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Abstract  

The endocrine disruptor and food contaminant bisphenol A (BPA) is frequently present in 

consumer plastics and can produce several adverse health effects participating in the 

development of inflammatory and autoimmune diseases. Regulatory restrictions have been 

established to prevent risks for human health, leading to the substitution of BPA by structural 

analogues, such as bisphenol S (BPS) and F (BPF). In this study, we aimed at comparing the 

in vitro impact of these bisphenols from 0.05 to 50000 nM on Th17 differentiation, frequency 

and function in mouse systemic and intestinal immune T cells and in human blood T cells. 

This study reports the ability of these bisphenols, at low and environmentally relevant 

concentration, i.e, 0.05 nM, to increase significantly IL-17 production in mouse T cells but 

not in human T lymphocytes. The use of an aryl hydrocarbon receptor (AhR) specific 

inhibitor demonstrated its involvement in this bisphenol-induced IL-17 production. We also 

observed an increased IL-17 secretion by BPS and BPF, and not by BPA, in mouse naive T 

cells undergoing in vitro Th17 differentiation. In total, this study emphasizes the link between 

bisphenol exposures and the susceptibility to develop immune diseases, questioning thus the 

rational of their use to replace BPA. 

 

Keywords: Bisphenols, Mice, Human, IL-17 secretion, Th17 differentiation, In vitro 
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1. Introduction 

Endocrine disruptors (EDs) are compounds known to impair the functioning of the endocrine 

system, and their bioaccumulation in humans may cause adverse health effects (Kabir et al., 

2015). Among EDs, bisphenol A (BPA) is widely used as a component of epoxy resins and 

polycarbonate plastics by industry. BPA is present in plastic food containers, metal cans as 

epoxy coatings, kitchenware toys, medical devices, and dental composites and sealants 

(Becher et al., 2018). In humans, BPA has been shown to have developmental, reproductive, 

cardiovascular, immune and metabolic adverse outcomes (Rochester, 2013). In 2017, BPA 

was identified as a substance of very high concern in the list of the European Chemical 

Agency (ECHA). Regarding the recent regulations to restrict the use of BPA in food contact 

materials (Andújar et al., 2019), food packaging companies are exploring BPA substitutes 

(García-Córcoles et al., 2018). Among these analogues, bisphenol S (BPS), more heat- and 

photo-resistant, has been chosen by the industry as a replacement for BPA in the production 

of polycarbonates and epoxy resins for the manufacturing of industrial and consumer products 

(Chen et al., 2012). Bisphenol F (BPF) is also a BPA analogue with a wide spectrum of 

industrial uses. BPF is used in epoxy resins for several consumer products especially for 

systems needing increased thickness and durability (i.e., high-solid/ high-build systems) 

(Rochester and Bolden, 2015). All these bisphenols have been shown to be released from such 

products into food and water, contributing then to human exposure through diet or drinking 

water (Cao et al., 2019). The analysis conducted by the National Health and Nutrition 

Examination Survey showed BPA concentrations in the range of 1.8–660 nM in urine samples 

of the majority of US residents (Calafat et al., 2005). In human plasma, the predominant 

bisphenols were BPA, BPS, with mean concentrations of 0.40 and 0.15ng/mL respectively 

(Jin et al., 2018).  
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Emerging evidences suggest that exposure to bisphenols has been associated with 

altered immune function, and a variety of studies have explored this, in particular for BPA 

(Robinson and Miller, 2015). Among these studies, human cross-sectional and prospective 

studies demonstrate that prenatal and postnatal exposure to BPA has been linked to the 

development of asthma and inflammatory and allergic diseases (Donohue et al., 2013; Gascon 

et al., 2015; Spanier et al., 2012; Vaidya and Kulkarni, 2012). Investigations using 

experimental animals showed that prenatal exposure to BPA contributes to different effects on 

airway inflammation and allergic sensitization (Bauer et al., 2012; Nakajima et al., 2012; 

O’Brien et al., 2014). Previously, we also showed that perinatal exposure to BPA increased 

the risk of food intolerance at adulthood, as well as the susceptibility to intestinal infection 

and/or exacerbation of mucosal inflammation through deregulation of Th1/Th2 cytokine 

profiles in rats (Menard et al., 2014). Such effects of BPA on Th1/Th2 balance has also been 

reported in in vitro studies using murine T cells (Lee et al., 2003).  

The aryl hydrocarbon receptor (AhR) is a ligand-dependent transcription factor present 

in almost every tissue of animals and humans, and is involved in several metabolic processes 

including xenobiotic metabolization. AhR can bind aromatic hydrocarbon compounds derived 

from plastics including BPA (Krüger et al., 2008). Moreover, a crosstalk exists between AhR, 

the estrogen receptor (ER) and androgen receptor (AR), classically targeted by bisphenols 

(Grimaldi et al., 2019; Pocar et al., 2005). However, studies that have examined the potential 

role of AhR in mediating the toxic effects of BPA have been equivocal. Bonefeld-Jorgensen 

et al. pointed out weak antagonistic effects of BPA with AhR (Bonefeld-Jørgensen et al., 

2007) whereas, in more recent studies, Ziv-Gal et al. showed also that BPA may inhibit 

follicle growth partially via the AhR pathway (Ziv-Gal et al., 2013). More recently, Deluca et 

al. have shown that BPA is able to alter tryptophan and microbiota metabolites affecting gut 

physiology to exacerbate inflammation (DeLuca et al., 2018). Although direct evidence 
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indicates a role of tryptophan metabolites on AhR activation (Rannug and Rannug, 2018), the 

potential involvement of AhR in these BPA-induced effects has not been investigated. 

Interestingly, AhR has emerged as a critical physiological regulator of immunity and 

development of Th17 cells (Veldhoen et al., 2009), which are key effector T cells in several 

inflammatory diseases such as inflammatory bowel diseases and colorectal cancers (Cho et 

al., 2018; Hurtado et al., 2018). Indeed, Th17 cells are particularly enriched in the 

gastrointestinal tract and AhR pathway activation is important for the production of IL-17 and 

IL-22 cytokines by this T cell subset. Interestingly, we have recently reported that perinatal 

exposure to BPA induced intestinal and systemic immune imbalances in female offspring 

mice at adulthood, through an increase of Th17 cell frequencies in the small intestine lamina 

propria (siLP) (Malaisé et al., 2018). Such an increase in the development of Th17 cells in the 

offspring has also been described by Luo et al. after gestational and lactational BPA exposure 

(Luo et al., 2016). However, the involvement of AhR on this effect has not been investigated. 

Restrictions have been imposed on BPA, but substitutes having similar chemical 

structures like BPS and BPF, with very low regulations, are now used leading to the question 

whether those substitutes are safe. Indeed, the considerable use of BPA analogues requires 

studies to better characterize their potential effects on human health. While perturbations of 

immune responses, especially linked to Th17 immunity, have been documented in vivo in 

animal models (Malaisé et al., 2017), the effects of in vitro exposure to BPA substitutes, in 

animal and human cell models, are poorly described. To this aim, we analysed the dose-

response relationship of BPS and BPF, in comparison to BPA, on Th17 differentiation, 

frequency and function in mouse T cells isolated from systemic and intestinal compartments 

and in human T cells from blood donors with a special interest for the involvement of AhR on 

these Th17 immune responses. 
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2. Materials and methods 

2.1.  Chemical  

BPA, BPS and BPF (purity > 99%, CAS number: 80-05-7, 80-09-1, 620-92-8, respectively) 

Sigma-Aldrich, Saint Quentin Fallavier, France) were dissolved in ethanol, which therefore 

was included as vehicle control in all exposures. Each bisphenol (stock solution 1M) was 

added into cell culture at 0.05 to 50000 nM. AhR agonist FICZ (6-Formylindolo[3,2-

b]carbazole, CAS number: 172922-91-7) and TCDD (2,3,7,8-tétrachlorodibenzo-p-dioxine, 

CAS number: 1746-01-6) (Sigma-Aldrich) were added at 10 nM, and the AhR inhibitor CH-

223191 (Sigma-Aldrich), at 3 nM to cultures.  

 

2.2. Bisphenol exposure in mouse cellular models  

2.2.1. Animals  

All experiments were approved by the Local Animal Care and Use Committee (TOXCOM 

0035/EH-2013), in compliance with the European directive 2010/63/UE. Eight weeks old 

C3H/HeN (Janvier, Roubaix, France) mice were used. All animals were kept at a constant 

temperature (22+/-1°C) and maintained on a 12:12 h light/dark cycle (light on at 7:30 am). 

SiLP and spleens were sampled for primary cell cultures.  

 

2.2.2. Cell isolation from mouse spleens and siLP and chemical exposure 

Spleens were collected and cells were isolated through 70μm cell strainer to make a single-

cell suspension in PBS-1% KnockOutTM SR (KO SR) (Gibco, lifetechnologies, Paisley, 

UK). Small intestines were washed in cold PBS, cut into 0.5 cm pieces, incubated four times 

in 30 ml of PBS with 3mM EDTA (Sigma-Aldrich) and digested in 20 ml of Dulbecco 
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modified Eagle medium (DMEM) added with 20% Fetal Calf Serum (FCS) and 100 U/mL of 

collagenase (Sigma-Aldrich) for 40 min at 37°C. SiLP cells were purified on a 40%–80% 

Percoll gradient centrifuged for 15 min at 1800g at room temperature. Cells were cultured in 

Cerrotini culture medium as DMEM supplemented with 8% Knockout serum replacement, 

(Gibco), 36 mg/l asparagine, 116 mg/l arginine, 10 mg/l folic acid, 1 g/l 4-[2-hydroxyethyl]-1-

piperazineethanesulfonic acid, 0.05 mmol/l β-mercapto-ethanol, 100 U/ml penicillin, 100 

mg/ml streptomycin and 1μg/ml fungizone. Cells were seeded in 96-well plates at 1x10
6
 

cells/ml, pre-coated with 5g/ml hamster anti-mouse CD3 and hamster anti-mouse CD28 

antibodies (BD Biosciences, San Jose, CA, USA). AhR agonists FICZ and TCDD or the AhR 

inhibitor CH-223191 were added into cells 1h prior bisphenol incubations. BPA, BPS and 

BPF exposure were started 1h after plating cells by adding 125 μl of Cerrotini medium 

containing 2X concentrations of each bisphenol. After 4 days of stimulation, culture 

supernatants were collected and frozen at -80° C prior to cytokine measurements. 

 

2.2.3.  Naïve T cell purification from splenocytes, Th17 cell differentiation and 

bisphenol exposures 

Naïve CD4
+
 T cells were isolated from mouse spleens using Naïve CD4

+
 T cells isolation kit 

(Miltenyi Biotec, Bergisch Gladbach, Germany). The purity of naïve T cells was checked 

using anti-CD4 antibody by flow cytometry. The purity was > 97 % of naïve CD4
+
 T cells. 

All cells have been checked for viability by trypan blue staining before cell cultures. These 

cells were polarized in vitro into Th17 cells adding a combination of several cytokines and 

neutralizing Abs (cytobox Th17 kit, Miltenyi biotech) in Cerrotini culture medium as 

described above. Cells were dispensed on 96-well plates at 1x10
6
 cells/ml in 125 μl of 

Cerrotini medium for differentiation process, pre-coated with 5μg/ml hamster anti-mouse 
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CD3 and hamster anti-mouse CD28 antibodies as described above. BPA, BPS and BPF 

exposure were started 1 day after plating cells by adding 125 μl of Cerrotini medium 

containing 2X concentrations of each bisphenol. After 4 days of stimulation, culture 

supernatants were collected and frozen at -80°C prior to cytokine measurements. 

 

2.2.4. Fluorescence-Activated Cell Sorter Analysis 

All cultures have been checked for viability using Viobility
TM

 fixable dyes staining (Miltenyi 

biotec). For Th17 intracellular staining, isolated cells from spleens and siLP were stimulated 

with a cocktail of phorbol 12-myristate 13-acetate (PMA) (15 nM, Sigma-Aldrich) and 

ionomycin (1 μg/ml, Sigma-Aldrich) for 5h at 37 °C. Brefeldin A (10 μg/ml; Sigma-Aldrich) 

was added for 2h after PMA-ionomycin stimulation. Cells were then stained with antibodies 

to the following markers: anti-CD4 (1 g/ml, GK1.5, BD), anti-CD3 (2 g/ml, 145-2C11, 

BD), anti-IL-17 (2 g/ml TC11-18H10, BD), anti-RORγt (2 g/ml Q31-378, BD) (BD 

Biosciences). Specificity of each labelling was checked using specific isotype controls. The 

intracellular staining was realized by using a Cytofix/Cytoperm Kit Plus (BD Biosciences) 

according to the manufacturer’s instructions. Flow cytometry data were collected on 

MACSQuant Analyzer 10 and the data were analyzed using FlowLogic software (Miltenyi 

Biotec). Jo
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2.2.5.  Cytokine measurements 

IL-22 and IL-17 present in supernatants of cell cultures were assayed using commercial 

enzyme linked immunosorbent assays (ELISA kits ref DY421, DY582, respectively; Duoset 

R&D Systems, Lille, France).  

 

2.3. Bisphenol exposures in human cellular models  

2.3.1. Cell isolation and exposure 

Peripheral human blood mononuclear cells (PBMC) were isolated from blood donor buffy 

coats (written consent for the use of blood samples for the research protocol obtained 

according to the regulation for blood transfusion of the French blood organization 

Etablissement Français du Sang, Rennes (France) by Ficoll (Thermofischer Scientific) 

gradient centrifugation. After separation of monocytes by a 1-h adhesion step, CD4
+
 T 

lymphocytes were purified from non-adherent cells by negative selection using Dynabeads
®

 

human CD4 T cell kit (Thermofischer Scientific). T lymphocytes were cultured at 1x10
6
 

cells/ml in RPMI medium without phenol red (Eurobio, Les Ulis, France) supplemented with 

20 IU/mL penicillin, 20 μg/mL streptomycin, and 10% decomplemented fetal calf serum 

(Thermofischer Scientific), and stimulated with Dynabeads
®
 T-Expander beads coated with 

anti-CD3 and anti-CD28 antibodies (Thermofischer Scientific) as previously reported (Liamin 

et al., 2018, 2017) during 16h before a 72h treatment with bisphenols. Cultured lymphocytes 

were then harvested for intracellular cytokine staining and culture supernatants were collected 

and frozen at -80°C prior cytokine measurements. 
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2.3.2. Cytokine measurements 

The concentrations of IL-17, and IL-22 cytokines in supernatants of T lymphocyte cultures 

were assayed by ELISA using specific Duoset system kits ((ELISA kits ref DY317, DY782, 

respectively, RD Systems) as previously reported (Prigent et al., 2014). 

 

2.3.3. Intracellular cytokine staining and analysis by flow cytometry  

All cultures have been checked for viability using fixable viability dye eFluor 660 

(Thermofischer Scientific). For intracellular staining, T lymphocyte cultures were stimulated 

with a cocktail of PMA (50 ng/ml) and ionomycin (1 µM) for 5h at 37 °C. Brefeldin A (10 

μg/ml) was added for 2h after PMA-ionomycin stimulation. T lymphocytes were then stained 

with antibodies to the following markers: anti-IL-17 (2.4 g/ml, 12-7179-42) and anti-IL-22 

(1.24 g/ml, 11-7229-41) (Thermofischer Scientific). Specificity of each labelling was 

checked using specific isotype controls. The intracellular staining was realized by using a 

Cytofix/Cytoperm Kit Plus (BD Biosciences) according to the manufacturer’s instructions. 

Data were acquired using a BD LSR Fortessa flow cytometer and the data were analysed 

using FlowLogic software (Miltenyi Biotec). 

 

2.4. Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 6.00 (GraphPad Software, 

San Diego, California, USA). Results were expressed as means +/- SEM. Multiple group was 

compared to control group used one-way ANOVA, Kruskal wallis Dunn’s multiple 

comparison tests. P-values < 0.05 were considered significant (indicated by asterisks): *p < 
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0.05; **p < 0.01; ***p < 0.001; ****p < 0.000: differences between bisphenol treatments vs 

vehicle control. $ <0.05: differences between bisphenol concentrations.   

 

3. Results  

3.1.  In vitro effects of bisphenols on Th17 polarization of mouse activated naïve 

CD4
+
 T cells  

To investigate the impact of BPS and BPF in comparison with BPA on Th17 differentiation, 

naïve CD4
+
 T cells were purified from mouse spleens, activated and cultured under Th17 

differentiation conditions for 5 days and then exposed to a dose-response of BPS, BPF, or 

BPA for the last 4 days. Since Th17 cells are defined by the expression of the RORγt 

transcription factor and the secretion of IL-17, the secretion of this cytokine was first 

determined in CD4
+
 T cells undergoing Th17 cells differentiation (Fig 1).   

We observed that BPS and BPF exposures significantly increased IL-17 production at low 

concentrations of 0.05 and 5 nM, whereas the highest concentration (50000 nM) did not alter 

this secretion. By contrast, only a high concentration of BPA, i.e. 50000 nM, significantly 

decreased IL-17 secretion (Fig 1A).  
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Figure 1. In vitro effects of bisphenols on Th17 polarization of mouse activated naïve 

CD4
+
 T cells isolated from mouse spleens. Naïve CD4

+
 T cells, isolated from mouse 

spleens, were stimulated with anti-CD3 and anti-CD28 antibodies, in the presence of Th17-

polarizing cytokines for 5 days and then treated with vehicle (ethanol) or with various 

increasing bisphenol concentrations (0.05 to 50000 nM) for the last 4 days of culture. (A) IL-
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17 secretion measured in cell supernatants by ELISA. (B) Frequency of Th17 cells (CD3
+
 

CD4
+ 

RORt
+ 

IL17
+
/total lived cells) and (C) frequency of T cells (% of CD3

+
 CD4

+
/total 

lived cells) measured by flow cytometry. Data are expressed relative to IL-17 concentration 

(A), to CD3
+
CD4

+
RORt

+
IL17

+
 cells (B) and to CD3

+
CD4

+ 
T

 
cells (C) found in vehicle-

treated T cells arbitrarily set at 100% and designed as “Veh”. Box and whisters (min to max), 

of 5 independent experiments, each being in 2 replicates. *p < 0.05: differences between 

bisphenol treatments vs vehicle control; 
$
p < 0.05: differences between bisphenol 

concentrations. 

Flow cytometry was next performed to measure the percentage of CD3, CD4, RORt and IL-

17 expressing cells. Surprisingly, neither BPS nor BPF altered the frequency of Th17-

polarized CD4
+
 T cells, measured by the IL-17-positive cells, whereas BPA exposure induced 

an increased Th17 differentiation from CD4
+
 naïve T cells at low concentrations with a 

significant effect at 5 nM (Fig 1B). Only BPS exposure at high concentration (50000 nM) 

provoked an increase in percentages of CD3
+ 

CD4
+
 T cells (Fig 1C). Measurement of viability 

reveals that exposure to bisphenols for all used concentrations did not alter cellular viability 

(data not shown).   

  

3.2. In vitro effects of bisphenols on frequency and function of Th17 isolated from 

mouse splenocytes  

To further examine the impact of bisphenols in T cells, we isolated splenocytes from mouse, 

activated and exposed them to various increasing bisphenol concentrations as previously 

described for 4 days and analyzed the effects on Th17 responses. As shown in Fig 2, BPF, as 

BPA, is able to increase significantly IL-17 production (Fig 2A) at 0.05 nM in this spleen cell 
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suspension. IL-22 secretion is also induced by both BPF and BPA at this low concentration 

but without reaching a significant level (Fig 2B). In comparison with Fig 1, BPS did not 

produce any effect on IL-17 secretion by T cells isolated from mouse splenocytes (Fig 2A). 

Interestingly, BPS, BPF and BPA had no effect on Th17 frequency measured by the 

percentage of CD3, CD4, RORt and IL-17 expressing cells (Fig 2C). In parallel and as 

already described in mouse T cells (Schiering et al., 2018), we noticed a high cytokine 

production of both IL17 and IL-22 after incubation with FICZ. The level of IL-17 and IL-22 

is higher or at an equivalent level after exposure to bisphenols, especially BPF and BPA, than 

after stimulation by FICZ, which is demonstrated as a strong activator of these cytokines 

(Ehrlich et al., 2018). Concordantly with our previous results, no alteration in cell viability 

was reported whatever bisphenol concentrations used (data not shown). 
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Figure 2. In vitro effect of bisphenols on frequency and function of Th17 isolated from 

mouse splenocytes. Total cell suspensions, isolated from mouse spleens, were stimulated 

with anti-CD3 and anti-CD28 antibodies for 4 days and then treated with vehicle (ethanol), 

with the agonist AhR agonist FICZ, or with various increasing bisphenol concentrations (0.05 

to 50000 nM) for the last 3 days. IL-17 (A) and IL-22 (B) secretions were measured in cell 
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supernatants by ELISA. Data are expressed relative to concentrations found in vehicle-treated 

T cells arbitrarily set at 100% designed as “Veh”. (C) Frequency of Th17 cells 

(CD3
+
CD4

+
RORt

+
IL17

+
/total lived cells) was measured by flow cytometry. Data are 

expressed relative to CD3
+
CD4

+
RORt

+ 
IL17

+
 cells found in vehicle-treated T cells arbitrarily 

set at 100% designed as “Veh”. Results were expressed as means +/- SEM of 5 independent 

experiments made in duplicate. *p < 0.05: differences between bisphenol treatments vs 

vehicle control; 
$ 

p < 0.05: differences between bisphenol concentrations. 

 

3.3.  In vitro effects of bisphenols on function of Th17 isolated from mouse siLP  

Since Th17 cells preferentially were accumulated in the intestine (Omenetti et al., 2019) and 

that bisphenols were preferentially administered by oral route, we isolated, activated and 

exposed T cells from siLP to the same concentrations of bisphenols. We then analyzed their 

effects on Th17 responses in this small intestine cell suspension by measuring IL-17 and IL-

22 cytokine productions. In agreement with Figure 2, BPF and BPA, at 0.05 nM, significantly 

increased IL-17 concentrations (Fig 3A and 3B). IL-22 secretion is also significantly induced 

by both BPF and BPA at this low concentration. Interestingly and unlike Fig 2, BPS exposure 

at such low concentration provoked a significant increase of both IL-17 and IL-22 secretion 

(Fig 3A and 3B). As in T cells isolated from mouse splenocytes, FICZ is able to increase both 

IL-17 and IL-22 secretions in T cells isolated from siLP (Fig 3A and 3B). None concentration 

of bisphenol used affects cellular viability (data not shown).  
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Figure 3. In vitro effects of bisphenols on function of Th17 isolated from mouse siLP.  

Total cell suspensions, isolated from mouse siLP, was stimulated with anti-CD3 and anti-

CD28 antibodies for 4 days and then treated with vehicle (ethanol), with the AhR agonist 

FICZ or with various increasing bisphenol concentrations (0.05 to 50000 nM) for the last 3 

days. IL-17 (A) and IL-22 (B) secretions were measured in cell supernatants by ELISA. Data 

are expressed relative to concentrations found in vehicle-treated T cells arbitrarily set at 100% 

designed as “Veh”. Results were expressed as means +/- SEM of 5 independent experiments 

made in duplicate. *p < 0.05: differences between bisphenol treatments vs vehicle control; 
$
p 

< 0.05: differences between bisphenol concentrations. 
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3.4.  Involvement of AhR on BPA and BPF-induced IL-17 and IL-22 cytokine 

secretions by murine T cells  

Given the role of AhR in modulating T cell responses and its expression in Th17 cell subset 

(Baricza et al., 2016), we tested whether BPA and BPF-enhanced IL-17 and IL-22 secretions 

were AhR-dependent. In Fig 2 and 3, we have shown that the potent AhR agonist, FICZ (Wu 

et al., 2020), is able to increase both IL-17 and IL-22 productions by T cells isolated from 

spleens and from siLP. Then, these T cells were pretreated or not with the AhR antagonist 

CH-223191 for 1 h and then exposed to 0.05 and 5 nM BPA and BPF, or vehicle. CH-223191 

is a specific antagonist of AhR without detectable AhR agonist-like activity or estrogenic 

potency, even at high doses (Kim et al., 2006).  

 

Figure 4. Effects of the AhR antagonist, CH-223191, on BPA- and BPF-induced IL-17 

and IL-22 secretion in T cells isolated from mouse spleens and from siLP. Total cell 
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suspensions, isolated from mouse spleens (A, C) or from mouse siLP (B, D) were stimulated 

with anti-CD3 and anti-CD28 antibodies for 4 days, and then pre-treated or not with CH-

223191 for 1 hour before vehicle (ethanol) or bisphenol treatment at 0.05 and 5 nM for the 

last 3 days. IL-17 (A, B) and IL-22 (C, D) secretions were measured in cell supernatants by 

ELISA. Data are expressed in pg/ml. Results were expressed as means +/- SEM of 4 

independent experiments. *p < 0.05: differences between bisphenol treatments vs vehicle 

control; 
$
p < 0.05: differences between bisphenol concentrations. 

 

As shown in Fig 4A and 4C, CH-223191 is able to inhibit significantly the BPA and BPF-

dependent production of IL-17 and IL-22 in T cells from spleen when treated with 0.05 or 5 

nM of bisphenol. Although it is less visible in the production of IL-17 by siLP T cells treated 

with BPA, CH-223191 also inhibits IL-17 and IL-22 production induced by BPA and BPF at 

low concentrations in T cells isolated from siLP (Fig 4B and 4D). Interestingly, CH-223191 

did not significantly counteract IL-17- and IL-22-induced secretions by the potent AhR 

ligand, FICZ whereas it significantly counteracted IL-17 production induced by TCDD, 

another AhR agonist (Cervantes-Barragan and Colonna, 2018), in both murine splenocytes 

and T cells from the intestine (Fig S1). Altogether, these findings suggest that BPA and BPF 

may contribute to increased IL-17 and IL-22 production in both spleen and small intestine T 

cells through mechanism involving an AhR-dependent pathway.   

 

3.5. In vitro effects of bisphenols on Th17 frequency and on IL-17 and IL-22 

secretions in CD4
+
 T cells isolated from human lymphocytes 

Lastly, human CD4
+
 T cells were purified from blood donors, activated as previously reported 

(Liamin et al., 2018, 2017), and then exposed to the same dose-response of BPS, BPF, or 

BPA for the last 3 days of culture as described for mouse T cells. First, we tested the ability of 
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bisphenols to affect IL-17 and IL-22 secretions by these human T cells. Interestingly and 

unlike the data obtained with mouse T cells, low concentrations of BPS, BPF, as well as BPA, 

did not significantly modify both IL-17 and IL-22 productions in human T cells (Fig 5A and 

5B).  

 

Figure 5. In vitro effects of bisphenols on Th17 frequency and on IL-17 and IL-22 

secretion in CD4
+
 T cells isolated from human lymphocytes. 

Human CD4
+
 T lymphocytes isolated from blood donor buffy coats, were stimulated with 

anti-CD3 and anti-CD28 antibodies for 88 h and then treated with vehicle (ethanol) or with 

various increasing bisphenol concentrations (0.05 to 50000 nM) (A, B) and with 50000 nM 

(C, D) of each bisphenol for the last 72 h of culture. (A, B) IL-17 and IL-22 secretions were 
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measured in cell supernatants by ELISA. (C, D) Intracellular staining of IL-17 and IL-22 was 

determined by flow cytometry. Data are expressed relative to concentrations and to positive 

CD4
+
 cells found in vehicle-treated T lymphocytes arbitrarily set at 100% designed as “Veh”. 

Representation in box and whiskers, min to max, of 5 independent experiments made in 

duplicate. *p < 0.05: differences between bisphenol treatments vs vehicle control; 
$
p < 0.05: 

differences between bisphenol concentrations. 

 

Only the highest concentration tested, i.e. 50000 nM, decreased both IL-17 and IL-22 

productions, with a significant effect for IL-17 after BPA treatment and for IL-22 in BPS-, 

BPF- and BPA-exposed T lymphocytes (Fig 5A and 5B). Such a high concentration of 

bisphenol did not alter T lymphocyte viabilities in our conditions (data not shown) but slightly 

decreased the percentages of IL-17 and IL-22 positive cells measured by intracellular staining 

(Fig 5C and 5D). Altogether, these data suggest that in vitro exposure to the high 

concentration, i.e. 50000 nM of BPA, and its analogues BPS and BPF, could decrease Th17 

differentiation from CD4
+
 human T lymphocytes.  

 

4. Discussion 

 Because of government restrictions on the use of BPA in some countries, selected 

commercial applications now employ various BPA structural analogues such as BPS and 

BPF. Even if it is believed that BPA substitutes have similar effects to BPA (Rosenmai et al., 

2014), there is limited information about their adverse effects, especially on immune system. 

Our recent studies revealed that BPA is able to alter immune responses in vivo, with a 

particular focus on Th17 immunity (Braniste et al., 2010; Malaisé et al., 2018; Menard et al., 

2014). However, such effects on the host immune status depend on various parameters, 
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including the period of exposure (perinatal versus adult), sex, animal model as well as the 

dose and route used for bisphenol treatments. Well-designed in vitro studies, representing a 

complementary tool to human and animal studies, will enable reproducible additional data of 

the effects of bisphenol exposures. Here, we extended our previous in vivo studies to analyze 

the in vitro impacts of BPA and its structural analogues BPS and BPF on Th17 differentiation, 

frequency and function, using mice immune T cells from systemic and intestinal 

compartments as well as human isolated T lymphocytes.  

We showed that an in vitro exposure at an environmentally concentration, i.e., 0.05 

nM of BPF and BPA, is able to increase significantly IL-17 production in T cells isolated 

from mouse spleens. At such a concentration, BPS also increases IL-17 secretion by these T 

cells, but without reaching a significant difference. Since the primary pathway to bisphenols 

exposure in the human body is considered to be dietary exposure (Liao et al., 2012), we also 

examined the regulation of IL-17 secretion by bisphenols in T cells isolated from siLP. 

Interestingly, an in vitro exposure at 0.05 nM of BPF, BPA and BPS significantly increased 

IL-17, as well as IL-22, secretions by these T cells. Even if BPA and BPS have been already 

shown to activate inflammatory signals in cultured immune cells (Huang et al., 2019), to the 

best of our knowledge, this is the first experimental evidence for a specific effect on IL-17 

and IL-22 secretions by in vitro exposure of T lymphocytes to BPA and its substitutes, 

especially BPF. In link with these in vitro data, our recent in vivo work revealed the ability of 

the three bisphenols to provoke an increase of IL-17 levels in splenocytes as well as in 

intestinal immune cells isolated from female offspring mice exposed at low doses of BPA, 

BPS and BPF (manuscript in preparation). We also observed an increased IL-17 secretion 

after BPS or BPF, but not after BPA treatment, at low concentrations in murine naïve T cells 

under in vitro Th17 differentiation. Such differences observed between total splenocytes and 

Th17-polarized CD4
+
 T cells in IL-17 production after BPA exposure in vitro could be due to 
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the presence of antigen-presenting cells (APC), such as dendritic cells or macrophages, in the 

cell suspensions. Indeed, we and other have already reported that BPA is able to modulate 

dendritic cells, which can induce IL-23 production and therefore ultimately IL-17 enhancing 

Th17 cell responses (Camarca et al., 2016; Malaisé et al., 2018). Then, whether the other 

bisphenols, such as BPF or BPS, can modulate the action of APC to induce an enhanced Th17 

response will deserve further studies.  

Chen et al. (2015) reported that estradiol inhibits Th17 cell differentiation (Chen et al., 

2015). So, the increase of IL-17 production that we observed by bisphenols suggests another 

way of receptor activation than the classical estradiol. AhR is well known to modulate T cell 

responses and to be largely expressed in Th17 cell subset, associated with IL-17 and IL-22 

secretions (Baricza et al., 2016; Prigent et al., 2014). In addition, AhR can bind compounds 

derived from plastics including BPA resulting in its activation (Kruger et al., 2008). In more 

recent studies, Ziv-Gal et al. showed also that BPA may inhibit follicle growth partially via 

the AhR pathway (Ziv-Gal et al., 2013). BPS was not able to activate AhR in reporter gene 

assay (Zenata et al., 2017). However, more recently, Park et al. have shown that only high 

concentrations of BPA, BPF and BPS had significant AhR-mediated activity (Park et al., 

2020). Since in vitro models are designed to assess mechanistic data, we were next interested 

in analysing the involvement of AhR in bisphenol-mediated IL-17 and IL-22 secretions in 

murine T cells. Expression of AhR was not detectable in non-polarized CD4
+
 T cells, but high 

in in vitro differentiated Th17 cells (Prigent et al., 2010) and in ex vivo isolated Th17 cells 

(Liu et al., 2017). In the present study, we used T cells isolated from systemic and intestinal 

compartments expressing a functional AhR. First, we exposed these T cells to AhR potent 

ligands, such as FICZ and TCDD, leading to strong IL-17 and IL-22 secretions in agreement 

with previous findings (Schiering et al., 2018). We have then analysed AhR involvement in 

IL-17 secretion by these T cells isolated from both spleens and siLP exposed to bisphenols by 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



24 

 

using CH-223191, a potent AhR antagonist inhibiting TCDD-mediated nuclear translocation 

and DNA binding of AhR (Kim et al., 2006). We observed a decrease of IL-17 and IL-22 

productions after treatment by CH-223191 and low concentrations of BPA and BPF, 

indicating that AhR is partly involved in these IL-17 and IL-22 secretions. Actually, AhR 

involvement in IL-17 and IL-22 secretions by immune cells is clearly recognized but the exact 

mechanism remains unelucidated (Baricza et al., 2016). Since forced expression of AhR did 

not impact the expression of ROR transcription factor driving Th17 differentiation 

(Veldhoen et al., 2009), other mechanisms might be involved in this IL-17 secretion. Analysis 

of the Il17 loci revealed a putative binding site for AhR on an E-box element at the Il17 

promoter, suggesting that AhR might directly regulate IL-17 expression (Cui et al., 2011). By 

contrast, van Voorhis et al. (2013) have suggested that AhR serves as a repressor to IL-17 

transcription in a model where “unliganded” AhR is associated with an unknown transcription 

factor controlling IL-17 expression (Van Voorhis et al., 2013). They propose that after ligand 

binding, the AhR dissociates from this transcription factor, which is now free to activate the 

promoter for IL-17 expression. Altogether, these data indicate that the extent and duration of 

AhR activation by bisphenols, which can lead to increased secretion of IL-17, remain to be 

determined.  

In contrast with BPA exposure, the present study did not find any significant changes in 

Th17 cell frequencies from mice immune cells isolated from both splenic and intestinal 

compartments after in vitro exposure to BPS and BPF. Since Th17 differentiation does not 

require IL-17 but cytokines such as IL-6 or IL-23, it would be interesting to determine the 

effects of BPA on these cytokines promoting differentiation of Th17 cell lineage via an 

autocrine action. Additionally, and in contrary to results obtained in mouse T cells, low 

concentrations of BPS, BPF, as well as BPA, did not significantly modify neither IL-17 nor 

IL-22 productions by human T cells isolated from blood donors. However, we found that the 
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highest concentration of BP, i.e., 50 000 nM, is able to decrease both IL-17 and IL-22 

secretions and percentages of IL-17- and IL-22-positive cells in these activated human CD4
+
 

T cells. We also observed such a decrease, at this high concentration, in BPA-exposed 

activated naïve mouse CD4
+
 T cells undergoing in vitro Th17 differentiation. Importantly, 

such a concentration was not associated with a decreased viability in both human and mouse 

CD4
+
 T cells (data not shown). To the best of our knowledge, the effects of bisphenols on 

human T lymphocytes exposed in vitro to these contaminants have never been described. In 

literature, BPA was reported to decrease significantly human PBMC proliferation, after cell-

activation by anti-CD3 and anti-CD28 antibodies only at low concentration and for a long-

term exposure (Herz et al., 2017). In an in vitro study, BPA, at concentrations comparable to 

those found in human serum, might also affect the human immune system homeostasis and 

reactiveness to external stimuli, by altering both PBMC and monocyte-derived dendritic cells 

functions (Camarca et al., 2016). Such apparent differences between mouse and human cells 

linked to Th17 cell phenotype have already been reported (Tuomela et al., 2016). For 

example, TCDD, a strong AhR ligand, has been reported to have opposite effects on mouse 

and human immune responses of B cells (Kovalova et al., 2017). In addition, the affinity of 

AhR for its ligands is generally higher in mice than in humans (Flaveny, 2009). Altogether, 

these studies indicate that the differences observed could be attributed to discrepancies 

between the mouse and human AhR pathways and may complicate the interpretation of 

results as previously reported (Zhou, 2016).  

Finally, we observed that the increase in IL-17 production by murine T cells exposed to 

bisphenols occurs at low doses with a trend to follow non-monotonic dose-response curves 

(NMDRCs) commonly described for endocrine disrupting chemicals (Lagarde et al., 2015; 

Menard et al., 2014). As illustrated by Rhomberg and Goodman, 2012, NMDRC issue has 

been questioned and merits further sufficient evidences. In our study, we observed non-
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monotonic effects using 4 doses (Figures 2 and 3) while using 2 doses (Figure 4), we did not 

find this non-monotonic effect. In addition, our results presented in these figures 2, 3 and 4 

illustrate the challenge to work with low doses to see significant biological effects. 

Altogether, these data demonstrate the importance of the dose choices as well as that of the 

number of doses to use when working on low doses in order to show non-monotonic effects. 

Numerous evidences have shown that bisphenols can have significant metabolic and 

immune effects at environmental low doses, which may not be apparent at higher doses used 

in traditional toxicological studies (Vandenberg et al., 2013). For example, micromolar 

concentrations of BPA, could regulate expression of a distinct set of genes involved in growth 

and development, inducing direct toxic effects in immune cells such as PBMC at these 

sublethal concentrations (Gostner et al., 2015). In comparison, previous works showed that, at 

environmental low doses, such as 1 nM (0.23 ng/ml), in the range of human serum 

concentrations (Savastano et al., 2015), BPA may modified several cellular responses to 

increase susceptibility to inflammatory and autoimmune disease, and reproductive and 

metabolic defects (Alonso-Magdalena et al., 2010; Angle et al., 2013). Then, our results were 

observed at relevant concentrations for humans (Beausoleil et al., 2018; Calafat et al., 2005) 

and as recently reported for treatment of cultured pre-adipocyte cell lines (De Filippis et al., 

2018).  

The present study reported that in vitro exposure to bisphenols increases IL-17 secretion 

in mouse immune T cells and that this effect is mediated in part by AhR. Our results revealed 

for the first time the strong effect of BPA substitutes, such as BPF and BPS, at low and 

environmentally relevant concentrations, on Th17 differentiation and function, questioning 

their safety and the rational of their use to replace BPA. Thus, our in vitro findings reinforce 

the relationship between immune cell alterations by environmental exposure to bisphenols and 

the potential increased susceptibility to develop inflammatory and autoimmune diseases.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



27 

 

Declaration of competing interest 

The authors declare they have no conflict of interest. 

 

Acknowlegments 

This work was supported by grant EST-2015/1/026 from Agence Nationale de Sécurité 

Sanitaire, de l’Alimentation, de l’Environnement et du Travail (ANSES). The authors are 

grateful to the flow cytometry platform of Biosit, Université de Rennes 1 (France). 

 

Authorship contribution statement 

Yann Malaisé: Formal analysis, Investigation, Writing - original draft, Writing – review & 

editing, Hélène Le Mentec: Formal analysis, Investigation, Writing – review & editing, 

Lydie Sparfel: Conceptualization, Funding acquisition, Formal analysis, Investigation, 

Writing - original draft, Writing – review & editing, Laurence Guzylack-Piriou: 

Conceptualization, Funding acquisition, Formal analysis, Investigation, Writing - original 

draft, Writing – review & editing. 

 

References  

Alonso-Magdalena, P., Vieira, E., Soriano, S., Menes, L., Burks, D., Quesada, I., Nadal, A., 2010. 
Bisphenol A exposure during pregnancy disrupts glucose homeostasis in mothers and adult 
male offspring. Environ. Health Perspect. 118, 1243–1250. 
https://doi.org/10.1289/ehp.1001993 

Andújar, Gálvez-Ontiveros, Zafra-Gómez, Rodrigo, Álvarez-Cubero, Aguilera, Monteagudo, Rivas, 
2019. Bisphenol A Analogues in Food and Their Hormonal and Obesogenic Effects: A Review. 
Nutrients 11, 2136. https://doi.org/10.3390/nu11092136 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



28 

 

Angle, B.M., Do, R.P., Ponzi, D., Stahlhut, R.W., Drury, B.E., Nagel, S.C., Welshons, W.V., Besch-
Williford, C.L., Palanza, P., Parmigiani, S., vom Saal, F.S., Taylor, J.A., 2013. Metabolic 
disruption in male mice due to fetal exposure to low but not high doses of bisphenol A (BPA): 
evidence for effects on body weight, food intake, adipocytes, leptin, adiponectin, insulin and 
glucose regulation. Reprod. Toxicol. 42, 256–268. 
https://doi.org/10.1016/j.reprotox.2013.07.017 

Baricza, E., Tamási, V., Marton, N., Buzás, E.I., Nagy, G., 2016. The emerging role of aryl hydrocarbon 
receptor in the activation and differentiation of Th17 cells. Cell. Mol. Life Sci. 73, 95–117. 
https://doi.org/10.1007/s00018-015-2056-2 

Bauer, S.M., Roy, A., Emo, J., Chapman, T.J., Georas, S.N., Lawrence, B.P., 2012. The effects of 
maternal exposure to bisphenol A on allergic lung inflammation into adulthood. Toxicol Sci 
130, 82–93. https://doi.org/kfs227 [pii] 10.1093/toxsci/kfs227 

Beausoleil, C., Emond, C., Cravedi, J.-P., Antignac, J.-P., Applanat, M., Appenzeller, B.R., Beaudouin, 
R., Belzunces, L.P., Canivenc-Lavier, M.-C., Chevalier, N., Chevrier, C., Elefant, E., Eustache, F., 
Habert, R., Kolf-Clauw, M., Le Magueresse-Battistoni, B., Mhaouty-Kodja, S., Minier, C., 
Multigner, L., Schroeder, H., Thonneau, P., Viguié, C., Pouzaud, F., Ormsby, J.-N., Rousselle, 
C., Verines-Jouin, L., Pasquier, E., Michel, C., 2018. Regulatory identification of BPA as an 
endocrine disruptor: Context and methodology. Molecular and Cellular Endocrinology 475, 
4–9. https://doi.org/10.1016/j.mce.2018.02.001 

Becher, R., Wellendorf, H., Sakhi, A.K., Samuelsen, J.T., Thomsen, C., Bølling, A.K., Kopperud, H.M., 
2018. Presence and leaching of bisphenol a (BPA) from dental materials. Acta Biomater 
Odontol Scand 4, 56–62. https://doi.org/10.1080/23337931.2018.1476869 

Bonefeld-Jørgensen, E.C., Long, M., Hofmeister, M.V., Vinggaard, A.M., 2007. Endocrine-disrupting 
potential of bisphenol A, bisphenol A dimethacrylate, 4-n-nonylphenol, and 4-n-octylphenol 
in vitro: new data and a brief review. Environ. Health Perspect. 115 Suppl 1, 69–76. 
https://doi.org/10.1289/ehp.9368 

Braniste, V., Jouault, A., Gaultier, E., Polizzi, A., Buisson-Brenac, C., Leveque, M., Martin, P.G., 
Theodorou, V., Fioramonti, J., Houdeau, E., 2010. Impact of oral bisphenol A at reference 
doses on intestinal barrier function and sex differences after perinatal exposure in rats. Proc 
Natl Acad Sci U S A 107, 448–53. https://doi.org/10.1073/pnas.0907697107 

Calafat, A.M., Kuklenyik, Z., Reidy, J.A., Caudill, S.P., Ekong, J., Needham, L.L., 2005. Urinary 
Concentrations of Bisphenol A and 4-Nonylphenol in a Human Reference Population. 
Environmental Health Perspectives 113, 391–395. https://doi.org/10.1289/ehp.7534 

Camarca, A., Gianfrani, C., Ariemma, F., Cimmino, I., Bruzzese, D., Scerbo, R., Picascia, S., D’Esposito, 
V., Beguinot, F., Formisano, P., Valentino, R., 2016. Human Peripheral Blood Mononuclear 
Cell Function and Dendritic Cell Differentiation Are Affected by Bisphenol-A Exposure. PLoS 
ONE 11, e0161122. https://doi.org/10.1371/journal.pone.0161122 

Cao, X.-L., Kosarac, I., Popovic, S., Zhou, S., Smith, D., Dabeka, R., 2019. LC-MS/MS analysis of 
bisphenol S and five other bisphenols in total diet food samples. Food Additives & 
Contaminants: Part A 36, 1740–1747. https://doi.org/10.1080/19440049.2019.1643042 

Cervantes-Barragan, L., Colonna, M., 2018. Chemical sensing in development and function of 
intestinal lymphocytes. Current Opinion in Immunology 50, 112–116. 
https://doi.org/10.1016/j.coi.2018.01.004 

Chen, J., Xiao, Y., Gai, Z., Li, R., Zhu, Z., Bai, C., Tanguay, R.L., Xu, X., Huang, C., Dong, Q., 2015. 
Reproductive toxicity of low level bisphenol A exposures in a two-generation zebrafish assay: 
Evidence of male-specific effects. Aquat. Toxicol. 169, 204–214. 
https://doi.org/10.1016/j.aquatox.2015.10.020 

Chen, M., Zhu, P., Xu, B., Zhao, R., Qiao, S., Chen, X., Tang, R., Wu, D., Song, L., Wang, S., Xia, Y., 
Wang, X., 2012. Determination of nine environmental phenols in urine by ultra-high-

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



29 

 

performance liquid chromatography-tandem mass spectrometry. J Anal Toxicol 36, 608–615. 
https://doi.org/10.1093/jat/bks072 

Cho, J., Kim, S., Yang, D.H., Lee, J., Park, K.W., Go, J., Hyun, C.-L., Jee, Y., Kang, K.S., 2018. Mucosal 
Immunity Related to FOXP3+ Regulatory T Cells, Th17 Cells and Cytokines in Pediatric 
Inflammatory Bowel Disease. J. Korean Med. Sci. 33, e336. 
https://doi.org/10.3346/jkms.2018.33.e336 

Cui, G., Qin, X., Wu, L., Zhang, Y., Sheng, X., Yu, Q., Sheng, H., Xi, B., Zhang, J.Z., Zang, Y.Q., 2011. Liver 
X receptor (LXR) mediates negative regulation of mouse and human Th17 differentiation. J. 
Clin. Invest. 121, 658–670. https://doi.org/10.1172/JCI42974 

De Filippis, E., Li, T., Rosen, E.D., 2018. Exposure of adipocytes to bisphenol-A in vitro interferes with 
insulin action without enhancing adipogenesis. PLoS ONE 13, e0201122. 
https://doi.org/10.1371/journal.pone.0201122 

DeLuca, J.A., Allred, K.F., Menon, R., Riordan, R., Weeks, B.R., Jayaraman, A., Allred, C.D., 2018. 
Bisphenol-A alters microbiota metabolites derived from aromatic amino acids and worsens 
disease activity during colitis. Experimental Biology and Medicine 243, 864–875. 
https://doi.org/10.1177/1535370218782139 

Donohue, K.M., Miller, R.L., Perzanowski, M.S., Just, A.C., Hoepner, L.A., Arunajadai, S., Canfield, S., 
Resnick, D., Calafat, A.M., Perera, F.P., Whyatt, R.M., 2013. Prenatal and postnatal bisphenol 
A exposure and asthma development among inner-city children. Journal of Allergy and 
Clinical Immunology 131, 736-742.e6. https://doi.org/10.1016/j.jaci.2012.12.1573 

Ehrlich, A.K., Pennington, J.M., Bisson, W.H., Kolluri, S.K., Kerkvliet, N.I., 2018. TCDD, FICZ, and Other 
High Affinity AhR Ligands Dose-Dependently Determine the Fate of CD4+ T Cell 
Differentiation. Toxicological Sciences 161, 310–320. https://doi.org/10.1093/toxsci/kfx215 

Flaveny, C., 2009. Transgenic Humanized AHR Mouse Reveals Differences between Human and 
Mouse AHR Ligand Selectivity. Mol Cell Pharmacol 1, 119–123. 
https://doi.org/10.4255/mcpharmacol.09.15 

García-Córcoles, M.T., Cipa, M., Rodríguez-Gómez, R., Rivas, A., Olea-Serrano, F., Vílchez, J.L., Zafra-
Gómez, A., 2018. Determination of bisphenols with estrogenic activity in plastic packaged 
baby food samples using solid-liquid extraction and clean-up with dispersive sorbents 
followed by gas chromatography tandem mass spectrometry analysis. Talanta 178, 441–448. 
https://doi.org/10.1016/j.talanta.2017.09.067 

Gascon, M., Casas, M., Morales, E., Valvi, D., Ballesteros-Gómez, A., Luque, N., Rubio, S., Monfort, N., 
Ventura, R., Martínez, D., Sunyer, J., Vrijheid, M., 2015. Prenatal exposure to bisphenol A and 
phthalates and childhood respiratory tract infections and allergy. Journal of Allergy and 
Clinical Immunology 135, 370-378.e7. https://doi.org/10.1016/j.jaci.2014.09.030 

Gostner, J.M., Raggl, E., Becker, K., Überall, F., Schennach, H., Pease, J.E., Fuchs, D., 2015. Bisphenol A 
suppresses Th1-type immune response in human peripheral blood mononuclear cells in vitro. 
Immunol. Lett. 168, 285–292. https://doi.org/10.1016/j.imlet.2015.10.006 

Grimaldi, M., Boulahtouf, A., Toporova, L., Balaguer, P., 2019. Functional profiling of bisphenols for 
nuclear receptors. Toxicology 420, 39–45. https://doi.org/10.1016/j.tox.2019.04.003 

Herz, C., Tran, H.T.T., Schlotz, N., Michels, K., Lamy, E., 2017. Low-dose levels of bisphenol A inhibit 
telomerase via ER/GPR30-ERK signalling, impair DNA integrity and reduce cell proliferation in 
primary PBMC. Sci Rep 7, 16631. https://doi.org/10.1038/s41598-017-15978-2 

Huang, F.-M., Chang, Y.-C., Lee, S.-S., Yang, M.-L., Kuan, Y.-H., 2019. Expression of pro-inflammatory 
cytokines and mediators induced by Bisphenol A via ERK-NFκB and JAK1/2-STAT3 pathways 
in macrophages. Environ. Toxicol. 34, 486–494. https://doi.org/10.1002/tox.22702 

Hurtado, C.G., Wan, F., Housseau, F., Sears, C.L., 2018. Roles for Interleukin 17 and Adaptive 
Immunity in Pathogenesis of Colorectal Cancer. Gastroenterology 155, 1706–1715. 
https://doi.org/10.1053/j.gastro.2018.08.056 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



30 

 

Jin, H., Zhu, J., Chen, Z., Hong, Y., Cai, Z., 2018. Occurrence and Partitioning of Bisphenol Analogues in 
Adults’ Blood from China. Environ. Sci. Technol. 52, 812–820. 
https://doi.org/10.1021/acs.est.7b03958 

Kabir, E.R., Rahman, M.S., Rahman, I., 2015. A review on endocrine disruptors and their possible 
impacts on human health. Environ. Toxicol. Pharmacol. 40, 241–258. 
https://doi.org/10.1016/j.etap.2015.06.009 

Kim, S.-H., Henry, E.C., Kim, D.-K., Kim, Y.-H., Shin, K.J., Han, M.S., Lee, T.G., Kang, J.-K., Gasiewicz, 
T.A., Ryu, S.H., Suh, P.-G., 2006. Novel Compound 2-Methyl-2 H -pyrazole-3-carboxylic Acid 
(2-methyl-4- o -tolylazo-phenyl)-amide (CH-223191) Prevents 2,3,7,8-TCDD-Induced Toxicity 
by Antagonizing the Aryl Hydrocarbon Receptor. Mol Pharmacol 69, 1871–1878. 
https://doi.org/10.1124/mol.105.021832 

Kovalova, N., Nault, R., Crawford, R., Zacharewski, T.R., Kaminski, N.E., 2017. Comparative analysis of 
TCDD-induced AhR-mediated gene expression in human, mouse and rat primary B cells. 
Toxicology and Applied Pharmacology 316, 95–106. 
https://doi.org/10.1016/j.taap.2016.11.009 

Krüger, T., Long, M., Bonefeld-Jørgensen, E.C., 2008. Plastic components affect the activation of the 
aryl hydrocarbon and the androgen receptor. Toxicology 246, 112–123. 
https://doi.org/10.1016/j.tox.2007.12.028 

Lagarde, F., Beausoleil, C., Belcher, S.M., Belzunces, L.P., Emond, C., Guerbet, M., Rousselle, C., 2015. 
Non-monotonic dose-response relationships and endocrine disruptors: a qualitative method 
of assessment. Environmental Health 14. https://doi.org/10.1186/1476-069X-14-13 

Lee, M.H., Chung, S.W., Kang, B.Y., Park, J., Lee, C.H., Hwang, S.Y., Kim, T.S., 2003. Enhanced 
interleukin-4 production in CD4+ T cells and elevated immunoglobulin E levels in antigen-
primed mice by bisphenol A and nonylphenol, endocrine disruptors: involvement of nuclear 
factor-AT and Ca2+. Immunology 109, 76–86. https://doi.org/10.1046/j.1365-
2567.2003.01631.x 

Liamin, M., Boutet-Robinet, E., Jamin, E.L., Fernier, M., Khoury, L., Kopp, B., Le Ferrec, E., Vignard, J., 
Audebert, M., Sparfel, L., 2017. Benzo[a]pyrene-induced DNA damage associated with 
mutagenesis in primary human activated T lymphocytes. Biochem. Pharmacol. 137, 113–124. 
https://doi.org/10.1016/j.bcp.2017.04.025 

Liamin, M., Le Mentec, H., Evrard, B., Huc, L., Chalmel, F., Boutet-Robinet, E., Le Ferrec, E., Sparfel, L., 
2018. Genome-Wide Transcriptional and Functional Analysis of Human T Lymphocytes 
Treated with Benzo[α]pyrene. Int J Mol Sci 19. https://doi.org/10.3390/ijms19113626 

Liao, C., Liu, F., Guo, Y., Moon, H.-B., Nakata, H., Wu, Q., Kannan, K., 2012. Occurrence of eight 
bisphenol analogues in indoor dust from the United States and several Asian countries: 
implications for human exposure. Environ. Sci. Technol. 46, 9138–9145. 
https://doi.org/10.1021/es302004w 

Liu, X., Hu, H., Fan, H., Zuo, D., Shou, Z., Liao, Y., Nan, Z., Tang, Q., 2017. The role of STAT3 and AhR in 
the differentiation of CD4+ T cells into Th17 and Treg cells. Medicine (Baltimore) 96, e6615. 
https://doi.org/10.1097/MD.0000000000006615 

Luo, S., Li, Y., Li, Y., Zhu, Q., Jiang, J., Wu, C., Shen, T., 2016. Gestational and lactational exposure to 
low-dose bisphenol A increases Th17 cells in mice offspring. Environ Toxicol Pharmacol 47, 
149–158. https://doi.org/10.1016/j.etap.2016.09.017 

Malaisé, Y., Menard, S., Cartier, C., Gaultier, E., Lasserre, F., Lencina, C., Harkat, C., Geoffre, N., 
Lakhal, L., Castan, I., Olier, M., Houdeau, E., Guzylack-Piriou, L., 2017. Gut dysbiosis and 
impairment of immune system homeostasis in perinatally-exposed mice to Bisphenol A 
precede obese phenotype development. Sci Rep 7, 14472. https://doi.org/10.1038/s41598-
017-15196-w 

Malaisé, Y., Ménard, S., Cartier, C., Lencina, C., Sommer, C., Gaultier, E., Houdeau, E., Guzylack-Piriou, 
L., 2018. Consequences of bisphenol a perinatal exposure on immune responses and gut 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



31 

 

barrier function in mice. Arch. Toxicol. 92, 347–358. https://doi.org/10.1007/s00204-017-
2038-2 

Menard, S., Guzylack-Piriou, L., Leveque, M., Braniste, V., Lencina, C., Naturel, M., Moussa, L., Sekkal, 
S., Harkat, C., Gaultier, E., Theodorou, V., Houdeau, E., 2014. Food intolerance at adulthood 
after perinatal exposure to the endocrine disruptor bisphenol A. FASEB J 28, 4893–900. 
https://doi.org/fj.14-255380 [pii] 10.1096/fj.14-255380 

Nakajima, Y., Goldblum, R.M., Midoro-Horiuti, T., 2012. Fetal exposure to bisphenol A as a risk factor 
for the development of childhood asthma: an animal model study. Environmental Health 11. 
https://doi.org/10.1186/1476-069X-11-8 

O’Brien, E., Bergin, I.L., Dolinoy, D.C., Zaslona, Z., Little, R.J.A., Tao, Y., Peters-Golden, M., Mancuso, 
P., 2014. Perinatal bisphenol A exposure beginning before gestation enhances allergen 
sensitization, but not pulmonary inflammation, in adult mice. J Dev Orig Health Dis 5, 121–
131. https://doi.org/10.1017/S204017441400004X 

Omenetti, S., Bussi, C., Metidji, A., Iseppon, A., Lee, S., Tolaini, M., Li, Y., Kelly, G., Chakravarty, P., 
Shoaie, S., Gutierrez, M.G., Stockinger, B., 2019. The Intestine Harbors Functionally Distinct 
Homeostatic Tissue-Resident and Inflammatory Th17 Cells. Immunity 51, 77-89.e6. 
https://doi.org/10.1016/j.immuni.2019.05.004 

Park, C., Song, H., Choi, J., Sim, S., Kojima, H., Park, J., Iida, M., Lee, Y., 2020. The mixture effects of 
bisphenol derivatives on estrogen receptor and androgen receptor. Environ. Pollut. 260, 
114036. https://doi.org/10.1016/j.envpol.2020.114036 

Pocar, P., Fischer, B., Klonisch, T., Hombach-Klonisch, S., 2005. Molecular interactions of the aryl 
hydrocarbon receptor and its biological and toxicological relevance for reproduction. 
Reproduction 129, 379–389. https://doi.org/10.1530/rep.1.00294 

Prigent, L., Robineau, M., Jouneau, S., Morzadec, C., Louarn, L., Vernhet, L., Fardel, O., Sparfel, L., 
2014. The aryl hydrocarbon receptor is functionally upregulated early in the course of human 
T-cell activation. Eur. J. Immunol. 44, 1330–1340. https://doi.org/10.1002/eji.201343920 

Rannug, A., Rannug, U., 2018. The tryptophan derivative 6-formylindolo[3,2-b]carbazole, FICZ, a 
dynamic mediator of endogenous aryl hydrocarbon receptor signaling, balances cell growth 
and differentiation. Crit. Rev. Toxicol. 48, 555–574. 
https://doi.org/10.1080/10408444.2018.1493086 

Rhomberg, L.R., Goodman, J.E., 2012. Low-dose effects and nonmonotonic dose–responses of 
endocrine disrupting chemicals: Has the case been made? Regulatory Toxicology and 
Pharmacology 64, 130–133. https://doi.org/10.1016/j.yrtph.2012.06.015 

Robinson, L., Miller, R., 2015. The Impact of Bisphenol A and Phthalates on Allergy, Asthma, and 
Immune Function: a Review of Latest Findings. Curr Environ Health Rep 2, 379–387. 
https://doi.org/10.1007/s40572-015-0066-8 

Rochester, J.R., 2013. Bisphenol A and human health: A review of the literature. Reproductive 
Toxicology 42, 132–155. https://doi.org/10.1016/j.reprotox.2013.08.008 

Rochester, J.R., Bolden, A.L., 2015. Bisphenol S and F: A Systematic Review and Comparison of the 
Hormonal Activity of Bisphenol A Substitutes. Environ. Health Perspect. 123, 643–650. 
https://doi.org/10.1289/ehp.1408989 

Rosenmai, A.K., Dybdahl, M., Pedersen, M., Alice van Vugt-Lussenburg, B.M., Wedebye, E.B., Taxvig, 
C., Vinggaard, A.M., 2014. Are structural analogues to bisphenol a safe alternatives? Toxicol. 
Sci. 139, 35–47. https://doi.org/10.1093/toxsci/kfu030 

Savastano, S., Tarantino, G., D’Esposito, V., Passaretti, F., Cabaro, S., Liotti, A., Liguoro, D., Perruolo, 
G., Ariemma, F., Finelli, C., Beguinot, F., Formisano, P., Valentino, R., 2015. Bisphenol-A 
plasma levels are related to inflammatory markers, visceral obesity and insulin-resistance: a 
cross-sectional study on adult male population. Journal of Translational Medicine 13. 
https://doi.org/10.1186/s12967-015-0532-y 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



32 

 

Schiering, C., Vonk, A., Das, S., Stockinger, B., Wincent, E., 2018. Cytochrome P4501-inhibiting 
chemicals amplify aryl hydrocarbon receptor activation and IL-22 production in T helper 17 
cells. Biochem. Pharmacol. 151, 47–58. https://doi.org/10.1016/j.bcp.2018.02.031 

Spanier, A.J., Kahn, R.S., Kunselman, A.R., Hornung, R., Xu, Y., Calafat, A.M., Lanphear, B.P., 2012. 
Prenatal Exposure to Bisphenol A and Child Wheeze from Birth to 3 Years of Age. 
Environmental Health Perspectives 120, 916–920. https://doi.org/10.1289/ehp.1104175 

Tuomela, S., Rautio, S., Ahlfors, H., Öling, V., Salo, V., Ullah, U., Chen, Z., Hämälistö, S., Tripathi, S.K., 
Äijö, T., Rasool, O., Soueidan, H., Wessels, L., Stockinger, B., Lähdesmäki, H., Lahesmaa, R., 
2016. Comparative analysis of human and mouse transcriptomes of Th17 cell priming. 
Oncotarget 7, 13416–13428. https://doi.org/10.18632/oncotarget.7963 

Vaidya, S.V., Kulkarni, H., 2012. Association of Urinary Bisphenol A Concentration with Allergic 
Asthma: Results from the National Health and Nutrition Examination Survey 2005–2006. 
Journal of Asthma 49, 800–806. https://doi.org/10.3109/02770903.2012.721041 

Van Voorhis, M., Fechner, J.H., Zhang, X., Mezrich, J.D., 2013. The aryl hydrocarbon receptor: a novel 
target for immunomodulation in organ transplantation. Transplantation 95, 983–990. 
https://doi.org/10.1097/TP.0b013e31827a3d1d 

Vandenberg, L.N., Hunt, P.A., Myers, J.P., Vom Saal, F.S., 2013. Human exposures to bisphenol A: 
mismatches between data and assumptions. Rev Environ Health 28, 37–58. 
https://doi.org/10.1515/reveh-2012-0034 

Veldhoen, M., Hirota, K., Christensen, J., O’Garra, A., Stockinger, B., 2009. Natural agonists for aryl 
hydrocarbon receptor in culture medium are essential for optimal differentiation of Th17 T 
cells. J. Exp. Med. 206, 43–49. https://doi.org/10.1084/jem.20081438 

Wu, H., Liu, B., Yang, K., Winston-McPherson, G.N., Leisten, E.D., Vezina, C.M., Ricke, W.A., Peterson, 
R.E., Tang, W., 2020. Synthesis and biological evaluation of FICZ analogues as agonists of aryl 
hydrocarbon receptor. Bioorganic & Medicinal Chemistry Letters 126959. 
https://doi.org/10.1016/j.bmcl.2020.126959 

Yamazaki, E., Yamashita, N., Taniyasu, S., Lam, J., Lam, P.K.S., Moon, H.-B., Jeong, Y., Kannan, P., 
Achyuthan, H., Munuswamy, N., Kannan, K., 2015. Bisphenol A and other bisphenol 
analogues including BPS and BPF in surface water samples from Japan, China, Korea and 
India. Ecotoxicology and Environmental Safety 122, 565–572. 
https://doi.org/10.1016/j.ecoenv.2015.09.029 

Zenata, O., Dvorak, Z., Vrzal, R., 2017. Profiling of bisphenol S towards nuclear receptors activities in 
human reporter cell lines. Toxicol. Lett. 281, 10–19. 
https://doi.org/10.1016/j.toxlet.2017.09.006 

Zhou, L., 2016. AHR Function in Lymphocytes: Emerging Concepts. Trends Immunol. 37, 17–31. 
https://doi.org/10.1016/j.it.2015.11.007 

Ziv-Gal, A., Craig, Z.R., Wang, W., Flaws, J.A., 2013. Bisphenol A inhibits cultured mouse ovarian 
follicle growth partially via the aryl hydrocarbon receptor signaling pathway. Reprod. Toxicol. 
42, 58–67. https://doi.org/10.1016/j.reprotox.2013.07.022 

  

Supplementary data legend 

Fig S1 Effects of the AhR antagonist, CH-223191, on FICZ- and TCDD-induced IL-17 

and IL-22 secretion in T cells isolated from mouse spleens and from siLP  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



33 

 

Total cell suspensions, isolated from mouse spleens (A, B) or from mouse siLP (C, D) were 

stimulated with anti-CD3 and anti-CD28 antibodies, and then pre-treated or not with CH-

223191 before treatments with FICZ at 10 nM or TCDD at 10 nM for 4 days. IL-17 (A, C) 

and IL-22 (B, D) secretions in cell supernatant after 4 days of culture with bisphenol 

treatment. Results were expressed as means +/- SEM of 4 replicates. *p < 0.05: differences 

between bisphenol treatments vs vehicle control; 
$
p < 0.05: differences between bisphenol 

concentrations. 
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Highlights  

 In vitro exposure to bisphenols A, S, F differentially alter IL-17 secretion by mouse T 

cells 

 Such effect occurs at low and environmentally relevant concentrations 

 Such effect is partly mediated by aryl hydrocarbon receptor activation  

 Effects of bisphenols A, S, F on IL-17 secretion are different in human and mouse T 

cells 
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