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ARTICLE INFO ABSTRACT

Bisphenol A (BPA) is widely used in many consumer products and has adverse effects on human health including
allergic diseases. We investigated the effects of low dose BPA, comparable to actual human oral exposure, on
allergic asthma in mice. C3H/HeJ male mice were fed a chow diet containing BPA (equivalent to 0.09, 0.90, or
9.01 ug/kg/day) and were intratracheally administered ovalbumin (OVA, 1 pg/animal) every two weeks from
5-11 weeks of age. All doses of BPA plus OVA enhanced pulmonary inflammation and airway hyperrespon-
siveness, and increased lung mRNA levels of Th2 cytokine/chemokine, and serum OVA-specific IgE and IgG,
compared to OVA alone, with greater effects observed in the middle- and high-dose BPA plus OVA groups.
Furthermore, high-dose BPA with OVA decreased lung mRNA levels of ER}} and AR compared with OVA.
Furthermore, BPA enhanced OVA-restimulated cell proliferation and protein levels of IL-4 and IL-5 in med-
iastinal lymph node (MLN) cells in OVA-sensitized mice. In bone marrow (BM) cells, middle-dose BPA with OVA
increased Gr-1 expression. In conclusion, oral exposure to low-dose BPA at levels equivalent to human exposure
can aggravate allergic asthmatic responses through enhancement of Th2-skewed responses, lung hormone re-
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ceptor downregulation, and MLN and BM microenvironment change.

1. Introduction

Bisphenol A (BPA), a widely used environmental chemical in poly-
carbonate plastics and epoxy resins, has been detected in children’s
toys, dental sealants, medical devices, internal coating of cans, and food
and beverage containers [1-3]. Therefore, BPA is globally ubiquitous
[4] and can be detected in blood and urine samples in 95 % of the U.S.
population according to biomonitoring surveys by the U.S. Centers for
Disease Control and Prevention [5]. The main source of BPA exposure
in humans is due to food and beverages, while the exposure via house
dust ingestion, dental surgery, skin absorption from thermal paper has
been estimated at 5 % or less [6]. The Food and Drug Administration
(FDA) estimated that the daily intake of BPA for adults and infants from
food additive uses is 0.185 ugkg — 1 day—1 and 0.7 ugkg—1 day—1,
respectively [7]. In Japan, the predicted maximum oral exposure has
been estimated to be 0.09 ugkg — 1 day—1 [8].

BPA is well known to show endocrine disrupting effects by binding
to various receptors, such as estrogen receptors, androgen receptors,
thyroid hormone receptors, aryl hydrocarbon receptors, and toll-like
receptors [9,10]. Previous studies mentioned that BPA could disrupt
developmental, reproductive, cardiovascular, nervous, and metabolic
systems, resulting in adverse effects on human health [11-13]. Fur-
thermore, several reports suggested that BPA has potential mutageni-
city [14] and is associated with the development of tumors, such as
prostate, breast, and lung cancers [15-17]. Regarding to the impact of
BPA on immune/allergic system, an epidemiological study showed that
prenatal exposure to BPA was associated with pediatric respiratory
outcomes among boys, but not girls [18]. The urine concentration of
BPA is related to atopic dermatitis symptom aggravation in children
[19]. In animal studies, Bauer et al. reported that prenatal and postnatal
exposure to BPA (0, 0.5, 5, 50 or 500 ugkg — 1 day —1) enhanced al-
lergic lung inflammation in female but not male offspring of mice [20].

Abbreviations: Ar, androgen receptor; AhR, aryl hydrocarbon receptor; BPA, bisphenol a; BM, bone marrow; ER, estrogen receptor; FACS, fluorescence-activated
cell-sorting; GR, glucocorticoid receptor; Gr-1, granulocyte-differentiation antigen; Hprtl, hypoxanthine phosphoribosyltransferase 1; Ig, immunoglobulin; IFN-y,
interferon-gamma; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; MIP-1a, macrophage inflammatory protein 1-alpha; MLN, mediastinal lymph node;
OVA, ovalbumin; RANTES, normal T cell expressed and secreted; SDF-1a, stromal cell derived factor 1 alpha; Th, T helper
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These studies have only focused on the indirect effects such as prenatal
exposure, however, the impact of direct exposure to BPA during the
postnatal period or throughout life on allergic responses is poorly un-
derstood. He et al. reported that repetitive oral exposure to BPA (1 mg
per mouse, four times) enhanced lung eosinophilia by promoting Th2-
type immune responses in allergen-sensitized male mice [21]. A recent
study was demonstrated that oral administration of BPA (0.06, 0.2 mg/
kg, single injection) enhanced toluene-2, 4-diisocyanate (Th2 type
hapten)-induced airway allergic inflammation, but not atopic derma-
titis [22]. These doses in previous studies are approximately 2000 to
40000-fold of the predicted maximum exposure dose in Japan. Thus,
the effects of low dose BPA comparable to the level of human exposure
and the underlying mechanisms are poorly understood. Our recent
study indicated that intratracheal exposure to low dose BPA
(0.0015 pg/kg/day; equivalent to 5 times of the predicted maximum
exposure dose from the general atmosphere in Japan of 0.0003 ng/kg/
day) aggravates allergic airway inflammation and disrupts the immune
systems in mice [23]. However, the effects of oral BPA, which is the
main route of BPA exposure, remain unclear, particularly at levels
equivalent to human exposure.

In the current study, we aimed to evaluate the effects of oral ex-
posure to low doses of BPA relevant to human exposure in a murine
model of allergic asthma. We also investigated the relationship between
dietary exposure to BPA and the changes in lymph node and bone
marrow microenvironments on allergic asthma.

2. Materials and methods
2.1. Animals and experimental design

Four-week-old male C3H/HeJSlc mice were purchased from Japan
SLC, Inc. (Shizuoka, Japan) and used for experiments. Five-week-old
mice were randomly divided into eight groups: 1) Vehicle, 2) 0.09 pug/
kg/day BPA (BPA-L), 3) 0.9 ug/kg/day BPA (BPA-M), 4) 9 ug/kg/day
BPA (BPA-H), 5) ovalbumin (OVA), 6) OVA + BPA-L, 7) OVA + BPA-
M, and 8) OVA + BPA-H. We selected dietary exposure to BPA, and
took into account actual human exposure levels, as serum levels of BPA
are different between dietary exposure and forced administration in an
animal model [24]. From 5-11 weeks of age, mice were fed a chow diet
mixed with 0, 7.5, 75, or 750 ug/10 kg of BPA based on soy-free AIN-
76A to avoid phytoestrogenic effects that might mask possible estro-
genic effects of BPA (Japan Clea Co., Tokyo, Japan). Since the daily
food consumption in mice was approximately 3 g, the exposure amount
of BPA was estimated to be 0.09 ug/kg/day in the BPA-L group. The
BPA-L dose is equivalent to the estimated peak oral exposure dose of
BPA identified by the Ministry of the Environment in Japan [8]. Food
and water were provided ad libitum. Mice were housed in an animal
facility maintained at 22°C-26°C and 40 %69 % humidity under a
12 h light/dark cycle. To minimize background BPA exposure, we used
animal cages made of polymethylpentene and water bottles made of
polypropylene. BPA concentration in the drinking water was analyzed
using HPLC and was less than 1 ng/mL. Mice were anesthetized with
isoflurane (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan)
and intratracheally instilled with 50 pL aqueous suspension. Mice re-
ceived phosphate-buffered saline (PBS; pH7.4; Thermo Fisher Scientific,
Inc., IL, USA) in the vehicle and BPA-treated groups or 1pug of OVA
(20 pg/mL; Sigma-Aldrich Co., St Louis, MO, USA) dissolved in PBS in
the OVA-treated groups every 2 weeks from 5-11 weeks of age. Forty-
eight hours after the final OVA instillation, all mice were euthanized
with an intraperitoneal injection of sodium pentobarbital (150 mg/kg)
at 11 weeks of age. All procedures were approved by the Animal Care
and Use Committee of National Institute for Environmental Studies
(approval number; AE-16-01 and AE-17-10), which was conducted in
accordance with the guideline for the Care and Use of Laboratory An-
imals of the National Institute for Environmental Studies. Animals were
humanely treated and were alleviated of suffering.
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2.2. Retrieval of serum and bronchoalveolar lavage (BAL)

All mice were euthanized under anesthesia 48 h after the final in-
tratracheal instillation (5-6 animals per group). The chest and ab-
dominal walls were opened, and blood was retrieved by cardiac punc-
ture. The BAL fluid was aspirated twice with 0.8 mL of sterile saline at
37 °C by syringe. The average volume was 90 % of the amount instilled.
The BAL fluid was centrifuged at 300 g for 10 min at 4 °C to recover
alveolar free cells. The total cell count was determined on a fresh fluid
specimen using a hemocytometer. Differential cell counts were pre-
pared using Autosmear (Sakura Seiki Co., Tokyo, Japan) and stained
with Diff-Quik (International Reagents Co., Kobe, Japan). A total of 500
cells were counted under a microscope (AX80; Olympus, Tokyo, Japan).
The lung tissue was immediately extirpated after BAL retrieval. The
serum and lungs were stored at —80 °C until use.

2.3. Determination of pulmonary function

Airway responsiveness in the OVA-treated mice was measured 24 h
after the last OVA intratracheal instillation using whole body plethys-
mography (WBP) in a noninvasive fashion (Buxco FinePointe System,
Buxco, Wilmington, USA) according to the manufacturer’s instructions
(5-6 animals per group). Mice were given 5min for acclimation and
then exposed to nebulized PBS to set a baseline value, followed by in-
creasing concentrations of 50 pL nebulized methacholine chloride
(Sigma-Aldrich, German; 3.125, 6.25, 12.5, 25, and 50 mg/mL in PBS)
for 2 min. Airway responsiveness to methacholine was monitored con-
tinuously for 3 min following methacholine inhalation and then eval-
uated using the enhanced pause (Penh) values and respiratory fre-
quency (f).

2.4. Quantification of antigen-specific immunoglobulin in serum

Blood was sampled by cardiac puncture (5-8 animals per group).
Serum was collected and stored at —80 °C until use. OVA-specific IgE
and IgG; in serum were measured using mouse anti-OVA IgE (DS
Pharma Biomedical Co., Ltd, Tokyo, Japan) and IgG; ELISA Kit
(Shibayagi Co., Gunma, Japan) according to the manufacturers’ in-
structions.

2.5. Real-time reverse transcription polymerase chain reaction (RT-PCR)
analysis

Total RNA from lungs was extracted using RNAiso Plus (Takara Bio
Inc., Shiga, Japan) and then treated with DNase I and purified using
RNeasy mini kit (Qiagen, Hilden, Germany) according to the manu-
facturer’s instructions (3-7 animals/group). The total RNA concentra-
tion was assessed spectrophotometrically with a NanoDrop spectro-
meter (Thermo Fisher Scientific). Total RNA was reverse transcribed to
cDNA using a High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher
Scientific). mRNA expressions of interleukin-4 (I14), II5, Il13, II33,
monocyte chemoattractant protein-1 (Mcpl), macrophage in-
flammatory protein 1-alpha (Mipla), eotaxin, regulated on activation,
normal T cell expressed and secreted (Rantes), estrogen receptor alpha
(Era), estrogen receptor beta (Erb), androgen receptor (Ar), and Muc5ac
were quantified using the StepOne Plus™ Real-time PCR System
(Thermo Fisher Scientific). RT PCR was then performed at 50 °C for
2min, 95 °C for 10 min, 95 °C for 15, and 60 °C for 1 min, with the last
two steps repeated for 40 cycles. Data were analyzed by the critical
threshold (ACT) and the comparative critical threshold (AACT) methods
using StepOne Plus™ Software version 2.2.2. The relative intensity was
normalized to an endogenous control gene (hypoxanthine phosphor-
ibosyltransferase 1; Hprtl). TagMan probes and pairs for target genes
were designed and purchased from Thermo Fisher Scientific and these
sequences were not disclosed.
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Table 1

Cell number in the BAL fluid.
Group Total cells Macrophages Neutrophils Eosinophils Lymphocytes
Vehicle 13.75 + 1.24 13.75 + 1.36 0.004 + 0.005 0.000 + 0.000 0.000 = 0.000
BPA-L 18.00 + 2.61 17.86 + 2.89 0.132 = 0.105 0.005 = 0.006 0.000 = 0.000
BPA-M 19.08 + 2.03 19.05 + 2.23 0.029 + 0.024 0.000 *+ 0.000 0.000 *+ 0.000
BPA-H 20.42 * 2.46 20.31 + 2.63 0.110 + 0.120 0.000 + 0.000 0.000 = 0.000
OVA 20.30 * 2.40 20.19 + 2.38 0.026 = 0.011 0.065 = 0.041 0.020 = 0.012
OVA + BPA-L 18.10 + 3.54 17.27 + 3.07 0.019 + 0.014 0.764 + 0.483** 0.050 + 0.013*
OVA + BPA-M 17.42 + 1.53 16.57 + 1.36 0.103 + 0.059 0.568 + 0.17 0.181 + 0.069""*
OVA + BPA-H 22,92 + 2.32 21.86 + 2.29 0.069 + 0.030 0.770 = 0.104""# 0.221 + 0.086""*

The total cell and differential cell in the BAL fluid were evaluated 48 h after the final intratracheal instillation. Data were expressed as means * SE for 5-6 animals
per group. * P < 0.05 versus vehicle group, ** P < 0.01 versus vehicle group, # P < 0.05 versus OVA group.

2.6. Preparation of mediastinal lymph node cells

Mediastinal lymph nodes (MLNs) (6 animals per group) were pu-
shed through a sterile stainless wire mesh in PBS (pH7.4; Takara Bio
Inc., Shiga, Japan). MLN cells were collected by centrifugation at 400 g
for 5min at 20°C and red blood cells were lysed with ammonium
chloride. After washing with PBS, cells were resuspended in culture
medium R10, consisting of Gibco RPMI 1640 medium (Thermo Fisher
Scientific) supplemented with 10 % heat inactivated fetal bovine serum
(MP Biomedicals Inc., Eschwege, Germany), 100 U/mL penicillin,
100 ug/mL streptomycin (Sigma-Aldrich), and 50uM 2-mercap-
toethanol (Thermo Fisher Scientific). Total cell numbers and viability
were determined by trypan blue staining (Thermo Fisher Scientific).

2.7. Proliferation and cytokine secretion of mediastinal lymph node cells

MLN cells (1 x 10°/mL) were cultured with or without OVA
(100 pg/mL) in 200 uL of R10 medium in 96-well flat-bottom plates.
These cultures were performed in triplicate at 37 °C in a 5 % CO5/95 %
air atmosphere. After 67 h, culture supernatant was collected and stored
at —80°C until use. Cell proliferation was measured by adding 5-
bromo-2’-deoxyuridine to each well 20 h before the measurement using
an ELISA kit (Roche Molecular Biochemicals, Mannheim, Germany),
according to the manufacturer’s instructions. Levels of IL-4, IL-5, in-
terferon-gamma (IFN-y) (Thermo Fisher Scientific) in MLN cell culture
supernatant were measured using ELISA kits according to the manu-
facturer's instructions.

2.8. Preparation of bone marrow (BM) cells and BM lavage fluid

For preparation of BM cells, BM was flushed with 2 mL of PBS from
the right femur (6 animals per group) and centrifuged at 400 g for 5 min
at 4°C. Red blood cells were lysed with ammonium chloride. After
washing the cells with PBS, the total cell numbers and viability were
determined by the trypan blue exclusion method. For preparation of BM
lavage fluid, BM was flushed with 200 pL of PBS from the left femur (6
animals per group). The suspension was centrifuged at 5000 g for
10 min at 4 °C and the supernatant was collected as BM lavage fluid and
stored at —80 °C until use.

2.9. Flow cytometry analysis

The expression of granulocyte-differentiation antigen (Gr-1) in BM
cells were examined using fluorescence-activated cell-sorting (FACS)
analysis. We used the monoclonal antibody for Gr-1 (RB6-8C5, Rat
IgG2b k PE-conjugated; BD Biosciences, San Diego, CA, USA). The cells
were incubated with each antibody for 30 min on ice, and fluorescence
was measured on a FACSCalibur (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) as previously reported [25,26].
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2.10. Statistical analysis

We tested the significance of differences between the groups using
two-way analysis of variance followed by a Tukey or Scheffe test. We
also performed non parametric Kruskal-Wallis test followed by Steel
test. All statistical analyses were carried out using Ekuseru-Toukei 2010
statistical software (Social Survey Research Information Co., Ltd.,
Tokyo, Japan). Statistical significance was defined as a P value
of < 0.05.

3. Results

3.1. BPA has no effects body weight and food intake with or without
allergen

Mice were weighed biweekly with monitoring of daily food intake in
all groups at 6, 8, and 10 weeks of age and there were no significant
changes in each group (data not shown).

3.2. BPA aggravates allergen-induced pulmonary inflammation and goblet
cell hyperplasia

We investigated the cellular profile in BAL fluid 48 h after the last
intratracheal instillation to evaluate whether oral exposure to BPA af-
fects allergen-induced pulmonary inflammation. Lung infiltration of
eosinophils and lymphocytes was significantly increased in the
OVA + BPA groups compared with the Vehicle group (Table 1). Lym-
phocytes were significantly increased in the OVA + BPA-M and
OVA + BPA-H groups compared with the OVA group (P < 0.05).
Additionally, eosinophil accumulation was greater in the OVA + BPA-H
group than in the OVA group (P < 0.05). Furthermore, we examined H
&E- and PAS-stained lung sections. The combined administration of
BPA and OVA enhanced the increase in eosinophil and lymphocyte
accumulation in the peribronchial and perivascular regions (Fig. 1A)
and goblet cell hyperplasia in the bronchial epithelium (Fig. 1B) com-
pared with OVA administration alone, which was more prominent in
the OVA + BPA-M and OVA + BPA-M groups. Furthermore, mRNA
levels of Muc5ac were higher in the OVA + BPA-M group than in the
OVA group (P < 0.05, Fig. 1C).

3.3. BPA enhances allergen-induced airway hyperresponsiveness

To evaluate the effects of BPA exposure on noninvasive airway re-
sponsiveness in allergic asthma, enhanced pause (Penh) and respiratory
frequency (f) to nebulized methacholine were analyzed 24 h after the
last OVA instillation. As shown in Fig. 2, oral exposure to BPA increased
Penh values compared to PBS exposure in OVA-sensitized mice. This
result was more prominent in the OVA + BPA-M and OVA + BPA-H
groups. In addition, the OVA + BPA-M and OVA + BPA-H groups
showed significantly reduced respiratory frequency compared to the
OVA group (Fig. 2B).
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Fig. 1. Histological findings and mRNA Mucb5ac levels in the lung. Histological changes using H&E- and PAS-staining and gene expression using RT-PCR analysis in
the lung were examined 48 h after the final intratracheal administration. (A) H&E staining. (B) PAS staining. (C) Muc5ac mRNA level. Data were expressed as
mean *+ SE for 3 animals per group for histological findings and for 3-7 animals per group for RT-PCR analysis, respectively. * P < 0.05 versus vehicle group, **
P < 0.01 versus vehicle group, # P < 0.05 versus OVA group.
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Fig. 2. Changes in airway responsiveness to methacholine in OVA-sensitized
mice. They were performed 24 h after the final OVA intratracheal administra-
tion using whole body plethysmography in a noninvasive fashion. (A) Enhanced
pause values (Penh). (B) Airway frequency (f). § P < 0.05 OVA+BPA-L group
versus OVA group, ¥ P < 0.01 OVA+BPA-M group versus OVA group, 9
P < 0.05 OVA +BPA-H group versus OVA group, 1P < 0.01 OVA+BPA-H
group versus OVA group.

3.4. BPA elevates serum OVA-specific Ig antibody production

To examine the adjuvant activity of BPA, the levels of serum OVA-
specific IgE and IgG; 48h after the last intratracheal administration
were measured. OVA-treated groups had significantly increased levels
of OVA-specific IgE (P < 0.05, Fig. 3A) and IgG; (P < 0.05, Fig. 3B)
compared with Vehicle group. OVA-IgE in the OVA + BPA-H group and
OVA-IgG; in the OVA + BPA-M and OVA + BPA-H groups were greater
than in the OVA group (P < 0.05). Co-exposure to OVA and BPA-L
also tended to increase the OVA-specific Ig antibodies compared with
OVA exposure alone although this did not reach statistical significant
difference (P < 0.10 for IgE, P < 0.22 for IgG,).

3.5. BPA elevates mRNA levels of cytokines/chemokines in the lungs

We investigated whether oral exposure of BPA affects the gene ex-
pression of Th1/Th2 cytokines and chemokines in the lungs 48 h after
the last intratracheal instillation. OVA administration increased lung
gene expression of II5, 1113 and eotaxin compared with vehicle
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Fig. 3. Serum levels of OVA-specific Ig antibodies. OVA-specific IgE and IgG, in
serum were measured 48 h after the last intratracheal administration by ELISA.
(A) OVA-IgE. (B) OVA-IgG;. Data were expressed as mean * SE for 5-6 ani-
mals per group. ** P < 0.01 versus vehicle group. * P < 0.05 versus vehicle
group, ** P < 0.01 versus vehicle group, # P < 0.05 versus OVA group, ##
P < 0.01 versus OVA group.

administration (P < 0.01, Fig. 4). Overall, co-exposure to OVA and
BPA tended to increase Th2 cytokine/chemokine levels compared with
OVA exposure alone. In particular, mRNA levels of 115, 1113, 1133 and
eotaxin in the OVA + BPA-M group were significantly higher than in
the OVA group (I113; P < 0.05, II5, 1133 and ccl11; P < 0.01). The
gene expression of Mcpl and Mipla was higher in the OVA + BPA-H
group than in the Vehicle group (P < 0.05). BPA plus OVA tended to
increase mRNA levels of Rantes compared to OVA alone, although there
was no significant change (Fig. 4H). For Thl cytokine expression in the
lung, mRNA levels of IL-12 B was greater in OVA-treated mice than in
PBS-treated mice, and BPA exposure had no effect (P < 0.05, data not
shown). Administration of BPA-M with OVA showed a tendency to
decrease IL-12 a mRNA compared to OVA administration alone (P <
0.085, data not shown). No statistically significant change was observed
in IFN-y (data not shown).

3.6. BPA disrupts lung hormone receptor mRNA levels

BPA is a major endocrine disrupting chemical and can modulate
immune responses via binding to various receptors such as estrogen
receptors, estrogen-related receptors, androgen receptor (AR), gluco-
corticoid receptor (GR), and aryl hydrocarbon receptor (AhR) [27]. We
performed RT-PCR analysis to investigate whether oral exposure to BPA
affects allergic responses through changes in receptor gene expression
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Fig. 4. Cytokine and chemokine mRNA levels in the lung. Gene expression in the lung was examined 48 h after the last intratracheal administration by RT-PCR
analysis. (A) 114. (B) 115. (C) 1113. (D) 1133. (E) eotaxin. (F) Mcpl, (G) Mipla. (H) Rantes. The relative 1nten51ty was normalized to Hprtl. Data were expressed as

mean * SE for 3-7 animals per group.
OVA group, ## P < 0.01 versus OVA group.

** P < 0.01 versus vehicle group. * P < 0.05 versus vehicle group, *

*P < 0.01 versus vehicle group, # P < 0.05 versus
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in the lung. OVA treatment induced Era expression compared to PBS
treatment (Fig. 5A), but BPA exposure had no significant effect. In
contrast, Erb mRNA levels was lower in the OVA groups than in the PBS
groups (Fig. 5B). Furthermore, exposure to OVA with BPA-M or BPA-H
significantly reduced Erb mRNA compared with OVA exposure alone
(P < 0.05; OVA+BPA-H, P < 0.01; OVA +BPA-M). The expression
of Ar was lower in OVA + BPA-H-treated mice than in OVA-treated
mice (P < 0.05, Fig. 5C). There was no significant change in GR, AhR,
and estrogen receptor-related gamma levels in all groups (data not
shown).

3.7. BPA activates mediastinal lymph node microenvironment

To evaluate whether BPA exposure enhance OVA-induced activa-
tion of MLN cells, total cell numbers and cell proliferation and cytokine
secretion of OVA-restimulated MLN cells 48h after the last in-
tratracheal instillation were examined. Total number of MLN cells was
significantly increased in the OVA-treated mice compared with the PBS-
treated mice (P < 0.01, Fig. 6A). Next, cell proliferation and cytokine
levels in the culture supernatant after OVA restimulation for 67 h in
OVA-administered mice were analyzed. The OVA + BPA-M and
OVA + BPA-H groups showed significantly enhanced cell proliferation
compared to the OVA group (P < 0.01, Fig. 6B). The protein levels of
IL-4 and IL-5 were higher in the OVA + BPA groups than in the OVA
group, which was more prominent in the OVA + BPA-M group (P <
0.01, Fig. 6C and 6D). IFN-y and SDF-la (data not shown) levels
showed a similar trend, but changes were not statistically significant.

3.8. BPA activates bone marrow microenvironment

Next, the activation of bone marrow (BM) cells following exposure
to BPA with allergen was analyzed. OVA treatment significantly de-
creased the total number of cells compared to PBS treatment. There was
a tendency to decrease in the OVA + BPA-M or OVA + BPA-H groups
compared to the OVA group (Fig. 7A). Gr-1 expression, which directly
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correlates with granulocyte differentiation and maturation, was sig-
nificantly elevated in the OVA + BPA-M group compared to the OVA
group (Fig. 7B).

4. Discussion

We showed that oral exposure to low dose BPA (equivalent to a dose
of 0.09 ug/kg/day) promotes airway hyperresponsiveness and MLN
activation in OVA-sensitized mice. In addition, higher doses of BPA (0.9
and 9pg/kg/day) significantly enhanced allergic pulmonary in-
flammation, airway hyperresponsiveness, Th2-polarized immune re-
sponses, serum OVA-specific Ig production, and hormone receptor
downregulation. These results were accompanied with enhanced cell
proliferation and T helper 2 (Th2)-cytokine production in OVA-resti-
mulated MLN cells. In bone marrow, there was a decrease in cell
number and an increase in Gr expression in the OVA + BPA-M group. In
contrast, these changes were not observed with BPA exposure alone.
Previous reports have been limited to the effects of high doses BPA,
however, this is the first report showing that oral exposure to low dose
BPA, equivalent to actual human oral exposure levels, enhances allergic
responses.

Several studies have suggested that prenatal and/or perinatal ex-
posure to BPA have slight or remarkable effects on allergic asthma in
offspring [28-30]. O'Brien et al. also reported that maternal exposure to
BPA aggravates allergic responses in female but not male pups [29]. In
contrast, Petzold et al. showed that exposure to BPA from infancy to
adulthood aggravates allergic airway inflammation in pups, although
prenatal and perinatal exposure had no effects [31]. In addition, BPA
exposure in adult mice attenuated allergic immune responses. We also
found that intratracheal exposure to low doses BPA (equivalent to
0.0015 pg/kg/day; 5 times that of the predicted maximum exposure
dose from the general atmosphere in Japan of 0.0003 ug/kg/day) ag-
gravates allergic airway inflammation during the juvenile period of
development in mice [23]. Furthermore, even lower doses of BPA
(0.000075 pg/kg/day) significantly enhanced immunocompetent cell
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Fig. 6. Changes in cell number and activation in MLN cells. MLN cells were prepared 48 h after the final OVA intratracheal administration and the total cell number
was counted. Cell proliferation and cytokine expression in culture supernatants were examined after 67 h of culture in the presence of OVA. (A) Total cell number. (B)

Cell proliferation (Abs). (C) IL-4. (D) IL-5. (E) IFN-y. Data were expressed as mean

versus OVA group, ## P < 0.01 versus OVA group.

function. These results suggest that direct (intratracheal) exposure to
BPA may be more effective at lower doses than indirect (oral) exposure
on allergic asthma. These inconsistent results may be due to differences
in exposure concentrations, exposure periods, exposure route, gender,
and strain. Although the reasons underlying this discrepancy is still
unclear, BPA may disrupt immune responses through binding to
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hormone receptors. We found that exposure to moderate or high doses
of BPA caused a decrease in ER 3 and AR mRNA levels in allergic
asthmatic lungs. BPA is known to affect the immune system as well as
the endocrine systems via binding to various receptors, such as ERs and
AR. In particular, BPA is a well-known ER modulator. ERs are expressed
in immunocompetent cells such as T- and B-lymphocytes and

Fig. 7. Changes in cell number and Gr-1 ex-
pression in BM cells. BM cells were prepared
48 h after the final intratracheal administration
and the total cell number was counted. Cell

1
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surface molecule expression was determined
by FACS analysis. (A) Total cell number. (B)
MFI of Gr-1+ cells. Data were expressed as
mean * SE for 6 animals per group. ## P <
0.01 versus OVA group, it P < 0.001 OVA
groups versus PBS groups.

T Ol %?‘ig
QV‘ q% Q>

1260



R. Yanagisawa, et al.

macrophages. Salem reviewed that ER could induce anti-inflammatory
cytokines and inhibit APC activation, T cell proliferation, and cytokine
production [32]. Our recent study showed that intratracheal exposure
to BPA increases the gene expression of ER in the lungs, resulting in
the attenuation of allergic airway inflammation in mice [23]. BPA can
also act as an AR antagonist [33]. Cephus et al. reported that androgen
reduced Th2-related allergic responses such as allergic inflammation
and type 2 innate immune responses through AR [34]. AR is expressed
in non-reproductive tissues as well as reproductive tissues. In the
murine lung, AR is mainly expressed in the bronchial epithelium and
type II pneumocytes and its expression is increased by androgen ad-
ministration [35]. Furthermore, AR deficiency in monocytes/macro-
phages attenuated allergic pulmonary inflammation in mice [36].
Taken together, BPA may contribute to aggravate allergic pulmonary
inflammation via the downregulation of hormone receptors such as ER
B and AR in the lung.

Allergic asthma has been considered to be a Th2 cell-mediated
immune response and is characterized by airway inflammation with
pulmonary eosinophilia, airway hyperreactivity, and increased serum
allergen-specific immunoglobulin levels [37]. Th2 cytokines and che-
mokines play a crucial role in allergic diseases [38]. IL-5 is an important
regulator of eosinophil growth, differentiation, and activation, and is
essential for eosinophil migration [39,40]. IL-13 has several actions
similar to those of IL-4 and induces IgE secretion and mucus hyperse-
cretion and goblet cell hyperplasia [41]. Mucus production and hy-
persecretion are important pathophysiological features of asthma.
MUCS5AC is a major gel-forming respiratory mucin and is overexpressed
in asthmatic subjects. IL-33, a member of the IL-1 cytokine family,
promotes secretion of Th2 cytokines such as IL-5 and IL-13 as well as
IgE secretion [42,43]. Endogenous IL-33 is highly expressed in mouse
epithelial barrier tissues, lymphoid organs, and inflamed tissues.

Members of the C—C branch of the chemokine family such as MCP-
1, eotaxin, MIP-1a, and RANTES play a key role in the recruitment of
inflammatory cells to the lung, resulting in allergic inflammation, and
are expressed in lung tissue and bronchial lavage fluid of asthmatic
subjects [44,45]. Eotaxin, MIP-1a, and RANTES are chemotactic for
lymphocytes, eosinophils, and monocytes [46,47], while the targets of
MCP-1 are limited to monocytes/macrophages, lymphocytes [48,49],
and basophils [50]. We showed that a moderate dose of BPA elevates
the gene expression of IL-5, IL-13, IL-33, and eotaxin in OVA-treated
lungs. MCP-1 and MIP-1a levels were greater in the OVA + BPA-H
group than in the Vehicle group. In contrast, no significant changes
were observed in Th1l cytokines such as IFN-y and IL-12. Previous re-
ports and the present findings suggest that oral exposure to BPA may
enhance Th2-polarization resulting in aggravated allergic pulmonary
inflammation.

Next, we examined MLN activation. BPA exposure slightly increased
total cell number and enhances APC activation (the percentage of MHC
class I + CD86+ cells and mean fluorescence intensity (MFI) of MHC
class II + cells) in allergic asthmatic mice, although there was no sta-
tistically significant difference (data not shown). Co-exposure to BPA
with OVA increased OVA-restimulated cell proliferation and Th2 cy-
tokine production in MLN cells. Our previous study showed that ex-
posure to intratracheal exposure to BPA increases MHC class II and
CD86 expression in MLN cells in OVA-sensitized mice [23]. BPA ex-
posure may enhance cell proliferation and cytokine expression after
allergen restimulation and result in the subsequent migration of im-
mune cells to the lung, resulting in aggravated allergic pulmonary in-
flammation.

To further elucidate the underlying mechanism by which oral ex-
posure to BPA exacerbates allergic responses, we focused on changes in
the bone marrow microenvironment. All immune cells originate from
hematopoietic stem cells located in the bone marrow in the adult an-
imal. Hematopoietic stem and progenitor cells contribute to allergic
inflammation. Allergen-induced proinflammatory cytokines can impact
the differentiation of hematopoietic progenitor cells resulting in
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increased production of effector cells such as eosinophils and basophils.
In this study, OVA + BPA-M significantly enhanced Gr-1 expression in
BM cells. Gr-1 in bone marrow is related to granulocyte differentiation
and maturation. Hematopoietic stem and progenitor cells leave the
bone marrow and are recruited to the inflamed site via the activation of
stromal cell derived factor 1 alpha (SDF-1a) [51]. SDF-1, a major leu-
kocyte chemoattractant factor, is decreased in bone marrow and in-
creased in the airway mucosa of asthmatic subjects [52]. Our data
showed that SDF-1a was slightly decreased in BM lavage fluid and in-
creased in OVA-restimulated MLN cell culture supernatant in the
OVA + BPA-M group (data not shown). In addition, the proportion of
granulocyte/monocyte subsets was higher in the OVA + BPA-M group
than in the OVA group (44 % vs. 36 %), and this was associated with an
increase in cell size and intracellular granule formation/density (data
not shown). These findings suggest that oral exposure to BPA together
with an allergen may partly modulate the bone marrow micro-
environment, which consequently affects the proliferation and recruit-
ment of immune cells to local inflammatory sites.

5. Conclusions

The current study showed that oral exposure to low doses of BPA
that were equivalent to actual human exposure levels can aggravate
allergic asthmatic responses through the enhancement of Th2-skewed
responses in the lung and changes in the lymph node and bone marrow
microenvironments. Furthermore, these adverse effects may be due to
the disruption of lung hormone receptor expression.
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