; MRP2, also known as ABC C2 (Table 3). Signalling: FGF21, fibroblast growth factor 21; RAR α, β, γ, retinoic acid receptors α, β and γ; RXR α, β, γ, retinoid
X receptors α, β and γ (Table 4, Fig. 1). Further descriptions of the key elements involved in the retinoid system along with references are provided in the 4.
Discussion section. Statistical analysis: Changes were observed at 10 (dotted arrow), 100 (dashed arrow) or both 10 and 100 μg/kg bw/day (solid arrow). The sign of
the given change is determined by the direction of the arrow, ie. up or down. Red colour is set when p < 0.05, whereas blue colour for tendencies with p < 0.1, ie.
RBP4 and OATP2B1 in the influx and efflux transport category. * represent significant bivariate associations within the signalling category, ie. both RAR γ and RXR γ
gene expressions with all-trans-retinoic acid concentrations and Fgf21 with RAR γ gene expressions.
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transporters of glucuronide metabolites might be also involved in the
regulation of BPA levels. Yet, extrapolation of those results from animal
studies to humans should be made with caution since location of
transporters might differ between species (Mazur et al., 2012).

Taken together, the current work showed modulations on the re-
tinoid system at PND30 following in utero exposure to environmentally
relevant doses of BPA, supporting its role as a biomarker for the iden-
tification of EDCs (Manibusan and Touart, 2017). Remarkably, the ex-
perimental animal model used in the current study exhibit metabolic
abnormalities in the long-term.
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