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Introduction

Bisphenol A (BPA) is a raw component of polycar-
bonate plastics and epoxy resins that are used to  
make products, such as food and drink packaging, 
the internal coating of cans, compact disks, build-
ing materials, and medical devices.1 Due to its 
extensive number of applications, BPA is wide-
spread in the environment and humans may be 
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exposed to this chemical from the fetal period into 
adulthood.2–4 

The prevalence of allergies is increasing dramat-
ically worldwide due to changes in lifestyle and the 
environment, including an increased exposure to 
chemicals, particularly endocrine disruptors.5 
Humans can be exposed to these chemicals in con-
junction with allergens. Moreover, environmental 
estrogens (e.g. BPA and phthalates) can potentially 
affect each step contributing to the development of 
allergic diseases (i.e. antigen presentation, Th2 
polarization, immunoglobulin E (IgE) production, 
and mast cell degranulation).6

In a review of published epidemiological stud-
ies, Robinson and Miller suggested that BPA expo-
sure may lead to deleterious immunological 
changes, including the development of allergies 
and asthma via BPA exposure; albeit, the relation-
ship between BPA exposure and the increasing 
incidence of allergy and asthma remains inconclu-
sive.5 Several human epidemiological studies have 
reported a positive association between BPA expo-
sure and severe allergic asthma.7 In addition, 
experimental studies using an animal model of 
allergic airway disease have reported that perinatal 
exposure to BPA through drinking water promotes 
allergic responses in pups, suggesting enhanced 
susceptibility during prenatal and breastfeeding 
periods.8–10 However, while Nygaard et al.10 have 
also suggested that exposure to BPA through drink-
ing water during the early stages of life augments 
allergic responses, these effects were observed at 
high doses.

The European Food Safety Authority (EFSA) 
has lowered the estimated safe level of BPA, known 
as the tolerable daily intake (TDI), from its previ-
ous level of 50 μg/kg/day to only 4 μg/kg/day.11 
Recent studies have raised concerns regarding the 
potential low-dose effects of BPA on the immune 
system, including an impaired systemic cellular 
immune response.4,12,13 The Dutch National 
Institute for Public Health and the Environment 
expert workshop concluded that the current EFSA 
TDI warrants reconsideration in the context of the 
currently available data on the adverse immune 
effects of BPA.14

Potential exposure to BPA is predominantly 
through dietary ingestion; however, there are multi-
ple routes of human exposure. BPA has been 
detected in indoor environments (0.2–17.6 μg/g in 
house dust) and the atmosphere (0.001–17.4 ng/m3); 

therefore, exposure via inhalation is also a con-
cern.15–17 Thus, an evaluation of the potential health 
effects of BPA exposure through the intratracheal 
route is also required. The Ministry of the 
Environment of Japan has reported an estimated 
peak total exposure dose from the general atmos-
phere is 0.0003 μg/kg/day in Japanese people (con-
centrations ranging from less than 0.5–1 ng/m3).18

The effects of co-exposure to allergen and low-
dose BPA through the intratracheal route on aller-
gic airway inflammation remain unclear. The aim 
of this study was to determine whether intratra-
cheal exposure to BPA during the juvenile period 
of development at various concentrations, includ-
ing low doses, has an impact on the development 
of allergic airway inflammation and immune cell 
function in mice.

Materials and methods

Animals

Five-week-old male C3H/HeJJcl mice were pur-
chased from Japan Clea Co. (Tokyo, Japan) and 
housed in an animal facility maintained at 
22°C–26°C and 40%–69% humidity under a 12-h 
light/dark cycle. The mice were fed a commercial 
diet (CE-2; Japan Clea) and given water ad libi-
tum. All animal experiments followed all applica-
ble NIH guidelines, were approved by the Animal 
Care and Use Committee, and conducted in accord-
ance with the guidelines for the Care and Use of 
Laboratory Animals of the National Institute for 
Environmental Studies. All animals were treated 
humanely and did not suffer.

Study protocol

We developed a mouse model of allergic airway 
inflammation by repeatedly administrating ovalbu-
min (OVA) intratracheally. The three experimental 
doses of BPA used in this study were equivalent to 
0.25, 5, and 100 times the estimated peak exposure 
dose from the general atmosphere in Japan of 
0.0003 μg/kg/day.18 The lowest dose was deter-
mined based on the minimum level, which is less 
than half of the estimated peak exposure from the 
general atmosphere.18 Exposure doses were 
adjusted according to the body weight of the mice. 
Six-week-old mice were divided into eight experi-
mental groups: (1) Vehicle; (2) 0.0625 pmol BPA/
animal 25 g/week (BPA-L); (3) 1.25 pmol BPA/
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animal 25 g/week (BPA-M); (4) 25 pmol BPA/ani-
mal 25 g/week (BPA-H); (5) OVA; (6) OVA + BPA-
L; (7) OVA + BPA-M; and (8) OVA + BPA-H. Mice 
were anesthetized with 4% halothane (Takeda 
Chemical Industries, Ltd, Osaka, Japan) and 
intratracheally instilled with 100-μL aliquots of an 
aqueous suspension. Mice were administrated the 
suspensions in accordance with shallow breathing 
under anesthesia and immediately awakened after 
instillation. The Vehicle group received phosphate-
buffered saline (PBS, pH 7.4; Thermo Fisher 
Scientific, Inc., Chicago, IL, USA) containing 
0.0005% ethanol (Nacalai Tesque, Inc., Kyoto, 
Japan) once per week for 6 weeks; the OVA group 
received 1 μg of OVA (10 μg/mL; Sigma-Aldrich 
Co., St Louis, MO, USA) dissolved in PBS con-
taining 0.0005% ethanol every 2 weeks for a period 
of 6 weeks; the BPA groups received 0.0625, 1.25, 
or 25 pmol of BPA (Sigma-Aldrich Co., St Louis, 
MO, USA) in PBS containing 0.0005% ethanol 
once per week for 6 weeks; and the OVA + BPA 
groups received a combined administration of BPA 
and OVA (see Supplemental Figure S1).

Mice were sacrificed under anesthesia 4 h after 
the final intratracheal instillation and analyzed 
gene expression in the lung tissue by reverse tran-
scription polymerase chain reaction (RT-PCR). We 
then measured several other parameters 24 h after 
the final intratracheal instillation, as outlined 
below.

Quantitation of inflammatory cell infiltration 
into the alveoli

We lavaged the lungs (5–8 animals per group) and 
collected the bronchoalveolar lavage (BAL) fluid 
to recover free alveolar cells, as previously 
described.19 These cells were stained with Diff-
Quik (International Reagents Co., Kobe, Japan), 
following which differential cell counts were made 
using Autosmear (Sakura Seiki Co., Tokyo, Japan). 
The lungs were retrieved immediately following 
BAL collection and stored at −80°C until further 
use.

Histopathological evaluation

We fixed the lungs in 10% phosphate-buffered for-
malin (pH 7.4). The tissue sections were then 
embedded in paraffin and cut into 4-μm-thick 
slices (four animals per group). Histological speci-
mens were stained with hematoxylin and eosin 

(H&E) to evaluate eosinophil and lymphocyte 
infiltration in the airways, and periodic acid–Schiff 
(PAS) staining was used to evaluate goblet cell dif-
ferentiation and mucus hyperproduction in the 
bronchial epithelium. We examined the entire area 
of each specimen and assessed the histological 
changes using an Olympus AX80 microscope 
(AX80; Olympus, Tokyo, Japan). The degree of 
eosinophil and lymphocyte infiltration or goblet 
cell differentiation and mucus hyperproduction 
was graded in a blind fashion as follows: 0 = not 
present, 0.5 = slight, 1 = mild, 1.5 = mild to moder-
ate, 2 = moderate, 2.5 = moderate to marked, and 
3 = marked. A score of 0.5 was defined as an inflam-
matory reaction affecting <10% of the airways or 
goblet cells stained with PAS, scores of 1 = 10%–
20%, 1.5 = 20%–30%, 2 = 30%–40%, 2.5 = 40%–
50%, and 3 = >50%, indicating the extent that the 
airways or goblet cells were affected.

Quantitation of cytokines and chemokines in 
the lung tissue

We removed the whole lungs (5–8 animals per 
group) immediately following BAL and prepared 
lung homogenate supernatants as previously 
described.19 We converted 1 g of the homogenate 
suspension to 1 mL and calculated the protein lev-
els of various cytokines and chemokines in the 
total lung homogenates. The levels of interleukin 
(IL)-4, IL-5, interferon gamma (IFN-γ), IL-12 
(Thermo Fisher Scientific, Inc., Chicago, IL, 
USA), IL-10, IL-13, IL-33, macrophage-inflam-
matory protein 1-apha (MIP-1α), keratinocyte che-
moattractant (KC), monocyte chemoattractant 
protein-1 (MCP-1), chemokine (C-C motif) ligand 
5/regulated and normal T-cell expressed and 
secreted (CCL5/RANTES), CCL11/eotaxin (R&D 
Systems, Minneapolis, MN, USA), and monocyte-
chemotactic protein 3 (MCP-3; PeproTech, Inc., 
NJ, USA) in the lung homogenate supernatants 
were measured using an ELISA kit, according to 
the manufacturer’s instructions. Cytokine and 
chemokine content were expressed as pg in the 
total lung homogenate supernatants.

Quantitation of antigen-specific Ig and 
corticosterone in the serum

Blood was sampled by cardiac puncture and the 
serum was collected (5–8 animals per group) and 
stored at −80°C until future use. We examined the 



4 International Journal of Immunopathology and Pharmacology  

level of OVA-specific Ig (OVA-IgE, OVA-IgG1, 
and OVA-IgG2a) and corticosterone in the serum. 
OVA-IgE was measured using a commercial mouse 
anti-OVA IgE ELISA kit (Shibayagi Co., Gunma, 
Japan) according to the manufacturer’s instruc-
tions, and OVA-IgG1 and OVA-IgG2a were meas-
ured by an ELISA with a solid-phase antigen, as 
previously reported.20 Corticosterone was meas-
ured using a commercial ELISA kit (Endocrine 
Technologies, Inc., CA, USA), according to the 
manufacturer’s instructions.

Real-time RT-PCR analysis

Total ribonucleic acid (RNA) was extracted from 
the lungs (3–6 animals per group) using ISOGEN 
(Nippon Gene, Tokyo, Japan) and purified using an 
RNeasy® mini kit (Qiagen, Hilden, Germany) 
according to the manufacturer’s instructions. We 
assessed the total RNA concentration using a 
NanoDrop spectrometer (Thermo Fisher Scientific, 
Inc., Chicago, IL, USA). The total RNA was 
reverse transcribed to complementary DNA 
(cDNA) using a High-Capacity RNA-to-cDNA™ 
Kit (Thermo Fisher Scientific, Inc., Chicago, IL, 
USA). The messenger RNA (mRNA) expression 
of estrogen-related receptor gamma (Esrrg) and 
estrogen receptor 2 (Esr2) was quantified using the 
StepOnePlus™ Real-time PCR System (Thermo 
Fisher Scientific, Inc., Chicago, IL, USA). RT-PCR 
was then performed at 50°C for 2 min, 95°C for 10 
min, 95°C for 15 s, and 60°C for 1 min, with the 
last two steps repeated for 40 cycles. Data were 
analyzed using the critical threshold (ΔCT) and the 
comparative critical threshold (ΔΔCT) methods in 
StepOnePlus™ Software version 2.2.2. We nor-
malized the relative intensity to an endogenous 
control gene (hypoxanthine phosphoribosyltrans-
ferase 1; Hprt1). TaqMan probes and pairs for the 
Esrrg, Esr2, and Hprt1 genes were designed and 
purchased from Thermo Fisher Scientific, Inc. 
(Chicago, IL, USA), who did not disclose these 
sequences.

Preparation of lymph node cells and 
splenocytes

The mediastinal lymph nodes (MLNs; 5–8 animals 
per group) were pushed through a sterile stainless 
steel wire mesh in PBS (pH 7.4; Takara Bio Inc., 
Shiga, Japan). The MLN cells were collected 

following centrifugation at 400g for 5 min at 20°C 
and red blood cell lysis via ammonium chloride. 
After washing the cells with PBS, they were re-
suspended in culture medium R10, consisting of 
Gibco RPMI 1640 medium (Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% heat-
inactivated fetal bovine serum (MP Biomedicals 
Inc., Eschwege, Germany), 100 U/mL penicillin, 
100 μg/mL streptomycin (Sigma-Aldrich Co., St 
Louis, MO, USA), and 50 μM 2-mercaptoethanol 
(Invitrogen). We then determined the total cell 
numbers and viability using trypan blue (Life 
Technologies) exclusion. Splenocytes (four ani-
mals per group) were prepared in the same manner 
as the MLN cells.

Analysis of immune cell function

MLN cells (1 × 106/mL; 3–4 animals per group) or 
splenocytes (1 × 106/mL; four animals per group) 
were cultured with or without OVA (100 μg/mL) in 
200 μL of R10 medium in 96-well flat-bottom 
plates. These cultures were performed in triplicate 
at 37°C in a 5% CO2/95% air atmosphere. After 
3 days, we collected the culture supernatant and 
stored it at −80°C until future use. We added 
5-bromo-2′-deoxyuridine to each well 20 h before 
measuring cell proliferation using an ELISA kit 
(Roche Molecular Biochemicals, Mannheim, 
Germany), according to the manufacturer’s instruc-
tions. We also measured levels of IL-4, IL-5, IFN-γ 
(eBioscience, Inc., CA, USA), and stromal cell-
derived factor 1α (SDF-1α; RayBiotech, Inc., 
Norcross, GA, USA) in the MLN cell culture 
supernatant, as well as IL-4, IL-5, IFN-γ, and IL-10 
(eBioscience, Inc., CA, USA) in the splenocyte 
culture supernatant using an ELISA kit, according 
to the manufacturer’s instructions.

Flow cytometry

We examined the expression of major histocom-
patibility complex (MHC) class II I-A/I-E, plasma-
cytoid dendritic cell antigen 1 (PDCA-1), CD86, 
and CD11c in the MLN cells (3–4 animals per 
group). For fluorescence-activated cell-sorting 
(FACS) analysis, we used the following monoclo-
nal antibodies: I-A/I-E (2G9, Rat IgG2a κ FITC-
conjugated; BD Biosciences, San Diego, CA, 
USA), PDCA-1 (JF05-1C2.4.1, rat IgG2b FITC-
conjugated; Miltenyi Biotec GmbH, Bergisch 
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Gladbach, Germany), CD86 (GL1, Rat IgG2a κ 
PE-conjugated; BD Biosciences, San Diego, CA, 
USA), and CD11c (HL3, Hamster IgG1 λ2, 
PE-conjugated; BD Biosciences, San Diego, CA, 
USA). The cells were incubated with each anti-
body for 30 min on ice, and fluorescence was 
measured on a FACSCalibur (Becton, Dickinson 
and Company, Franklin Lakes, NJ, USA), as previ-
ously reported.21,22

Statistical analysis

Data are expressed as the mean ± standard error 
(SE) of N observations. We tested the significance 
of differences between the groups using two-way 
analysis of variance followed by a Tukey–Kramer 
test or non-parametric Kruskal–Wallis analysis fol-
lowed by Steel’s multiple comparison test (Excel 
Statistics 2010, Social Survey Research Information 
Co., Ltd., Tokyo, Japan). For the experiments lim-
ited to OVA administration, differences between 
the OVA + BPA groups and the OVA group were 
evaluated using one-way analysis of variance fol-
lowed by a Dunnett’s test or non-parametric 
Kruskal–Wallis analysis followed by Steel’s multi-
ple comparison test. P values of <0.05 were con-
sidered statistically significant.

Results

Cellular profile in the BAL fluid

The differential cell counts in the BAL fluid are 
presented in Table 1. The BPA-M group had a sig-
nificantly higher number of macrophages than the 
Vehicle group (P < 0.05), but there were no signifi-
cant differences for any other groups, including the 

OVA and OVA + BPA groups. OVA administration 
resulted in significantly higher numbers of neutro-
phils (OVA, OVA + BPA-L, and OVA + BPA-H 
groups, P < 0.01; OVA + BPA-M group, P < 0.05), 
eosinophils (OVA + BPA-M group, P < 0.01; OVA, 
OVA + BPA-L, and OVA + BPA-H groups, P < 0.05), 
and lymphocytes (OVA + BPA-L and OVA + BPA-H 
groups, P < 0.01; OVA and OVA + BPA-M groups, 
P < 0.05) compared to the Vehicle control (Table 1). 
As an overall trend, OVA + BPA exposure increased 
the infiltration of neutrophils, eosinophils, and lym-
phocytes compared to OVA alone. The increased 
inflammatory cell infiltration was more prominent 
in the OVA + BPA-L and OVA + BPA-M groups, 
and the OVA + BPA-L group exhibiting a greater 
number of total cells and neutrophils compared to 
the OVA group (P < 0.05).

Protein expression of cytokines and chemokines 
in the lungs

OVA administration alone significantly increased 
the expression of Th2 cytokines (i.e. IL-5, IL-13, 
and IL-33) and chemokines (i.e. MCP-1 and 
eotaxin) in the lungs compared to that following 
vehicle administration (IL-5, IL-13, MCP-1, and 
eotaxin, P < 0.01; IL-33, P < 0.05; Tables 2 and 3). 
OVA + BPA further increased the levels of all Th2 
cytokines and chemokines compared to those 
exhibited following OVA alone; the OVA + BPA-M 
group exhibited significantly higher levels of 
IL-33; and the OVA + BPA-L and OVA + BPA-M 
groups had significantly higher levels of RANTES 
compared to the OVA group (P < 0.05). Regarding 
the levels of Th1 cytokines in the lungs, IFN-γ 
expression was significantly higher in the OVA 

Table 1. Cellular profile in the BAL fluid following exposure to BPA in a mouse model of allergic airway inflammation.

Group Total cells Macrophages Neutrophils Eosinophils Lymphocytes

Vehicle 23.8 ± 2.77 23.7 ± 2.77 0.01 ± 0.01 0.00 ± 0.00 0.06 ± 0.02
BPA-L 26.0 ± 2.41 25.9 ± 2.39 0.05 ± 0.01 0.00 ± 0.00 0.10 ± 0.05
BPA-M 35.1 ± 5.35* 34.8 ± 5.34* 0.06 ± 0.03 0.02 ± 0.02 0.19 ± 0.03
BPA-H 31.1 ± 2.18 30.9 ± 2.16 0.06 ± 0.04 0.01 ± 0.01 0.16 ± 0.05
OVA 22.5 ± 2.30 21.8 ± 2.28 0.19 ± 0.05** 0.23 ± 0.10* 0.28 ± 0.08*
OVA + BPA-L 34.1 ± 2.33# 30.0 ± 1.78 0.88 ± 0.19**# 1.60 ± 0.65* 1.56 ± 0.52**
OVA + BPA-M 32.9 ± 1.37 28.8 ± 2.06 1.13 ± 0.35* 1.04 ± 0.30** 1.86 ± 0.67*
OVA + BPA-H 27.6 ± 2.98 24.8 ± 2.36 0.66 ± 0.22** 1.09 ± 0.47* 1.44 ± 0.38**

BPA: bisphenol A; OVA: ovalbumin.
Differential cell counts in the BAL fluid were examined 24 h after the final intratracheal instillation. Data are expressed as the mean ± SE for 5–8 
animals per group.
*P < 0.05, **P < 0.01 versus the Vehicle group; #P < 0.05 versus the OVA group.
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administrated groups compared to the OVA non-
administrated groups (P < 0.01) and was also higher 
in the OVA + BPA-L group compared to the OVA 
group (P < 0.01). In contrast, the level of IL-12 was 
significantly lower in all the OVA + BPA groups 
compared to the OVA group (P < 0.05).

Histopathological findings in the lungs

No remarkable differences regarding pathological 
alterations in the lungs were observed in the Vehicle 
groups. OVA administration resulted in an increase 
in eosinophil and lymphocyte accumulation in the 
peribronchial and perivascular regions 
(OVA + BPA-L, OVA + BPA-M, and OVA + BPA-H 
groups, P < 0.05; Figure 1(a)), as well as goblet cell 
differentiation and mucus hyperproduction in the 

airway epithelium (OVA, OVA + BPA-L, 
OVA + BPA-M, and OVA + BPA-H groups, 
P < 0.05; Figure 1(b)) compared to the Vehicle 
group. Co-exposure to OVA and BPA enhanced the 
accumulation of eosinophils and lymphocytes, as 
well as goblet cell proliferation. In particular, the 
OVA + BPA-M group exhibited significantly 
enhanced lung inflammatory findings compared to 
the OVA group (lymphocyte accumulation and 
goblet cell proliferation, P < 0.05; Figure 1(a) and 
(b)).

OVA-specific Ig antibody production in the 
serum

The OVA groups had significantly higher levels 
of OVA-specific IgE (OVA group, P < 0.05; 

Table 2. Protein expression of Th1/Th2 cytokines in the lungs following exposure to BPA in a mouse model of allergic airway 
inflammation.

Group pg in total lung supernatants

IL-4 IL-5 IL-10 IL-13 IL-33 IFN-γ†† IL-12

Vehicle 25.8 ± 2.91 7.94 ± 0.44 11.0 ± 2.06 0.69 ± 0.69 4481 ± 333 592 ± 30.0 2152 ± 99.5
BPA-L 18.7 ± 0.68 7.58 ± 0.33 16.2 ± 3.45 0.00 ± 0.00 4350 ± 193 675 ± 13.9 2371 ± 13.8
BPA-M 23.4 ± 2.89 8.10 ± 0.37 16.7 ± 0.80 0.00 ± 0.00 5337 ± 270 702 ± 25.4 2318± 63.8
BPA-H 34.4 ± 4.76 8.18 ± 0.38 15.8 ± 1.34 0.00 ± 0.00 4983 ± 201 702 ± 36.1 2214 ± 85.9
OVA 34.8 ± 2.70 78.1 ± 16.8** 17.4 ± 1.34 67.4 ± 15.0** 7214 ± 668* 754 ± 26.6 2378 ± 53.8
OVA + BPA-L 49.0 ± 7.13* 267 ± 80.2** 22.3 ± 2.19* 218 ± 65.6* 13,451 ± 1974** 923 ± 46.3## 2110 ± 48.7#
OVA + BPA-M 45.4 ± 7.83 264 ± 86.2** 24.8 ± 3.50* 202 ± 55.6** 14,305 ± 2056**,# 764 ± 46.8 2049 ± 57.1#
OVA + BPA-H 66.2 ± 22.4 188 ± 62.6* 22.7 ± 3.44 163 ± 54.4* 10,516 ± 1702* 729 ± 38.8 2019 ± 94.2#

IL: interleukin; BPA: bisphenol A; OVA: ovalbumin.
The protein expression of Th1/Th2 cytokines in the supernatants of homogenized lungs were measured by ELISA 24 h after the final intratracheal 
instillation. Data are expressed as the means ± SE for 5–8 animals per group.
*P < 0.05, **P < 0.01 versus the Vehicle group, #P < 0.05, ##P < 0.01 versus the OVA group. ††P < 0.01, the OVA administrated groups versus the OVA 
non-administrated groups.

Table 3. Protein expression of chemokines in the lungs following exposure to BPA in a mouse model of allergic airway 
inflammation.

Group pg in total lung supernatants

MIP-1α KC MCP-1 Eotaxin MCP-3 RANTES

Vehicle 7.63 ± 2.86 0.00 ± 0.00 26.7 ± 2.86 36.5 ± 4.93 120 ± 5.54 52.1 ± 5.64
BPA-L 7.68 ± 4.48 0.00 ± 0.00 25.7 ± 2.37 25.9 ± 6.48 126 ± 5.28 50.0 ± 4.14
BPA-M 22.1 ± 10.1 0.00 ± 0.00 23.8 ± 2.93 36.8 ± 2.95 122 ± 16.2 76.8 ± 6.51
BPA-H 7.92 ± 5.26 0.00 ± 0.00 22.2 ± 1.89 26.0 ± 2.24 81.8 ± 12.1 49.9 ± 3.97
OVA 7.48 ± 3.31 2.50 ± 2.50 65.0 ± 6.54** 173 ± 30.7** 146 ± 13.8 66.9 ± 6.66
OVA + BPA-L 29.3 ± 7.53 40.0 ± 14.2* 133 ± 32.5** 363 ± 94.7 222 ± 35.6* 135 ± 17.7**,#
OVA + BPA-M 39.3 ± 15.4 72.0 ± 38.0* 194 ± 87.0 407 ± 123** 272 ± 68.9 189 ± 47.3**,#
OVA + BPA-H 31.6 ± 6.32 77.1 ± 35.4* 133 ± 30.6* 355 ± 118 188 ± 62.6 95.0 ± 12.1*

BPA: bisphenol A; MIP-1α: macrophage-inflammatory protein 1-apha; KC: keratinocyte chemoattractant; MCP-1: monocyte chemoattractant pro-
tein-1; MCP-3: monocyte-chemotactic protein 3; OVA: ovalbumin.
Protein expression of chemokines in the supernatants of homogenized lungs were measured by ELISA 24 h after the final intratracheal instillation. 
Data are expressed as the means ± SE for 5–8 animals per group.
*P < 0.05, **P < 0.01 versus the Vehicle group, #P < 0.05 versus the OVA group.
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OVA + BPA-L, OVA + BPA-M, and OVA + BPA-H 
groups, P < 0.01; Figure 2(a)), IgG1 (OVA and 
OVA + BPA-H groups, P < 0.01; OVA + BPA-L 
and OVA + BPA-M groups, P < 0.05; Figure 2(b)), 
and IgG2a (OVA and OVA + BPA-L groups, 
P < 0.05; OVA + BPA-M and OVA + BPA-H 
groups, P < 0.01; Figure 2(c)) compared to the 
Vehicle group. The OVA + BPA groups tended to 
display increased levels of OVA-specific Ig anti-
bodies compared to OVA alone; however, this dif-
ference was not statistically significant.

Level of anti-inflammatory mediators
The serum corticosterone levels were significantly 
lower in the OVA + BPA-L group compared to the 
OVA group (P < 0.05; Figure 3(a)). Regarding the 
mRNA levels of estrogen-related nuclear receptors 
in the lung tissue, all the OVA groups (except the 
OVA + BPA-H group) exhibited significantly lower 
expression levels of Esrrg and Esr2 compared to 
the Vehicle group (P < 0.05; Figure 3(b) and (c)). 
Moreover, these levels tended to recover following 
BPA exposure in a dose-dependent manner. 

Figure 1. Histological findings in the lungs. Histological changes in the lungs were investigated 24 h after the final intratracheal 
instillation. Representative photomicrographs of the lung sections and quantitative analyses of H&E staining (a) and PAS staining 
(b). The infiltration of eosinophils and lymphocytes into the peribronchial and perivascular regions was evaluated using H&E 
staining. Goblet cell differentiation and mucus hyperproduction in the bronchial epithelium was evaluated using PAS staining. Data 
are expressed as the means ± SE of four animals per group. *P < 0.05 versus the Vehicle group; #P < 0.05 versus the OVA group. 
Arrows indicate the accumulation of eosinophils.
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Furthermore, Esr2 mRNA levels were significantly 
higher in the OVA + BPA-M and OVA + BPA-H 
groups compared to that of the OVA group 
(P < 0.05; Figure 3(c)).

MLN cell phenotype and function

All the OVA groups, except the OVA + BPA-H 
group, had significantly higher total MLN cell 
numbers compared to those in the Vehicle group 

(P < 0.01; Figure 4(a)), with the increases observed 
in the OVA + BPA-M group significantly higher 
compared to those in the OVA group (P < 0.05). 
Exposure to OVA + BPA-L and OVA + BPA-M sig-
nificantly increased the percentage of MHC class 
II+ and MHC class II+ CD86+ cells in the MLN 
(P < 0.01; Figure 4(b)), and OVA + BPA-L also sig-
nificantly increased the percentage of CD11c+ 
PDCA-1– cells as conventional dendritic cells 
(cDCs) in the MLN (P < 0.05; Figure 4(c)) com-
pared with that of OVA alone. There were no sig-
nificant changes associated with CD11c+ PDCA-1+ 
cells as plasmacytoid DCs (pDCs). OVA + BPA-M 
tended to enhance the proportion of cDCs com-
pared to that exhibited by OVA alone; however, 
this increase was not significant. OVA + BPA-L 
significantly promoted the production of IL-4, 
IL-5, IFN-γ, and SDF-1α in MLN cells re-stimu-
lated with OVA in vitro compared to the group that 
received OVA alone (IL-4 and IFN-γ, P < 0.05; 
IL-5 and SDF-1α, P < 0.01; Figure 4(d)–(g)). The 
production of IFN-γ and SDF-1α was also signifi-
cantly promoted by OVA + BPA-H compared with 
OVA alone (P < 0.05; Figure 4(f) and (g)). 
OVA + BPA-M tended to increase the production 
IFN-γ and SDF-1α to a level similar to that of the 
OVA + BPA-H group; however, these differences 
did not achieve statistical significance (Figure 4(f) 
and (g)).

Spleen function

BPA exposure decreased the number of splenocytes 
in the groups that received OVA (OVA + BPA-M 
group vs OVA group, P < 0.01; OVA + BPA-H group 
vs OVA group, P < 0.05; Figure 5(a)). OVA-
stimulated cell proliferation was reduced by BPA 
exposure in a dose-dependent manner (OVA + BPA-H 
group vs OVA group, P < 0.05; Figure 5(b)), as was 
the production of IL-4 (OVA + BPA-H group vs 
OVA group, P = 0.054; Figure 5(c)) and IFN-γ 
(OVA + BPA-H group vs OVA group, P < 0.01; 
Figures 5(d)). In contrast, the production of anti-
inflammatory IL-10 tended to be higher in the 
OVA + BPA-M and OVA + BPA-H groups compared 
to the OVA group (Figure 5(e)).

Discussion

We investigated whether intratracheal exposure to 
low-dose BPA during the juvenile period of devel-
opment affects allergic airway inflammation and 

Figure 2. Production of OVA-specific Ig antibodies following 
exposure to BPA in a mouse model of allergic airway 
inflammation. OVA-specific IgE (a), OVA-specific IgG1 (b), and 
OVA-specific IgG2a (c) in the serum were measured by ELISA 
24 h after the final intratracheal instillation. Data are expressed 
as the means ± SE for 5–8 animals per group. *P < 0.05, 
**P < 0.01 versus the Vehicle group. No significant differences 
were observed between the OVA + BPA groups and OVA 
group.
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immune cell function in mice. We found that BPA 
enhanced OVA-induced lung inflammation, as 
well as the Th2 response in the MLN; however, 
BPA exposure alone did not induce these inflam-
matory responses. The enhancement of allergic 
inflammation was greater following the lower 
doses of BPA compared to the higher dose, possi-
bly due to former disrupting biological processes, 
including the immune system.

Previous experimental studies using animal 
models have reported that perinatal exposure to 
BPA promotes the development of allergic airway 
inflammation in pups.8–10 Although few animal 
models have documented BPA-mediated aggrava-
tion of airway allergy in adults, He et al.23 demon-
strated that the oral administration of high-dose 
BPA promotes OVA-induced lung eosinophilia.

This study is the first report to demonstrate that 
the intratracheal exposure to low-dose BPA during 

the juvenile period of development can disrupt the 
immune response and enhance allergic airway 
inflammation in an animal model. BPA exposure 
was found to enhance the level of OVA-induced 
infiltration of inflammatory cells (Table 1), the 
protein expression of Th2 cytokines and 
chemokines (Tables 2 and 3), and histopathologi-
cal changes (Figure 1). Moreover, these effects 
were more prominent with OVA + BPA-L and/or 
OVA + BPA-M. The lung histology revealed that 
OVA-induced increases in inflammatory cell accu-
mulation and goblet cell differentiation were 
enhanced following BPA exposure, which was par-
ticularly observed in the OVA + BPA-M group 
(Figure 1(a) and (b)). In the OVA-specific Ig anti-
body production, there were large differences 
according to each animal. This variation may be 
caused by the specificity/sensitivity of the ELISA 
kit and by interference from components in serum. 

Figure 3. Changes in the level of anti-inflammatory mediators following exposure to BPA in a mouse model of allergic airway 
inflammation. (a) Serum corticosterone. (b) Esrrg mRNA expression. (c) Esr2 mRNA expression. Corticosterone levels in the serum 
were measured by ELISA 24 h after the final intratracheal instillation. Data are expressed as the means ± SE for 5–8 animals per 
group. Gene expression of estrogen-related nuclear receptors in the lungs was analyzed by RT-PCR 4 h after the final intratracheal 
instillation. Data are expressed as the means ± SE for 3–6 animals per group. *P < 0.05 versus the Vehicle group; #P < 0.05 versus the 
OVA group.
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Figure 4. The number and activation of MLN cells following exposure to BPA in a mouse model of allergic airway inflammation. 
MLN cells were prepared 24 h after the final intratracheal instillation and the total cell number was counted. The expression of cell 
surface molecules and cytokine production in MLN cells from the OVA groups were performed by FACS and ELISA, respectively. 
The cytokine content in the culture supernatants was measured after the 66-h culture in the presence or absence of OVA. (a) 
Total cell number. (b) The percentage of CD86+ cells, MHC class II+ cells, and MHC class II+ CD86+ cells. (c) The percentage 
of CD11c+ PDCA-1+ cells (pDCs) and CD11c+ PDCA-1–cells (cDCs). (d) IL-4, (e) IL-5, (f) IFN-γ, and (g) SDF-1α. (a) Data are 
expressed as the means ± SE for 5–8 animals per group. (b–g) Data are expressed as the means ± SE for 3–4 animals per group. 
**P < 0.01 versus the Vehicle group; #P < 0.05, ##P < 0.01 versus the OVA group.
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Although it did not reach statistical significance, 
BPA exposure enhanced OVA-induced Ig produc-
tion more than fourfold (Figure 2(a)–(c)). In par-
ticular, the levels of OVA-specific IgE were 
approximately sevenfold higher in the OVA + BPA-L 
and OVA + BPA-M groups compared to OVA alone 
(Figure 2(a)).

Th2 cytokines and chemokines play a key role in 
the development of allergic airway inflammation.24 
We demonstrated significant increases in IL-33 and 
RANTES in the lung tissue of the OVA + BPA-L and 
OVA + BPA-M groups (Tables 2 and 3). IL-33 is a 
member of the IL-1 cytokine family, has been shown 
to be a crucial regulator of mast cell function,25 and 

Figure 5. Change in the spleen function following exposure to BPA in a mouse model of allergic airway inflammation. Splenocytes 
were prepared from the OVA groups 24 h after the final intratracheal instillation and total cell number was counted. The 
splenocytes were cultured for 64 h with or without OVA and then cell proliferation and cytokine production were measured by 
ELISA. (a) Total cell number, (b) cell proliferation, (c) IL-4, (d) IFN-γ, and (e) IL-10. Data are expressed as the means ± SE of four 
animals per group. #P < 0.05, ##P < 0.01 versus the OVA group.
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can induce eosinophilic inflammation and airway 
hyper-responsiveness.26 RANTES is a chemoat-
tractant for T-cells, eosinophils, and basophils that 
has also been shown to induce eosinophilic inflam-
mation and airway hyper-responsiveness.27 
Therefore, a low-dose BPA-mediated increase in the 
expression of Th2-prormoting cytokines and 
chemokines (e.g. IL-33 and RANTES) may aggra-
vate OVA-induced allergic inflammation and air-
way hyper-responsiveness. We also undertook a 
preliminary examination of respiratory function 
using unrestrained whole-body plethysmography, 
which demonstrated that BPA exposure tends to 
induce an increase in breathing rate and the bron-
choconstriction indicators PenH (enhanced pause) 
and pause without a methacholine challenge (data 
not shown).

As a next step, we examined the phenotypes and 
function of immune cells in the MLN. OVA + BPA-L 
and OVA + BPA-M induced the activation of anti-
gen-presenting cells, including an increase in MHC 
class II and CD86 expression, as well as the cDC 
subset (Figure 4(a)–(c)). DCs are major antigen-
presenting cells within the lungs and contribute to 
the development of asthma. It has been shown that 
OVA-loaded bone marrow-derived cDCs can 
induce allergic airway inflammation and hyper-
responsiveness, whereas CD8α+β− and CD8α+β+ 
pDCs primarily induce regulatory T-cells that pre-
vent this induction.28 OVA + BPA-L resulted in sig-
nificantly higher percentages of cDCs in the MLN 
compared to OVA alone (Figure 4(c)) due to the 
promotion of SDF-1α, a stromal-derived CXC 
chemokine that is a ligand for CXCR4. The expres-
sion of CXCR4 is low in immature DCs and  
subsequently upregulated during maturation.29 
Therefore, the observed increase in SDF-1α pro-
duction (Figure 4(g)) may contribute to an increased 
activation of DCs in the MLN following BPA 
exposure. OVA + BPA also promoted the produc-
tion of the Th1 cytokine IFN-γ in MLN cells re-
stimulated with OVA in vitro; however, no 
dose-dependent effect was observed (Figure 4(f)). 
In contrast, the production of Th2 cytokines (i.e. 
IL-4 and IL-5) was predominantly promoted by 
OVA + BPA-L (Figure 4(d) and (e)). Moreover, 
OVA + BPA-L tended to promote OVA-stimulated 
MLN cell proliferation (data not shown). The over-
all trend associated with the activation of MLN 
cells matched the pathology induced by the extent 
of the observed lung inflammation. Thus, these 

findings suggest that the activation of antigen-pre-
senting cells (e.g. cDCs) and the resultant increase 
in Th2 responses may contribute to the aggravation 
of allergic airway inflammation observed follow-
ing low-dose BPA exposure.

In the analysis of the splenocytes in the OVA 
groups, BPA exposure dose-dependently sup-
pressed OVA-stimulating cell proliferation and 
Th1/Th2 cytokine production (Figure 5(b)–(d)), as 
well as increase the level of anti-inflammatory 
IL-10 production (Figure 5(e)). For instance, 
IL-10-producing regulatory B-cells can suppress 
allergic inflammation via regulatory T-cells.30 BPA 
may induce IL-10-mediated suppressing function 
of spleen, which may be one explanation for the 
attenuation of allergic airway inflammation fol-
lowing a high-dose BPA exposure.

It has been also shown that the anti-inflamma-
tory activity of glucocorticoids and estrogen recep-
tor beta (ERβ),31–33 as well as the presence of 
mitochondrial glucocorticoids and ERβ in lung tis-
sue cells is reduced in asthma.32 Therefore, we 
examined these mediators and found that 
OVA + BPA-L significantly decreased the levels of 
serum corticosterone, a glucocorticoid, compared 
to OVA alone (Figure 3(a)). BPA-L alone also 
decreased the levels of serum corticosterone (24 ng/
mL) compared to the Vehicle (105 ng/mL); how-
ever, the difference did not achieve statistical sig-
nificance. These results indicate that a low dose of 
BPA can induce a suppressive effect on serum cor-
ticosterone levels. The gene expression of the glu-
cocorticoid receptor in the lung was not altered by 
BPA exposure (data not shown). Regarding the 
estrogen-related nuclear receptors, OVA-induced 
suppression of Esrrg and Esr2 (ERβ) gene expres-
sions was recovered by BPA dose dependently 
(Figure 3(b) and (c)). In this manner, BPA exhibits 
a differential dose-dependent effect on the expres-
sion of anti-inflammatory mediators (low-dose 
BPA suppresses the levels of serum corticosterone, 
while high-dose BPA induces the expression of 
estrogen-related nuclear receptors in the lung 
tissue).

Consequently, the findings of this study indicate 
that a low dose of BPA aggravates the OVA-
induced allergic reaction and a high dose of BPA 
may modulate the inflammation by induction of an 
anti-inflammatory response. In other words, low-
dose BPA may promote allergic inflammation and 
high-dose BPA may induce immune suppression. 
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In the promotion of allergic inflammation, our 
study suggests that BPA shows inverted U-shaped 
dose response that is a characteristic of endocrine-
disrupting chemicals.

Numerous studies have demonstrated an associa-
tion between the exposure to environmental estro-
gen and the development of asthma; moreover, 
environmental estrogens also modify each step of 
the allergic sensitization process.6 In addition, ER 
expression is found on immunoregulatory cells 
including airway epithelial cells and immune 
cells.6,34 In the immune cells, BPA promotes DC dif-
ferentiation in vitro through an estrogen-like activ-
ity.35,36 Guo et al.35 have shown that BPA exposure 
in the presence of tumor-necrosis factor-α induces 
Th2 cell-promoting DCs, the activation of which is 
inhibited by specific ER antagonists. We also  
confirmed that low-dose BPA can promote the dif-
ferentiation of granulocyte-macrophage colony-
stimulating factor-induced bone marrow-derived 
DCs in vitro (data not shown). Thus, since the 
ER-mediated signal plays complex role in inflam-
mation and also regulates the expression of anti-
inflammatory mediators, BPA exposure may lead to 
a disruption of the immune cell function via an 
ER-mediated signal disturbance.

This study investigated the effects of intratra-
cheal exposure to BPA to examine the local effects 
in airway allergy. We plan to investigate the effects 
of low-dose BPA in the diet during the juvenile 
period of development in a subsequent study. 
Since different duration and routes of chemical 
exposure may induce variable biological effects, it 
is important to use a range of experimental condi-
tions considering environmental exposure. We are 
also currently investigating the effects of BPA 
exposure on the brain and nervous system in this 
murine model and intend to examine biological 
crosstalk and interactions in future studies to 
determine the mechanisms of BPA on allergy 
development.

In conclusion, this study demonstrated that 
intratracheal exposure to BPA during the juvenile 
period of development enhanced allergic airway 
inflammation and modified the expression of 
inflammatory and anti-inflammatory mediators in 
a murine model. These results indicate that low-
dose BPA through the intratracheal route may 
aggravate allergic inflammation by enhancing 
Th2 responses via a disruption of the immune 
system.

Acknowledgements

The authors thank S Abe and N Ueki for their technical 
assistance and Enago (http://www.enago.jp) for the 
English language review.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest 
with respect to the research, authorship, and/or publication 
of this article.

Funding

This study was supported by the Environment Research 
and Technology Development Fund of the Ministry of the 
Environment, Japan (5S2-12) and by the Advanced 
Research Programs, the National Institute for 
Environmental Studies, Japan (1115AA082).

References

 1. Geens T, Aerts D, Berthot C, et al. (2012) A review 
of dietary and non-dietary exposure to bisphenol-A. 
Food and Chemical Toxicology 50: 3725–3740.

 2. Ikezuki Y, Tsutsumi O, Takai Y, et al. (2002) 
Determination of bisphenol A concentrations in 
human biological fluids reveals significant early 
prenatal exposure. Human Reproduction 17: 2839–
2841.

 3. Vandenberg LN, Chahoud I, Heindel JJ, et al. (2012) 
Urinary, circulating, and tissue biomonitoring studies 
indicate widespread exposure to bisphenol A. Ciencia 
& Saude Coletiva 17: 407–434.

 4. Vom Saal FS and Hughes C (2005) An extensive 
new literature concerning low-dose effects of bis-
phenol A shows the need for a new risk assessment. 
Environmental Health Perspectives 113: 926–933.

 5. Robinson L and Miller R (2015) The impact of bis-
phenol A and phthalates on allergy, asthma, and 
immune function: A review of latest findings. Current 
Environmental Health Reports 2: 379–387.

 6. Bonds RS and Midoro-Horiuti T (2013) Estrogen 
effects in allergy and asthma. Current Opinion in 
Allergy and Clinical Immunology 13: 92–99.

 7. Vaidya SV and Kulkarni H (2012) Association of uri-
nary bisphenol A concentration with allergic asthma: 
Results from the National Health and Nutrition 
Examination Survey 2005–2006. The Journal of 
Asthma 49: 800–806.

 8. Midoro-Horiuti T, Tiwari R, Watson CS, et al. 
(2010) Maternal bisphenol a exposure promotes the 
development of experimental asthma in mouse pups. 
Environmental Health Perspectives 118: 273–277.

 9. Nakajima Y, Goldblum RM and 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: 8.

http://www.enago.jp


14 International Journal of Immunopathology and Pharmacology  

 10. Nygaard UC, Vinje NE, Samuelsen M, et al. (2015) 
Early life exposure to bisphenol A investigated in 
mouse models of airway allergy, food allergy and oral 
tolerance. Food and Chemical Toxicology 83: 17–25.

 11. EFSA (2015) Scientific opinion on the risks to public 
health related to the presence of bisphenol A (BPA) in 
foodstuffs: Part II—Toxicological assessment and risk 
characterization. EFSA Journal 13(1):3978, https://
efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.
efsa.2015.3978 (accessed 7 August 2017).

 12. Menard S, Guzylack-Piriou L, Lencina C, et al. 
(2014) Perinatal exposure to a low dose of bisphenol 
A impaired systemic cellular immune response and 
predisposes young rats to intestinal parasitic infection. 
PLoS ONE 9: e112752.

 13. Nakamura K and Kariyazono H (2010) Influence of 
endocrine-disrupting chemicals on the immune sys-
tem. Journal of Health Science 56: 361–373.

 14. Hessel EV, Ezendam J, Van Broekhuizen FA, et al. 
(2016) Assessment of recent developmental immu-
notoxicity studies with bisphenol A in the context of 
the 2015 EFSA t-TDI. Reproductive Toxicology 65: 
448–456.

 15. Alkasir RS, Rossner A and Andreescu S (2015) 
Portable colorimetric paper-based biosensing device 
for the assessment of bisphenol A in indoor dust. 
Environmental Science & Technology 49: 9889–9897.

 16. Michalowicz J (2014) Bisphenol A—Sources, toxic-
ity and biotransformation. Environmental Toxicology 
and Pharmacology 37: 738–758.

 17. Vandenberg LN, Hauser R, Marcus M, et al. (2007) 
Human exposure to bisphenol A (BPA). Reproductive 
Toxicology 24: 139–177.

 18. Ministry of the Environment of Japan (2004) 
Environmental risk assessment of chemicals vol.3 [15] 
Bisphenol A. (in Japanese), http://www.env.go.jp/chemi/ 
report/h16-01/pdf/chap01/02_2_15.pdf (accessed 7 
August 2017).

 19. Yanagisawa R, Koike E, Win-Shwe TT, et al. (2016) 
Low-dose benzo[a]pyrene aggravates allergic airway 
inflammation in mice. Journal of Applied Toxicology 
36: 1496–1504.

 20. Yanagisawa R, Takano H, Inoue KI, et al. (2006) 
Components of diesel exhaust particles differentially 
affect Th1/Th2 response in a murine model of aller-
gic airway inflammation. Clinical and Experimental 
Allergy 36: 386–395.

 21. Koike E, Yanagisawa R, Sadakane K, et al. (2010) 
Effects of diisononyl phthalate on atopic derma-
titis in vivo and immunologic responses in vitro. 
Environmental Health Perspectives 118: 472–478.

 22. Koike E, Inoue K, Yanagisawa R, et al. (2009) Di-(2-
ethylhexyl) phthalate affects immune cells from 
atopic prone mice in vitro. Toxicology 259: 54–60.

 23. He M, Ichinose T, Yoshida S, et al. (2016) Exposure 
to bisphenol A enhanced lung eosinophilia in adult 

male mice. Allergy, Asthma, & Clinical Immunology 
12: 16.

 24. Galli SJ, Tsai M and Piliponsky AM. (2008) The devel-
opment of allergic inflammation. Nature 454: 445–454.

 25. Saluja R, Khan M, Church MK, et al. (2015) The role 
of IL-33 and mast cells in allergy and inflammation. 
Clinical and Translational Allergy 5: 33.

 26. Liew FY, Pitman NI and McInnes IB. (2010) Disease-
associated functions of IL-33: The new kid in the IL-1 
family. Nature Reviews Immunology 10: 103–110.

 27. Isgro M, Bianchetti L, Marini MA, et al. (2013) The 
C-C motif chemokine ligands CCL5, CCL11, and 
CCL24 induce the migration of circulating fibro-
cytes from patients with severe asthma. Mucosal 
Immunology 6: 718–727.

 28. Lombardi V, Speak AO, Kerzerho J, et al. (2012) 
CD8α+β− and CD8α+β+ plasmacytoid dendritic 
cells induce Foxp3+ regulatory T cells and prevent 
the induction of airway hyper-reactivity. Mucosal 
Immunology 5: 432–443.

 29. Lee B, Sharron M, Montaner LJ, et al. (1999) 
Quantification of CD4, CCR5, and CXCR4 levels 
on lymphocyte subsets, dendritic cells, and differen-
tially conditioned monocyte-derived macrophages. 
Proceedings of the National Academy of Sciences of 
the United States of America 96: 5215–5220.

 30. Amu S, Saunders SP, Kronenberg M, et al. (2010) 
Regulatory B cells prevent and reverse allergic airway 
inflammation via FoxP3-positive T regulatory cells in 
a murine model. The Journal of Allergy and Clinical 
Immunology 125: 1114–1124.e8.

 31. Harris HA, Albert LM, Leathurby Y, et al. (2003) 
Evaluation of an estrogen receptor-β agonist in ani-
mal models of human disease. Endocrinology 144: 
4241–4249.

 32. Simoes DC, Psarra AM, Mauad T, et al. (2012) 
Glucocorticoid and estrogen receptors are reduced in 
mitochondria of lung epithelial cells in asthma. PLoS 
ONE 7: e39183.

 33. Zhang S, Shen Z, Hu G, et al. (2009) Effects of endog-
enous glucocorticoids on allergic inflammation and 
T(H)1 /T(H)2 balance in airway allergic disease. Annals 
of Allergy, Asthma & Immunology 103: 525–534.

 34. Kovats S (2012) Estrogen receptors regulate an 
inflammatory pathway of dendritic cell differen-
tiation: Mechanisms and implications for immunity. 
Hormones and Behavior 62: 254–262.

 35. Guo H, Liu T, Uemura Y, et al. (2010) Bisphenol A 
in combination with TNF-α selectively induces Th2 
cell-promoting dendritic cells in vitro with an estro-
gen-like activity. Cellular & Molecular Immunology 
7: 227–234.

 36. Pisapia L, Del Pozzo G, Barba P, et al. (2012) Effects 
of some endocrine disruptors on cell cycle progres-
sion and murine dendritic cell differentiation. General 
and Comparative Endocrinology 178: 54–63.

https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2015.3978
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2015.3978
https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2015.3978
http://www.env.go.jp/chemi/report/h16-01/pdf/chap01/02_2_15.pdf
http://www.env.go.jp/chemi/report/h16-01/pdf/chap01/02_2_15.pdf



