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Various foods may be associated with food-dependent exercise-induced anaphylaxis (FDEIAn). However, although the most
eported cause of FDEIAn has been wheat, the mechanism of FDEIAn for wheat has remained largely uninvestigated. To inve
ffect of wheat-fractionated proteins on FDEIAn, female B10.A mice (16–20 g) were divided into four groups; i.e. salt-soluble (S
liadin-rich (GLI-group), and glutenin-rich (GLU-group)-sensitized mice, and unsensitized mice. The three sensitized groups wer

readmill after oral intake of each wheat-fractionated protein. The mice showed a significant increase in serum IgE, especially in th
LU-group. After oral administration of each wheat-fractionated protein, the running time until exhaustion was remarkably short
LI- and GLU-group than for the S-group and unsensitized mice. The level of intestinal erosion was higher in all the sensitized mic

n the unsensitized ones after exhaustive running. Furthermore, moderate exercise for 30 min after oral ingestion of each wheat-
rotein also induced intestinal erosion in the GLI- and GLU-group. In addition, we observed leaking of gliadin and glutenin prote

he intestine into the liver. These results indicated that the main factor involved in wheat-dependent exercise-induced anaphylax
he gliadin and glutenin in wheat proteins.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Food-dependent exercise-induced anaphylaxis (FDEIAn)
as been shown by many clinical reports to be a distinct

orm of anaphylaxis occurring in association with exercise
fter ingestion of a specific food[1–3]. Previous studies have
hown that various foods may be associated with FDEIAn
4–6]. The most frequently reported cause of these reactions
n FDEIAn has been wheat[4,5,7,8]. Wheat protein is

∗ Corresponding author. Tel.: +81 729 50 2111; fax: +81 729 50 2127.
E-mail address:hkozai@rehab.osakafu-u.ac.jp (H. Kozai).

composed of four classes of proteins: albumin and glob
which are water/salt-soluble proteins, and gliadin
glutenin, which are insoluble proteins (gluten). Gluten,
chief component of wheat protein, is known to be a caus
agent in several diseases[9,10]. Recently, Palosuo et al.[11]
reported that a large skin prick test reaction was induce
wheat-dependent exercise-induced anaphylaxis (WDE
patients by gliadin treatment. However, the reason
gliadin is major allergen in WDEIA remains unclear. Pre
ous studies of WDEIA were almost all clinical studies us
the serum of patients. Although little has been publis
on allergen models and animal strains of FDEIAn, rece
we reported that the lysozyme-sensitized B10.A mou
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a useful model of FDEIAn[12]. A high concentration of
plasma antigen-specific IgE was observed in these mice after
sensitization and gastrointestinal mucosal lesions were noted
after exercise. In this study, B10.A mice were sensitized
with each wheat-fractionated protein and then were run on
a treadmill, to determine the effect of WDEIAn on specific
IgE, running performance, gastrointestinal mucosal lesions
and allergen leakage.

2. Materials and methods

2.1. Fractionation of proteins from wheat flour

Wheat flour proteins were fractionated into three parts,
albumin/globulin (water/salt extract), gliadin (extraction by
70% EtOH) and glutenin (extraction by alkali solution).
Twenty grams of wheat flour (Nisshin Flour Milling) was
treated with 200 ml of phosphate-buffered saline (PBS)
overnight at 4◦C with stirring, was placed inside an ultrason-
icator for 15 min in ice water, and centrifuged (20,000×g,
15 min). The supernatant, containing albumin and globulin
proteins, was then extracted three times with PBS, and the
supernatants of these extraction steps were discarded. The
pellet was placed inside an ultrasonicator for 15 min in
ice water and centrifuged (20,000×g, 15 min) with 70%
e ved.
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at room temperature. After the membranes were washed,
they were soaked in POD-linked goat IgG to mouse IgG
(10−3 × 1/2) with 1% BSA/TBS solution for 1 h at room
temperature. After the membranes were washed again, they
were stained with 6�l 30% H2O2/10 ml TBS including
6 mg 4-chloro-1-naphthol (Nakarai Tesuku)/2 ml ice-cold
methanol with light shielding.

2.2. Animals and sensitization

Female B10.A mice (SLC) weighing 16–20 g were used
in this experiment. The animals were kept on a standard
diet and had access to tap water ad lib. The room temper-
ature was maintained at 20± 2◦C, and a 12/12 h (8 a.m.–8
p.m.) light/dark cycle was used. The experiment proce-
dures employed followed the guidelines set forth in the Care
and Use of Animals in the Field of Physiological Sciences
approved by the Council of the Physiological Society of
Japan.

The mice were divided into four groups; salt-soluble
(S-group), gliadin-rich (GLI-group), and glutenin-rich
(GLU-group)-sensitized mice, and unsensitized mice. Each
group of sensitized mice was injected intraperitoneally under
light ether anesthesia with each wheat-fractionated protein
(10�g); salt-soluble, gliadin-rich, or glutenin-rich fractions
in 0.5 ml of an aluminum hydroxide (Pierce Chem)/PBS
s four
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thanol. The supernatant, containing gliadin, was remo
o minimize cross-contamination between the gliadin
lutenin fractions, the ethanol extraction step was
epeated three times. The glutenin was extracted from
ellet with alkali solution (2% Na2CO3/0.1N NaOH). After
lacement inside an ultrasonicator for 15 min in ice w
nd centrifugation the supernatant was stored. Gliadin
lutenin-rich fractions were adjusted to pH 7.4, and dia
as performed for three days in PBS with dialysis fi

Sanko Junyaku). The protein concentrations of salt-sol
liadin- and glutenin-rich fractions were measured by
owry method[13].

Female ddY mice (n= 9) were injected intraperitonea
nder light ether anesthesia with 10�g of extracted-protei
i.e. salt-soluble, gliadin- and glutenin-rich proteins) w
00�l Freund’s Complete Adjuvant (Rockland), with

nterval of 14 days between the three injections. The
ected sera were used as anti-wheat proteins.

SDS-PAGE and immunoblotting were used to eval
ach wheat-fractionated protein. The SDS-gels conta
4.5% polyacrylamide stacking gel and a resolving

ith a linear gradient of 15% polyacrylamide. The s
olution was a 0.25% Brilliant blue R (Sigma), a decolo
olution containing methanol and acetic acid. Follow
lectrophoresis, the gel was transferred to a cellulose n
embrane filter. Excessive proteins in the uncombined
f the membranes were saturated with 3% BSA/TBS (bo
erum albumine/tris-buffered saline, pH 7.5) overnigh
◦C. Then the membranes were soaked in each m
erum (10−3 × 1/2) with 1% BSA/TBS solution for 1
uspension with an interval of 14 days between the
njections. Blood was obtained once every 2 weeks from
rbital veins of both sensitized and unsensitized mice u

ight ether anesthesia.

.3. Enzyme-linked immunosorbent assay

The specific anti-wheat protein IgE in mouse serum
valuated using the enzyme-linked immunosorbent a
ELISA; [14]). First, 100�l of a solution (10�g/ml) of
alt-soluble, gliadin-rich, or glutenin-rich fractions in wh
r whole wheat was added to each well of flat-botto
icrotiter plates, and they were incubated overnight at 4◦C.
he wells were then washed with PBS containing 0.0
f Tween20 (PBS-T). Then 1% BSA/PBS-T solution w
dded to each well and they were incubated for 30
t 37◦C. Then 100�l of each mouse serum diluted

imes with 1% BSA/PBS-T solution was applied to e
ell and they were incubated for 2 h at 37◦C. After
ach well was washed with PBS-T three times, 10�l
f peroxidase-conjugated goat anti-mouse IgG (No

mmunological Lab) in 1% BSA/PBS-T solution (10−3)
as added to each well and incubated for 2 h at 37◦C.
ach well was washed with PBS-T three times, and
00�l of o-phenylenediamine (Wako) in citrate phosph
uffer (0.4 mg/ml) containing 0.03% H2O2 was added
he reaction was stopped with 50�l of H2SO4 solution

2.5 mol/l) after 20 min at room temperature. The co
evelopment of the well was measured photometric
t 492 nm.
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2.4. Estimation of small intestine damage

Damage to the small intestine was estimated by the method
of Yano et al.[12]. Briefly, after all the animals were sacri-
ficed under ether anesthesia, the small intestine was removed,
spread open, and washed with PBS. The tissue was carefully
cut into six parts and fixed with neutral-buffered 10% forma-
lin. Each of the six parts was examined under a microscope.
The presence of mucosal lesions on the surface was taken as
a record of erosions. In this study, localization of the mucosal
lesions was not limited, and differences in the size of each
mucosal lesion were not considered. Accordingly, evaluation
of the mucosal lesions in small intestine was shown by point
scores. The cumulative number of all lesions in each part of
the small intestine served as the measure of erosion damage;
a very small lesion was scored as 0 (normal), a lesion of one
point was scored as 1 (one), a lesion of two points was scored
as 2 (two), and a lesion of more than three points was scored
as 3 (three). The number of erosions in the small intestine was
calculated by two independent observers, each of whom was
blinded to the diagnosis and average value for each section.

2.5. Immunohistochemical estimation of wheat protein
in liver

First, to prepare anti-wheat protein serum, Wister rats
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received PBS alone or wheat protein. Then they were run
on a treadmill from an initial speed of 20 m/min, on a 5%
gradient for 30 min. The speed was increased every 30 min
by 3 m/min until exhaustion. Exhaustion was defined as
the point at which a mouse refused to run despite being
given mild physical prodding. Then the mice were sacri-
ficed, and the small intestine was removed to examine damage
to it.

2.7. Experiment 2: immunohistochemical estimation of
wheat protein in liver and damage to the small intestine
in wheat protein-ingested mice after moderate exercise

The sensitized mice were challenged orally with a
20 mg/0.5 ml PBS concentration of each wheat-fractionated
protein. The unsensitized group received PBS alone. Then
groups of exercising mice in each of sensitized and unsensi-
tized groups were run at 15 m/min for 30 min on a 5% gradient
on a treadmill. Resting mice in each group remained in the
cage for 30 min after oral ingestion. After exercise or rest,
each mouse was sacrificed, and the liver and small intestine
were removed to estimate wheat protein in the liver and to
examine damage to the small intestine.

2.8. Statistical analysis
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n= 3) were injected intraperitoneally under light ether a
hesia with 10�g of extracted-protein (i.e. salt-solub
liadin- and glutenin-rich proteins, respectively) with 200�l
reund’s Complete Adjuvant (Rockland).

Then, an immunohistochemical estimation of wh
rotein in the liver was made using the method of Yano e

12] with some modifications. Briefly, the liver was perfus
hrough the portal vein with 10 ml PBS under ether anes
ia, and then it was fixed in O.C.T. compound (Tissue-
akura). Next, 6�m-thick cryostat sections were placed
cetone (4◦C) for 10 min, and then were washed twice w
BS-T (5 min each). The sections were treated with
ensitized rat serum (10−2 × 1/2) overnight at 4◦C. After,
ashing twice with PBS-T (10 min each), the sections w

reated with a fluorescein isothiocyanate-labelled secon
ntibody, FITC-conjugated goat anti-rat IgG (10−2) for
h at room temperature. After, washing twice with PB

10 min each), the liver sections were washed in alcoh
emove water. The presence of wheat protein-stained
as observed under a fluorescence microscope. Ne
ethod controls in which the primary and/or second
ntibodies were omitted at the relevant stages were incl

.6. Experiment 1: effect of each wheat-fractionated
rotein sensitization on exhaustive running performanc
fter wheat protein ingestion

After no feeding for 24 h, the sensitized mice were c
enged orally with 20 mg/0.5 ml PBS with a concentra
f each wheat-fractionated protein. The unsensitized g
Data were expressed as the means± standard deviatio
S.D.). Within-group analysis was performed first with a
r two-way analysis of variance (ANOVA), and then p
oc analysis was performed with the Fisher PLSD test
sed these procedures, a data base, and a statistical p
Stat View J-4.5, Abacus Concepts) in whichp< 0.05 was
onsidered significant.

. Results

.1. Extraction of wheat protein

The proteins of three different solubility fractio
salt-soluble, and gliadin- and glutenin-rich) in wheat w
esolved by SDS-PAGE. A comparison of these solub
ractions showed that the salt-soluble protein was distrib
n a range from 15 to 100 kDa, whereas the gliadin-
lutenin-rich proteins were restricted to specific regions o
DS-gel. Gliadin-rich protein was between 30 and 70 k
nd glutenin-rich protein varied from 35–45 kDa (LM
ubunits) to 80–110 kDa (HMW subunits). In addition to
MW and LMW glutenin subunits, some other polypep
ands below 30 kDa and between 45 and 60 kDa were
isible in the glutenin fraction. These polypeptides were m
ikely salt-soluble protein impurities which had not been c
letely removed by the preceding extraction steps with
nd 70% ethanol (Fig. 1A). However, each POD-conjugat
ouse anti-wheat protein serum reacted, respect
ith salt-soluble, and gliadin- and glutenin-rich prote
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Fig. 1. SDS-PAGE (A) and immunoblotting (B) of each wheat-fractionated protein (Wheat: wheat protein, Salt-soluble: salt-soluble fractionated wheat protein,
Gliadin-rich: gliadin-rich fractionated wheat protein, and Glutenin-rich: glutenin-rich fractionated wheat protein).

(Fig. 1B), indicating that the extraction of these proteins was
exact.

3.2. Sensitization by wheat proteins

B10.A mice were injected intraperitoneally with each
wheat-fractionated protein. Blood was obtained, and specific
anti-wheat protein IgE in mouse serum was evaluated using
the ELISA (Fig. 2). The specific IgE titer in the GLI-group

F rotein
o otein-
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m ice).
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s

was higher than that in the other groups (p< 0.01), indicating
that gliadin in wheat protein causes a marked increase in
sensitization. The glutenin-rich protein induced a slight
increase in the specific IgE titer (p< 0.05). In contrast,
the antibody value in the S-group did not increase easily,
despite intraperitoneal administration of the same dose of
protein.

3.3. Exercise performance of sensitized mice

The sensitized mice were run on a treadmill until
exhaustion after oral ingestion of each wheat-fractionated
protein. The unsensitized mice were run on a treadmill until
exhaustion after oral ingestion of PBS alone (UP-group) or
wheat protein (UW-group). The running times to exhaustion
are shown inFig. 3 (data of the UW-group not shown).
The exhaustion time in the UP-group was 199± 29 min
and that in the UW-group was 179± 29 min. In contrast,
the exhaustion times in the GLI-group (16% versus the
UP-group, p< 0.01) and GLU-group (27% versus the
UP-group,p< 0.01) were significantly lower than that in the
UP-group, although initially all the mice were running well.
No significant difference, however, was observed between
the exhaustion times in the S- and UP-group (74% versus
UP-group). In addition, the reduction of exhaustion times in
t hat
i

3
a

oral
i roup
ig. 2. Mean (S.D.) effect of sensitization of each wheat-fractionated p
n serum antigen-specific IgE (S: salt-soluble fractionated wheat pr
ensitized mice, GLI: gliadin-rich fractionated wheat protein-sensi
ice, and GLU: glutenin-rich fractionated wheat protein-sensitized m

gE levels were expressed as absorbance (A492 nm). The differ
etween the values not associated with a common superscript lette
ignificant (p< 0.05).
he GLI- and GLU-group was significantly lower than t
n the S-group (p< 0.01 and 0.05, respectively).

.4. Damage to the small intestine in sensitized mice
fter exhaustive exercise

To investigate the effect of exhaustive exercise after
ngestion of allergen on gastrointestinal damage in each g
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Fig. 3. Mean effect of oral wheat protein ingestion on exercise performance
in each wheat-fractionated protein-sensitized group of mice and the unsen-
sitized mice. Exercise performance was estimated from the time to run until
exhaustion on a treadmill.

of wheat-fractionated sensitized mice, the small intestine was
removed from all mice and was observed microscopically.
Since the localization of mucosal lesions in the small intestine
was not limited inFig. 4, we have shown the total mucosal
lesion score in the small intestine. The mucosal lesion scores
of the small intestine in the S-group (2.3± 0.2, p< 0.01),
GLI-group (2.1± 0.6,p< 0.01), and GLU-group (2.3± 0.2,
p< 0.01) were significantly higher than that in the UP-group
(1.3± 0.4).

F heat
p otein-
s

Fig. 5. Mean effect of moderate exercise or rest after oral ingestion of wheat
protein on the mucosal lesion score in each wheat-fractionated protein-
sensitized group of mice and in the unsensitized mice (Ex: the group with
exercise after oral ingestion of wheat protein and R: the group with rest after
oral ingestion of wheat protein).

3.5. Damage to the small intestine in sensitized mice
after moderate exercise

To clarify the effect of moderate exercise on food-
dependent anaphylaxis, the number of mucosal lesions in the
small intestine of the sensitized and unsensitized mice was
determined after oral ingestion of each wheat-fractionated
protein and running on a treadmill for 30 min (Fig. 5). As a
reference, the number of mucosal lesions in the small intes-
tine of sensitized and unsensitized mice after oral ingestion of
each wheat-fractionated protein and rest in a cage for 30 min
was determined. The mucosal lesion scores of the small
intestine in the unsensitized mice with rest, the S-group with
rest, the GLI-group with rest, and GLU-group with rest were
0.1± 0.1, 0.2± 0.2, 0.7± 0.7, and 0.3± 0.1, respectively.
The mucosal lesion score of the small intestine in the GLI-
group with exercise (2.7± 0.2, p< 0.05) and GLU-group
with exercise (2.6± 0.2,p< 0.05) were significantly higher
than that in the unsensitized mice with exercise (1.9± 0.4).
In the S-group with exercise, however, the mucosal lesions in
the small intestine were similar to those in the unsensitized
mice with exercise (2.3± 0.3). Moreover, the mucosal lesion
score of the small intestine in each exercise-group was
significantly higher than that in each rest-group (p< 0.01,
respectively).

3
g

n in
t ral
i min,
t
t

ig. 4. Mean effect of exhaustive exercise after oral ingestion of w
rotein on the mucosal lesion score in each wheat-fractionated pr
ensitized group of mice and in the unsensitized mice.
.6. Leakage of wheat in the liver from the
astrointestinal tract

In Fig. 6, leakage of each wheat-fractionated protei
he liver from the gastrointestinal tract is shown. After o
ntake of each wheat-fractionated protein and rest for 30
he liver in unsensitized mice (Fig. 6A), the S-group (Fig. 6C),
he GLI-group (Fig. 6E), and the GLU-group (Fig. 6G) was



6 H. Kozai et al. / Immunology Letters xxx (2005) xxx–xxx

Fig. 6. Photographs of negatively stained liver in unsensitized mice with rest
(A) or exercise (B), and of positively stained liver in the S-group with rest
(C) or exercise (D), GLI-group with rest (E) or exercise (F), and GLU-group
with rest (G) or exercise (H). All of the sensitized mice ingested wheat-
fractionated proteins, while the unsensitized mice ingested only PBS before
moderate exercise (bar = 50�m and 100× magnification).

not stained. After oral intake of each wheat-fractionated pro-
tein and exercise for 30 min, the liver in the GLI-group with
exercise was stained (Fig. 6F), and that in the GLU-group
with exercise was slightly stained (Fig. 6H), but no staining
was observed in the S-group with exercise (Fig. 6D). The liver
in unsensitized mice was not stained, even when we used all
of the rat serum (Fig. 6B).

4. Discussion

In this study, we found that the allergen activities of
WDEIAn differed with each extraction protein of wheat.
WDEIAn was induced in the GLI-group by oral chal-
lenge and then acute exercise. Specifically, the GLI-group
exhibited a high IgE antibody titer in plasma, reduction
of exercise performance and high leakage of allergen to
the liver. These changes have been reported to be repre-
sentative of anaphylactic reactions[12]. Our results are

supported by studies showing that the major allergen of
WDEIAn is gliadin [11,15]. A slight increase in IgE and
reduction of exercise performance until exhaustion also
occurred in the GLU-group. These results suggest that
glutenin might also induce WDEIAn. In fact, Lehto et
al. [15] reported that in three of every nine patients with
WDEIAn, an increase in histamine release was induced
by gliadin. Therefore, there is a possibility that glutenin
is also one of the allergens in WDEIAn. Thus, wheat
insoluble proteins might cause WDEIAn. In contrast, the
S-group in our study did not show any increase in plasma IgE.
Although it has been reported that non-IgE immunoglobulins
mediate antigen-specific systemic anaphylactic reactions
in IgE-deficient mice[16], the S-group did not exhibit any
reduction in exercise performance after the oral challenge. At
least in the present study, WDEIAn might not be induced by
salt-soluble protein in wheat. It is known that IgE antibody,
which binds to high-affinity FceRI receptors on mast cells,
macrophages and dendritic cells, plays an important role in
mediating type I hypersensitivity responses. A previous study
showed that the rectal temperature of sensitized mice is regu-
lated by the activity of histamine, which can be released from
mast cells following the binding of antigen by IgE antibodies
[17]. Although we did not measure plasma histamine in this
study, we observed decreases in body temperature as one of
the symptoms of anaphylactic shock[18,19]. (GLI-group:
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In this study, intestinal damage was observed in
heat protein-sensitized mice, and particularly in the G
nd GLU-group. Antigen analysis by Kushimoto and A

7] disclosed that a pepsin-digested gluten fraction
he same or greater allergenicity than the gluten alle
tself, but additional trypsin-digestion greatly diminished
ompletely abolished the allergenicity of the pepsin-dige
luten allergen in their patients. Sturgess et al.[20] also
eported that gliadin peptides damage the gut muco
eliac disease. Li et al.[21] reported that increased intesti
ermeability in mouse occurred as a result of food aller
gawa et al.[22] also observed that significant villus atrop
nd increased crypt depth in the small intestine occurr
VA-sensitized rats given OVA. Furthermore, we obse

ntestinal damage in the S-group after exhaustive exe
xercise has also been previously reported to increase

rointestinal permeability[23]. In addition, we have alread
eported on gastrointestinal damage in LYZ-sensitized
f B10.A when these mice showed a symptom of FDE
fter LYZ intake and running exercise[12]. The intestina
amage in the S-group of the present study might
een dependent on exercise intensity because that
howed little damage to the small intestine with mode
xercise. Therefore, exercise might strongly induce gas
estinal permeability when sensitized mice are fed a
llergen.

The results of immunohistochemistry of the liver mi
orrelate with leakage from the gastrointestinal tract, bec
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in the GLI- and GLU-group, the hepatic sinusoid was stained,
and the villi in the small intestine were remarkably damaged
compared with those in the unsensitized mice. These results
suggest that insoluble proteins were absorbed and/or leaked
from the intestine and reached the liver through the portal
vein. Mucosal lesions of the small intestine seem to be related
to the gastrointestinal leakage of gliadin and glutenin as anti-
gens, because alterations caused by damage to the intestinal
wall could allow the escape of gliadin and glutenin from the
gastrointestinal tract into the portal circulation.

Our results suggested that specific food allergens might
induce gastrointestinal damage. Furthermore, they suggested
that exercise after the intake of allergens causes significant
development of mucosal lesions in the small intestine. The
damage to the small intestine may allow antigens to pass
more easily in significant amounts into the systemic circula-
tion than they would in an undamaged small intestine. Yano
et al. [12] reported that small intestine mucosal lesions in
unsensitized mice were induced by acute exercise. It is known
that reduction in mesenteric blood flow depends on exercise
intensity[24,25], so exercise could induce an increase in gas-
trointestinal permeability[23] and gastrointestinal damage
[12,26]. A previous study[12] also reported damage to villi of
the small intestine in LYZ-sensitized mice that were not exer-
cised which was then markedly accelerated when they were
exercised. Also, in this study, erosion of the small intestine in
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