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Receptor for activated C kinase 1 (RACK1) has an important role in immune activation, and
is regulated through a balance between glucocorticoid and androgen levels. We have
previously demonstrated that RACK1 expression can serve as a marker for evaluation of
immunotoxic profiles of hormone-active substances, such as endocrine-disrupting
chemicals (EDCs). In this study, we investigated the effects of three bisphenols (BPA,
BPAF, BPS) on RACK1 expression and on the innate immune responses in the THP-1
human promyelocytic cell line, a validated model for this investigation. BPA and BPAF
reduced RACK1 promoter transcriptional activity, mRNA expression, and protein levels.
However, BPS had the opposite effect. As expected, these results on RACK1 were
paralleled by lipopolysaccharide (LPS)-induced interleukin-8 (IL-8) and tumor necrosis
factor-a (TNFa) production. Since BPA and BPAF induced RACK1 expression in the
presence of glucocorticoid receptor (GR) antagonist mifepristone, a role of G-protein-
coupled estrogen receptor (GPER) has been considered due to their known estrogenic
profile. Therefore, additional molecular effects of BPA and BPAF were unmasked after
treatment with different inhibitors of well-known pivotal players of GPER-mediated
signaling. BPA exerted its effects on RACK1 via NF-kB, as shown using the NF-xB
inhibitor BAY11-7085 and NF-kB-specific luciferase reporter assay. Conversely, BPAF
induced RACK1 up-regulation via androgen receptor (AR) activation, as confirmed by
treatment with AR antagonist flutamide. Indeed, a biased agonism profile for BPA and
BPAF for GPER was suggested based on their different binding modes revealed by our
molecular docking. Altogether, our data suggest that RACK1 could represent an important
target of EDCs and serves as a screening tool for their immunotoxic potential. Furthermore,
RACK1 can be exploited to unmask multiple molecular interactions of hormone-active
Substances to better dissect out their mechanisms of action.

Keywords: bisphenols, hormone effects, endocrine-disrupting chemicals (EDCs), RACK1, immune function,
immunotoxicity, GPER, AR
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INTRODUCTION

According to the World Health Organization (WHO), an
endocrine disrupting chemical (EDC) is “an exogenous
substance or mixture that alters function(s) of the endocrine
system and consequently causes adverse effects in an intact
organism, or its progeny, or (sub)populations” (WHO, 2013).
Due to the immunotoxicity concerns of these chemicals,
authorities such as the European Food Safety Authority
(EFSA) have promoted research and critical interpretation of
the effects of EDCs on the immune system (EFSA, 2016). The
most extensively researched EDCs are the bisphenols. The
bisphenols are used in the production of epoxy resins and
polycarbonate plastics, and are thereby incorporated into a
wide range of consumer products, such as thermal paper,
electronic equipment, toys, water pipes, sports equipment,
medical devices, kitchenware, food contact containers, and
dental sealants (Ribeiro et al., 2017).

Bisphenol A (BPA) is the most widely used and studied of the
bisphenols, and its effects on the immune system at the cellular
level were recently reviewed by Nowak et al. (2019). Both in vitro
and in vivo studies have shown the immunotoxic potential of BPA
(Nowak et al., 2019). In contrast, some studies have concluded
that BPA is likely not toxic to the immune system, including, in
particular the National Toxicology Program-conducted
Consortium Linking Academic and Regulatory Insights on
Toxicity of BPA (CLARITY-BPA) study (Li et al, 2018).
However, BPA remains recognized as toxic mostly due to its
endocrine activity, and it is therefore being replaced by other
bisphenols, such as bisphenols B, C, F, AF, and S. Paradoxically,
data on the potential toxicity of these bisphenol substitutes are
scarce, with indications that some of them might be even more
hazardous than BPA (Pelch et al., 2019). Indeed, Malaisé et al.
(2020) showed that both BPA and its analogs have immunotoxic
effects in vivo. Therefore, there is a growing need to determine the
mechanism(s) through which the bisphenols can affect the
immune system, and thence to search for molecular
biomarkers to develop a method to rapidly predict
immunotoxicity of novel bisphenols before they come into
widespread use.

RACK1 is a scaffolding protein involved in a variety of
signaling pathways, controlling essential cellular processes and
important biological events, including cancer and immune
response (Buoso et al, 2020a; Corsini et al., 2021). Our
published data show that RACKI expression is tightly
correlated with the production of pro-inflammatory cytokines
IL-8 and TNF-a, which we previously demonstrated to be
dependent on RACK1/PKCp activation (Corsini et al., 2021).
In addition, we provided evidence for the existence of a complex
hormonal balance, between glucocorticoids and androgens, in the
control of RACK1 expression and immune cells activation,
suggesting that RACK1 can be targeted by EDC (Buoso et al.,
2017a; Buoso et al., 2017b; Racchi et al., 2017; Buoso et al., 2020b;
Buoso et al, 2020c). We demonstrated that glucocorticoid
hormones decrease RACK1 expression while androgens and
estrogens increase it (Buoso et al., 2017a; Buoso et al., 2017b;
Racchi et al., 2017; Buoso et al., 2020b; Buoso et al., 2020c¢). In this

Bisphenols and RACK1-Correlated Immune Implications

regard, some EDCs have been shown to have effects on RACKI,
including the antiandrogens p,p’-dichlorodiphenyltrichloroethane
(p,p™-DDT) and p,p’-dichlorodiphenyldichloroethylene (p,p™-DDE)
(Buoso et al, 2017a), and the estrogen-active compounds
diethylstilbestrol (DES) and zearalenone (ZEA) (Buoso et al,
2020b). In the present study, we investigated BPA, BPAF and
BPS effects on the regulation of RACK1 expression and their effects
on the immune response. Moreover, we also dissected BPA, BPAF
and BPS molecular mechanism in order to elucidate their complex
biological activity.

MATERIALS AND METHODS

In silico Predictions of Bisphenols Binding

to Nuclear Receptors

Predictions for the binding of bisphenols to nuclear receptors
AR and GR were investigated using two in silico tools:
Endocrine Disruptome (Kolsek et al., 2014) and
VirtualToxLab (Vedani et al., 2012; Vedani et al., 2009). Both
of these tools are recommended for identification of EDCs by
the EFSA and the European Chemicals Agency (ECA)
(Andersson et al, 2018). Endocrine Disruptome uses
molecular docking to predict the binding free energies of
compounds to nuclear receptors, and it is available at http://
endocrinedisruptome.ki.si/ (Kolsek et al., 2014). It uses Docking
Interface for Target Systems (DoTS) for docking simulations
and AutoDock Vina for docking calculations. Endocrine
Disruptome differentiates between the agonist and antagonist
conformations of AR and GR. The structures of each of these
receptors were first validated using three databases (i.e., active
compounds, agonists, antagonists), as can be downloaded as a
pdbqt file (Kolsek et al., 2014). The results are returned as
predicted binding free energy based on the sensitivity of each
receptor structure: low probability (sensitivity >0.75),
moderately low probability (0.5 < sensitivity <0.75),
moderately high probability (0.25 < sensitivity <0.5) and
high probability of binding (sensitivity <0.25) (Kolsek et al.,
2014).

VirtualToxLab (version 5.8; Biographics Laboratory 3R, Basel,
Switzerland) uses automated flexible molecular docking with
Yeti/AutoDock to consider all compound orientations and
conformations in the receptor binding site. This is combined
with the multidimensional Quantitative Structure-Activity
Relationships  (mQSAR) software (Quasar) to define
compound  orientation, position, different solvation,
protonation and conformation, for induced-fit models and the
tautomeric state. This tool does not consider agonist or antagonist
modes of action on AR and GR. The results are given as the
predicted toxic potential (0-1, where 1 is most toxic) and the
concentration at which the compound is expected to bind to the
nuclear receptor (up to 100 pM considered) (Vedani et al., 2009;
Vedani et al., 2012).

Chemicals
BPA (PubChem CID: 6623), BPAF (PubChem CID: 73864), BPS
(PubChem CID: 6626), Mifepristone (RU486) (PubChem CID:
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55245), glutamide (PubChem CID: 3397) and esiRNA
MISSION  (EHU068001) for GRa were purchased from Sigma
Aldrich (St Louis, MO, United States). Lipopolysaccharide (LPS)
from Escherichia coli serotype 0127:B8 and the cell culture media
and supplements were from Sigma Aldrich (St Louis, MO,
United States). The mouse anti-human RACKI monoclonal
antibody (sc-17754) was from Santa Cruz Biotechnology
(Dallas, TX, United States). The mouse monoclonal anti-
B-tubulin antibody (T0198) was from Sigma Aldrich (St Louis,
MO, United States). Electrophoresis reagents were from Bio-Rad
(Richmond, CA, United States). Chemicals were diluted in
dimethyl sulfoxide (DMSO) for 50 mM stock solutions, and
sequentially properly diluted.

Cell Culture

The THP-1 cell line was originally derived from an acute
monocytic leukemia patient, and was from American Type
Culture Collection (ATCC TIB-202; Manassas, VA,
United States). For experiments, THP-1 cells, were diluted to
10° cells/mL in RPMI 1640 without phenol red containing
2 mM L-glutamine, 0.1 mg/ml streptomycin, 100 IU/ml
penicillin, gentamycin 10 pg/ml, 50 uM 2-mercaptoethanol,
supplemented with 5% dextran-coated charcoal-treated fetal
bovine serum (DCC-FBS) and cultured at 37°C in 5% CO,
incubator. Preliminary experiments were conducted to identify
non-cytotoxic concentrations [cell viability >80% (CV80)].
Cytotoxicity was assessed by propidium iodine staining and
the CV80 determined for all compounds. For the different
experiments, cells were then treated with increasing
concentrations of BPA, BPAF and BPS (0.001-10 uM) or
DMSO as vehicle control (final concentration of DMSO in
culture medium <0.1%) as detailed in the legends.

Plasmid DNA Preparation, Transient

Transfections, and Luciferase Assays

Plasmids preparation, transient transfections and luciferase
assays were performed as previously described (Buoso et al,
2019; Buoso et al., 2020b). The Al reporter plasmid construct
has been previously described (Del Vecchio et al.,, 2009). It was
the longest construct available, 2105 nt long, which contains the
RACKI gene promoter region between nucleotides —1744 and
+361, and includes the glucocorticoid responsive element (GRE)
sequence. The pGL4.32 vector (E8491; Promega, Madison, WI,
United States) luciferase-reporter construct plasmid DNA was
also used (Fagiani et al., 2020). Plasmids for transfections were
purified with the HiSpeed® Plasmid Midi Kit (Qiagen, Valencia,
CA, United States). DNA was quantified and assayed for purity
using Quantus™ fluorometer (Promega, Madison, WI,
United States). Transient transfections were performed in 24-
well plates; for each well, 5 x 10° cells were seeded in RPMI 1640
medium without phenol red, and with 5% DCC-FBS, 1%
antibiotics and  supplemented with 1% L-glutamine.
Transfections were carried out using Lipofectamine® 2000
(Invitrogen Carlsbad, CA, United States), following the
manufacturer instructions. Each luciferase reporter construct
plasmid DNA was co-transfected with the pRL-TK renilla
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luciferase expressing vector to measure the transfection
efficiency (Promega, Madison, WI, United States). During
transfection, THP-1 cells were incubated at 37°C in 5% CO,,
and then treated with the selected compounds for the times and at
concentrations specified in figure legends. Cells were then lysed
(Passive Lysis Buffer, provided by the Dual-Luciferase Reporter
Assay System; Promega, Madison, W1, United States), following
the manufacturer specifications. Luminescence was measured
with a 20/20n Luminometer (Turner Bio-Systems, Sunnyvale,
CA, United States), with 10 s integration time.

Reverse Transcription Quantitative PCR
Quantitative PCR (qPCR) was performed as previously described
(Buoso et al., 2020b). Total RNA was extracted using RNeasy Plus
Mini Kit (Qiagen, Valencia, CA, United States), following the
manufacturer instructions. For the synthesis of cDNA, 2 pug total
RNA was reverse transcribed using high-capacity cDNA archive
kits (Applied Biosystems, Foster City, CA, United States),
following the manufacturer instructions. RACKI gene
expression was determined by qPCR using the Taq-Man™
PCR technology. Primers were from Applied Biosystems. PCR
reactions were performed in duplicate, according to the standard
protocols suggested by the manufacturer. For each PCR reaction,
10 ng total RNA was used. 18S ribosomal RNA was used as an
endogenous reference. Quantification of the transcripts was
performed according to the 27**“" method.

Immunoblot Analysis

Immunoblot analysis was performed as previously described
(Buoso et al., 2020b). RACKI expression was determined at
the protein level in cell lysates by immunoblot analysis. After
the treatments, the cells were harvested, washed with phosphate-
buffered saline (PBS) 1X, centrifuged, lysed in 100 ul
homogenization buffer (50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 5mM EDTA, 0.5% Triton X-100, protease inhibitor
mix) and sonicated for 10 s. Protein content was measured
using Bradford assay. Samples for Western blotting were
prepared by mixing cell lysates with sample buffer (125 mM
Tris-HCl pH 6, 8.4% sodium dodecyl sulfate (SDS), 20%
glycerol, 6% P-mercaptoethanol, 0.1% bromophenol) and
denatured at 95°C for 5 min. Equivalent amounts of extracted
protein (10 ug) were electrophoresed into 10% SDS-PAGE under
reducing conditions. The proteins were then transferred to
polyvinylidene fluoride (PVDF) membranes (Amersham, Little
Chalfont, United Kingdom), blocked in 5% (w/v) bovine serum
albumin (BSA), 1X TBS, 0.1% Tween-20 for 1h with gentle
shaking. Proteins were visualized using primary antibodies
diluted in 5% (w/v) BSA, 1X TBS, 0.1% Tween-20 for RACK1
(1:1000) and B-tubulin (1:1,000). In all of the experiments, the
immunoreactivity was detected using host-specific secondary IgG
peroxidase-conjugated antibodies (1:5,000), and developed using
enhanced chemiluminescence (Clarity Western ECL blotting
substrates, Bio-Rad). Immunoblot images were acquired with
Molecular Imager Gel Doc XR (BioRad), and the optical density
of the bands was determined using the Image] software (W.
Rasband, Research Service Branch, National Institute of Mental
Health, National Institutes of Health, Bethesda, MD,
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United States; and Laboratory for Optical and Computational
Instrumentation, University of Wisconsin, WS, United States).
The relative densities of the bands are expressed as arbitrary units,
and are normalized to the control samples run under the same
conditions.

Cytokine Production

Cytokine production was assessed using TNF-a (Invitrogen,
Carlsbad, CA, United States) and IL-8 specific sandwich
ELISAs (ImmunoTools, Friesoythe, Germany). To induce
cytokine secretion, 10ng/ml LPS was added with the 24 h
bisphenol exposure, which was prolonged for 3h for TNF-a
and for 24 h for IL-8 assays. Cell-free supernatants obtained by
centrifugation at 300 x g for 5 min were stored at —80°C until
measurement. Limits of detection were IL-8 2.6 pg/ml for IL 8,
and 22 pg/ml for TNF-a. Results are expressed in pg/mL (Buoso
et al., 2020b).

Molecular Docking to G-Protein-Coupled

Estrogen Receptor

The three-dimensional (3D) structure of GPER, generated by
homology modeling, was recovered from the web server GPCR-
ITASSER (Zhang and Zhang, 2010; Zhang et al., 2015). The model_1
of the homology model HG ID: HG0714 (C score = —0.64; Estimated
TM-score = 0.63 * 0.13; Estimated RMSD = 8.1 + 4.4A) was
employed for docking calculation. The three-dimensional
structure was prepared for the subsequent structure-based
calculations using the Protein Preparation Wizard utility of the
Schrodinger suite (Sastry et al,, 2013; Schrodinger LLC New York
(USA), 2014d). Missing amino acid side chains were rebuilt, and
potential atom types and bond connectivity issues into the homology
model structure were fixed. Moreover, ionization and
tautomerization states potentially present at physiological pH
were also calculated with the Epik sub-routine (Shelley et al,
2007; Schrodinger LLC New York (USA), 2014d). Afterward, the
pretreated structure was minimized according to the OPLS3e force
field. The GPER receptor grid was generated at the center of the
putative binding site (Rosano et al., 2016). The chemical structures of
BPA and BPAF were designed in ChemDraw, imported into the
Maestro software (Schrodinger, LLC, New York, NY (USA), 2014b),
and prepared using the LigPrep utility available within the
Schrodinger suite (Schrodinger, LLC, New York, NY (USA),
2014c). All of the potential states of ionization and tautomerism
at a physiological pH of 7.4 +0.2 were generated. The prepared
bisphenols were subjected to 2,000 minimization steps with
MacroModel, using the OPLS3e force field. The ligands thus
prepared were finally docked to the protein. The Glide software
was used for the docking calculation, using the default settings of the
Standard Precision (SP) protocol (Schrodinger, LLC, New York, NY
(USA), 2014a). The resulting ligand-protein complexes were ranked
by docking score and visually inspected.

Statistical Analysis

Data are expressed as means + standard error of mean (SEM) of
at least three independent experiments. Statistical analysis was
performed using the InStat software, version 7.0 (GraphPad
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Software, La Jolla, CA, United States). Significant differences
were determined using Student’s t-tests or analysis of variance
(ANOVA), followed, when significant, by an appropriate post hoc
test, as indicated in the Figure legends. In all of the reported
statistical analysis effects were designated as significant if the p
value was <0.05.

RESULTS

In silico Prediction of Binding of Bisphenols

to Nuclear Receptors

Prediction of the binding of BPA, BPAF, and BPS to the nuclear
receptors AR and GR relevant for RACK1 expression was
performed with two in silico programs: Endocrine Disruptome
(Kolsek et al., 2014) and VirtualToxLab (Vedani et al., 2009;
Vedani et al., 2012). These data are shown in Tables 1, 2. Both in
silico tools returned interactions of the three bisphenols with AR.
Endocrine Disruptome suggested a moderately high probability
to the agonist conformation of AR for BPA and BPS, whereas a
low binding probability for BPAF is indicated. Moreover, a high
binding probability to the antagonist conformation of AR for
BPA and BPAF, and a moderately high probability for BPS is
suggested (Table 1). VirtualToxLab indicated binding
concentrations to AR at 139 and 143 nM for BPA and BPAF,
respectively, and at the higher concentration of 2.3 uM for BPS
(Table 2). The same analysis on Endocrine Disruptome was also
performed for GR, that returned a moderately low probability of
binding to the agonist conformations for all of bisphenols, and
low for the antagonist conformation (Table 1). VirtualToxLab
indicated that BPA and BPAF can interact with GR at 341 and
363 nM respectively and BPS at 10.5 uM (Table 2).

Overall, based on the binding affinities indicated by these
analyses, a role of BPA, BPAF and BPS in affecting RACK1
expression could be suggested, since they show an interaction
profile with the nuclear receptors demonstrated to regulate
RACKI transcription, namely AR and GR (Racchi et al,
2017). However, since these softwares return a possible
binding affinity for both the agonist and antagonist nuclear
receptor structures for all bisphenols, this suggest that cellular
context need to be considered to elucidate their actual mechanism
of action. Noteworthy, a range of concentrations for bisphenols
treatments were then selected based on this analysis in order to

investigate potential non-monotonic dose-response effect
commonly observed for hormones and hormone-active
substances.

Bisphenols A Inhibits Receptor for Activated
C Kinase 1 Expression and Blocks Immune

Activation

BPA is a diphenylmethane derivative that is used in the
production of polycarbonate plastics and epoxy resins
(Monneret, 2017) and is known to have hormone-like,
xenoestrogen and estrogen-mimicking properties (Murata and
Kang, 2018). Given its wide industrial use and these known
endocrine-disrupting features, BPA exposure in humans has
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TABLE 1 | Endocrine Disruptome calculated free energies and predicted probabilities for bisphenols binding to nuclear receptors.

Nuclear Conform Bisphenols binding
Receptor BPA BPAF BPS
Free energy (kcal/mol) Prediction Free energy (kcal/mol) Prediction Free energy (kcal/mol) Prediction
Androgen Agonist -8.4 Moderately high =71 Low -8.2 Moderately high
Antagonist -8.5 High -9.3 High -8.1 Moderately high
Glucocorticoid  Agonist -7.6 Moderately low -8.3 Moderately low -7.6 Moderately low
Antagonist -7.5 Low -7.9 Low -7 Low

TABLE 2| VirtualToxLab predicted toxic potentials and concentrations (maximum
100 pM) for bisphenols binding to nuclear receptors.

Bisphenols binding concentration

BPA BPAF BPS
Nuclear Receptor
Androgen 139 nM 143 nM 2.3 uM
Glucocorticoid 341 nM 363 nM 10.5 uM
Toxic potential
Range (0-1) 0.490 0.509 0.352

raised concerns, particularly for its possible influence on the
immune system (Buoso et al, 2020c). Based on our previous
data on the effects of EDCs on RACKI1 expression and altered
immune responses, we investigated the effects of BPA on RACK1
expression by reporter luciferase activity using the human RACKI
gene promoter, mRNA by qPCR, and protein levels by Western
blotting. THP-1 cells were treated for 6, 16, 18 or 24h with
increasing concentrations of BPA (0.001-10 uM) or DMSO as
vehicle control, according to literature data (Couleau et al., 2015).
These timings were selected based on previous experiments as
being optimal to investigate dehydroepiandrosterone (DHEA) and
cortisol-induced RACKI transcriptional activity, mRNA and
protein expression (Buoso et al., 2011) as well as the effects of
EDCs on RACKI1 (Buoso et al., 2017a; Buoso et al., 2020b). While
6 h of BPA treatment did not affect RACK1 gene promoter activity
at any of the concentrations tested here (Figure 1A), 10 uM BPA
for 16 h induced significant RACK1 down-regulation (Figure 1B).
Accordingly, 10 uM BPA also induced significant decreases in
RACK1 mRNA (Figure 1C) and protein (Figure 1D) levels at
18 and 24 h, respectively. Hormone-related RACKI expression is
known to correlate with TNF-a and IL-8 cytokine secretion
(Racchi et al.,, 2017). Upon 10 uM BPA treatment, we observed
this correlation for both TNF-a (Figure 1E) and IL-8 (Figure 1F).
It is important to note that BPA alone did not induce cytokine
production (data not shown).

Unmasking the Bisphenol A Effects on
Receptor for Activated C Kinase 1

Expression
We previously reported that BPA induced a low but significant
RACK1 down-regulation (Figure 1) and this could be due to its

ability to bind AR in an antagonist conformation (Table 1). In line
with this consideration, our previous data demonstrated that
RACK1 basal expression is positively regulated by androgens
and AR silencing induced a significant down-regulation of
RACKI1 expression (Racchi et al,, 2017). However, since BPA
and other bisphenols are known to bind and activate different
nuclear receptors, including GRa (Prasanth et al,, 2010; Zhang
et al, 2017; Buoso et al., 2020c) and that GR binding to RACKI
promoter induces its down-regulation (Racchi et al., 2017), we
cannot exclude GR involvement in the observed BPA-mediated
effect on RACK1 expression. Therefore, to unmask AR-mediated
BPA effects, we pre-treated THP-1 cells with mifepristone, a well-
known GR inhibitor (Bertagna et al., 1984), in order to exclude GR
involvement and highlight BPA antagonistic activity for AR. As
shown in Figures 2A-C, in the cells treated with mifepristone and
10uM BPA, there was significant up-regulation of RACKI
promoter activity (Figure 2A) and increased mRNA
(Figure 2B) and protein (Figure 2C) levels compared to 10 pM
BPA alone. The same unmasking effect on BPA was also observed
with lower tested concentrations (Supplementary Figure S1A). In
addition, these data were mirrored by 10 uM BPA treatment in
GRa-silenced THP-1 cells (Figure 2D). Therefore, these data show
that BPA effects on RACK1 expression are more likely correlated
with its agonist profile for GRa rather than an antagonist profile for
AR. This is in accordance with BPA moderately low affinity for GR
agonist conformation (Table 1) that correlates with the slight BPA
effect on RACKI.

Effects of Bisphenol AF on Receptor for

Activated C Kinase 1 Expression

BPAF is a bisphenol analog that has replaced BPA in several
industrial settings. Increasing evidence has suggested, however,
that BPAF is characterized by greater estrogenic properties
compared to BPA. THP-1 cells were treated for 6, 16, 18 and
24 h with increasing concentrations of BPAF (0.001-10 uM) or
DMSO as vehicle control. As shown in Figures 3A,B, 10 uM
BPAF treatment induced a statistically significant decrease of
RACKI transcriptional activity at 6 and 16 h, respectively. These
effects on RACKI gene promoter activation were reflected by
RACK1 mRNA (Figure 3C) but were not appreciable at protein
level (Figure 3D). The slight reduction of RACK1 promoter
activity appears to be sufficient to affect mRNA but not RACK1
protein and, although a slight decrease was observed, it did not
reach statistical significance. This is most likely related to the
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FIGURE 1 | Effects of BPA on RACK1 expression and immune activation. (A-B) THP-1 cells transiently transfected with the A1 construct were treated for 6 h (A) or
16 h (B) with increasing concentrations of BPA (0.001-10 uM) or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in
“Materials and Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as
mean + SEM, n = 3 independent experiments performed in quadruplicate. Statistical analysis was performed with Dunnett’s multiple comparison test with *p < 0.05
vs. control (CTRL). (C-D) THP-1 cells treated for 18 h (C) or 24 h (D) with 10 uM BPA or DMSO as vehicle control (CTRL). (C) mRNA levels evaluated by gPCR
(endogenous reference, 18S). (D) The image is a representative Western blot. RACK1 protein levels evaluated by Western blotting, normalized to -tubulin expression.
Each value represents the mean + SEM n = 3 independent experiments. Significance was set at p < 0.05 by the Student’s t-test (*p < 0.05). (E=F) THP-1 cells treated with
10 ng/ml LPS without and with 10 uM BPA or DMSO as vehicle control (CTRL). Secretion of cytokines TNF-a (E) and IL-8 (F) evaluated by sandwich ELISAs. Statistical
analysis was performed with Student’s t-test with *p < 0.05 vs LPS alone.
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*n < 0.05 vs control (CTRL) and %8p < 0.01 vs. BPA-treated nonsilenced cells.

FIGURE 2 | Role of GRa in BPA-induced RACK 1 regulation. (A) THP-1 cells transiently transfected with the A1 construct were pre-treated for 30 min with 20 uM
mifepristone, then with 10 uM BPA for 16 h or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in “Materials and
Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as mean + SEM, n =3
independent experiments performed in triplicate. Statistical analysis was performed with Tukey’s multiple comparison test with *p < 0.05, ***p < 0.001 vs. control
(CTRL) and ¥8p < 0.01 vs. BPA 10 pM. B-C THP-1 cells pre-treated for 30 min with 20 uM mifepristone were treated for 18 h (B) or 24 h (C) with 10 uM BPA or DMSO as
vehicle control (CTRL). (B) mRNA levels evaluated by gPCR (endogenous reference, 18S). (C) The image is a representative Western blot. RACK1 protein levels
evaluated by Western blotting, normalized to p-tubulin expression. Each value represents the mean + SEM, n = 3 independent experiments. Statistical analysis was
performed with Tukey’s multiple comparison test with *p < 0.05, **p < 0.01, **p < 0.001 vs control (CTRL) and 5p < 0.01, ¥5%p < 0.001 vs BPA 10 uM. (D) THP-1 cells
silenced for 48 h with GRa-directed siRNA were treated for 24 h with 10 uM BPA or DMSO as vehicle control (CTRL). The image is a representative Western blot. RACK1
and GRa protein levels evaluated by Western blotting, normalized to p-tubulin expression. Statistical analysis was performed with Tukey’s multiple comparison test with
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turnover time of the protein in THP-1 cells (Corsini et al., 2002;
Del Vecchio et al., 2009).

Since a strong correlation between RACK1 expression and
TNF-a release has been demonstrated, in accordance with the
slight but significant RACK1 down-regulation observed after

BPAF treatment, a low decrease in LPS-induced TNF-a
secretion is reported (Figure 3E). Accordingly, BPAF did not
affect IL-8 secretion compared to LPS treatment alone
(Figure 3F). It is important to note that BPAF alone did not
induce cytokine production (data not shown).
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FIGURE 3 | Effects of BPAF on RACK 1 expression and immune activation. (A, B) THP-1 cells transiently transfected with the A1 construct were treated for 6 h (A) or 16 h (B)

with increasing concentrations of BPAF (0.001-10 uM) or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in “Materials and
Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as mean + SEM, n = 3 independent
experiments performed in quadruplicate. Statistical analysis was performed with Dunnett’s multiple comparison test with *o < 0.05 vs control (CTRL). (C~D) THP-1 cells treated

for 18 h (C) or 24 h (D) with 10 uM BPAF or DMSO as vehicle control (CTRL). (C) mRNA levels evaluated by gPCR (endogenous reference, 18S). (D) The image is a representative
Western blot. RACK1 protein levels evaluated by Westemn blotting, normalized to B-tubulin expression. Each value represents the mean + SEM n = 3 independent experiments.
Significance was set at p < 0.05 by the Student’s t-test (p < 0.05). (E-F) THP-1 cells treated with 10 ng/ml LPS without and with 10 uM BPAF or DMSO as vehicle control (CTRL).
Secretion of cytokines TNF-a (E) and IL-8 (F) evaluated by sandwich ELISAs. Statistical analysis was performed with Student’s t-test with *o < 0.05 vs LPS alone.
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FIGURE 4 | Role of GRa in BPAF-induced RACK regulation. (A) THP-1 cells transiently transfected with the A1 construct were pre-treated for 30 min with 20 UM
mifepristone, then with 10 uM BPAF for 16 h or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in “Materials and
Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as mean + SEM, n =3
independent experiments performed in triplicate. Statistical analysis was performed with Tukey’s multiple comparison test with *p < 0.05, ***p < 0.001 vs. control
(CTRL) and $%p < 0.01 vs. BPAF 10 uM. (B-C) THP-1 cells pre-treated for 30 min with 20 pM mifepristone were treated for 18 h (B) or 24 h (C) with 10 uM BPAF or
DMSO as vehicle control (CTRL). (B) mRNA levels evaluated by gPCR (endogenous reference, 18S). (C) The image is a representative Western blot. RACK1 protein
levels evaluated by Western blotting, normalized to p-tubulin expression. Each value represents the mean + SEM, n = 3 independent experiments. Statistical analysis was
performed with Tukey’s multiple comparison test with *p < 0.05, **p < 0.01 vs control (CTRL) and $5p < 0.01 vs BPAF 10 pM. (D) THP-1 cells silenced for 48 h with GRa-
directed siRNA were treated for 24 h with 10 uM BPAF or DMSO as vehicle control (CTRL). The image is a representative Western blot. RACK1 and GRa protein levels
evaluated by Western blotting, normalized to p-tubulin expression. Statistical analysis was performed with Tukey’s multiple comparison test with *p < 0.01 vs control
(CTRL) and $8p < 0.01 vs. BPAF-treated nonsilenced cells.

effects, we pre-treated THP-1 cells with mifepristone and, as for
BPA, there was significant up-regulation of RACKI promoter
activity (Figure 3A) and increased mRNA (Figure 3B) and
protein (Figure 3C) levels compared to 10 uM BPAF alone.

Unmasking Bisphenol AF Effects on
Receptor for Activated C Kinase 1
Expression

Like BPA, BPAF can bind AR in an antagonist conformation
(Table 1) and/or activate several other nuclear hormone
receptors, including GRa (Kojima et al., 2019; Skledar et al,
2019). Therefore, to unmask the possible AR-mediated BPAF

The same unmasking effect on BPAF was also observed with
lower tested concentrations (Supplementary Figure S1B). These
data were mirrored by 10 uM BPAF treatment in the GRa-
silenced THP-1 cells (Figure 4D) thus indicating that BPAF
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FIGURE 5 | Unmasked BPA and BPAF effects on RACK1 promoter. THP-1 cells were transiently transfected with the A1 construct (A, C) or the pGL4.32 [luc2P/
NF-xB-RE/Hygro] vector reporter construct (B). (A, C) After transfection, cells were pre-treated for 30 min with 20 uM mifepristone (Mife) with or without 50 pM flutamide
(Flut) (A, C) and 1 h with 10 uM Bay 11-7085 (Bay) (A), then treated with 10 uM BPA (A) or 10 uM BPAF (C) for 16 h. Cells were lysed, and luciferase activity was
measured as described in “Materials and Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as
100%). Results are expressed as mean + SEM, n = 3 independent experiments performed in triplicate. Statistical analysis was performed with Tukey’s multiple
comparison test with **p < 0.01 vs Mife 20 uM + Flu 50 uM, §§/o < 0.01 vs Mife 20 pM + Flu 50 pM and #p < 0.01 vs Mife 20 pM + Bay 10 pM. B After transfection, cells
were treated for 16 h with 10 uM BPA or DMSO as vehicle control (CTRL). Results are expressed as mean + SEM, n = 3 independent experiments performed in triplicate.

Significance was set at p < 0.05 by the Student’s t-test ("p < 0.05).
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shows a mild agonist profile for GRa rather than an antagonist
profile for AR, in line with its moderately low affinity for GR
agonist conformation (Table 1).

Altogether, these data show that GRa inhibition or silencing
can unmask another BPAF-related effect, which suggests that
similar to BPA, BPAF can induce alterations in RACKI1 levels via
GRa signaling as well as through other cellular pathways.

Role of Androgen Receptor and NF-kB in the
Unmasked Bisphenol A and Bisphenol
AF-Induced Receptor for Activated C

Kinase 1 Expression

Our data show that hampering BPA binding to GRa through
either receptor inhibition or gene silencing, another BPA-
related effect could be unmasked and its antagonist profile
for AR can be excluded. In addition, BPA agonist activity on
AR can also be ruled out since in immune context and in THP-1
cells, we demonstrated that not only RACKI1 has a basal
regulation controlled by androgens and AR that counteracts
GR activity, but also that treatment with androgenic compounds
results in a significant up-regulation of RACK1 (Buoso et al,
2017a; Buoso et al., 2017b; Buoso et al., 2020b; Buoso et al.,
2020c¢; Racchi et al., 2017; Buoso et al., 2017¢). Therefore, due to
its known estrogenic-like features, as reported in the literature,
BPA can bind and activate GPER (previously known as GPR30)
(Périan and Vanacker, 2020). GPER activation has been
reported to induce RACK1 increase by AR ligand
independent activation (Buoso et al., 2020b). Therefore, with
flutamide treatment, we investigated the possible mechanism
that links the mifepristone-unmasked BPA effects on RACKI

up-regulation with hormone response element (HRE) identified
in the RACKI promoter region (Racchi et al., 2017). Cells were
treated for 1h with 50 uM flutamide, 30 min with 20 uM
mifepristone and then for 16h with 10 uM BPA or the
DMSO vehicle control for luciferase activity. As shown in
Figure 5A, BPA could still significantly induce RACK1
promoter activation in the presence of flutamide, suggesting
that BPA masked positive effect on RACK1 is not AR-
dependent. The same mechanism was confirmed with BPA
lower tested concentrations (Supplementary Figure S1A).
Since GPER is known to activate PI3K/Akt signaling cascade
(Buoso et al., 2020b) and consequently NF-xB, we assessed
BPA-mediated NF-kB activation due to the presence of c-Rel
binding sites in RACKI1 promoter region (Del Vecchio et al.,
2009). To this purpose, we treated THP-1 cells with the IxB
degradation inhibitor Bay 11-7085, along with mifepristone. As
shown in Figure 5A, RACK1 promoter activity was completely
and significantly prevented by Bay 11-7085 treatment,
suggesting that BPA masked positive effect on RACKI1 is
related to the presence of c-Rel site according to our
previous data (Buoso et al., 2013; Racchi et al., 2017; Masi
et al., 2020). To confirm whether BPA can activate NF-«xB, we
transfected THP-1 cells with a NF-«B specific luciferase reporter
vector (Fagiani et al., 2020). As shown in Figure 5B, BPA
treatment resulted in a significant activation of the NF-kB-
recognized vector, confirming that BPA unmasked effect on
RACKI could be NF-kB-mediated.

The same considerations were made for BPAF but, as shown in
Figure 5C, flutamide completely blocked mifepristone-unmasked
BPAF effect on RACK1 transcriptional activity, demonstrating
the role of GPER-activated AR in its observed effects. The same
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FIGURE 6 | Predicted binding mode for BPAF and BPA in GPER ligand binding site. (A) Structure of GPER obtained through homology modeling by using the web
server GPCR-I-TASSER (HG ID: HG0714). The putative binding site is indicated. (B, C) Close-up of the binding site highlighting the different sub-pockets occupied by
BPAF (B, in green sticks carbons) and BPA (D, in yellow sticks carbon). (D, E) Highest ranked pose for BPAF (D, in green stick carbons) and BPA (E, in orange sticks
carbons) within the GPER binding site. The 3D structure of GPER is represented in blue cartoon (D) and warmpink cartoon (E), and the key amino acid residues
interacting with the ligand are represented in lines. The heteroatoms are color-coded: oxygen in red, nitrogen in blue, sulfur in yellow and fluorine in pale green. The
H-bonding and the n—n stacking are represented in yellow, and blue dotted lines, respectively.

mechanism was confirmed with BPAF lower tested

concentrations (Supplementary Figure S1B).

Bisphenol A and Bisphenol AF
G-Protein-Coupled Estrogen Receptor

Molecular Docking

To investigate BPA and BPAF different mechanism of action,
molecular docking calculations were then performed to gain
structural insight into their interactions with GPER. As the
crystallographic structure of GPER is not available at present,
its most recent structure that was generated by homology
modeling (HG ID: HG0714) was downloaded from the web
server GPCR-ITASSER (Zhang and Zhang, 2010; Zhang et al,,
2015). GPCR-ITASSER is a computational suite derived from the
parent I-TASSER package, and it is the most accurate homology
modeling software customized for G-protein-coupled receptors
(GPCRs). These two bisphenols were then docked into the
putative ligand binding pocket of GPER, as suggested by a
previous computational study (Rosano et al, 2016)
(Figure 6A). Ten docking poses for each ligand were
generated. The structures of the most favored docked GPER/
ligand complexes are shown in Figures 6B-E. Interestingly,
although BPA and BPAF have high structural similarity, they
bind into two different clefts of the wide GPER binding site

(Figures 6B,C). BPAF interacts with the most superficial portion
of the receptor site and its binding pose is highly conserved
among the first seven poses with the lowest docking score (in the
range of —6.08 to —5.92). A highly negative docking score is
associated with a more suitable receptor-ligand binding, and the
narrow range of docking score is indicative of the robustness of
the predicted binding mode. In the lowest energetic complex, one
aromatic ring is allocated into a hydrophobic pocket delimited by
Leu59, Tyr55 and Leull9, whereas the phenolic hydroxyl is
involved in a hydrogen bond with the carbonyl backbone of
Leul19. The second aromatic ring is instead involved in a face-to-
edge m- bond with Phe206. Lastly, the two polar trifluoromethyl
(-CF3) groups are located within a polar cleft of the receptor
binding site, partially exposed to the solvent, and delimited by
GIn54, and His307 (Figure 6D).

Conversely, as depicted in Figure 6C, BPA is predicted to bind
into a deeper and less exposed sub-pocket of GPER binding site
and the predicted poses are well reproduced in all the GPER-BPA
complexes. BPA is accommodated within a portion of the
receptor binding site delimited by non-polar amino acids such
as Met133, Leul37, Met141, Phe208, Ala209, and Phe314. This
hydrophobic pocket is more favorable to host lipophilic
molecules such BPA than BPAF, thus accounting for the
different orientation observed for the two assessed ligands. In
addition, both phenolic hydroxyls of BPA participate into a
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FIGURE 7 | Effects of BPS on RACK1 expression and immune activation. (A-B) THP-1 cells transiently transfected with the A1 construct were treated for 6 h (A) or

16 h (B) with increasing concentrations of BPS (0.001-10 pM) or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in
“Materials and Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as
mean + SEM, n = 3 independent experiments performed in quadruplicate. Statistical analysis was performed with Dunnett’s multiple comparison test with

***p < 0.001 vs. control (CTRL). (C-D) THP-1 cells treated for 18 h (C) or 24 h (D) with 10 pM BPS or DMSO as vehicle control (CTRL). (C) mRNA levels evaluated by
gPCR (endogenous reference, 18S). (D) The image is a representative Western blot. RACK1 protein levels evaluated by Western blotting, normalized to p-tubulin

expression. Each value represents the mean + SEM n = 3 independent experiments. Significance was set at p < 0.05 by the Student’s t-test (o < 0.05, ***p < 0.01). (E-F)
THP-1 cells treated with 10 ng/ml LPS without and with 10 pM BPS or DMSO as vehicle control (CTRL). Secretion of cytokines TNF-a (E) and IL-8 (F) evaluated by
sandwich ELISAs. Statistical analysis was performed with Student’s t-test with *p < 0.05 vs LPS alone.

Frontiers in Pharmacology | www.frontiersin.org 12 September 2021 | Volume 12 | Article 743991


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Buoso et al.

Bisphenols and RACK1-Correlated Immune Implications

CTRL BPS F+BPS F

A1
200

[
1
g
=)
:

*k

150 4

N
h
=
o
2

100 1

RLU%
s

-
I

50 1

RACK1/B-tubulin

RACK1 mRNA (2"24¢
ol
2

o
1

2

°

¥

Q\o Q\"

<(\° Q\\)

FIGURE 8 | Role of AR in BPS-induced RACK1 regulation. (A) THP-1 cells transiently transfected with the A1 construct were pre-treated for 1 h with 50 uM
flutamide, then with 10 uM BPS for 16 h or DMSO as vehicle control (CTRL). Cells were lysed and luciferase activity was measured as described in “Materials and
Methods” section. Luciferase activities are expressed as RLU% respected to non-treated construct (considered as 100%). Results are expressed as mean + SEM, n =3
independent experiments in triplicate. Statistical analysis was performed with Dunnett’s multiple comparison test with ***p < 0.001 vs control (CTRL). (B, C) THP-1

cells pre-treated for 1 h with 50 uM flutamide for 18 h (B) or 24 h (C) with 10 uM BPS or DMSO as vehicle control (CTRL). (B) mRNA levels evaluated by qPCR
(endogenous reference, 18S). (C) The image is a representative Western blot. RACK1 protein levels evaluated by Western blotting, normalized to -tubulin expression.
Each value represents the mean + SEM, n = 3 independent experiments. Statistical analysis was performed with Dunnett’s multiple comparison test with **p < 0.01;

***p < 0.001 vs control (CTRL).

network of hydrogen bonds involving Tyr123, the backbone
carbonyl of Cys207, Glu275, and GIn310, and that contribute
to tight the binding of the BPA with the receptor (Figure 6E).
These data support the experimental evidence reported above and
suggest that, upon binding, BPA and BPAF trigger different
GPER conformational changes that lead to the activation of
different signaling pathways.

Bisphenol S Induces Receptor for Activated

C Kinase 1 Expression

Finally, we investigated the effects of another BPA analogue, BPS,
on RACKI expression. As for the other bisphenols, THP-1 cells
were treated for 6, 16, 18 and 24 h with increasing concentrations
of BPS (0.001-10 uM) or DMSO as vehicle control. As shown in
Figures 7A 6 h BPS treatment did not alter RACKI promoter
activity at any of the concentrations tested, while 16 h treatment
induced significant RACKI up-regulation only at 10 pM BPS
(Figure 7B). In agreement with this, there was a statistically
significant increase in RACK1 mRNA expression after 18 h of
treatment with 10 uM BPS (Figure 7C), which was mirrored by
increased RACK1 protein levels after 24h of treatment
(Figure 7D). Similar to BPA and BPAF, we also investigated
TNF-a and IL-8 release for BPS-treated and LPS-stimulated
THP-1 cells (Figures 7E,F). Consistent with the increase in
RACKI1 expression, there was a significant increase in TNF-a
secretion for 10 pM BPS, although no increase in the release of IL-
8 was reported. It is important to note that BPS alone did not
induce cytokine production (data not shown).

Role of Androgen Receptor in Bisphenol
S-Induced Receptor for Activated C Kinase

1 Expression

Due to the BPS up-regulation of RACKI expression, we
investigated whether this increase was AR-mediated. THP-1
cells were, therefore, pre-treated with flutamide for 1h. As
shown in Figures 8 10 uM BPS alone induced a significant
increase in RACKI promoter activity (Figure 8A), and the
consequent up-regulation of RACK1 at both the mRNA
(Figure 8B) and protein (Figure 8C) levels. Then, in line with
the previous data here, flutamide pre-treatment completely
abolished BPS-mediated RACKI up-regulation at the promoter
(Figure 8A), and also at the mRNA (Figure 8B) and protein
(Figure 8C) levels. To investigate a possible masked effect on BPS
we performed the same experimental setting as for BPA and
BPAF. However, mifepristone treatment did not unmask any
other BPS effect on RACK1 expression. (Supplementary Figure
S2). Hence, these data confirmed that these effects of BPS on
RACKI are mediated by AR and are in line with BPS moderately
high AR agonist profile reported in Table 1.

DISCUSSION

In our previous published manuscripts, we have demonstrated that,
in immune context, RACKI expression can be regulated by
glucocorticoids, androgens and estrogen-active compounds (Buoso
et al., 2017a; Racchi et al., 2017; Buoso et al., 2020b; Corsini et al.,
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2021). All began from the observation of a GRE sequence on the
human RACKI promoter, which is responsible of cortisol and
corticosteroids action at the transcriptional level resulting in the
down-regulation of RACK1 expression (Buoso et al.,, 2011; Corsini
et al., 2014a; Corsini et al,, 2014b). The anti-glucocorticoid effect of
dehydroepiandrosterone (DHEA), through the conversion to active
androgens, has an opposite effect on RACKI expression and on the
regulation of PKC activity involved in immune cell activation. A more
specific indication derived from data demonstrating that DHEA
effect on RACK1 expression could be completely prevented using
flutamide, as an AR antagonist or AR silencing, thus resulting in no
response to DHEA in terms of RACK1 expression and LPS-induced
cytokine production. Therefore, modulation of AR is a key step in the
mechanism supporting RACK1 expression (Racchi et al, 2017;
Corsini et al., 2021). Indeed, it is noteworthy that AR and GR can
interact at the transcriptional level since they recognize a similar
palindromic sequence usually termed as a canonical androgen/
glucocorticoid response element (ARE/GRE) (Pihlajamaa et al,
2015). Since RACK1 plays a pivotal role in immune cell activation
(Corsini et al., 1999; Corsini et al., 2005; Corsini et al., 2014a; Corsini
et al,, 2014b; Buoso et al., 2017b; Buoso et al., 2017¢; Racchi et al.,
2017), and a complex hormonal balance is involved in the control of
its expression (Buoso et al., 2011; Buoso et al., 2017b; Buoso et al.,
2017¢; Racchi et al., 2017; Corsini et al., 2021), it could represent a
useful tool for the screening of EDCs and their immunotoxicity
(Buoso et al., 2017a; Racchi et al., 2017; Buoso et al., 2020b; Corsini
et al,, 2021). Indeed, it is emerging evidence for a role of EDCs in the
immune system dysfunction (Bansal et al., 2018; Corsini et al., 2018;
Nowak et al., 2019). Hence, the aim of the present study was to
investigate whether the bisphenols A, AF and S regulate RACK1
expression and LPS-induced TNF-a and IL-8 production. These
immune parameters were selected since we previously demonstrated
to be dependent upon RACK1/PKCp activation (Corsini et al., 1999;
Corsini et al., 2005; Buoso et al., 2011; Corsini et al., 2014a; Corsini
et al,, 2014b; Buoso et al., 2017b; Buoso et al., 2017¢; Racchi et al.,
2017). Our present data showed that RACK1 was down-regulated
upon exposure to BPA and BPAF and this modulation was mirrored
by a low but statistically significant decrease of the aforementioned
cytokines release. Because of the observed reduction of RACKI1
expression, mifepristone treatment was used to discriminate
whether BPA and BPAF showed AR antagonism or GR agonism
profile as emerged by our in silico analysis through the Endocrine
Disruptome. In this regard, mifepristone allowed not only to reveal
that BPA and BPAF act as GR agonists but also to unmask further
correlated effects, which were detected at lower concentrations,
reflecting levels of exposed subjects (European Food Safety
Authority, 2017; Ribeiro et al, 2019). The unmasking effect of
mifepristone was also confirmed by GRa silencing. Due to
unmasked RACKI1 up-regulation and BPA and BPAF known
estrogen-like properties, to better dissect their molecular
mechanism, the involvement of GPER in bisphenol-mediated
RACK1 modulation was investigated according to our previous
results (Buoso et al., 2020b). Based on literature data on GPER-
activated signaling cascade, flutamide treatment was used to assess
GPER-mediated AR ligand independent activation upon BPA and
BPAF exposure (Buoso et al., 2020b). In this experimental setting,
while BPAF up-regulated RACKI1 expression through the same
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mechanism that we previously demonstrated for the estrogen-
active compound diethylstilbestrol (DES), BPA induced RACKI
expression through a different mechanism that involves NF-«xB
(Buoso et al, 2013; Racchi et al, 2017; Masi et al., 2020). The
rational being that four c-Rel binding sites were identified in the
human RACK1 promoter (Del Vecchio et al., 2009; Buoso et al.,
2013). c-Rel is a member of the NF-«B transcription factor family,
whose involvement in RACKI regulation was demonstrated in
different cellular context (Buoso et al., 2013; Masi et al, 2020),
including cells of immune origin using LPS (Del Vecchio et al,
2009). Our molecular docking confirmed that BPA and BPAF
different mechanisms of action could be explained due to their
diverse binding mode to GPER, suggesting a biased agonism for
this membrane receptor (Figure 9A).

Regarding BPS, our data showed that RACKI expression was
up-regulated and this modulation was mirrored by a low but
statistically significant increase of TNF-a. According to RACK1
hormonal regulation literature, we investigated AR involvement
in its increased expression. Flutamide treatment confirmed that
BPS effects are mediated by its AR agonism in line with our in
silico predictions with Endocrine Disruptome. However, since
BPS is a BPA analog and displays a weak estrogenic activity
(Buoso et al.,, 2020c), we cannot totally exclude a partial GPER
involvement in AR activation although we can confirm that its
effects are mediated by AR (Figure 9B).

Altogether, these data demonstrated that RACKI is an useful
tool to unravel the interfering effects of EDCs on endocrine-
regulated cellular processes, especially thanks to RACKI
expression modulation and its downstream effects on the
innate immune response. In particular, this work reveals that
the regulation of RACK1 expression can be used to investigate the
complex molecular mechanism of EDCs that involve different
receptors, both nuclear and membrane bound, including
bisphenols. In addition, specific inhibition and gene silencing
of well-known RACK1 transcriptional modulators can be also
used to unmask other EDCs molecular effects. Therefore, this
work perfectly fits in our research frame, because we exploited
this same molecular unmasking approach as we previously did for
estrogenic-active compounds DES and zearalenone (ZEA)
(Buoso et al., 2020b). Indeed, although RACKI promoter
region lacks an estrogen responsive element, its ability to be
regulated through a non-genomic cascade activated by GPER
allows RACKI1 to be used to screen well-known estrogenic-like
molecules, such as these bisphenols.

In term of hazard identification, our results indicate that high
concentrations of exposure to BPS predispose cells to an enhanced
immune response, which, depending on the context, could be
detrimental, ie. it can favor the onset of autoimmune diseases,
allergic reactions to unrelated antigens, misregulated inflammation
to mention some possible consequences. Conversely, BPA and BPAF
are associated in a decreased immunostimulation, with a greater
effect of BPA compared to BPAF, that should be considered
indicative of immunotoxicity. In this regard, different BPA
occupational exposure studies performed on Chinese workers at
BPA manufacturers and epoxy resin reported in urine samples
<10 uM BPA concentrations, suggesting that in these workers
immunological implications can occur due to BPA exposure (He
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FIGURE 9 | Proposed mechanisms of action of BPA, BPAF and BPS on RACK1 expression. Following the data, our model indicates that BPA and BPAF act
through glucocorticoid receptor (GR), and G-protein-coupled estrogen receptor (GPER). BPS acts predominantly through androgen receptor (AR), although GPER
involvement cannot be excluded (see text for details). AR, androgen receptor; BPA, bisphenol A; BPAF; bisphenol AF; BPS, bisphenol S; GPER, G-protein-coupled
estrogen receptor; GR, glucocorticoid receptor; HRE, hormone response element; NF-kB, nuclear factor kB; RACK1, receptor for activated C kinase 1.

et al,, 2009; Li et al,, 2010; Miao et al,, 2014; Liu et al., 2015; Miao
et al,, 2015). However, usual exposure concentrations of BPA and
BPAF do not modify RACK1 expression and do not trigger immune
response. This is due to their ability to interact and activate different
receptors, thus creating a balance, which results in no detectable
effects, in line with CLARITY-BPA study observations (Li et al,
2018) and other literature data (Kimber, 2017). In this context, it is
noteworthy that our data unravel how differences in the amount of
bisphenols-interacting receptors or impaired endocrine responses in
the exposed subjects could be at the basis of the unmasked
bisphenols effects, which may be responsible to the discrepancy
of published data on bisphenols, especially with BPA. Hence,
immune features of subjects exposed to typical bisphenols
concentration could be essential to predict acute and/or chronic
effects on the immune system that ultimately do not depend only on
the compounds themselves.

To conclude, we propose an in vitro strategy where as a
screening, molecular modelling and docking simulation to
assess the affinity for steroid hormones receptors together
with the RACK1 promoter activity should be the initial step,
followed by RACK1 mRNA and/or protein expression to
confirm that changes in the promoter activity have an impact
on cellular RACK1 level, and finally, the physiological
consequences of its modulation, can be investigated by
evaluating immune functions. The other advantage in the use
of RACKI1 is that its expression can capture the complex

interplay of transcriptional and non-transcriptional events
associated with exposure to hormonally active compounds
targeting more than one hormonal system and the resulting
biological consequence, as we previously demonstrated (Buoso
et al., 2011; Buoso et al., 2017b; Buoso et al., 2017¢; Buoso et al,,
2020b). Results warrant further analysis of panels of EDCs
differently targeting steroid receptors.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

Conceptualization and Methodology: EB, MK, MD, EC.
Investigation: performed the experiments EB, MK and MM;
molecular docking data: PL. Formal analysis: EB, MK, MM
and PL. Writing—original draftt EB, MK and MM.
Writing—review and editing: EB, MK, MM, PL, VG, MR,
MSD and EC. Visualization: EB, MK, MM, PL, VG, MR, MD
and EC. Critical discussion: EB, MK, MD and EC. Funding
acquisition: EC and MD. Resources: EC, MD. Supervision: EC
and MD.

Frontiers in Pharmacology | www.frontiersin.org

15

September 2021 | Volume 12 | Article 743991


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Buoso et al.

FUNDING

This study was supported by a grant from Ministero dell'Istruzione,
dell'Universita e della Ricerca (PRIN 2017, Project number
2017MLC3NF) to EC, a Young Researcher grant from the
Slovenian Research Agency to MK, the Slovenian Research
Agency programme group “Medicinal Chemistry: Drug Design,
Synthesis and Evaluation of Drugs” (programme code P1-0208),
and Mu.Ta.Lig. Cost Action CA15135 “Multi-target paradigm for
innovative ligand identification in the drug discovery process”.
Fondi FRG 2018 (Universita di Pavia) to EB.

REFERENCES

Andersson, N., Andersson, N., Arena, M., Auteri, D., Barmaz, S., Grignard, E., et al.
(2018). Guidance for the Identification of Endocrine Disruptors in the Context
of Regulations (EU) No 528/2012 and (EC) No 1107/2009. EFSA J. 16 (6),
€05311. doi:10.2903/j.efsa.2018.5311

Bansal, A., Henao-Mejia, J., and Simmons, R. A. (2018). Immune System: an
Emerging Player in Mediating Effects of Endocrine Disruptors on Metabolic
Health. Endocrinology 159 (1), 32-45. doi:10.1210/en.2017-00882

Bertagna, X., Bertagna, C., Luton, J. P., Husson, J. M., and Girard, F. (1984). The
New Steroid Analog RU 486 Inhibits Glucocorticoid Action in Man. J. Clin.
Endocrinol. Metab. 59 (1), 25-28. doi:10.1210/jcem-59-1-25

Buoso, E., Biundo, F., Lanni, C., Aiello, S., Grossi, S., Schettini, G., et al. (2013).
Modulation of Rack-1/PKCPII Signalling by Soluble APPPa in SH-Sy5y
Cells.  Curr.  Alzheimer Res. 10 (7), 697-705. doi:10.2174/
15672050113109990145

Buoso, E., Galasso, M., Ronfani, M., Papale, A., Galbiati, V., Eberini, L, et al.
(2017a). The Scaffold Protein RACKI1 Is a Target of Endocrine Disrupting
Chemicals (EDCs) with Important Implication in Immunity. Toxicol. Appl.
Pharmacol. 325, 37-47. doi:10.1016/j.taap.2017.04.011

Buoso, E., Galasso, M., Ronfani, M., Serafini, M. M., Lanni, C., Corsini, E., et al.
(2017b). Role of Spliceosome Proteins in the Regulation of Glucocorticoid
Receptor Isoforms by Cortisol and Dehydroepiandrosterone. Pharmacol. Res.
120, 180-187. doi:10.1016/j.phrs.2017.03.019

Buoso, E., Galasso, M., Serafini, M. M., Ronfani, M., Lanni, C., Corsini, E., et al.
(2017¢). Transcriptional Regulation of RACKI and Modulation of its
Expression: Role of Steroid Hormones and Significance in Health and
Aging. Cell Signal 35, 264-271. doi:10.1016/j.cellsig.2017.02.010

Buoso, E., Lanni, C., Molteni, E., Rousset, F., Corsini, E., and Racchi, M. (2011).
Opposing Effects of Cortisol and Dehydroepiandrosterone on the Expression of
the Receptor for Activated C Kinase 1: Implications in Immunosenescence. Exp.
Gerontol. 46 (11), 877-883. doi:10.1016/j.exger.2011.07.007

Buoso, E., Masi, M., Long, A., Chiappini, C., Travelli, C., Govoni, S., et al. (2020a).
Ribosomes as a Nexus between Translation and Cancer Progression: Focus on
Ribosomal Receptor for Activated C Kinase 1 (RACK1) in Breast Cancer. Br.
J. Pharmacol. doi:10.1111/bph.15218

Buoso, E., Masi, M., Galbiati, V., Maddalon, A., Iulini, M., Kenda, M., et al. (2020b).
Effect of Estrogen-Active Compounds on the Expression of RACKI1 and
Immunological Implications. Arch. Toxicol. 94 (6), 2081-2095. do0i:10.1007/
500204-020-02756-9

Buoso, E., Masi, M., Racchi, M., and Corsini, E. (2020c). Endocrine-Disrupting
Chemicals’ (EDCs) Effects on Tumour Microenvironment and Cancer
Progression: Emerging Contribution of RACKI. Int. J. Mol. Sci. 21 (23),
1-27. doi:10.3390/ijms21239229

Buoso, E., Ronfani, M., Galasso, M., Ventura, D., Corsini, E., and Racchi, M. (2019).
Cortisol-induced SRSF3 Expression Promotes GR Splicing, RACK1 Expression
and Breast Cancer Cells Migration. Pharmacol. Res. 143, 17-26. doi:10.1016/
j.phrs.2019.03.008

Corsini, E., Battaini, F., Lucchi, L., Marinovich, M., Racchi, M., Govoni, S., et al.
(1999). A Defective Protein Kinase C Anchoring System Underlying Age-
Associated Impairment in TNF-Alpha Production in Rat Macrophages.
J. Immunol. 163 (6), 3468-3473.

Bisphenols and RACK1-Correlated Immune Implications

ACKNOWLEDGMENTS

The authors would like to thank Dr. Chris Berrie for scientific
English language editing of the article.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.743991/
full#supplementary-material

Corsini, E., Buoso, E., Galbiati, V., and Racchi, M. (2021). Role of Protein Kinase C
in Immune Cell Activation and its Implication Chemical-Induced
Immunotoxicity. Adv. Exp. Med. Biol. 1275, 151-163. d0i:10.1007/978-3-
030-49844-3_6

Corsini, E., Galbiati, V., Esser, P. R,, Pinto, A., Racchi, M., Marinovich, M., et al.
(2014a). Role of PKC-B in Chemical Allergen-Induced CD86 Expression and
IL-8 Release in THP-1 Cells. Arch. Toxicol. 88 (2), 415-424. doi:10.1007/
$00204-013-1144-z

Corsini, E., Lucchi, L., Meroni, M., Racchi, M., Solerte, B., Fioravanti, M., et al.
(2002). In Vivo dehydroepiandrosterone Restores Age-Associated Defects in
the Protein Kinase C Signal Transduction Pathway and Related Functional
Responses.  J.  Immunol. 168  (4), 1753-1758.  doi:10.4049/
jimmunol.168.4.1753

Corsini, E., Pinto, A., Galbiati, V., Viviani, B., Galli, C. L., Marinovich, M., et al.
(2014b). Corticosteroids Modulate the Expression of the PKC-Anchoring
Protein RACK-1 and Cytokine Release in THP-1 Cells. Pharmacol. Res. 81,
10-16. doi:10.1016/j.phrs.2014.01.002

Corsini, E., Racchi, M., Sinforiani, E., Lucchi, L., Viviani, B., Rovati, G. E., et al.
(2005). Age-related Decline in RACK-1 Expression in Human Leukocytes Is
Correlated to Plasma Levels of Dehydroepiandrosterone. J. Leukoc. Biol. 77 (2),
247-256. doi:10.1189/j1b.0504268

Corsini, E., Ruffo, F., and Racchi, M. (2018). Steroid Hormones, Endocrine
Disrupting Compounds and Immunotoxicology. Curr. Opin. Toxicol. 10,
69-73. doi:10.1016/j.cotox.2018.01.006

Couleau, N., Falla, J., Beillerot, A., Battaglia, E., D’Innocenzo, M., Plangon, S., et al.
(2015). Effects of Endocrine Disruptor Compounds, Alone or in Combination,
on Human Macrophage-like THP-1 Cell Response. PLoS One 10 (7), €0131428.
doi:10.1371/journal.pone.0131428

Del Vecchio, I, Zuccotti, A., Pisano, F., Canneva, F., Lenzken, S. C., Rousset, F.,
et al. (2009). Functional Mapping of the Promoter Region of the GNB2L1
Human Gene Coding for RACK1 Scaffold Protein. Gene 430 (1-2), 17-29.
doi:10.1016/j.gene.2008.10.005

EFSA (2016). Bisphenol A: New Immune System Evidence Useful but Limited.
European Food Safety Authority.

European Food Safety Authority (2017). Bisphenol, A. European Food Safety
Authority. Parma, Italy.

Fagiani, F., Catanzaro, M., Buoso, E., Basagni, F., Di Marino, D., Raniolo, S., et al.
(2020). Targeting Cytokine Release through the Differential Modulation of
Nrf2 and NF-Kb Pathways by Electrophilic/Non-Electrophilic Compounds.
Front. Pharmacol. 11, 1256. doi:10.3389/fphar.2020.01256

He, Y., Miao, M., Wu, C,, Yuan, W., Gao, E., Zhou, Z,, et al. (2009). Occupational
Exposure Levels of Bisphenol A Among Chinese Workers. J. Occup. Health 51
(5), 432-436. doi:10.1539/joh.09006

Kimber, I. (2017). Bisphenol A and Immunotoxic Potential: a Commentary. Regul.
Toxicol. Pharmacol. 90, 358-363. doi:10.1016/j.yrtph.2017.08.022

Kojima, H., Takeuchi, S., Sanoh, S., Okuda, K., Kitamura, S., Uramaru, N., et al.
(2019). Profiling of Bisphenol A and Eight its Analogues on Transcriptional
Activity via Human Nuclear Receptors. Toxicology 413, 48-55. doi:10.1016/
j.t0x.2018.12.001

Kolsek, K., Mavri, J., Sollner Dolenc, M., Gobec, S., and Turk, S. (2014). Endocrine
Disruptome-Aan Open Source Prediction Tool for Assessing Endocrine
Disruption Potential through Nuclear Receptor Binding. J. Chem. Inf.
Model. 54 (4), 1254-1267. doi:10.1021/ci400649p

Frontiers in Pharmacology | www.frontiersin.org

September 2021 | Volume 12 | Article 743991


https://www.frontiersin.org/articles/10.3389/fphar.2021.743991/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.743991/full#supplementary-material
https://doi.org/10.2903/j.efsa.2018.5311
https://doi.org/10.1210/en.2017-00882
https://doi.org/10.1210/jcem-59-1-25
https://doi.org/10.2174/15672050113109990145
https://doi.org/10.2174/15672050113109990145
https://doi.org/10.1016/j.taap.2017.04.011
https://doi.org/10.1016/j.phrs.2017.03.019
https://doi.org/10.1016/j.cellsig.2017.02.010
https://doi.org/10.1016/j.exger.2011.07.007
https://doi.org/10.1111/bph.15218
https://doi.org/10.1007/s00204-020-02756-9
https://doi.org/10.1007/s00204-020-02756-9
https://doi.org/10.3390/ijms21239229
https://doi.org/10.1016/j.phrs.2019.03.008
https://doi.org/10.1016/j.phrs.2019.03.008
https://doi.org/10.1007/978-3-030-49844-3_6
https://doi.org/10.1007/978-3-030-49844-3_6
https://doi.org/10.1007/s00204-013-1144-z
https://doi.org/10.1007/s00204-013-1144-z
https://doi.org/10.4049/jimmunol.168.4.1753
https://doi.org/10.4049/jimmunol.168.4.1753
https://doi.org/10.1016/j.phrs.2014.01.002
https://doi.org/10.1189/jlb.0504268
https://doi.org/10.1016/j.cotox.2018.01.006
https://doi.org/10.1371/journal.pone.0131428
https://doi.org/10.1016/j.gene.2008.10.005
https://doi.org/10.3389/fphar.2020.01256
https://doi.org/10.1539/joh.o9006
https://doi.org/10.1016/j.yrtph.2017.08.022
https://doi.org/10.1016/j.tox.2018.12.001
https://doi.org/10.1016/j.tox.2018.12.001
https://doi.org/10.1021/ci400649p
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Buoso et al.

Li, D., Zhou, Z., Qing, D., He, Y., Wu, T., Miao, M., et al. (2010). Occupational
Exposure to Bisphenol-A (BPA) and the Risk of Self-Reported Male Sexual
Dysfunction. Hum. Reprod. 25 (2), 519-527. doi:10.1093/humrep/dep381

Li, J., Bach, A., Crawford, R. B., Phadnis-Moghe, A. S., Chen, W., D’Ingillo, S., et al.
(2018). CLARITY-BPA: Effects of Chronic Bisphenol A Exposure on the
Immune System: Part 2 - Characterization of Lymphoproliferative and
Immune Effector Responses by Splenic Leukocytes. Toxicology 396-397,
54-67. doi:10.1016/j.tox.2018.02.004

Liu, X., Miao, M., Zhou, Z., Gao, E., Chen, J., Wang, J., et al. (2015). Exposure to
Bisphenol-A and Reproductive Hormones Among Male Adults. Environ.
Toxicol. Pharmacol. 39 (2), 934-941. doi:10.1016/j.etap.2015.03.007

Malaisé, Y., Lencina, C.,, Cartier, C., Olier, M., Ménard, S., and Guzylack-Piriou, L.
(2020). Perinatal Oral Exposure to Low Doses of Bisphenol A, S or F Impairs
Immune Functions at Intestinal and Systemic Levels in Female Offspring Mice.
Environ. Health 19 (1), 93. doi:10.1186/s12940-020-00614-w

Masi, M., Garattini, E., Bolis, M., Di Marino, D., Maraccani, L., Morelli, E., et al.
(2020). OXER1 and RACK1-Associated Pathway: a Promising Drug Target for
Breast Cancer Progression. Oncogenesis 9 (12), 1-15. doi:10.1038/s41389-020-
00291-x

Miao, M., Yuan, W., Yang, F., Liang, H., Zhou, Z., Li, R,, et al. (2015). Associations
between Bisphenol A Exposure and Reproductive Hormones Among Female
Workers. Int. J. Environ. Res. Public Health 12 (10), 13240-13250. doi:10.3390/
fjerph121013240

Miao, M., Zhou, X, Li, Y., Zhang, O., Zhou, Z., Li, T., et al. (2014). LINE-1
Hypomethylation in Spermatozoa Is Associated with Bisphenol A Exposure.
Andrology 2 (1), 138-144. doi:10.1111/j.2047-2927.2013.00166.x

Monneret, C. (2017). What Is an Endocrine Disruptor? Comptes Rendus Biologies
340, 403-405. doi:10.1016/j.crvi.2017.07.004

Murata, M., and Kang, J. H. (2018). Bisphenol A (BPA) and Cell Signaling
Pathways. Biotechnol. Adv. 36, 311-327. doi:10.1016/
j-biotechadv.2017.12.002

Nowak, K., Jabloniska, E., and Ratajczak-Wrona, W. (2019). Immunomodulatory
Effects of Synthetic Endocrine Disrupting Chemicals on the Development and
Functions of Human Immune Cells. Environ. Int. 125, 350-364. doi:10.1016/
j.envint.2019.01.078

Pelch, K., Wignall, J. A., Goldstone, A. E., Ross, P. K., Blain, R. B., Shapiro, A. ],
et al. (2019). A Scoping Review of the Health and Toxicological Activity of
Bisphenol A (BPA) Structural Analogues and Functional Alternatives.
Toxicology 424, 152235. doi:10.1016/j.tox.2019.06.006

Périan, S., and Vanacker, J.-M. (2020). GPER as a Receptor for Endocrine-
Disrupting Chemicals (EDCs). Front. Endocrinol. 11, 545. doi:10.3389/
fendo.2020.00545

Pihlajamaa, P., Sahu, B., and Janne, O. A. (2015). Determinants of Receptor- and
Tissue-specific Actions in Androgen Signaling. Endocr. Rev. 36 (4), 357-384.
doi:10.1210/er.2015-1034

Prasanth, G. K., Divya, L. M., and Sadasivan, C. (2010). Bisphenol-A Can Bind to
Human Glucocorticoid Receptor as an Agonist: an In Silico Study. J. Appl.
Toxicol. 30 (8), 769-774. doi:10.1002/jat.1570

Racchi, M., Buoso, E., Ronfani, M., Serafini, M. M., Galasso, M., Lanni, C,, et al.
(2017). Role of Hormones in the Regulation of RACK1 Expression as a
Signaling Checkpoint in Immunosenescence. Int. J. Mol. Sci. 18 (7), 1453.
doi:10.3390/ijms18071453

Ribeiro, E., Delgadinho, M., and Brito, M. (2019). Environmentally Relevant
Concentrations of Bisphenol A Interact with Doxorubicin Transcriptional
Effects in Human Cell Lines. Toxics 7 (3), 43. doi:10.3390/toxics7030043

Ribeiro, E., Ladeira, C., and Viegas, S. (2017). Occupational Exposure to Bisphenol
A (BPA): a Reality that Still Needs to Be Unveiled. Toxics 5 (3), 22. doi:10.3390/
toxics5030022

Rosano, C., Ponassi, M., Santolla, M. F., Pisano, A., Felli, L., Vivacqua, A., et al.
(2016). Macromolecular Modelling and Docking Simulations for the Discovery

Bisphenols and RACK1-Correlated Immune Implications

of Selective GPER Ligands. AAPS J. 18 (1), 41-46. doi:10.1208/s12248-015-
9844-3

Sastry, G. M., Adzhigirey, M., Day, T., Annabhimoju, R., and Sherman, W. (2013).
Protein and Ligand Preparation: Parameters, Protocols, and Influence on
Virtual Screening Enrichments. J. Comput. Aided Mol. Des. 27 (3), 221-234.
doi:10.1007/s10822-013-9644-8

Schrédinger LLC New York (USA) (2014d). Schrodinger Suite 2014-3: Protein
Preparation Wizard. Epik.

Schrodinger, LLC, New York, NY (USA) (2014a). Schridinger Release 2014-3: Glide
(Version 6.8).

Schrodinger, LLC, New York, NY (USA) (2014c). Schrodinger Release 2014-3:
LigPrep.

Schrodinger, LLC, New York, NY (USA) (2014b). Schriodinger Release 2014-3:
Maestro.

Shelley, J. C., Cholleti, A., Frye, L. L., Greenwood, J. R., Timlin, M. R,, and
Uchimaya, M. (2007). Epik: a Software Program for pK( a ) Prediction and
Protonation State Generation for Drug-like Molecules. J. Comput. Aided Mol.
Des. 21 (12), 681-691. doi:10.1007/s10822-007-9133-z

Skledar, D. G., Carino, A., Trontelj, J., Troberg, J., Distrutti, E., Marchiano, S., et al.
(2019). Endocrine Activities and Adipogenic Effects of Bisphenol AF and its Main
Metabolite. Chemosphere 215, 870-880. doi:10.1016/j.chemosphere.2018.10.129

Vedani, A., Dobler, M., and Smie$ko, M. (2012). VirtualToxLab - a Platform for
Estimating the Toxic Potential of Drugs, Chemicals and Natural Products.
Toxicol. Appl. Pharmacol. 261, 142-153. doi:10.1016/j.taap.2012.03.018

Vedani, A., Smiesko, M., Spreafico, M., Peristera, O., and Dobler, M. (2009).
VirtualToxLab - In Silico Prediction of the Toxic (Endocrine-disrupting)
Potential of Drugs, Chemicals and Natural Products. Two Years and 2,000
Compounds of Experience: a Progress Report. ALTEX 26 (3), 167-176.
doi:10.14573/altex.2009.3.167

WHO (2013). Global Assessment of the State-Of-The-Science of Endocrine
Disruptors. World Health Organization.

Zhang, J., Yang, J., Jang, R., Zhang, Y., and Gpcr-I-Tasser (2015). GPCR-I-
TASSER: A Hybrid Approach to G Protein-Coupled Receptor Structure
Modeling and the Application to the Human Genome. Structure 23 (8),
1538-1549. doi:10.1016/j.5tr.2015.06.007

Zhang, J., Zhang, T., Guan, T., Yu, H,, and Li, T. (2017). In Vitro and In Silico
Assessment of the Structure-dependent Binding of Bisphenol Analogues to
Glucocorticoid Receptor. Anal. Bioanal. Chem. 409 (8), 2239-2246.
doi:10.1007/500216-016-0168-7

Zhang, J., and Zhang, Y. (2010). GPCRRD: G Protein-Coupled Receptor Spatial
Restraint Database for 3D Structure Modeling and Function Annotation.
Bioinformatics 26 (23), 3004-3005. doi:10.1093/bioinformatics/btq563

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Buoso, Kenda, Masi, Linciano, Galbiati, Racchi, Dolenc and
Corsini. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

September 2021 | Volume 12 | Article 743991


https://doi.org/10.1093/humrep/dep381
https://doi.org/10.1016/j.tox.2018.02.004
https://doi.org/10.1016/j.etap.2015.03.007
https://doi.org/10.1186/s12940-020-00614-w
https://doi.org/10.1038/s41389-020-00291-x
https://doi.org/10.1038/s41389-020-00291-x
https://doi.org/10.3390/ijerph121013240
https://doi.org/10.3390/ijerph121013240
https://doi.org/10.1111/j.2047-2927.2013.00166.x
https://doi.org/10.1016/j.crvi.2017.07.004
https://doi.org/10.1016/j.biotechadv.2017.12.002
https://doi.org/10.1016/j.biotechadv.2017.12.002
https://doi.org/10.1016/j.envint.2019.01.078
https://doi.org/10.1016/j.envint.2019.01.078
https://doi.org/10.1016/j.tox.2019.06.006
https://doi.org/10.3389/fendo.2020.00545
https://doi.org/10.3389/fendo.2020.00545
https://doi.org/10.1210/er.2015-1034
https://doi.org/10.1002/jat.1570
https://doi.org/10.3390/ijms18071453
https://doi.org/10.3390/toxics7030043
https://doi.org/10.3390/toxics5030022
https://doi.org/10.3390/toxics5030022
https://doi.org/10.1208/s12248-015-9844-3
https://doi.org/10.1208/s12248-015-9844-3
https://doi.org/10.1007/s10822-013-9644-8
https://doi.org/10.1007/s10822-007-9133-z
https://doi.org/10.1016/j.chemosphere.2018.10.129
https://doi.org/10.1016/j.taap.2012.03.018
https://doi.org/10.14573/altex.2009.3.167
https://doi.org/10.1016/j.str.2015.06.007
https://doi.org/10.1007/s00216-016-0168-7
https://doi.org/10.1093/bioinformatics/btq563
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Effects of Bisphenols on RACK1 Expression and Their Immunological Implications in THP-1 Cells
	Introduction
	Materials and Methods
	In silico Predictions of Bisphenols Binding to Nuclear Receptors
	Chemicals
	Cell Culture
	Plasmid DNA Preparation, Transient Transfections, and Luciferase Assays
	Reverse Transcription Quantitative PCR
	Immunoblot Analysis
	Cytokine Production
	Molecular Docking to G-Protein-Coupled Estrogen Receptor
	Statistical Analysis

	Results
	In silico Prediction of Binding of Bisphenols to Nuclear Receptors
	Bisphenols A Inhibits Receptor for Activated C Kinase 1 Expression and Blocks Immune Activation
	Unmasking the Bisphenol A Effects on Receptor for Activated C Kinase 1 Expression
	Effects of Bisphenol AF on Receptor for Activated C Kinase 1 Expression
	Unmasking Bisphenol AF Effects on Receptor for Activated C Kinase 1 Expression
	Role of Androgen Receptor and NF-κB in the Unmasked Bisphenol A and Bisphenol AF-Induced Receptor for Activated C Kinase 1  ...
	Bisphenol A and Bisphenol AF G-Protein-Coupled Estrogen Receptor Molecular Docking
	Bisphenol S Induces Receptor for Activated C Kinase 1 Expression
	Role of Androgen Receptor in Bisphenol S-Induced Receptor for Activated C Kinase 1 Expression

	Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


