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of food allergies in murine models
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Abstract The incidence of type I allergic disorders has been
increasing worldwide, particularly, the hypersensitivity to food.
We first showed that apple condensed tannin (ACT) intake would
inhibit the development of the oral sensitization and that the inhi-
bition could correlate with the rise in the population of TCRcd-T
cells in the intestinal intraepithelial lymphocytes (IEL) using
W/WV mice and B10A mice which were ovalbumin (OVA)-orally
sensitized. Serum OVA-specific immunoglobulin E and immuno-
globulin G1 titers in the OVA-orally sensitized W/WV and B10A
mice ad libitium fed ACT were extremely inhibited compared to
those of the control. The ACT intakes of OVA-sensitized W/WV

and B10A mice inhibited the immediate reduction of the body
temperature or the rise in serum histamine induced by active sys-
temic anaphylaxis. The proportions of the TCRcd-T cells in the
IEL of the OVA-orally sensitized W/WV and B10A mice ad libi-
tium fed ACT were significantly greater than that in the controls.
Furthermore, ACT feeding by itself could induce the rise in the
percentage of the TCRcd-T cells among the IEL of the W/WV

and B10A mice. This suggests that the ACT intake may prevent
the development of food allergies and this effect could be corre-
lated with the rise in the percentage of TCRcd-T cells among
the IEL.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The apple contains several phenolic substances, i.e., chloro-

genic acid, catechin, epicatechin, phlorizin, rutin, flavonoids,

and condensed tannins [1–7]. Osada et al. demonstrated that
Abbreviations: ACT, apple condensed tannins; IEL, intestinal intraep-
ithelial lymphocytes; OVA, ovalbumin; IgE, immunoglobulin E; IgG1,
immunoglobulin G1; IgG2a, immunoglobulin G2a; FCM, flow cytom-
etry; ASA, active systemic anaphylaxis; MF, Mouse Flat
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apple condensed tannins (ACT) are contained in unripe apples

at a ten times higher level than in the ripe ones [8]. ACT is a

mixture of oligomers consisting of chains of flavan-3-ol units

mainly linked through C4–C8 (or C6) bonds [9]. Some of these

substances have physiological and pharmacological activi-

ties. Several authors have reported that oligomeric catechins,

such as ACT, showed antioxidant activities [10,11]. We have

also shown that ACT had an inhibitory effect on histamine

release from both rat basophilic leukemia (RBL-2H3) cells

by antigen stimulation and rat peritoneal mast cells stimu-

lated by compound 48/80 [12,13] and that ACT intake would

improve the symptoms of atopic dermatitis (AD) in patients

with AD [14]. These findings collectively indicate that ACT

intake may have anti-allergic effects with uniquely active

characteristics.

We have previously shown that mast-cell-deficient

WBB6F1-W/WV mice (W/WVmice) and B10A mice can be

efficiently sensitized by the oral administration of an antigen

in the form of gavage [15,16]. These mice should be good

models for studying the effect of food and drug substances

on the development of oral sensitization by food allergens.

In this study, we examined the effects of the ACT feeding

on the oral sensitization by food allergens and on the intesti-

nal intraepithelial lymphocytes (IEL) using flow cytometry

(FCM) analysis.
2. Materials and methods

2.1. Mice
Female WBB6F1-W/WV mice (6 weeks, W/WV mice) and female

B10A mice (6 weeks) were purchased from Japan SLC (Hamamatsu,
Shizuoka. Japan) and kept under pathogen-free conditions in our ani-
mal facility for 1 week before use. The mice were maintained in a tem-
perature (23–25 �C), humidity (40–60%) and light-controlled
environment with free access to a Mouse Flat (MF) diet (SLC) and
water. The ACT was ad libitium administered to the W/WV mice in
the form of the solution dissolved in distilled water at levels of 0%,
0.1% ACT, 0.5% ACT and 1.0% ACT in terms of the dose-dependent
study. The control group (n = 5, 0%), and three ACT groups (each
n = 5, 0.1%, 0.5% and 1.0%) had free access to water and each ACT
solution with the MF diet. These mice were sensitized by the adminis-
tration of 1.0 mg ovalbumin (OVA; grade V, Sigma Chemical Co, St.
Louis, MO) by daily gavage for 9 weeks. To assess the effect of only the
ACT intake on the population of the lymphocytes in the IEL in W/WV

mice, the 1.0% ACT feeding was investigated without oral sensitization
to OVA for 2 weeks or 9 weeks in W/WV mice.
blished by Elsevier B.V. All rights reserved.
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For a similar examination using B10Amice, the ACT was ad libitium
administered to the mice with levels of 1.0% ACT. The control group
(n = 6) and ACT group (n = 6) had free access to water and each ACT
solution with the MF diet. The B10A mice were also sensitized by the
administration of 1.0 mg OVA by daily gavage for 9 weeks. To assess
the effect of only the ACT intake on the population of the lymphocytes
in the IEL of the B10A mice, the 1.0% ACT feeding was investigated
without oral sensitization to OVA for 9 weeks in the B10A mice.
For the examination of the W/WV and the B10A mice, the blank

group (each n = 5–6) normally had free access to water and the MF
diet without the oral sensitization of OVA for 9 weeks. The care and
use of the experimental animals in this study followed ‘‘The Ethical
Guidelines of Animal Care, Handling and Termination’’ prepared by
the National Institute of Health Sciences (NIHS) in Japan.

2.2. Sample preparations
ACT from unripe apples was obtained according to the method re-

ported by Ohnishi-Kameyama et al. [9].

2.3. ELISA for mouse serum anti-OVA IgE, IgG1 and IgG2a titer
The mouse serum titers of anti-OVA immunoglobulin E (IgE),

immunoglobulin G1 (IgG1), and immunoglobulin G2a (IgG2a) were
determined in triplicate in a 96-well microtiter plate by a previously re-
ported method [17,18]. The serum OVA-specific antibody titers were
calculated by the reciprocal of the serum dilution with the fluorescence
intensity at 50% of the maximum level.

2.4. Induction of active systemic anaphylaxis and measurement of the

body temperature changes and serum histamine level
TheW/WV or B10Amice orally immunized with OVA were intraper-

itoneally challenged with 0.2 ml PBS containing OVA (1 mg/mouse) to
induce active systemic anaphylaxis (ASA) [15]. The body temperature
changes associated with the ASA were monitored with a rectal ther-
mometer for the mice (Shibaura Electronics Co., Ltd., Japan) without
general anesthesia. Ten minutes after OVA challenge, the mice were
killed and their blood was collected to obtain serum for the histamine
determination. The serum histamine concentrations were measured
using the post-columnHPLCmethod described by Kawasaki et al. [19].

2.5. Isolation of mouse IEL
The IEL were isolated as previously described by Nagafuchi et al.

[20].

2.6. FCM analysis
A three-color analysis of the IEL subsets was performed by a previ-

ously reported method [15].
Fig. 1. Effects of ACT intake on serum OVA-specific IgE (A), IgG1 (B) and I
were dissolved in distilled water at levels of 0.1%, 0.5% and 1.0% ACT. Bar
significant difference from the control group value (\P < 0.05).
2.7. Statistical analysis
All values are expressed as means ± standard error of the mean. Sta-

tistical comparisons were performed by the Student�s t test or Scheffe�s
method after an analysis of variances (ANOVA). In all cases, the prob-
ability (P) values below 0.05 were considered significant.
3. Results

3.1. Body weight and the amount of feed intake

We examined whether ACT intake affects the body weight

and feed intake of the W/WV and B10A mice. There was no

significant difference in the body weight and the amount of

feed intake between the control group and the ACT fed group

during the experimental period. No specific symptom was ob-

served in the ACT group during the study.
3.2. Serum OVA-specific IgE, IgGl and IgG2a antibody titer

To investigate whether the ACT intake could affect the

development of the OVA-oral sensitization of the W/WV mice,

serum OVA-specific IgE, IgG1 and IgG2a antibody titers in

the OVA orally-sensitized mice were determined using indirect

ELISA (Fig. 1). In the control group, we confirmed that the

OVA-specific IgE, IgG1 and IgG2a antibody titers were sub-

stantially detected and the mice were sensitized by the oral

administration of OVA in the form of gavage as previously re-

ported. In contrast, the OVA-specific IgE and IgG1 titers of

the 1.0% ACT feeding group (1.0% ACT group) were signifi-

cantly lower than those of the control group. In addition,

the OVA-specific IgE and IgG1 titers of the 0.5% ACT group

was even lower than those of the control group though the

OVA-specific IgE titers were not significantly different from

those of the control group. These results suggested that the de-

crease in the OVA-specific IgE and IgG1 titers by the ACT in-

take appears to be dose-dependent from 0% ACT feeding to

1.0% ACT feeding. Furthermore, during the same examination

of B10A mice, the OVA-specific IgE titer of 1.0% ACT group

also were significantly lower than those of the control group

(Fig. 2).
gG2a (C) titers in W/WV mice orally sensitized by OVA. ACT solutions
s represent mean values ± S.E.M. for five mice. The asterisk indicates



Fig. 2. Effects of ACT intake on serum OVA-specific IgE (A), IgG1 (B) and IgG2a (C) titers in B10 A mice orally sensitized by OVA. ACT solutions
were dissolved in distilled water at levels of 1.0% ACT. Bars represent mean values ± S.E.M. for six mice. The asterisk indicates significant difference
from the control group value (\\P < 0.01).

Fig. 4. Determination of serum histamine level of B10A mice after
active active systemic anaphylaxis. Asterisk indicates significant
difference from control value (\\P < 0.01). Bars represent mean
values ± S.E.M of four mice.
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3.3. Body temperature and serum histamine levels after antigen

stimulation

To investigate the effects of ACT on the OVA-induced

hypersensitivity reaction in this model, the body temperatures

of the sensitized W/WV or B10A mice were measured every

minute for 10 min after intraperitoneal challenge with 1 mg

of OVA. As shown in Fig. 3, intense hypothermia developed

in the control group after challenge for both the W/WV and

B10A mice. However, there was no hyperthermia in the 1.0%

ACT group for both W/WV and B10A mice. Furthermore, a

marked increase in serum histamine occurred in B10A mice

undergoing antigen challenge. The serum histamine level in

the 1.0% ACT group was significantly lower than that in the

control group after antigen stimulation of the B10A mice

(Fig. 4).

These results suggest that 1.0% ACT intake could prevent

the development of the food allergies in these models and

could be involved in the inhibition of ACT feeding on the oral

sensitization.

3.4. Flow cytometric analysis of the IEL in W/W and B10A mice

To examine the mechanisms involved in the inhibition of

oral sensitization by the ACT intake, IEL were isolated from

the small intestine of the normal W/WV and B10A mice and
Fig. 3. Changes in body temperature on the sensitized W/WV mice (A) and B
control at P < 0.05. Each value represents mean values ± S.E.M of five mice
their lymphocytes were analyzed by FCM. As previously re-

ported [15], the proportion of the TCRcd(TCRab�cd+)T cells

in the IEL of the W/WV mice without oral sensitization was

approximately 3.0–5.0% of the blank group at the same exper-

imental point (blank in Table 1). As shown in Table 1, the
10A mice (B) after the antigen stimulation. \Significantly different from
.



Table 1
Flow cytometric analysis of the IEL in W/WV mice

Blank Control 0.1% ACT 0.5% ACT 1.0% ACT 1.0% ACT (non-oral
sens. for 9 weeks)

1% ACT (non-oral
sens. for 2 weeks)

CD3+b7+(T cell) 86.6 ± 6.0 82.6 ± 5.1 84.5 ± 5.5 88.9 ± 3.6 90.1 ± 2.2\ 90.7 ± 2.5\ 89.4 ± 3.8\

CD4+CD8�(TCRabCD4) 13.1 ± 2.9 15.8 ± 5.9 12.9 ± 5.9 16.4 ± 4.4 10.7 ± 2.0 7.9 ± 3.0\ 8.0 ± 2.4\

CD4+CD8+(TCRabCD4CD8aa) 24.1 ± 9.2 29.1 ± 5.7 29.0 ± 8.1 33.8 ± 5.1 25.3 ± 7.5 24.7 ± 12.4 10.3 ± 4.2
CD8a+CD8b�(CD8aa) 34.9 ± 7.0 37.2 ± 6.1 38.3 ± 4.7 44.6 ± 5.4 49.9 ± 6.1\\ 50.7 ± 6.0\\ 41.7 ± 2.5\\

CD8a+CD8b+(TCRabCD8ab) 39.2 ± 9.8 32.5 ± 8.4 33.9 ± 10.9 30.5 ± 7.1 31.7 ± 8.4 36.5 ± 8.6 43.2 ± 5.1
TCRab�cd+(TCRcd) 3.4 ± 1.2 2.0 ± 0.7 2.2 ± 1.2 3.6 ± 1.0\ 10.1 ± 1.7\\ 9.5 ± 3.9\\ 11.5 ± 2.9\\

TCRab+cd�(TCRab) 89.4 ± 4.1 90.30 ± 1.45 90.9 ± 1.6 90.7 ± 2.3 84.7 ± 1.9\ 85.0 ± 4.8\ 80.2 ± 4.6\

ACT was ad libitium administered to the W/WV mice in the form of a solution dissolved in distilled water at levels of 0%, 0.1% ACT, 0.5% ACT and
1.0% ACT in terms of the dose-dependent study. The 1.0% ACT with non-oral sens, for 9 weeks (n = 5) and 1.0% ACT with non-oral sens, for 2
weeks (n = 5) were investigated without the oral sensitization of OVA for 9 weeks and 2 weeks, respectively. The values represent mean ± S.E.M. (%
(gated)), \,\\Significant difference from control at P < 0.05 and P < 0.01, respectively.

Table 2
Flow cytometric analysis of IEL in B10A mice

Blank Control 1.0% ACT 1.0% ACT (non-oral sens. for 9 weeks)

CD3+b7+(T cell) 88.9 ± 2.0 84.6 ± 7.6 85.4 ± 3.7 85.7 ± 2.3
CD4+CD8�(TCRabCD4) 7.1 ± 2.9 8.5 ± 5.2 6.0 ± 3.1 4.0 ± 1.6
CD4+CD8+(TCRabCD4CD8aa) 15.9 ± 7.4 15.4 ± 7.7 8.5 ± 4.4 9.1 ± 4.1
CD8a+CD8b�(CD8aa) 58.0 ± 4.8 54.6 ± 6.0 59.8 ± 6.1 66.7 ± 2.7\\

CD8a+CD8b+(TCRabCD8ab) 23.0 ± 6.3 22.8 ± 2.7 18.0 ± 2.1\\ 17.8 ± 2.8\

TCRab�cd+(TCRcd) 27.0 ± 7.1 25.9 ± 5.6 34.6 ± 6.8\\ 34.5 ± 4.9\\

TCRab+cd�(TCRab) 61.9 ± 8.1 60.6 ± 5.0 52.0 ± 6.7\\ 53.3 ± 6.1\\

The control group (n = 6) and ACT groups (1.0% ACT, n = 6) had free access to water and 1.0% ACT solution, respectively. The 1.0% ACT with
non-oral sens, for 9 weeks (n = 6) were investigated without the oral sensitization of OVA. The values represent mean ± S.E.M. (% (gated)),
\,\\Significantly different from control at P < 0.05 and P < 0.01, respectively.
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decrease in the proportion of TCRcd-T cells (2.0%) by oral

sensitization shown as the control group (Control in Table 1)

was also confirmed as previously reported [15]. On the other

hand, the proportions of TCRcd-T cells (10.1%) and

CD8aa+T cells (49.9%) of the 1.0% ACT group (1.0% ACT

in Table 1) were significantly higher than those of the control

group. The proportion of TCRcd-T cells in the 0.5% ACT

group was slightly increased compared to that of the control

group. These results indicated that the increase in the propor-

tion of the TCRcd-T cells could appear to be ACT dose-depen-

dent up to the 1.0% ACT feeding. Also, in the B10A mice, we

found that the proportions of TCRcd-T cells (34.6%) of the

1.0% ACT group were significantly higher than those

(25.9%) of the control group (Table 2, Fig. 5).
Fig. 5. Expression of TCRab and TCRcd on IEL from B10A mice. IEL w
sensitized with OVA. The histograms are representatives of six independent
Furthermore, to examine the effect of ACT on the popula-

tion of IEL, only 1.0% ACT was ad libitum administered to

the W/WV or B10A mice without the oral sensitization with

OVA. Surprisingly, the proportions of TCRcd-T cells (9.5%)

and CD8aa+T cells (50.7%) of the 1.0% ACT group without

oral sensitization were significantly higher than those of the

blank group (3.4% for TCRcd-T cells and 34.9% for CD8aaT
cells) that were not being orally sensitized, as shown in Table 1.

Also, in the B10A mice, the proportions of TCRcd-T cells

(34.5%) and CD8aa+T cells (66.7%) of the 1.0% ACT group

without oral sensitization were significantly higher than those

of the blank group (27.0% for TCRcd-T cells and 58.0% for

CD8aa+ T cells). These results suggest that only a 1.0%

ACT intake induced an increase in the percentage of
ere isolated from control group (A) and 1.0% ACT group (B) orally
experiments.
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TCRcd-T cells in the IEL of the W/WV and B10A mice. Upon

the further examination of feeding only 1.0% ACT in the

W/WV mice for two weeks, the proportions of TCRcd-T cells

(11.5%) and CD8aaT cells (41.7%) of the 1.0% ACT group

with non-oral sensitization were significantly higher than those

of the control group for this examination though the propor-

tions of the TCRcd-T cells and CD8aa+T cells in the control

group of this examination was 4.2% and 32.3%, respectively

(approximately 3–5% for TCRcd-T cells and 30–35% for

CD8aa+T cells, respectively, data not shown) and was same

as those of the blank group because of not being orally sensi-

tized (Table 1).

3.5. Association of the proanthocyanidin polymerization of the

ACT structure for the rise of population of the TCRcd-T
cells of IEL in the W/WV mice

In addition, to elucidate the association of the proanthocy-

anidin polymerization of the ACT structure on the increase

in the percentage of the TCRcd-T cells of IEL in the W/WV

mice, only a 1.0% monomer proanthocyanidin solution in

the mixture of (+)-catechin (14.4%) and (�)-epicatechin

(83.6%) extracted from apple was ad libitum administered to

the W/WV mice without the oral sensitization with OVA for

two weeks. Interestingly, there was no significant difference be-

tween the proportions of the TCRcd-T cells (4.8%) and

CD8aa+T cells (33.3%) for only the 1.0% mixture of (+)-cate-

chin and (�)-epicatechin feeding group and those (5.7% and

32.7%, respectively) of the control group.
4. Discussion

In the present study, we first showed that ACT intake would

inhibit the development of oral sensitization and that the inhi-

bition could correlate with the rise in the population of

TCRcd-T cells in the IEL of the W/WV mice and B10A mice,

which are highly susceptible to oral sensitization without using

an adjuvant as previously reported [15,16]. In addition, we

showed that the ACT intake of OVA-orally sensitized W/WV

and B10A mice inhibited the immediate reduction of the body

temperature or the rise of serum histamine levels induced by

the antigen stimulation.

Some researchers have developed allergic orally sensitization

mouse models using C3H/HeJ mice [21,22]. However, these

mice have used cholera toxin as an oral adjuvant in order to

be orally-sensitized. Therefore, we considered that the W/WV

and B10A mice should be more appropriate to assess the effect

of food substances on the development of oral sensitization

and the intestinal mucosal immunity system because these mice

can be orally sensitized without using any adjuvants.

Some studies have demonstrated that anaphylactic reactions

can be induced in normal and mast-cell-deficient mice, W/WV

mice, after passive transfer of antigen-specific IgG1 antibodies

and that these reactions reflect the binding of these antibodies

to FccRIII, which can be expressed on the surface of mast cells

as well as other cell types such as macrophages, platelets and

eosinophils in the mouse [23]. Furthermore, it has been shown

that the anaphylactic reactions in mast-cell-deficient mice are

involved in the rise of the plasma platelet-activating factor

(PAF) [15,24]. In the present study, we are considering that

the inhibition of specific IgG1 antibody production by ACT

feeding could inhibit the immediate reduction of the body tem-
perature and anaphylactic reactions induced by the reaction

among antigen, specific IgG1 antibody and FcyRIII expressed

on some cells, such as macrophages, platelets and eosinophils

in the W/WV mice. While B10A mice normally have mast cells,

the anaphylactic reaction has been thought to be induced by

antigens, antigen-specific IgE or IgG1 antibody and FceRI ex-

pressed on the mast cells because of the immediate rise in the

serum histamine levels induced by antigens. Therefore, we con-

clude that ACT feeding could inhibit specific IgG1 and IgE

antibody production induced by oral sensitization and the spe-

cific IgG1- or IgE-dependent anaphylaxis on the mast cells in

B10A mice.

It has also shown that the percentage of TCRcd-T cells in

the IEL of the W/WV mice should be much lower than those

of the BALB/c mice, and that the W/WV mice are also highly

susceptible to oral sensitization [15]. Furthermore, we have

shown that an additional decrease in the percentage of

TCRcd-T cells in the IEL cells of the W/WV mice was also ob-

served in the orally sensitized W/WV mice [15]. The proportion

of TCRcd-T cells in the IEL of the W/WV mice reconstituted

with bone marrow cells from C57BL/6J increased much more

than that in the untreated W/WV mice and further extremely

inhibited the development of oral sensitization [25]. These find-

ings suggested that the lowering of the population of TCRcd-T
cells in the IEL of the W/WV mice could be associated with the

high oral sensitivity of the W/WV mice. In addition, we have

shown that ACT intake can induce the proportion of

TCRcd-T cells and CD8aa+T cells in the IEL of the W/WV

or B10A mice. Most TCRcd-T cells in the IEL are thought

to express CD8aa+ and differentiate into cryptopatches (CPs)

[26–28]. Therefore, the present study suggests that the ACT in-

take mainly increases the population of the TCRcd-T cells ex-

pressed with CD8aa+ in the IEL.

Although the function of the TCRcd-T cells in the IEL has

not been fully elucidated, several reports have suggested the

involvement of TCRcd-T cells in the IEL in oral tolerance

[29–31] and the allergy crisis [32–34]. McMenamin et al.

showed that systemic tolerance that is induced by exposure

of the respiratory mucosa to OVA activates the TCRcd-T cells

and CD8+ splenic T cells that specifically suppress IgE re-

sponses to OVA in adoptive recipient rats and mice [35]. These

reports suggest that TCRcd-T cells in the IEL would contrib-

ute to the induction of oral tolerance.

Considering these findings and our studies, it can be fairly

assumed that ACT intake could prevent the development of

food allergies through the stimulation of the intestinal mucosal

immunity system, and the gut-associated lymphoid tissue cor-

related with oral tolerance, not due to the physical inhibition

of OVA-oral sensitization by ACT.

Condensed tannins are called proanthocyanidins, and have a

wide distribution in plants as secondary metabolites. We con-

sume small amounts of these compounds in daily life from

fresh fruits such as apple and the processed foods made from

these fruits. Rather than nutrients, plant proanthocyanidins

are known as the functional food factors that possess a variety

of physiological activities such as antioxidant [3–6], anti-

allergy, and inhibition against the activities of some physiolog-

ical enzymes and receptors [36,37]. Most of these parts of the

activities of proanthocyanidins appear to depend on their

structures and particularly on their degree of polymerization.

We showed that the mixture of (+)-catechin and (�)-epicate-

chin intake in the W/WV mice for two weeks have no effects
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on the percentage of TCRcd-T cells in the IEL of the W/WV

mice. This result suggests that the proanthocyanidin polymer-

ization of the ACT structure would be a critical factor for the

rise in the percentage of TCRcd-T cells of the IEL in the W/

WV mice. The inhibition mechanism of the ACT intake on

the oral sensitization in the W/WV and B10A mice still remains

unclear. However, we presumed that the unique structure of

the catechin polymerization of ACT should contribute to this

activity.

Several clinical medicines prescribed for allergy symptoms,

such as corticosteroids, epinephrine, histamine antagonists,

and leukotriene synthesis inhibitors, interfere with some steps

and lead to the attenuation of the allergic symptoms [6]. How-

ever, the effects of these medicines are often short-lived to re-

duce the allergic responses and induce some side effects.

Therefore, a more fundamental means of preventing the devel-

opment of food allergies should be desirable. Since it has been

thought that IgE-mediated food allergies to egg or cow�s milk

could be developed in early infancy by failing to induce oral

tolerance [38], we postulate that the ACT intake during early

infancy might prevent the development of food allergies and

may continue to inhibit allergic responses to food proteins

for a lifetime.

Sampson-HA reported that quantification of food-specific

IgE is a useful test for diagnosing symptomatic allergy to

egg, milk, peanut, and fish in the pediatric population [38].

Therefore, our present mouse models seem to be useful for

examining the effect of bioactive materials to humonal re-

sponses of those food allergens.

In conclusion, we showed that ACT intake could inhibit oral

sensitization with the rise in the population of TCRcd-T cells

in the IEL and may fundamentally be used to prevent food

allergies. In addition, we believe that ACT can be used as a

tool to clarify the role of TCRcd-T cells in the IEL. Further

studies will be necessary to clarify the mechanism of the induc-

tion of oral tolerance by ACT.

Acknowledgments: We thank Yutaka Kikuchi, PhD, for teaching us
the technique for splenocyte culture and Haruyo Akiyama, PhD, for
providing useful suggestions in feeding ACT to mice. The study was
partly supported by a grant from the Japan Health Sciences Founda-
tion and by Cooperative System for Supporting Priority Research of
Japan Science and Technology Corporation.
References

[1] Nonaka, G., Hsu, F. and Nishioka, I. (1981) Structure of dimeric,
trimeric, and tetrameric procyanidins from Areca catechu. J.
Chem. Soc. Chem. Commun. 32, 781–783.

[2] Ricardo-da-Silva, J.M., Cheynier, V., Souquet, J. and Moutou-
net, M. (1991) Interaction of grape seed procyanidins with various
proteins in relation to wine fining. J. Sci. Food Agric. 57, 111–125.

[3] Lea, A.G.H. and Arnold, G.M. (1978) The phenolics of ciders:
bitterness and astringency. J. Sci. Food Agric. 29, 478–483.

[4] Lea, A.G.H. and Tinberlake, C.F. (1974) The phenolics of ciders:
1. Procyanidins. J. Sci. Food Agric. 25, 1537–1545.

[5] Goupy, P., Amiot, M.J., Richard-Forget, F., Duprat, F., Aubert,
S. and Nicolas, J. (1995) Enzymatic browning of model solutions
and apple phenolic extracts by apple polyphenoloxidase. J. Food
Sci. 60, 497–501.

[6] Burda, S., Oleszek, W. and Lee, C.Y. (1990) Phenolic compounds
and their changes in apples during maturation and cold storage. J.
Agric. Food Chem. 38, 945–948.

[7] Murata, M., Tsurutani, M., Tomita, M., Honmma, S. and
Kaneko, K. (1995) Relationship between apple ripening and
browning: changes in polyphenol content and polyphenol oxidase.
J. Agric. Food Chem. 43, 1115–1121.

[8] Osada, K., Ogino, Y., Nakamura, S., Kanda, T., Yanagida, A.
and Sugano, M. (1997) Effect of dietary apple polyphenol on
metabolic disorder of lipid in rats given oxidized cholesterol. Proc.
Jpn. Conf. Biochem. Lipids 39, 317–320.

[9] Ohnishi-Kameyama, M., Yanagida, A., Kanda, T. and Nagata,
T. (1997) Identification of catechin oligomers from apple (Malus
pumila cv. Fuji) in matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry and fast-atom bombardment
mass spectrometry. Rapid Commun. Mass Spectrom. 11, 31–36.

[10] Ariga, T. and Hamano, M. (1990) Radical scavenging action and
its mode in procyanidins B-1 and B-3 from azuki beans to peroxyl
radicals. Agric. Biol. Chem. 54, 2499–2504.

[11] Richado-da-Silva, J.M., Darmon, N., Fernandez, Y. and Mitjav-
ila, S. (1991) Oxygen free radical scavenger capacity in aqueous
models of different procyanidins from grape seeds. J. Agric. Food
Chem. 39, 1549–1552.

[12] Kanda, T., Akiyama, H., Yanagida, A., Tanabe, M., Goda, Y.,
Toyoda, M., Teshima, R. and Saito, Y. (1998) Inhibitory effects of
apple polyphenol on induced histamine release from RBL-2H3
cells and rat mast cells. Biosci. Biotechnol. Biochem. 62, 1284–
1289.

[13] Akiyama, H., Sakushima, J., Taniuchi, S., Kanda, T., Yanagida,
A., Kojima, T., Teshima, R., Kobayashi, Y., Goda, Y. and
Toyoda, M. (2000) Antiallergic effect of apple polyphenols on the
allergic model mouse. Biol. Pharm. Bull. 23, 1370–1373.

[14] Kojima, T., Akiyama, H., Sasai, M., Taniuchi, S., Goda, Y.,
Toyoda, M. and Kobayashi, Y. (2000) Anti-allergic effect of apple
polyphenols on patients with atopic dermatitis. Allergol. Int. 49,
69–73.

[15] Okunuki, H., Teshima, R., Harikai, N., Sakai, S., Akiyama, H.,
Maitani, T. and Sawada, J. (2003) Oral sensitization of W/W(v)
mice with ovalbumin and possible involvement of the decrease in
gammadelta-T cells. Biol. Pharm. Bull. 26, 1260–1265.

[16] Akiyama, H., Teshima, R., Sakushima, J., Okunuki, H., Goda,
Y., Sawada, J. and Toyoda, M. (2001) Examination of oral
sensitization with ovalbumin in Brown Norway rats and three
strains of mice. Immunol. Lett. 78, 1–5.

[17] Akiyama, H., Hoshino, K., Tokuzumi, M., Teshima, R., Mori,
H., Inakuma, T., Ishiguro, Y., Goda, Y., Sawada, J. and Toyoda,
M. (1999) The effect of feeding carrots on immunoglobulin E
production and anaphylactic response in mice. Biol. Pharm. Bull.
22, 551–555.

[18] Sakai, S., Akiyama, H., Harikai, N., Toyoda, H., Toida, T.,
Maitani, T. and Imanari, T. (2003) Effect of chondroitin sulfate
on murine splenocytes sensitized with ovalbumin. Immunol. Lett.
84, 211–216.

[19] Kawasaki, M., Toyoda, M., Teshima, R., Sawada, J. and Saito,
Y. (1994) Effect of alpha-linolenic acid on the metabolism of
omega-3 and omega-6 polyunsaturated fatty acids and histamine
release in RBL-2H3 cells. Biol. Pharm. Bull. 17, 1321–1325.

[20] Nagafuchi, S., Totsuka, M., Hachimura, S., Goto, M., Takah-
ashi, T., Yajima, T., Kuwata, T. and Kaminogawa, S. (2000)
Dietary nucleotides increase the proportion of a TCR gam-
madelta+ subset of intraepithelial lymphocytes (IEL) and IL-7
production by intestinal epithelial cells (IEC); implications for
modification of cellular and molecular cross-talk between IEL and
IEC by dietary nucleotides. Biosci. Biotechnol. Biochem. 64,
1459–1465.

[21] Snider, D.P., Marshall, J.S., Perdue, M.H. and Liang, H. (1994)
Production of IgE antibody and allergic sensitization of intestinal
and peripheral tissues after oral immunization with protein Ag
and cholera toxin. J. Immunol. 153, 647–657.

[22] Morafo, V., Srivastava, K., Huang, C.K., Kleiner, G., Lee, S.Y.,
Sampson, H.A. and Li, A.M. (2003) Genetic susceptibility to
food allergy is linked to differential TH2-TH1 responses in C3H/
HeJ and BALB/c mice. J. Allergy Clin. Immunol. 111, 1122–
1128.

[23] Miyajima, I., Dombrowicz, D., Martin, T.R., Ravetch, J.V.,
Kinet, J.P. and Galli, S.J. (1997) Systemic anaphylaxis in the
mouse can be mediated largely through IgG1 and FccRIII.
Assessment of the cardiopulmonary changes, mast cell degranu-
lation, and death associated with active or IgE- or IgG1-
dependent passive anaphylaxis. J. Clin. Invest. 99, 901–914.



H. Akiyama et al. / FEBS Letters 579 (2005) 4485–4491 4491
[24] Strait, R.T., Morris, S.C., Yang, M., Qu, X.W. and Finkelman,
F.D. (2002) Pathways of anaphylaxis in the mouse. J. Allergy
Clin. Immunol. 109, 658–668.

[25] Okunuki, H., Teshima, R., Sato, Y., Nakamura, R., Akiyama,
H., Maitani, T. and Sawada, J. (2005) The hyperresponsiveness of
W/W(v) mice to oral sensitization is associated with a decrease in
TCRgammadelta-T cells. Biol. Pharm. Bull. 28, 584–590.

[26] Oida, T., Suzuki, K., Nanno, M., Kanamori, Y., Saito, H.,
Kubota, E., Kato, S., Itoh, M., Kaminogawa, S. and Ishikawa,
H. (2000) Role of gut cryptopatches in early extrathymic
maturation of intestinal intraepithelial T cells. J. Immunol. 164,
3616–3626.

[27] Suzuki, K., Oida, T., Hamada, H., Hitotsumatsu, O., Watanabe,
M., Hibi, T., Yamoto, H., Kubota, E., Kaminogawa, S. and
Ishikawa, H. (2000) Gut cryptopatches: direct evidence of
extrathymic anatomical sites for intestinal T lymphopoiesis.
Immunity 3, 691–702.

[28] Ishikawa, H., Saito, H., Suzuki, K., Oida, T. and Kanamori, Y.
(1999) New gut associated lymphoid tissue ‘‘cryptopatches’’ breed
murine intestinal intraepithelial T cell precursors. Immunol. Res.
20, 243–250.

[29] Mengel, J., Cardillo, F., Aroeira, L.S., Williams, O., Russo, M.
and Vaz, N.M. (1995) Anti-gamma delta T cells antibody blocks
the induction and maintenance of oral tolerance to ovalbumin in
mice. Immunol. Lett. 48, 97–102.

[30] Ke, Y., Pearce, K., Lake, J.P., Ziegler, H.K. and Kapp, J.A.
(1997) Gamma delta T lymphocytes regulate the induction and
maintenance of oral tolerance. J. Immunol. 158, 3610–3618.
[31] Fujihashi, K., Dohi, T., Kweon, M.N., McGhee, J.R., Koga, T.,
Cooper, M.D., Tonegawa, S. and Kiyono, H. (1999) Gammadelta
T cells regulate mucosally induced tolerance in a dose-dependent
fashion. Int. Immunol. 11, 1907–1916.

[32] Zuany-Amorim, C., Ruffie, C., Haile, S., Vargaftig, B.B., Pereira,
P. and Pretolani, M. (1998) Requirement for gammadelta T cells
in allergic airway inflammation. Science 280, 1265–1267.

[33] Kokkonen, J., Holm, K., Karttunen, T.J. and Maki, M. (2000)
Children with untreated food allergy express a relative increment
in the density of duodenal gammadelta+ T cells. Scand. J.
Gastroenterol. 35, 1137–1142.

[34] Lahn, M., Kanehiro, A., Takeda, K., Joetham, A., Schwarze, J.,
Kohler, G., O�Brien, R., Gelfand, E.W. and Born, W. (1999)
Negative regulation of airway responsiveness that is dependent on
gammadelta T cells and independent of alphabeta T cells. Nat.
Med. 5, 1150–1156.

[35] McMenamin, C., Pimm, C., McKersey, M. and Holt, P.G. (1994)
Regulation of IgE responses to inhaled antigen in mice by
antigen-specific cd-T. Science 265, 1869–1871.

[36] Wang, B.H., Foo, L.Y. and Polya, G.M. (1996) Differential
inhibition of eukaryote protein kinases by condensed tannins.
Phytochemistry 43, 359–365.

[37] Zhu, M., Phillipson, J.D., Greengrass, P.M., Bowery, N.E. and
Cai, Y. (1997) Plant polyphenols: biologically active compounds
or non-selective binders to protein. Phytochemistry 44, 441–447.

[38] Sampson, H.A. (2001) Utility of food-specific IgE concentrations
in predicting symptomatic food allergy. J. Allergy Clin. Immnol.
107, 891–896.


	Dietary unripe apple polyphenol inhibits the development of food allergies in murine models
	Introduction
	Materials and methods
	Mice
	Sample preparations
	ELISA for mouse serum anti-OVA IgE, IgG1 and IgG2a titer
	Induction of active systemic anaphylaxis and measurement of the body temperature changes and serum histamine level
	Isolation of mouse IEL
	FCM analysis
	Statistical analysis

	Results
	Body weight and the amount of feed intake
	Serum OVA-specific IgE, IgGl and IgG2a antibody titer
	Body temperature and serum histamine levels after antigen stimulation
	Flow cytometric analysis of the IEL in W/W and B10A mice
	Association of the proanthocyanidin polymerization of the ACT structure for the rise of population of the TCR gamma  delta -T cells of IEL in the W/WV mice

	Discussion
	Acknowledgments
	References


