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Abstract : The Objective of this study was to elucidate if Bisphenol A (BPA) administration

modulates T helper (Th) cell component of immune responses in a mouse challenged with
ovalbumin (OVA), a major food antigen. BALB/c mice, (6 weeks old, female) were orally given either
OVA (OVA-fed) or water (Water-fed), immunized intraperitoneally with OVA and injected with
either BPA in corn oil or the vehicle alone. After subsequent 2" immunization, serum titers of
total IgE, OVA-specific IgE, 1gG, 1gG1 IgG2a and ability of their splenocytes for production
of interferon (IFN) -7, interleukin (IL) -4 and IL-12 were examined by EL ISA. Lymphocyte proliferation
assay against concanavalin A (Con A) or OVA was also performed for *H-Thymidine incorporation.
In Water-fed groups, treatment with BPA resulted in lower titers of total IgE (P<0.01) and higher
levels 1gG2a (P<0.05) followed by a higher IFN-y (P<0.05) and IL-12 (P<0.05) with an intact IL-4.
When OVA-fed groups were examined, the compound did not change production of total and
OVA-specific IgE and -1gG2a but resulted in lower production of IFN-y7 (P <0.05). Also,
BPA resulted in impaired lymphocyte proliferation to Con A in Water-fed groups (P<0.05)
but not in tolerated animals. The findings indicate that BPA results in augmentation of Th1l
immune responses but no significant effect on an established tolerance to OVA. J. Med. Invest.
53:70-80, February, 2006
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INTRODUCTION . .
proach to mange adverse immune functions such as

Oral tolerance is defined as an inhibition of specific
immune responsiveness to subsequent parenteral
injection of a protein to which an individual or animal
has been previously exposed via the oral route. This
has been considered as a possible therapeutic ap-
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autoimmune diseases and allergies including food
allergies (1-3). Recent studies have suggested that
a variety of factors determine the nature of tolerance
induced following the oral administration of antigens,
but possible factors involved in the induction or
breakdown of oral tolerance are poorly understood.

Allergic diseases are hypersensitivity disorders,
some of which are known to be associated with the
production of specific IgE to allergens of environ-
mental sources. Levels of higher serum IgE than
normal are often found in patients with type | allergic
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diseases (4-6). The diseases have been reported to
involve at least 20% of the population in industrial-
ized countries with a variety of clinical symptoms
(7-8). Food intolerance, including food allergy, has
recently been reported to occur more frequent than
ever. Although it occurs in around 1-2% of the adult
population only a small proportion of this number is
truly allergic to food (9). In children, the incidence of
food intolerance is estimated at 5-7%, though most
outgrow this by school age and IgE-mediated food
allergy is about 1-2% (9). Increasing prevalence of
allergic diseases appears to be influenced by recent
changes of life style and dietary habits in the past
decades, judging from their rarity before the World
War 11 (10-12).

Recent reports suggest that endocrine disruptors
(environmental hormones), chemicals that disrupt
endocrine function, may pose a growing threat to
human and wildlife health. These compounds can
modulate both the endocrine and immune systems
resulting in alteration of homeostasis, reproduc-
tion, development and behavior (13-16).

Among these compounds, Bisphenol A (BPA, 2,
2-bis (4-hydroxyphenyl) propane) which is widespread
in the environment has been receiving increased
attention due to high potential of exposure to human.
It is widely used in the manufacture of polycarbonate
plastics and food containers (17). It is also a material
commonly employed in manufacture of many products
including adhesives, and plastic dental sealants.
Recently, a study reported that BPA was found in 95% of
the urine samples the first involving a reference human
population (18). Another report indicated a 1.2 ug/
day for a median daily urinary excretion of BPA and a
0.23 pg/kg/day for a maximum daily intake per body
weight (19).

Nevertheless, the current literature fails to offer
adequate explanations in association with underlying
factors affecting occurrence of allergies including food
allergies. Also, little is known about a possible role (s)
of the factors, in particular environmental disruptors,
on prevalence of the allergic diseases. Therefore,
considering the wide use of BPA in the industries,
we aimed to elucidate if BPA administration modulates
Th cell component of immune responses in a mouse
challenged with ovalbumin(OVA), a major food antigen.
Thus, the objective of the present study was to examine
the effects of BPA on cellular and humoral immune
responses to OVA either with or without an induced
tolerance to the antigen in a mouse model.

MATERIALS AND METHODS
Animals, diets and husbandry

Specific pathogen free BALB/c mice at 6 week
of age, weighing 15-20 gram, were purchased (Japan
SLC, Inc., Shizoka, Japan) and fed on a commercial
diet (Oriental Yeast Co. Ltd., Tokyo, Japan) for 1 week.
They were randomly divided into two groups OVA-
tolerant (OVA-fed) and-nonetolerant (Water-fed) groups.
The mice in each group were further subdivided into
two subgroups, BPA-treated and Non-treated. All animals
were fed with a diet containing 20% casein,(Table 1)
as sole source for protein (% of w/w) during the
whole experimental period. The diet was made into
dough with half of its weight in water. The animals
were housed in a room with a temperature maintained
at 22+ 2°C on a 12 hour light/dark cycle. Every 2nd
day at a set time food intake and body weight was
measured, and food and water renewed. The study was
approved by the Animal Research Ethics Committee
at The University of Tokushima, Japan.

Table 1. Composition of the diet used

Constituent(g/kg) Amount(g)

Casein

Carbohydrate’

Cellulose

Mineral mixture’

Vitamin mixture’

sREENEREENEEREE

Corn oil

'Starch : sucrose, 2 : 1 ratio

“The mixture consists of (mg/kg diet): CaHPQ,, 2H.0, 7,280: KH.PO,,
12,860; NaH.PO;, 4,680; NaCl, 2,330; Ca-lactate, 17,550; Fe-citrate, 1,590;
MgSO0s, 3,590; ZnCO,, 55; MnSO.. 4-6H-0, 60;CuSO:.. 5H.0, 15; K, 5.
“The composition is expressed in units or milligrams of vitamins
per kg of diet; Thiamine-HCI, 12;riboflavin, 40; pyridoxine-HCI,
8 ; vitamin By 0.005 ; ascorbic acid, 300 ; D-biotin, 0.2 ; folic acid ;
2 ; calcium pantothenate, 50;p-aminobenzoic acid, 50 ; niacin, 60 ;
inositol, 60 ; choline chloride, 2,000 ; retinol acetate, 5,000 ; er-
gocalciferol, 1,000 IU ; tocopherol acetate, 50 ; menadione, 52.

Experimental design for Induction of oral tolerance
and immunization

From day 21 onward for consecutive four days two
groups were given orally 5 mg of OVA (5 x crystal-
lized, Seikagaku Corp., Tokyo, Japan)dissolved in sterile
distilled water (0.5 ml) using a plastic gavage needle.
The other groups (Water-fed groups) were treated in
the same manner with water alone. On days 28 and
49 mice in all groups were immunized with 100 pg
of alum-precipitated OVA dissolved in phosphate-
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buffered saline (PBS). The experiments were repeated
twice and representative results are shown.

Administration of BPA

BPA (Sigma Chemical Co, St Louis MO, USA) at
concentration of 200 mg/ml was dissolved in corn
oil (Sigma, Japan). As shown in Figure 1, from day 41
onward each mice in one of the Water-fed or OVA-fed
subgroups were injected i. p. every second day and four
times with the BPA solution (0.1 mg/g of animal weight).
The other two subgroups served as controls and received
0.1 ml of the vehicle in the same manner.

Preparation of Blood serum and Soleen cdl suspension

Under anesthesia with pentobarbital (Nembutal,
Dainippon Pharmaceutical Co., Ltd. Japan) blood was
collected from inferior vena cava and sera were
separated by centrifugation and kept at -70°C until
used.

One week after the last immunization mice were
sacrificed and spleen cell suspensions were prepared
following essentially the procedure described before
(20-21) with some madifications. Briefly, spleens were
removed and minced by a plunger of syringe in RPMI-
1640 (Sigma, USA) media containing Antibiotic-
Antimycotic (GIBCO BRL Life., USA). They were then
washed by centrifugation at 4°C. Erythrocytes in the
cell suspensions were lysed by incubation with 5 mi
of 0.83% NH.CI in Tris-HCI (pH 7.4) at 37°C for 5
minutes. All procedures were conducted under strict
sterile conditions.

1st Immunization

Measurement of Total and OVA-specific IgE

IgE was determined by enzyme linked immuno-
sorbent assay (ELISA) using a quantitative ELISA Kit
(BETHYL laboratories, Inc., USA) following the
manufacturers’ instruction. For this, immumotitre plates
were coated with affinity-purified monoclonal goat anti-
mouse IgE (100 pl of 10 pg/ml) diluted in a buffer
containing 0.05 M carbonate-bicarbonate, pH 9.6.
Then, serum samples diluted 100-folds, were added
and the microtitre plates were incubated for 90 minutes
after treatment with a blocking solution (pH 8.0)
containing 50mM Tris, 0.14 M NaCl, 0.05% Tween 20
and 1% bovine serum (TNTB). After washings with
buffer solution, the plates were dispensed with goat
anti-mouse IgE conjugated to horse radish peroxi-
dase (HRP). They were washed again with the buffer
and mixed with tetramethylbenzidine(TMBZ)
(eBioscience, USA)and allowed to stand for 30 minutes
at room temperature for color development. The
reaction was stopped by adding 50 pl of 1.0 M H:
SO, and absorbance (OD) was measured at450 nminamicro
plate reader (BIO-RAD, Japan). For calibration,
serially diluted mouse IgE calibrator (BETHYL
laboratories, Inc., USA) was used.

The OVA-specific IgE was measured in the same
manner for the total IgE except that the wells were
coated overnight at 4°C with 200 pl (100 pg/ml) of
OVA dissolved in 50 mM carbonate buffer(pH 9.6)
and incubated.

2nd Immunization

Experimental OVA given
i BPA treat t .
Diet (5 mi/i/ini)use) 0.1 mg/rgjriln:;]se) Sacrificed
| | | | | |
0 21 28 41 49 56
(Days)
Groups:
1. Water-fed:

1. Oral administration of water + immunization without BPA treatment
2. Oral administration of water + immunization with BPA treatment

2. OVA-fed:

3. Oral administration of OVA + immunization without BPA treatment
4. Oral administration of OVA + immunization with BPA treatment

Fig. 1. Experimental design for the effects of BPA on immune functions. Mice were divided into two groups, fed with ex-
perimental diet and pretreated orally with either water or 5 mg/d of OVA for consecutive 4 days, from day 21 onwards. They were
further divided into two subgroups. All the animals were immunized with 100 pg of alum-precipitated OVA twice in 3 weeks
intervals on days 28 and 49. BPA-treatment was performed four times every second day starting from day 41 onwards, before
2nd immunization with OVA, for one of each subgroup. On day 56, mice were killed and sera were collected.
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Measurement of OVA specific IgG, 1gG1 and IgG2a
in Serum

OVA:-specific 1gG, -IgG1 and -1gG2a were also
measured using ELISA. Briefly, 96 well plates were
coated with OVA, as described above, and incubated
overnight at 4°C. They were then treated with the
blocking solution. After four washings with TNTB
the wells were added by serum samples diluted 1000
folds for OVA-specific IgG, - IgGl and 50 folds for OVA-
specific IgG2a and incubated at room temperature
for 90 minutes. The microtitre plates were washed again
with TNTB and mixed with 2000 folds diluted goat anti-
mouse IgG (H and L chain specific), IgG1(y:. chain
specific) or 19G2a (y:a chain specific) conjugated to
alakline phophatase (Southern Biotechnology Associates,
Inc. UK) and incubated for an hour at room temperature.
Then, p-nitro penyl phosphate was added and followed
by stopping the reaction with 150 mM EDTA and OD
was finally measured at 415nm.

Cytokine Production

A suspension (5 x 10° cells/well) of spleen cells in
RPMI-1640 medium containing Antibiotic-Antimycotic,
25 mM HEPES, 5x 10° M 2-mercaptoethanol and
10% heat inactivated fetal bovine serum (Flow
Laboratories Inc, McLean, VA, USA) was prepared and
dispensed into 24 well culture plates. They were then
cultured with or without Con A at 37°C incubator under
an atmosphere of 5% CO., as described before. After
72h, supernatants of three cultures from each mouse were
collected by centrifugation at 400 x g and pooled for
analysis of interleukin (IL)-4, interferon (IFN)-y,
and IL-12 by ELISA.

Measurement s of Cytokinesin Culture Supernatants

Levels of IL-4, IFN-y and IL-12 in the culture su-
pernatants of splenocytes were measured following
the conventional method. In brief, microtiter plates
(Nunc. Maxisorp, USA) were coated with 100 ul/
well of anti-mouse IL-4, IFN-y or IL-12 monoclonal
antibodies (eBioscience, USA) by incubation overnight
at 40 . The wells were washed four times with PBS
containing 0.05% Tween-20. Non-specific binding sites
were blocked following the manufactures’ instruc-
tion. After three washings, the wells were incubated
for 90 minutes at 40 with samples of culture su-
pernatants. For standard curves, the plates were
incubated in the same way with serially diluted re-
combinant mouse cytokines. The wells were washed
five times with the buffer and incubated at room
temperature for 90 min with biothinylated anti-mouse
IL-4, anti-mouse IFN-y or anti-mouse IL-12 mono-

clonal antibody (eBioscience, USA). Finally, the plates
were washed and incubated for 30 minutes with HRP-
conjugated to avidin. They were washed again seven
times with the washing buffer before addition of
TMBZ as substrate. The microtitre plates were
measured for absorbance at 450 nm in the ELISA
reader after the reaction was stopped with 1M HSO..

Lymphocyte Proliferation Assay

Spleen cell suspensions were prepared as described
above to contain 5x 10° cells/ml in RPMI-1640 medium
containing Antibiotic-Antimycotic, 25 mM HEPES,
5x 10° M 2-mercaptoethanol and 10% heat inactivated
fetal bovine serum (Flow Laboratories Inc., McLean,
VA, USA). Cells (2.5x 10 °cells/well) were cultured
in triplicates in the medium with either Con A (10 pg/
ml) or OVA (100pg/ml) at 370 for 96 h in a humidified
atmosphere of 5% CO, and 95 % air. Control cultures
contained only the medium. For the last 17 hours the
cells were exposed to 2 uCi of [*H] thymidine(specific
activity:74 GBg/mmol, Amersham Pharmacia Biotech,
England). The Cells were harvested using a glass filter
and counted for radioactivity in a direct beta counter
(MATRIX™ 9600, PACKARD, Canberra Company,
USA).

STATISTICAL ANALYSIS

The Data were analyzed with SPSS for Windows
(version 10) statistical package. Statistical analysis
was done by the Mann-Whitney U-test. P values less
than 0.05 were considered statistically significant.

RESULTS
Effects of BPA on Body and Spleen weight

Food intake did not show any difference among
the groups and no visible side effects were observed
after treatment with BPA (data not shown). As shown
in Table 2, when animals were treated with BPA they
showed an increase in body weight in both OVA-
fed and Water-fed groups at the end of the experiment
as compared to those without BPA treatment, although
the increase was not statistically significant. The mean
weight gain of BPA treated mice, during the period,
was 2.32 and 2.55 g for the Water-fed and OVA-fed
groups, respectively. All groups treated with BPA showed
a statistically significant increase in spleen weight
(p<0.05).
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Effects of BPA on total and OVA-specific IgE

To see the effects of BPA on IgE response in OVA-
tolerated and-none-tolerated, total and OVA-specific
IgE were compared between the Water-fed and OVA-
fed groups with or without treatment with BPA. As
shown in Figure 2A and B, when animals were given
OVA orally, titers of total and OVA-specific IgE
were generally higher in Water-fed groups than those
in OVA-fed groups. In addition, in both Water-fed and
OVA-fed groups, BPA treatment resulted in lower
production of the antibodies, except among the OVA-

Table 2. Body and spleen weights of mice with or without BPA
treatment
Measurement Animal Groups/ treatment
Water-fed OVA-fed
BPA(-) BPA(+) BPA() BPA(+)

Initial Body weight (g) 21.35+ 0.83 20.68+ 0.83 20.89+ 053 20.37+ 0.28

Final body weight(g) 2141+ 0.42 23.01+ 201 2145+ 1.98 22.92+ 2.22
(0.06) (232)  (056)  (2.55)

Spleen weight(mg) 180+ 84.9 250+ 1.3* 180+ 40.6 203+ 35.60*

BPA(-) and BPA(+) represent animals treated and not treated with
Bisphenol A, respectively. Numbers in the parentheses represent
weight gain taken from 6 mice in each group, expressed as means+
S.D. Asterisks represent pvalue less than 0.05 versus BPA (-).
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Fig. 2. Total and OVA specific IgE in the sera of Water fed and
OVA fed mice with or without treatment with BPA. Mice were grouped
and treated as described in legend for figure 1. The sera were used
to determine total (A) and OVA specific (B) IgE titers using ELISA
as described in Materials and Methods. Water fed and OVA fed
represent animal groups fed orally water and OVA, respectively.
The black and white columns represent Norr BPA treatment and
BPA treatment, respectively. Results are expressed as mean +
S.D. (bars), n=5 6 mice. The single and double asterisks represent
p values less than 0.05, 0.01, respectively.

fed subgroups for OVA-specific IgE. As shown in
Figure 2 A, despite a significantly lower production
of total IgE in BPA treated subgroup of Water-fed
animals (p<0.01), the chemical did not cause any
significant change in the OVA-fed mice. A similar profile
was observed for OVA-specific IgE between the two
subgroups in the Water-fed groups (Figure 2B), but
no statistically significant difference was noted. OVA
feeding led to a lower production of OVA-specific IgE
either with or without BPA treatment, but the decrease
was significant in the animal group without exposure
to BPA (p<0.05).

Effect of BPA on OVA- specific IgG, -1gG1 and-1gG2a

We next examined the effect of BPA on production
of OVA-specific 19G, -1IgG1 and -1lgG2a in both OVA-fed
and Water-fed groups. The administration of BPA did
not show any statistically significant changes in the
serum levels of OVA-specific IgG both in Water-fed
and OVA-fed groups (Figure 3A). However, as shown
in Figure 3B, the OVA-specific IgG1 was suppressed
in OVA-fed animals without BPA treatment as compared
to corresponding Water-fed group with a borderline
significance (p=0.052) but remained unchanged in
between the two other animal groups administered
with BPA. In contrast, OVA-specific IgG2a was generally
lower in the OVA- fed groups with or without BPA
treatment than that in the Water-fed animals
(Figure3C). In addition, regardless of BPA treatment,
Water-fed mice showed a relatively higher production
of OVA-specific IgG2a. Furthermore, 1IgG2a titer was
significantly higher in BPA treated Water-fed animals
as compared to BPA treated OVA-fed group (p<0.05).

Effects of BPA on cytokine production

IL-4, IFN-y and IL-12 are known to have key roles
in the balance of immune functions. In order to assess
effects of BPA on production of these cytokines in OVA-
tolerated and -none-tolerated, we examined their titers
in culture supernatants of splenocytes from all animal
groups upon stimulation with Con A using ELISA.
As shown in Figure 4A, administration of BPA to Water-
fed animals resulted in an increased IFN-y production
as compared with the control (p<0.01). Also, production
of IFN-y was remarkably increased in OVA-fed mice
without BPA treatment as compared with corresponding
Water-fed group (p<0.01). Furthermore, within the
OVA-fed groups, IFN-y was decreased in animals
injected with BPA (p<0.01).

On the other hand, when IL-4 production was examined
(Figure 4B), there were no substantial differences
either between the Water-fed and OVA-fed groups
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or between BPA treated and non-treated subgroups.
Finally, when IL-12 was examined, it was lower in
the non-BPA treated Water-fed group compared to
the corresponding OVA-fed group (Figure 4C). However,
in the Water-fed groups, the animals treated with BPA
showed a statistically higher level of IL-12 than those
not treated with BPA (p<0.01).

Effects of BPA on lymphocyte proliferation

To look into if and how BPA affects lymphocyte
proliferation, spleen cells were stimulated with either
OVA or Con A and counted for *H-thymidine incor-
poration. As shown in Table 3, when stimulated with
Con A, the responses were generally lower in OVA-fed
groups as compared to the corresponding Water-fed
groups. Also, proliferation was lower in animals treated
with BPA than those not treated with it. BPA resulted
in significant reduction in lymphocyte proliferation in
Water-fed animals (p<0.05) but not in OVA-fed animals.
Pre feeding with OVA resulted in significant decrease
of the proliferation in mice not treated with BPA (p<0.05).

Although not significant, but proliferation was rather
increased with BPA treatment.

DISCUSSION

Although many reports are available regarding the
effects of BPA on the reproductive organs (14, 22-23)
less is known about its effect on the immune system.
In the current work, attempts were made to examine
the effects of BPA on Th cell component of immune
responses to OVA. In this experiment, OVA free casein
based diet was used throughout the experimental period
to ensure that there were no effects attributable to
OVA contaminating the diet.

BPA has been reported to reduce body weight or
body weight gain and to increase organ weights such
as liver, kidneys, adrenals, spleen, pituitary, and brain
in weaning and adults animals (14). In agreement with
the report, it was found that administration of BPA
resulted in increased spleen weight. It was also

Table 3. Effects of BPA on OVA -specific and -nonspecific proliferation

Groups
Stimulant Water-fed OVA-fed
BPA(-) BPA(+) Sl BPA(-) BPA(+) SI
Concanavalin A 218+ 70° 126+ 50" 1.7 136+ 60 98+ 65 14
(Con A)
Ovalbumin(OVA) 21+ 6 18+ 12 1.3 14+ 7 41+ 25 0.3

BPA(-) and BPA(+) represent animals treated and not treated with Bisphenol A, respectively. Sl indicate stimulation ratio. The
figures, except Sl, represent radioactivity in count per minute (cpmx 10°) taken from 6 mice in each group, expressed as means+ S.D.
Different letters within any of the rows represent p value less than 0.05.
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Fig. 3. OVA-specific IgG (A), IgG1 (B) and 1gG2a (C) in the
serum of Water-fed and OVA-fed mice with or without treatment
with BPA. Mice were treated in the same manner in the legend
for Figure 1. Antibodies were determined by ELISA. Water-fed and
OVA-fed represent animal groups fed orally water and OVA,
respectively. Results are expressed as mean £ S.D. (bars), h=6.
An asterisk indicates a p value less than 0.05.



N M. Alizadeh, et al. Effect of Bisphenol A on immune responses

2500 1 A
2000 1 A

E

S, 1500 1

(=

*; *

& 1000 —

™

0
Water-fed OVA-fed
300 - * C
250 I 50
il —1

= 200 |

£
=)
2 150 |
]
4 100 4

50 -
0
Water-fed OVA-fed
(n=6) (n=6)

demonstrated that the animals treated with BPA
showed an increase in body weight. BPA has estrogen-
like activity (14) and there are report showing that
different mouse strains differ in their sensitivity to
estrogen (24-25). Therefore, the discrepancies ob-
served in the weight gain and the other parameters
may be due to difference in the strain of mice used and
the dose and way of BPA treatment. The dose of BPA
used in the present study was extremely large as
compared with the levels detected in the environment
(17). Nevertheless, as microgram orders of BPA were
detectable in liquids collected from canned vegetables
(26) and, therefore, the levels of human's exposure
remains significant.

Although the biologic effect of BPA is not yet clearly
understood, its ability to bind to both a and 3 estrogen
isoforms (22) makes it a potentially important modulator
of immunity. However, there are reports from invitro
studies demonstrating that BPA decreased substrate
adherence capacity of antigen-presenting cells such as
macrophages 27) and increased nonspecific prolif-
eration of spleen cells to Con A (28).

500 B

400
300

200

IL-4(pg/ml)

100

Water-fed OVA-fed

Fig. 4. Levels of INF-g (A), IL-4 (B) and IL-12 (C) in culture

Bpa (1 SUpernatants of mouse splenocytes taken from Water-fed and

OVA-fed mice with or without treatment with BPA. Spleen cell
suspensions(2.5x 10¢)were prepared and cultured as described
in Materials and Methods. Supernatants were collected after
centrifugation and assayed by ELISA. Water-fed and OVA-
fed represent animal groups fed orally water and OVA, re-
spectively. Results are expressed as mean = S.D. (bars), n=6.
The black and white columns represent non-BPA treatment
and BPA treatment, respectively. The single asterisks rep-
resent p values less than 0.01.

A decrease in serum IgE response together with
diminished T-cell responses is likely the hallmark of
oral tolerance (29). In the present study, treatment with
BPA between the two immunisations with OVA resulted
in a substantial decrease in total IgE in the both Water-
fed and OVA-fed groups. Judging from substantial
suppression of total and OVA-specific IgE in OVA-fed
groups as compared with the corresponding Water-fed
groups, the tolerance was definitely induced by giving
orally of OVA without exposure to BPA. This agrees
with our previous observation that OVA feeding results
in remarkable (21) and significant (30) suppression
in total IgE levels in mice fed with a similar diet.
Nevertheless, among the animals with BPA treatment
the IgE suppression was not as profound as those without
exposure to the chemical. Although effect of BPA on
IgE production is not well understood but our finding
on reduction of IgE with BPA treatment disagrees, in
part, with a previous report (31) that described enhanced
IgE levels in mice treated with BPA after immuni-
sation with keyhole limpet haemocyanin. The amount
of BPA used in this study (0.1 mg/g of mouse) was



The Journal of Medical Investigation Vol.53 February 2006 NN

relatively higher than the doses used in their report
(31). Also, the discrepancy, observed by us, may be
cuased by other factors such as the differences in
feeding, the way of adminstering with BPA and antigen
used for immunization. Besides, the time distance
between the last administration and sacrificing the
animals is an important factor because of a high systemic
clearance and a short half life of BPA.

Treatment with BPA was not associated with any
alteration in the production of either OVA-specific 1gG.
On the other hand, our finding of suppressed 1gG2a
in OVA-fed animals when compared to Water-fed groups
was also in good agreement with our previous ob-
servation (30). Since 1gG2a is known to be dependent
on Th1 activity while IgG and IgG1 are dependent on
Th2 activity (32), our finding on augmentation of IgG2a
in Water-fed mice treated with BPA, together with lower
OVA:specific IgE apparently indicate shift of immune
balance toward Th1 dominance. The finding was in
consistent with the previous report (33) which showed
hen egg lysozyme- specific 1gG2a production was
significantly enhanced in mice treated with BPA.

The cytokine microenvironment has several im-
munoregulatory properties which makes these molecules
as important modulators and effectors in the immune
system. In particular, multiple cytokines have been
proved to be closely associated with allergic diseases
including food allergies. Polyclonal T cell cytokine
responses may reflect more clearly the diversity of the
responses to allergens than antigen specific T cell clones
(34). Thus, in the current study, to promote cytokine
production by splenocytes, the cells were stimulated
with Con A, a polyclonal T cell mitogen, which agitated
whole T cell population by activating protein kinase
C. These involved the measurement of Th1- and Th2-
type cytokine production in OVA-treated and none-
tolerated animals with or without BPA administra-
tions. IL-12 and IFN-y were used as markers of Thl-
type reactivity, and the measurement of IL-4 was used
as an index of Th2 reactivity.

Induction of IFN-g is an earlier response to oral antigen
in intestinal tissue (35-36) suggesting its important
role in the induction of oral tolerance (37). In the current
work, in fact, splenocytes of Water-fed animals
produced a significantly higher level of IFN-y in
BPA-treated than the animals not treated but the reverse
was found in OVA-fed groups. It has been reported
that estrogen plays an important modulatory role in
the immune system by increasing or decreasing
production of cytokines and also by involving direct
interaction (binding) of the hormone and hormone
receptors within Thl and Th2 cells (38). Also, it has

been suggested that oral tolerance might be affected
by estrogen treatment through alteration of intestinal
immune responses (39). They demonstrated that injection
of 17-B estradiol abrogated the oral tolerance induced
by oral feeding of type 1l collagen in mice model of
collagen-induced arthritis. Furthermore, there is
evidence that the outcome of transcriptional regulation
at activator protein-1 or estrogen response elements
sites is dependent both on the estrogen receptor
subtype involved and on the ligand (40). On the other
hand, the suppression of IgE by BPA treatment was
probably due to the up-regulated levels of IFN-y since
no substantial change in production of IL-4 was observed
after the treatment.

IL-12 is also known to be a key cytokine in IgE
production by directing naive (undifferentiated) T cells
toward Thl polarization (41). The role of IL-12 in
regulating the Th1/Th2 balance is in part its ability
to induce IFN-y production by natural Killer and Thl
cells, which in turn promotes Thl development but
suppresses Th2 development (42). BPA treatment
resulted in a high production of IL-12 in either Water-
fed or OVA-fed groups with a significant difference in
the Water-fed groups. Regulatory effect of estrogen
on cytokine secretion is dose dependent and it is
clearly shown that lower doses of estrogens promote
Th 1-like activity (43). The fact that BPA has weak
estrogenic activity may explain the shift of immune
response towards Th1l dominance via enhanced IL-
12 production in BPA treated animals. There is a report
that functional IL-12 dependent IFN-y signaling pathway
does not play an important role in the induction of oral
tolerance (44). They showed that feeding tolerogenic
doses of OVA primed for IFN-y production in the spleen
of mice with a normal T cell repertoire but tolerance
was also induced normally in both IFN-y receptor knockout
(IFN-y R-/-) and IL-12 knockout (IL-12 -/-) mice. However,
we were not able to explain how a relatively higher
level of IL-12 in OVA-fed mice treated with BPA was
followed by lower production of IFN-y.

To evaluate state of oral tolerance to OVA with BPA
administration, we have also examined OVA-specific
cytokine production in both Water-fed and OVA-fed
groups with or without BPA treatment (data not shown).
Our preliminary data indicated higher IFN-yand IL-12
and a lower, but not significant, IL-4 production in the
BPA treated Water-fed animals as compared to those with-
out the treatment. Interestingly, among the tolerated
(OVA-fed) animals, no remarkable alteration of these
cytokines was observed with the BPA treatment. These
results indicate that the oral tolerance to OVA is in place
in OVA-fed groups treated with BPA administration.
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It was previously reported in our laboratory that mice
tolerated in a similarly had lower proliferation after
stimulation with OVA (21) and beta-lactaglubulin (44)
compared to Water-fed groups. We observed a lower
proliferation against OVA in Water-fed animals treated
with BPA in comparison to those not treated with it,
with a remarkable enhancement of the proliferation
after BPA treatment in OVA-fed animals. Moreover,
there was also significant supression of proliferative
responses of splenocytes when stimulated with Con
A in Water-fed but not in OVA-fed animals after BPA
treatment. This may suggest that BPA administra-
tion altered not only the cytokine response of the T
cells but also their proliferative response. The increase
of spleen weight in BPA treated tolerant mice may
reflect the enhanced proliferation observed in the
group. A previous report indicated that BPA enhanced
proliferative response of splenocytes to Con A when
they were simultaneously exposed to BPA (45). Thus,
it is speculated that administration of BPA appears to
somehow affect function of T cells resulting induction
of lymphocyte proliferation in the spleen.

Cells of the immune system are known to respond
to sex hormones, including estrogens (46). BPA can
activate the estrogen receptor alpha (47) but its affinity
to the receptor is about 26-fold less than other estrogens
(22). Besides, it has been reported that only 100 times
smaller dose of estradiol than that of BPA was required
for enhancement of lymphoid cell proliferations and
both Thl and Th2 responses (22). Moreover, it is worthy
to note that our findings can not be infulenced by the
gender of mice used since endogenous estrogen has
no additional effects on antigen-specific proliferative
responces of lymphoid cells (33).

In conclusion, the present results demonestrate that
the OVA-specific and none-specific Thl dependent
immune responses were potentially enhanced by
exposure to BPA without an induced tolerance to OVA..
The results suggest that environmental factors as well
as dietary factors, in particular amount of dietary protein
intake shown by us previously (21, 30), are influential
in the recent changes in prevalence of the allergic
diseases including food allergies. However, the
particular mechanism(s) by which BPA modulates
immune responses to OVA should be clarified involving
varying experimental conditions, including dose response
and timing of BPA given, and strains of animals used.
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