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To determine whether a-linked galacto-oligosaccha-
ride (a-GOS) prevents allergic peritonitis, BALB/c mice
were fed a synthetic diet with and without «-GOS
supplementation for 7d, and were then subcutaneously
immunized with ovalbumin on days 0 and 7. The mice
were challenged by intraperitoneal injection with oval-
bumin on day 14, followed by peritoneal lavage on day
15. The total number of peritoneal exudate cells was
significantly lower in the mice fed the ¢-GOS diet than
in those fed the control diet. Peritoneal lavage fluid from
mice fed the ¢-GOS diet not only had less potency to
attract peripheral blood leukocytes and peritoneal
exudate cells ex vivo, but also had lower concentrations
of monocyte chemoattractant protein-1 (MCP-1) and
eotaxin. Preincubation of the cells with a-GOS failed
to affect the migration to peritoneal lavage fluid. We
propose that dietary a-GOS reduces cell infiltration in
allergic peritonitis by reducing antigen-induced elicita-
tion of MCP-1 and eotaxin in mice.
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Indigestible oligosaccharides are representative pre-
biotics. They are defined as non-digestible food ingre-
dients that beneficially affect the host by selectively
stimulating the growth and/or activity of one of a
limited number of bacteria in the colon and thus improve

host health.” Because commensal bacteria in the
intestinal tract play a major role in the maturation of
the immune system and in the maintenance of the
homeostasis of the gut-associated immune system,>™
strategies to manipulate the microbiota are considered
to promote immune health. Indeed, administration of
Lactobacillus and Bifidobacterium species prevents and
treats rotavirus infections and postantibiotic diarrhea,>®
allergic diseases,” and the recurrence of inflammatory
bowel disease.!®!") Therefore, consumption of indiges-
tible oligosaccharides should theoretically prevent such
diseases, but only a limited number of studies have
reported the effect of indigestible oligosaccharides on
allergic reactions.

a-Linked galacto-oligosaccharide (w-GOS) was syn-
thesized enzymatically from galactose by «-galactosi-
dase from Aspergillus niger APC-9319, with a shift of
the reaction equibrium from hydrolysis towards syn-
thesis by increasing the substrate concentration.'” «-
GOS contains 58% disaccharide, 28% trisaccharide, and
14% oligosaccharides larger than trisaccharides.'? We
have reported that ¢-GOS was not hydrolyzed by human
salivary amylase, porcine pancreatic amylase, or glyco-
sidases in rat intestinal brush border membrane, and that
a-GOS was utilized by Bifidobacterium bifidum and
Clostridium butyricum.'® Hence a-GOS was considered
to be a prebiotic indigestible oligosaccharide.

We have found that consumption of o-GOS and of
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raffinose (B-D-fructofuranosyl-O-a-D-galactopyranosyl-
(1,6)-a-D-glucopyranoside) reduced airway eosinophilia
and Th2 cytokines in an ovalbumin (OVA)-induced
allergic asthma model of the Brown Norway rat.!3!¥
More recently, Fujitani et al. showed that dietary fructo-
oligosaccharide (FOS) reduced infiltration of inflamma-
tory cells and edema formation in duodenal mucosa
using an OVA-induced food allergy model of NC/jic
mice.'> Vos et al. reported that consumption of a
mixture of long-chain FOS and short-chain GOS sup-
pressed airway hyperresponsiveness and infiltration of
inflammatory cells in an OV A-induced allergic asthma
model of BALB/c mice.'® In addition, we have reported
that dietary FOS reduced 2,4-dinitrofluorobenzene-
induced contact hypersensitivity in BALB/c mice,'”
but the mechanisms of the anti-allergic effect of dietary
indigestible oligosaccharides are not fully understood.

Infiltration of different leukocytes into the site of
inflammation is the central feature observed in various
allergic diseases.'® Because indigestible oligosaccha-
rides reportedly reduced the infiltration of inflammatory
cells in animal models,'3'® investigation of leukocyte
mobilization might help in the effort to understand
the mechanisms of the anti-allergic effect of dietary
indigestible oligosaccharides. The allergic peritonitis
model in mice is an easy and reliable tool for the study
of inflammatory cell migration.!>?® The present study
therefore aimed to investigate the effects of «-GOS
on OVA-induced allergic peritonitis in vivo and on cell
migration ex vivo. Experiment 1 was designed to test
whether dietary «-GOS would prevent peritoneal infil-
tration of inflammatory cells in vivo and the migration of
peritoneal exudate cells (PECs) against peritoneal
lavage fluid (PLF) ex vivo. Because chemokines play
important roles in the recruitment of leukocytes from
the blood to inflammatory tissues,2)) we measured the
concentration of chemokines in PLF in experiment 2. In
addition, the migration of peripheral blood leukocytes
(PBLs) against PLF was investigated ex vivo. Then,
experiment 3 was performed to determine whether a-
GOS would directly influence cell migration in vitro,
because our previous observations suggest that a post-
absorptive mechanism is involved in the reducing effect
of dietary «-GOS on cell infiltration in allergic airway
inflammation in Brown Norway rats.!®

Materials and Methods

Animals and diets. Female BALB/c mice (aged 4
weeks) were purchased from Japan SLC (Hamamatsu,
Japan) and housed in standard plastic cages in a
temperature-controlled (23 +2°C) room with a dark
period from 20:00 to 8:00h. They were allowed free
access to food and water. The mice were fed either a
synthetic diet prepared according to AIN-93G?? or that
diet supplemented with a-GOS synthesized following
Yamashita et al.>® These diets were referred to as CON
and GOS respectively. The GOS diet was prepared by

adding 50 g of «-GOS to each kilogram of the CON diet
by substituting a-GOS for «-corn starch.

This study was approved by the Hokkaido University
Animal Use Committee, and the mice were maintained
in accordance with the Hokkaido University guidelines
for the care and use of laboratory animals.

Experimental design. In experiment 1, after 7d of
consuming the CON diet, 24 mice were actively
immunized twice (on day O and day 7) with OVA, as
described below. After the primary immunization, the
mice were divided into four groups of six animals. The
mice in groups 1 and 2 were fed the CON diet, whereas
the mice in group 3 were fed the GOS diet for 14 d. The
mice in group 4 were fed the GOS diet for 1d following
13d of initial feeding on the CON diet. On day 14,
the mice in groups 2, 3, and 4 were intraperitoneally
(i.p.) administered OVA to induce allergic peritonitis,
as described below. The mice in group 1 were i.p.
administered the vehicle. On day 15, the mice were
euthanized by decapitation under anesthesia with diethyl
ether, and enumeration of PEC in PLF and chemotaxis
assay for PEC against the cell-free supernatants (SUP)
of PLF were performed as described below.

In experiment 2, after 7 d of consuming the CON diet,
24 mice were actively immunized twice (on day 0 and
day 7) with OVA, as described below. After the primary
immunization, the mice were divided into two groups
of 12 animals and fed either the CON or the GOS diet
for 14d. On day 14, the mice in each diet group were
then subdivided into two groups of six animals; one
group was left untreated and the other group was i.p.
challenged with OVA, as described below. One day
later, all the mice were euthanized by decapitation under
anesthesia with diethyl ether, and blood samples were
collected from the untreated mice while SUPs were
prepared from the PLF of the OVA-challenged mice,
as described below. PBLs were isolated from blood
samples from the untreated mice, and the chemotaxis
of PBLs toward SUP was assayed as described below.
The concentration of chemokines in SUP of OVA-
challenged mice was measured as described below.

In experiment 3, after 7 d of consuming the CON diet,
12 mice were actively immunized twice (on day 0 and
day 7) with OVA and fed the CON diet for 14d after
the primary immunization. On day 14, the mice were
divided into two groups (six animals per group) of
untreated and OV A-challenged mice. Immunization and
i.p. challenge with OVA were performed as described
below. On the next day, PBLs obtained from untreated
mice and PECs and SUPs isolated from OVA-chal-
lenged mice were subjected to chemotaxis assay, as
described below.

Immunization and intraperitoneal challenge with
OVA. The mice were actively immunized with two
subcutaneous injections of 100pg of OVA (grade V,
Sigma, St. Louis, MO) suspended in 0.4ml of Imject
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Alum (Pierce, Rockford, IL) on days 0 and 7. One week
after the secondary immunization, the mice were i.p.
injected with 0.4 ml of phosphate-buffered saline (PBS)
containing 10 ug of OVA. The vehicle-challenged mice
were i.p. injected with the same volume of PBS.

Peritoneal lavage and cell count. At 24h after i.p.
antigen challenge, the animals were euthanized by
decapitation under anesthesia with diethyl ether. Ab-
dominal skin below the sternum was nicked, and
peritoneal lavage was performed by i.p. injection of
7ml of the complete medium, RPMI-1640 medium
(Gibco-BRL, Tokyo) supplemented with 10% fetal calf
serum, using a 23 G needle. The abdominal wall was
then gently massaged 10 times, and PLF was harvested
with a syringe. Approximately 90% of the injected
volume was recovered. Samples were discarded when
hemorrhages were detected in the cavity. PECs were
recovered from PLF by centrifugation (1,000 rpm,
5min), and SUPs were transferred to another tube. The
PECs were resuspended in 1ml of erythrocyte-lysis
buffer (0.15M NH4Cl, 10mm Tris—HCI, pH 7.4) and
incubated on ice for Smin. After centrifugation
(1,000 rpm, 5 min), the PECs were washed twice with
the complete medium and then resuspended in the
medium. The PECs were counted using a Z1 particle
counter (Beckman Coulter, Fullerton, CA). The PECs
and SUPs were maintained on ice for subsequent
chemotaxis experiments.

Isolation of peripheral blood leukocytes. PBLs were
isolated from whole blood according to a procedure
described elsewhere,”*?> with a slight modification. In
brief, approximately 1 ml of blood sample from each
mouse was collected in a heparin—containing (20 units)
tube, and diluted 1:3 with erythrocyte-lysis buffer. The
tube was inverted for thorough mixing and incubated for
5 min at room temperature, during which the time it was
inverted at least once. After centrifugation (700 x g,
5 min), the supernatant was decanted, leaving behind the
cell pellet. The cells were again treated with 1 ml of
erythrocyte-lysis buffer, and this step was repeated at
least once to clear all contaminated erythrocytes. PBLs
were suspended in the complete medium, counted and
stored on ice for later chemotaxis assay.

Chemotaxis assay. In experiments 1 and 2, migration
of PECs and PBLs toward SUPs was assayed using
Chemotaxicells (5 um pore size, Kurabo, Osaka) and 24-
well culture plates (Corning Costar, Cambridge, MA).
The cells (5 x 10° for PEC or 10° for PBL) suspended
in 100ul of the complete medium were added into
Chemotaxicells, the upper compartment. The tested
SUPs and the complete medium as a control (600 pl)
were added to the wells of the culture plate, the lower
compartment. After 1h of incubation at 37°C in an
atmosphere of 95% air and 5% CO,, the fluid in the
lower compartment was gently agitated to displace any

adherent cells, and transferred to a FACS tube. The cell
suspension was mixed with 15yl (equivalent to 15,000
beads) of Flow-Check™ fluorospheres (10 um diameter,
Beckman Coulter, Fullerton, CA), and then analyzed on
a flow cytometer (Beckman Coulter). Flow cytometric
analysis was performed by gating the leukocyte and
fluorosphere populations based on differences in relative
size (forward scatter) and granularity (side scatter).
The total number of migrating cells was calculated by
the following equation:

Migrating cell count
= Total number of cells counted
x 15,000/ Total number of fluorospheres counted

In experiment 3, PECs and PBLs were incubated
in the complete medium supplemented with different
concentrations of «-GOS (0, 1, and 10mg/ml) for
30min at 37°C in an atmosphere of 95% air and 5%
CO, prior to chemotaxis assay.

ELISA for chemokines. Monocyte chemoattractant
protein-1 (MCP-1) and eotaxin concentrations in the
SUPs were determined with commercial ELISA kits
according to the manufacturers’ instructions (Bender
MedSystems, Vienna, Austria, and R & D systems,
Minneapolis, MN for MCP-1 and eotaxin respectively).

Statistics. Statistical analyses were performed using
GraphPad prism version 4.03 for Windows (GraphPad
Software, San Diego, CA). Results were expressed as
means and the standard errors of the mean. The unpaired
t-test or Tukey’s honestly significantly difference test
following one-way analysis of variance was used to
compare mean values. P values less than 0.05 were
considered significant.

Results

In the OVA-immunized mice, i.p. injection of OVA
induced peritonitis, as indicated by marked increases in
the numbers of PECs in comparison with the vehicle-
injected mice (Fig. 1). In addition, our preliminary
experiment showed that the number of PECs following
i.p. injection of OVA was significantly higher in the
OVA-immunized mice than in naive mice (data not
shown). The observed increase in PECs thus appears to
have been mediated by an antigen-specific reaction. The
number of PECs was significantly lower in the mice fed
the GOS diet for 14d than in the mice fed the CON
diet for 14 d (Fig. 1). One-day feeding on the GOS diet
failed to reduce the number of PECs.

The SUPs obtained from OVA-challenged mice
caused the migration of PECs in a concentration-
dependent manner (Fig. 2). The SUPs obtained from
the vehicle-challenged mice showed a lower ability to
cause the migration of PECs. SUPs from OVA-chal-
lenged mice fed the GOS diet yielded significantly a
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Fig. 1. Effect of Dietary o-Linked Galacto-Oligosaccharide (¢-GOS)
on Cell Infiltration in an Allergic Peritonitis Model of BALB/c Mice
(experiment 1).

All the mice were immunized subcutaneously with ovalbumin
(OVA) on days 0 and 7. Thereafter, the mice were intraperitoneally
injected with either OVA or the vehicle on day 14. On day 15, all the
mice were euthanized, and the number of peritoneal exudate cells
recovered from peritoneal lavage fluid was counted. The mice were
given a 14-d feeding of the synthetic diet as a control diet (CON),
the diet supplemented with o-GOS (GOS), or a 1-d feeding of the
GOS diet. Mean values are shown for six mice from each group. The
standard errors of the mean are represented by vertical bars. Data not
sharing a common letter are significantly different at P < 0.05.

lower migration response of PECs than SUPs from the
mice fed the CON diet (Fig. 2). This was evident in
PECs from the mice fed both the GOS and the CON diet.
The migration response of PECs from the mice fed the
GOS diet did not differ from that of the mice fed the
CON diet.

Likewise, the SUPs obtained from OVA-challenged
mice mobilized PBLs in a concentration-dependent
manner (Fig. 3). The SUPs obtained from the vehicle-
challenged mice showed lower ability to cause migra-
tion of PBLs. The migration of PBLs was lower in
response to SUPs from mice fed the GOS diet than from
those fed the CON diet, although a significant difference
was seen in the PBLs from mice fed the CON diet but
not the GOS diet (Fig. 3).

Figure 4 shows the chemoattractant concentrations in
the SUPs of the OVA-challenged mice. The MCP-1
concentrations in the SUPs were significantly lower in
the mice fed the GOS diet than in those fed the CON
diet. Similarly, the eotaxin concentrations in the SUPs
tended to be lower in the mice fed the GOS diet than in
those fed the CON diet.

Incubation of PECs isolated from OVA-challenged
mice fed the CON diet with «-GOS prior to chemotaxis
assay failed to affect cell migration (Fig. 4). Similarly,
preincubation with a-GOS failed to affect the migration
of PBLs isolated from the vehicle-challenged mice fed
the CON diet (Fig. 4).

Discussion

This study revealed infiltration of peritoneal cells
at 24h after i.p. antigen-challenge in BALB/c mice
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Fig. 2. Effect of Dietary a-Linked Galacto-Oligosaccharide («-GOS)
on the Migration of Peritoneal Exudate Cells (PECs) ex Vivo
(experiment 1).

A, migration of PEC from ovalbumin (OVA)-challenged mice
toward various concentrations of cell-free supernatant (SUP) of
peritoneal lavage fluid is shown. Filled and open circles indicate the
numbers of cells migrating toward SUP from the OVA- and vehicle-
challenged mice respectively. B, migration of PECs from OVA-
challenged mice fed the synthetic diet as a control diet (CON-PEC)
and the diet supplemented with ¢-GOS (GOS-PEC) toward SUP is
shown. Filled, open, and gray columns indicate the numbers of cells
migrating toward the medium, SUP from OVA-challenged mice fed
the CON diet and the GOS diet respectively. Mean values are shown
for five determinations, and the standard errors of the mean are
represented by vertical bars. Data not sharing a common letter are
significantly different at P < 0.05.

immunized with OVA. Differential cell staining of
cytospin preparations showed that the predominant
cell populations in the peritoneal exudates were macro-
phages and eosinophils (data not shown). Eosinophilia
in allergic peritonitis is well established in actively
immunized mice.'?” The usefulness of this model
depends on the possibility of precise quantification of
inflammation-related leukocytes and chemoattractants
(e.g., chemokines and cytokines) in peritoneal exu-
dates.?®

The present data clearly indicate that dietary «-GOS
reduced antigen-induced infiltration of inflammatory
cells in allergic peritonitis in mice. This finding is
in keeping with our previous observation that dietary
a-GOS prevented cell infiltration in an allergic airway
inflammation model of Brown Norway rats.'® Our
preliminary experiments showed that dietary «-GOS
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Fig. 3. Effect of Dietary o-Linked Galacto-Oligosaccharide (¢-GOS)
on the Migration of Peripheral Blood Leukocytes (PBLs) ex Vivo
(experiment 2).

A, migration of PBL from unchallenged mice toward various
concentrations of cell-free supernatant (SUP) of peritoneal lavage
fluid is shown. Filled and open circles indicate the numbers of cells
migrating toward SUP from the OVA- and vehicle-challenged mice
respectively. B, migration of PBLs from OV A-challenged mice fed
the synthetic diet as a control diet (CON-PBL) and the diet
supplemented with «-GOS (GOS-PBL) toward SUP is shown.
Filled, open, and gray columns indicate the numbers of cells
migrating toward the medium, SUP from OV A-challenged mice fed
the CON diet and GOS diet respectively. Mean values are shown for
five determinations, and the standard errors of the mean are
represented by vertical bars. Data not sharing a common letter are
significantly different at P < 0.05.

failed to affect cell infiltration in thioglycolate-induced
peritonitis, a well-known acute inflammation model, in
BALB/c mice (unpublished data). Hence it appears
that dietary «-GOS has an anti-allergic action rather
than an anti-inflammatory action.

Chemokines produced in the local microenvironment
are factors capable of attracting circulating leukocytes to
inflammatory loci.?" In the present study, chemotaxis
experiments showed that SUPs obtained from antigen-
challenged mice stimulated the migration of PECs ex
vivo, suggesting that peritoneal exudates in antigen-
challenged mice contain soluble chemoattractans such
as chemokines. When compared to SUPs obtained from
mice fed the CON diet, the SUPs from mice fed the GOS
diet had less ability to cause mobility of PECs. Perhaps
the concentration of chemoattractants in SUPs was
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Fig. 4. Effect of Dietary w-Linked Galacto-Oligosaccharide («-GOS)
on the Concentration of Chemokines in Cell-Free Supernatant (SUP)
of Peritoneal Lavage Fluid in an Allergic Peritonitis Model of
BALB/c Mice (experiment 2).

The concentrations of monocyte chemoattractant protein-1
(MCP-1) and eotaxin in SUP are shown in charts A and B
respectively. Open and gray columns indicate mice fed the CON
diet and the GOS diet respectively. Mean values are shown for six
mice from each group, and the standard errors of the mean are
represented by vertical bars. *P < 0.05 vs. the CON diet.

lower in the mice fed the GOS diet than in those fed the
CON diet. Indeed, concentrations of MCP-1 and eotaxin
(chemoattractants for monocytes and eosinophils re-
spectively) in SUPs were lower in the mice fed the
GOS diet than those fed the CON diet, suggesting
that dietary o-GOS reduced antigen-induced elicitation
of these chemokines. Hence the reduced infiltration of
PECs, mainly macrophages and eosinophils, in the
mice fed the GOS diet might have been associated
with reduced elicitation of MCP-1 and eotaxin.

In addition to their role in cell migration, chemokines
stimulate degranulation and promote inflammatory
mediator release in leukocytes.”” Hence already mi-
grated PECs in the peritoneal cavity are activated and
thus show a different migrating response than circulating
leukocytes. Hence we tested the migration of PBLs,
nonstimulated circulating leukocytes, isolated from
immunized mice. Similarly to PECs, the migration of
PBLs was lower toward SUPs from mice fed the GOS
diet. These data suggest that dietary «-GOS reduces
the antigen-induced elicitation of chemoattractants in
the peritoneal cavity and does not alter the responsive-
ness of migrating cells. In addition, 1-d feeding with
a-GOS showed no reduction in the infiltration of PECs
in antigen-challenged mice. Hence chronic feeding
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Fig. 5. Effect of in Vitro Treatment with «-Linked Galacto-Oligosac-
charide (a-GOS) on Leukocyte Migration (experiment 3).

BALB/c mice were fed the synthetic diet and subcutaneously
immunized with ovalbumin (OVA) on days 0 and 7. On day 14, the
mice were divided into two groups (six animals per group) of
untreated and OV A-challenged mice. On the next day, all the mice
were euthanized, and peripheral blood leukocytes (PBLs) were
isolated from blood samples of untreated mice, while cell-free
supernatants (SUP) were prepared from the peritoneal lavage fluid of
OVA-challenged mice. PECs (A) and PBLs (B) were incubated with
various concentrations of «-GOS (0, 1, and 10 mg/ml) for 30 min,
and then subjected to chemotaxis assay. Mean values are shown
for five determinations, and the standard errors of the mean are
represented by vertical bars. Data not sharing a common letter are
significantly different at P < 0.05.

with «-GOS may be required to alter responsiveness in
eliciting chemoattractants.

Because o-GOS is not hydrolyzed by human salivary
amylase, porcine pancreatic amylase, or glycosidases in
the rat intestinal brush border membrane,'? it is possible
to claim that the effect of dietary o-GOS on the
infiltration of PECs is mediated by modification of
intestinal microbiota. However, our previous study
showed that reduction of cell infiltration by dietary o-
GOS in allergic airway inflammation in Brown Norway
rats was still observed in cecectomized and neomycin-
administered animals, and that i.p. administered ¢-GOS
also reduced cell infiltration.'¥ These observations
suggest that a post-absorptive mechanism, rather than
prebiotic action, is involved in the reducing effect of
dietary a-GOS on cell infiltration in allergic airway

inflammation. Hence we speculate that the responsive-
ness of migrating cells to chemoattractants in inflam-
matory loci is directly influenced by «-GOS absorbed
intact in the intestine. In the present study, however,
incubation of PECs and PBLs with «-GOS prior to
chemotaxis experiments failed to affect cell migration
toward antigen-challenged SUPs. It is thus likely that
reduction of peritoneal cell infiltration by dietary ¢-GOS
is not mediated by the direct action of «-GOS on
migrating cells. One possible explanation is that ¢-GOS
directly influence the production and/or elicitation of
chemoattractants in the inflammatory loci. Additionally,
it remains to be determined whether modification of
intestinal microbiota is involved in the suppression of
allergic peritonitis by dietary «-GOS.

In conclusion, dietary a-GOS reduced cell infiltration
in allergic peritonitis in BALB/c mice. This action
might be associated with a reduction in antigen-induced
elicitation of chemoattractants, including MCP-1 and
eotaxin, in the peritoneal cavity rather than with the
modification of the responsiveness of migrating cells.

The present study thus provides additional informa-
tion as to the anti-allergic effect of dietary indigestible
oligosaccharides. Moro et al. reported that a mixture of
long-chain FOS and short-chain GOS reduced the
incidence of atopic dermatitis in formula-fed high-risk
infants,?® which was the first well-controlled clinical
trial showing allergy prevention by indigestible oligo-
saccharides. However, Osborne and Sinn mentioned in
a recent review that there is insufficient evidence to
determine the role of prebiotic supplementation of infant
formula in the prevention of allergic disease and food
hypersensitivity.?” Further study is needed to determine
whether indigestible oligosaccharides are beneficial in
the prevention of allergic diseases.
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