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Abstract Food-dependent exercise-induced anaphylaxis
(FDEIAn) is a leading cause of physical allergies.
However, the mechanisms involved in the development
of FDEIAn are not yet clearly understood. In this study,
to investigate the leakage of allergen from the gastro-
intestinal tract into the circulation, lysozyme (LYZ)-
sensitized B10.A mice, which have been shown to exhibit
an especially high concentration of plasma antigen-
specific immunoglobulin-E (IgE) by sensitization of
LYZ as allergen in the white of hens’ eggs, and unsen-
sitized mice were made to run on a treadmill after oral
LYZ ingestion. Resting mice as well as sensitized and
unsensitized animals were used as controls. As a result of
the sensitization, total IgE concentration, and levels of
LYZ-specific IgE and IgG significantly increased. The
running time until exhaustion decreased in the sensitized
mice compared with that in the unsensitized mice. Both
the sensitization and exercise affected the increase in
gastrointestinal leakage of LYZ, which was estimated by
immunohistochemical staining of the LYZ antibody in
the liver, after oral LYZ ingestion. The exercised sensi-
tized mice were especially closely observed. After oral
LYZ ingestion, damage to the villi in the small intestine
also occurred following exercise in sensitized mice.
Damage to the villi was also noted to have occurred

slightly in the resting sensitized mice. These results
suggest that allergen leakage from the intestinal tract
into the circulation was strongly induced by exercise in
the LYZ-sensitized mice and that the mechanisms of
FDEIAn might be related to gastrointestinal leakage of
allergen due to gastrointestinal mucosal lesions.
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Introduction

Exercise-induced anaphylaxis (EIAn) is a well-known
physical allergy (Briner and Sheffer 1992). Food-
dependent EIAn (FDEIAn) is a unique form of phys-
ical allergy that has been recognized with increasing
frequency (Kemp et al. 1995; Castells et al. 1999). In
FDEIAn, allergic symptoms are thought to be induced
by chemical mediators that can be released from acti-
vated mast cells following the binding of antigen by
immunoglobulin-E (IgE) antibodies. Specific IgE anti-
bodies against food and chemical mediators are usually
detected in patients with FDEIAn, but the mechanisms
involved in FDEIAn have not been well defined, be-
cause acute exercise has not in itself been found to
induce production of the IgE antibody (Eliakim et al.
1997) and increase the plasma concentration of hista-
mine (Watanabe et al. 1990). In a recent study, how-
ever, it was reported that the amount of food allergen
ingested was related to the allergic reaction of FDEIAn
(Hanakawa et al. 1998). Therefore, there is a need to
understand better the absorption of food from the
gastrointestinal tract as an associated factor of FDE-
IAn.

Physical stress has been shown to induce gastroin-
testinal mucosal lesions. In fact, some previous studies
have reported that gastrointestinal bleeding and mucosal
lesions (Moses 1993), and endotoxin translocation
(Bosenberg et al. 1988) were induced by exercise. Thus
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protein, which functions as an allergen, might also leak
into the circulation, although it is still unclear as to
whether gastrointestinal leakage of allergen is induced
by exercise.

We have hypothesized that the food allergy reaction
of FDEIAn might be accelerated by exercise, which
would induce gastrointestinal mucosal lesions. In the
present study, we have estimated the effect of exercise on
the leakage of allergen from the gastrointestinal tract
into the portal circulation in sensitized mice after oral
lysozyme (LYZ) ingestion.

The mechanisms of FDEIAn still remain unclear,
because a completely satisfactory mouse model of
FDEIAn has not been established, although murine
models have been used widely in studies of various al-
lergy diseases (Li et al. 1999). We used LYZ-sensitized
B10.A mice, which have been shown to exhibit a high
level of plasma antigen-specific IgE by sensitization of
LYZ as allergen in the white of hens’ eggs (Anet et al.
1985), and made them run on a treadmill after oral LYZ
ingestion.

Methods

Animals and sensitization

Male B10.A mice weighing 25–30 g (n=31) were used in this ex-
periment. The animals were kept on a standard diet without LYZ
and had access to tap water ad libitum. The room temperature was
maintained at 20±2�C, and a 12/12 h (8 a.m.–8 p.m.) light/dark
cycle was used. The experiment procedures 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 Physiolog-
ical Society of Japan. The sensitized mice (n=16) were injected with
10 mg LYZ in 0.5 ml of an aluminum hydroxide phosphate-buf-
fered saline solution by intraperitoneal administration with an in-
terval of 7 days between three injections. Blood was obtained
weekly from the orbital veins of both sensitized and unsensitized
(n=15) mice under light ether anaesthesia.

Enzyme-linked immunosorbent assay

The specific anti-LYZ IgE and IgG in mouse serum was evaluated
using enzyme-linked immunosorbent assay (ELISA; Engvall and
Perlmann 1971). Briefly, 100 ll of LYZ solution (10 lgÆml–1) was
added to each well of flat-bottomed microtiter plates, and incu-
bated overnight at 4�C. The wells were then washed with phosphate
buffer saline containing 0.05% of Tween 20 (PBS-T). A 1% BSA
(bovine serum albumin)/PBS-T solution was added to each well
and incubated for 30 min at 37�C. Then 100 ll of each mouse
serum diluted 50 times with 1% BSA/PBS-T solution was applied
to each well and incubated for 3 h at 37�C. After each well was
washed with PBS-T three times, 100 ll of peroxidase conjugated
goat anti-mouse IgE or IgG (Nordic Immunological Laboratories,
England) in 1% BSA/PBS-T solution (10–3) was added to each well
and incubated for 3 h at 37�C. Each well was washed with PBS-T
three times, and then 100 ll of o-phenylenediamine in citrate-
phosphate buffer (0.4 mgÆml–1) containing 0.03% H2O2 was added.
The reaction was stopped with 50 ll of H2SO4 solution (2.5 molÆl–1)
after 20 min at room temperature. The colour development of the
well was measured photometrically at 492 nm.

The concentration of IgE in the mouse serum was analysed
using an ELISA mouse IgE kit (Morinaga Institute of Biological
Science, Japan) and employing a standard curve of 0.5 to
32 ngÆml–1.

Measurement of exercise performance

Before the experiment, all animals were exercised during a 3 day
acclimation period. Then 2 days after the last injection of LYZ
or saline, each mouse was challenged with 50 mg of LYZ in
0.5 ml of PBS ingested orally. Groups of 8 exercising mice in
each of the sensitized and unsensitized groups were run on a
treadmill. From an initial speed of 18 mÆmin–1, at a 5% gradient
for 30 min, the treadmill speed was increased every 30 min by
3 mÆmin–1 until exhaustion. Exhaustion was defined as the point
at which a mouse refused to run despite being given mild
physical prodding (Woods et al. 1993). Resting mice remained in
the cage for 2 h after LYZ oral ingestion and were exposed to
the same handling and noise stress without actually running. The
range of total duration of exercise in mice was between 41–
240 min.

Immunohistochemical estimation of LYZ in liver

After exercise or rest, the mice were rapidly anaesthetized with
ether. In preparation for examination using a fluorescence mi-
croscope, the liver was perfused by the portal vein with 10 ml PBS
and liver specimens were fixed in O.C.T. compound (Tissue-Tek,
Sakura, Japan). Then, immunohistochemical staining of the liver
was performed. Next, 6 lm-thick cryostat sections were placed on
acetone (4�C) for 10 min. The sections were then incubated with
10% normal rabbit serum (Nichirei, Japan) for 10 min at room
temperature, followed by incubation with anti-LYZ mouse Ig
antibody (BMA Biomedicals, Switzerland) at a 1:1,000 dilution
overnight at 4�C. After washing with PBS-T, the sections were
treated with a fluorescein isothiocyanate-labelled secondary anti-
body (Nichirei) for 10 min. Negative method controls were in-
cluded in which the primary and/or secondary antibodies were
omitted at the relevant stages. Positive control sections were of
the liver of a mouse that had been injected with 10 mg LYZ in
0.5 ml of a PBS solution by the tail vein 2 h before sacrifice. For
LYZ-immunohistochemical estimation, the presence of LYZ-
stained liver was examined under a fluorescence microscope
(BX50-LLA, Olympus, Japan) and scored on a point scale of 0–3;
0 (no stain), 1 (weak staining), 2 (moderate staining), and 3
(marked staining).

Estimation of small intestine damage

After all the animals were sacrificed, the small intestine was re-
moved, spread open, and washed with PBS. The tissue was
carefully cut into six parts and fixed with neutral-buffered 10%
formalin. Each of the six parts was examined under a microscope
(MZ6, Leica, Switzerland). The surface of the mucosal lesions was
taken as a record of erosions. The cumulative number of all le-
sions in each mouse served as the measure of erosion damage; 0
(normal), 1 (one point), 2 (two points), and 3 (more than three
points).

Some of the fixed tissues were embedded in paraffin and 6 lm
sections were stained with haematoxylin and eosin reagent (HE
staining).

The immunohistochemical estimation of liver and the count of
the number of erosions in the small intestine were performed by
three independent observers, each of whom were blinded to the
diagnosis, and average value for each section was calculated.

Statistical analysis

Data were expressed as the means (SEM). Between-group analysis
was performed using Student’s two-tailed t-test for unpaired data.
Within-group analysis was performed first with a two-way analysis
of variance (ANOVA) and then, post hoc, with the Fisher PLSD
test. Statistical procedures were performed using a data base and
statistical package (Stat View J-4.5, Abacus Concepts, USA), in
which P<0.05 was considered significant.
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Results

Since LYZ-injected mice developed significant increases
in total IgE (P<0.0001), and LYZ-specific IgE
(P<0.0001) and IgG (P<0.0001) values in their serum,
the mice were recognized to be sensitized with LYZ
(Fig. 1).

After oral ingestion of LYZ, the sensitized and un-
sensitized groups ran until exhaustion. The running
times to exhaustion are shown in Fig. 2. The data indi-
cated a shorter time for the LYZ-sensitized group than
for the unsensitized group [131 (16) compared to
199 (16) min, P<0.01, Fig. 2].

As shown in Fig. 3 extensive LYZ positive staining
was evident in the livers of the LYZ-sensitized mice. The
hepatic sinusoid was stained by anti-LYZ antibody in
the LYZ-sensitized mice following exercise. The two-
way ANOVA test for LYZ-immunohistochemistry esti-
mation in the liver showed statistically significant results
for sensitization (P<0.0001) and exercise (P<0.0001).
In the unsensitized group, exercise had little effect on
LYZ-positive staining in liver. In the sensitized group,
however, the scores for hepatic LYZ-positive staining in
the exercised mice were significantly higher than those
in the resting mice (P<0.0001). In addition, the scores in
the exercised-sensitized mice were higher than those in
the exercised-unsensitized group (P<0.0001, Fig. 4).

Localization of the mucosal lesions in the small in-
testine was not limited. As shown in Fig. 5 there was
damage to the villi in the small intestine. Surface ob-
servation (Fig. 5, upper panel) revealed a mucosal lesion
of the small intestine in a sensitized mouse following
exercise. Furthermore, an HE-stained section showed

damage of the surface epithelium (Fig. 5, lower). The
denuded villi in one exercised sensitized mouse were
equivalent to grade 4 as described by Chiu et al. (1970),
who classified morphological changes in the mucosa into
six grades. Regarding erosion scores, statistically sig-
nificant results for sensitization (P<0.001) and exercise
(P<0.001) were found (Fig. 6). The exercised sensitized
mice had the highest erosion score. In the unsensitized
group, the erosion scores were higher in the exercised
mice than in the resting mice (P<0.01). In addition, the

Fig. 1. Mean (SEM) effect of lysozyme (LYZ) sensitization on
total immunoglobin-E (IgE) A, and antigen-specific IgE B, and IgG
C antibodies. OD Optical density

Fig. 2. Mean (SEM) effect of oral lysozyme (LYZ)-ingestion on
exercise performance in LYZ-sensitized and unsensitized mice.
Exercise performance was estimated from the time to run to
exhaustion
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erosion scores in the resting sensitized mice were sig-
nificantly higher than those in resting unsensitized mice
(P<0.0001).

Discussion

We found that acute exercise in the LYZ-sensitized
B10.A mice accelerated gastrointestinal leakage of LYZ
as an antigen. The hepatic sinusoid positively stained by
anti-LYZ antibody showed excessive leakage of LYZ
into the portal circulation after oral LYZ ingestion.
There is a possibility that strenuous exercise allows
antigen to pass rapidly in significant amounts into
the systemic circulation. Under such circumstances,
the amount of allergen might affect the mediator release
from mast cells in extra-intestinal sites. Previously re-
ported degranulation of skin mast cells in EIAn (Briner
and Sheffer 1992) is suggestive of the passage of allergen
into the systemic circulation. The IgE has generally been
regarded as the major trigger of immediate hypersensi-
tivity reactions (type I). Although it is clear that IgE is
central to much of the allergic reaction, our finding hints
at the existence of a considerable amount of leakage of
allergen from the gastrointestinal tract into the systemic
circulation due to exercise after sensitization, which
shows a high level of serum specific IgE. Furthermore,
the 34% reduction in exercise performance in the LYZ-
sensitized mice after oral LYZ-ingestion could probably
be explained by an FDEIAn symptom due to an im-
munoreaction between specific immunoglobulin and the
allergen.

The LYZ-positive stained hepatic sinusoidal cells
appear to be Kupffer cells, i.e. fixed hepatic macro-
phages. Kupffer cells represent 90% of the total body
phagocyte activity and occupy a strategic position in
relation to the terminal branches of the portal vein. They
form the body’s first line of defence, clearing the circu-
lation of a number of antigens and other potentially

immunostimulatory materials which cross to the liver
from the gastrointestinal tract. However, Kupffer cells
are also known to play an important role in anaphylaxis,
because a Kupffer cell phagocytosis blockade has been
shown to reduce greatly the mortality rates and symp-
toms of mouse anaphylaxis due to ovalbumin sensiti-
zation (Lazar et al. 1994). Kupffer cells activated by
phagocytosis induce elevation of serotonin, an impor-
tant mediator in mouse anaphylaxis, in the liver (Miller
and Church 1976).

The IgE antibodies, which bind to high-affinity Fc�RI
receptors on mast cells, macrophages and dendritic cells,
play an important role in mediating type I hypersensi-
tivity responses. In addition, since Oettgen et al. (1994)

Fig. 3. Photograph of lysozyme (LYZ) positive staining in the liver
of resting A and exercised B sensitized mice (·100). The hepatic
sinusoid was stained using anti-LYZ antibody in the LYZ-
sensitized mice following acute exercise

Fig. 4. Mean (SEM) effect of acute exercise on the lysozyme
immunohistochemical score in the liver of the sensitized and
unsensitized mice after oral ingestion. R Rest, Ex exercise.
**P<0.01

361



reported that non-IgE immunoglobulins mediate anti-
gen-specific systemic anaphylactic reactions in IgE-
deficient mice, IgG1 could also mediate immediate
hypersensitivity reactions in mice. In our study, LYZ-
injected mice showed an increase in the LYZ-specific
IgG value in serum. However, the relationship between
FDEIAn symptoms and IgG remains unclear.

A second finding was that acute exercise in the LYZ-
sensitized B10.A mice accelerated gastrointestinal ero-
sion. It is generally accepted that strenuous exercise
induces a great reduction in mesenteric blood flow
(Bortoff 1988; Musch et al. 1987). Furthermore, intes-
tinal ischaemia has been found to be associated
with bacterial translocation and increased endotoxin

absorption from the gastrointestinal tract (Tokyay et al.
1993). These reports suggest that dysfunction of the in-
testinal mucosal barrier occurs due to mesenteric ischa-
emia caused by the reduction of mesenteric blood flow
during exercise. In fact, other authors have reported that
exercise has induced gastrointestinal bleeding and mu-
cosal lesions in humans (see review Moses 1993) and we
have seen these in rats (Yano et al. 1999). Ahonen et al.
(1972) observed ischaemic small intestinal injury after
30 min of occlusion in the dog. Another factor that has
been speculated upon is exercise-induced mechanical
jarring of the intestine (Brouns 1991). In a recent study,
the platelet-activating factor associated with inflamma-
tory cytokines seemed to play a role in the production of
intestinal necrosis in rat anaphylaxis (Pellon et al. 1994).
Although, in this study, we could not clarify the mech-
anism of small intestine mucosal lesions induced by
acute exercise, it is evident that mucosal lesions were
induced by acute exercise. Accordingly, strenuous exer-
cise markedly accelerated intestinal damage in the sen-
sitized mice after allergen ingestion. It seems that these
mucosal lesions of the small intestine relate to the cause
of gastrointestinal leakage of LYZ as an antigen,

Fig. 5 A–D. Histologic alterations in damage to the villi in the
small intestine in lysozyme (LYZ)-sensitized mice after acute
exercise. Photographs show a surface scan (upper, ·40) and
haematoxylin and eosin staining (lower, ·100) in the jejunum. A
and C show the resting unsensitized mice and B and D show the
exercised sensitized mice. The mucosal lesion (surrounded by
arrows) was observed in a LYZ-sensitized mouse following acute
exercise. Denuded villi, suggesting severe damage to the small
intestine, can be observed in D
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because alterations caused by damage to the intestinal
wall could allow the escape of LYZ from the gastroin-
testinal tract into the portal circulation, leading to
greater exposure to Kupffer cells.

Furthermore, in this experiment, we also observed
slight damage to the villi of the small intestine of the
sensitized mice that were not exercised. The histologic
appearance was essentially the same as that described in
intestinal anaphylaxis in rats (Levine and Saltzman
1998) and mice (Li et al. 1999). Li et al. (1999) reported
intestinal permeability after intragastric allergen chal-
lenge in sensitized mice.

Although various foods have been reported in asso-
ciation with FDEIAn, little has been published on al-
lergen models and animal strains. In LYZ-sensitized
B10.A mice, however, antigen-specific IgE antibody
showed a tenfold increase following LYZ-sensitization
without some adjuvant, suggesting a useful model of
type I hypersensitivity. The specific IgE level was very
high compared with that in previous food allergy, that is
cows milk with the adjuvant of cholera toxin, in the C3H
mouse model (Li et al. 1999).

In conclusion, with LYZ as the allergen, leakage from
gastrointestinal tract into the circulation was strongly
induced by acute exercise in LYZ-sensitized mice. This
finding suggests that the mechanisms of FDEIAn might
be related to the gastrointestinal leakage of allergen
caused by exercise-induced gastrointestinal mucosal le-
sions.
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