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Summary

Clinical studies using omega-3 polyunsaturated fatty acids (w3-PUFA) to
Crohn’s disease (CD) are conflicting. Beneficial effects of dietary w3-PUFA
intake in various experimental inflammatory bowel disease (IBD) models
have been reported. However, animal models of large intestinal inflammation
have been used in all previous studies, and the effect of w3 fat in an animal
model of small intestinal inflammation has not been reported. We hypoth-
esized that the effects of w3 fat are different between large and small intestine.
The aim of this study was to determine whether the direct effect of w3 fat is
beneficial for small intestinal inflammation. Senescence accelerated mice
(SAM)P1/Yit mice showed remarkable inflammation of the terminal ileum
spontaneously. The numbers of F4/80-positive monocyte–macrophage cells
as well as b7-integrin-positive lymphocytes in the intestinal mucosa were
increased significantly compared with those in the control mice (AKR-J mice).
The area of mucosal addressin cell adhesion molecule-1 (MAdCAM-1)-
positive vessels was also increased. The degree of expression levels of mono-
cyte chemoattractant protein-1 (MCP-1), interleukin (IL)-6 and interferon
(IFN)-g mRNA were increased significantly compared with those in the
control mice. The feeding of two different kinds of w3 fat (fish-oil-rich and
perilla-oil-rich diets) for 16 weeks to SAMP1/Yit mice ameliorated inflamma-
tion of the terminal ileum significantly. In both the w3-fat-rich diet groups,
enhanced infiltration of F4/80-positive monocytes/macrophages in intestinal
mucosa of SAMP1/Yit mice cells and the increased levels of MCP-1, IL-6 and
IFN-g mRNA expression were ameliorated significantly compared with those
in the control diet group. The results suggest that w3 fat is beneficial for small
intestinal inflammation by inhibition of monocyte recruitment to inflamed
intestinal mucosa.
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Introduction

Crohn’s disease (CD) is a chronic inflammatory bowel
disease (IBD) of unknown aetiology[1]. CD can occur in any
part of the gastrointestinal tract, but occurs frequently in the
small intestine [2]. Although genetic, immunological and
environmental factors have been proposed, the mechanism
remains unclear [1,3–5].

The incidence of CD has been shown to be related to
dietary intake of total fat, suggesting that CD is a lifestyle-
related disease [6]. Many studies have been carried out to
determine whether dietary fat intake modulates intestinal
inflammation [6–13]. There is also considerable evidence

implicating dietary fat as a modulator of different immune
functions [14–16]. We have reported previously that fatty
acid modulates cytokine production from intestinal epithe-
lial cells, intraepithelial lymphocytes and dendritic cells
[14,15]. In addition, we have reported the effect of fatty acid
on the migration of T lymphocytes to Peyer’s patches [16].
Two factors determine the role of lipid nutrition in health
and disease: (i) the composition and (ii) the total amount of
fat in the diet. A high fat intake has been reported to be
associated with an increased risk of CD. Several epidemio-
logical studies in Inuit people have revealed a low incidence
of IBD compared with that in western populations, indicat-
ing that dietary intake of w3 polyunsaturated fatty acids
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(w3-PUFA) [17] has a protective role. It has also been
reported that patients with IBD had lower plasma levels of
w3-PUFA [18]. In addition, beneficial effects of w3-PUFA
have been shown in different experimental models of intes-
tinal inflammation induced by trinitrobenzene sulphonic
acid (TNBS), dextran sulphate sodium (DSS) and acetic acid
[19–21]. However, results of clinical studies using w3-PUFA
are conflicting [7,8]. We hypothesized that fat has a greater
effect on CD in the small intestine than on CD in the large
intestine, because the small intestinal mucosa is exposed to a
much higher concentration of fat. However, in most studies,
the effect of w3-PUFA has been investigated using colitis
models as intestinal inflammation models. Therefore, it is
necessary to investigate the effect of w3-PUFA using small
intestinal inflammation.

Until recently, progress in understanding the pathogenesis
of CD had been hindered seriously by a lack of animal
models that closely resemble human disease. With the advent
of new technologies, several animal models of IBD have been
established recently [22–24]. In most cases, the large bowel
rather than the small intestine is affected, and IBD models
are generated artificially by immunological, genetic or
chemical manipulation. Although these models have pro-
vided useful information on the basic mechanisms of
intestinal inflammation, intestinal inflammation does not
develop spontaneously and lacks many of the important
characteristics of CD. Therefore, these models may have
limited value for investigating the precise aetiopathogenesis
of human CD [25]. Senescence-accelerated mice (SAM)
were derived from AKR/J mice established by Takeda et al.
[26]. The SAMP1/Yit mouse strain, a subline of the SAMP1
strain, develops chronic ileitis spontaneously, with virtually
100% penetrance after 30 weeks of age under specific
pathogen-free conditions [25,27,28]. In this model, sponta-
neous and chronic ileitis that closely resembles human CD
develops in the absence of chemical, immunological or
genetic manipulation [27]. We have reported previously that
the blockade of mucosal addressin cell adhesion molecule-1
(MAdCAM-1) or P-selectin glycoprotein ligand-1 (PSGL-1)
attenuates T lymphocyte or monocyte recruitment in the
intestinal mucosa and ameliorates ileitis in this model
[29,30].

In this study, we first investigated whether the direct effect
of w3-PUFA is beneficial for intestinal inflammation using
the SAMP1/Yit ileitis model.

Materials and methods

Animals

Male SAMP1/Yit mice were kindly donated by the Yakult
Central Institute for Microbiological Research (Tokyo,
Japan) and were maintained in an animal colony at the
National Defense Medical College (NDMC; Saitama, Japan).
AKR-J mice (Japan Clea Co., Tokyo, Japan), from which

SAMP1/Yit mice were derived and did not have ileitis, were
purchased and maintained in an animal colony at NDMC.
SAMP1/Yit mice and AKR-J mice (as control mice) were
used for this study. The mice were maintained on a diet of
standard laboratory chow (Oriental Yeast Manfacturing Ltd,
Tokyo, Japan) in specific pathogen-free conditions. Mice
were housed four to five per cage, allowed free access to food
and tap water and were maintained according to the guide-
lines for laboratory animals at NDMC. Body weight of the
mice was measured every 4 weeks from 14 to 30 weeks of age.
There was no significant difference in diet consumption
among all groups. This study protocol was approved by
Animal Ethical Committee of NDMC (No. 05093).

Omega-3 fat feeding protocol

We fed SAMP1/Yit mice with w3 fat for 16 weeks. Fat
feeding treatment was performed from 14 weeks (when
ileitis began to occur) to 30 weeks (when ileitis was com-
pletely established). Each high fat-containing diet consisted
of fat-free AIN76 (Japan Clea Co.) diet and two kinds of 8%
w/w w3-PUFA. We chose fish oil (containing 25–30% eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA);
Sigma, St Louis, MO, USA) or perilla oil (containing 55–60%
a-linolenic acid; Ota Yushi, Aichi, Japan) as w3-PUFA. Stan-
dard chow diet, CE-2 (Japan Clea Co.) was used as control.
The diets were stored at 4°C room temperature to prevent
fatty acid oxidation.

Assessment of ileitis

The terminal ileum was removed under pentobarbital
anaesthesia. After mechanical cleaning, the weight of the
terminal 7 cm section of the ileum was determined. The
ileum was cut in half longitudinally and one of the segments
was fixed in 10% buffered formalin. Tissues were embedded
in paraffin, cut into 4 mm longitudinal sections and stained
with haematoxylin and eosin (H&E).

One parameter for intestinal inflammation was quantified
as the weight of terminal ileum per cm. Another parameters
were quantified as thickness of ileum and propria muscularis
using Image J software (National Institute of Health,
Bethesda, MD, USA).

Immunohistochemistry

Another section of the removed intestine was fixed for 12 h
at 4°C in periodate–lysine–paraformaldehyde (PLP). Sub-
sequently these specimens were washed with phosphate-
buffered saline (PBS) and dehydrated for 12 h with PBS
containing 10, 15 and 20% sucrose. After fixation, they were
embedded in optical cutting temperature compound
(Tissue-Tek, Miles Inc., Pittsburgh, PA, USA), frozen in
liquid nitrogen and stored at -70°C. Cryostat sections of
frozen tissue were cut at 7 mm. Immunohistochemistry was
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performed using the labelled streptavidin–biotin technique
(LSAB). Primary antibodies used in immunostaining were
monoclonal antibodies that react to b7-integrin [rat immu-
noglobulin (Ig)G2a; PharMingen, San Diego, CA, USA],
CD4 (rat IgG2a; PharMingen), F4/80 (rat IgG; Cosmo
Bio. Co. Ltd, Tokyo, Japan) and MAdCAM-1 (rat IgG2a;
PharMingen). The tissue sections were incubated with
adequately diluted primary antibodies overnight at 4°C and
treated with subclass- and host-matched biotinylated anti-
bodies for 1 h at room temperature. They were visualized
by streptavidin–fluorescein isothiocyanate (FITC). Rinsing
with PBS containing 1% bovine serum albumin was per-
formed for each group. A coverslip was applied using gly-
cerol jelly. These sections were observed under a fluorescent
microscope (Carl Zeiss Inc., Overkohen, Germany).

The MAdCAM-1-positive vessels in lamina propria were
quantified as an area of positively stained vessels per mm
muscularis mucosa using Image J software. The infiltrated
cells were expressed as the number of b7-integrin, CD4 and
F4/80-positive cells per mm muscularis mucosa in the same
manner.

Quanitative reverse transcription polymerase chain
reaction (RT-PCR)

The intestinal mucosa was removed after mice were killed.
Total messenger RNA (mRNA) was extracted by using the
RNeasy Mini isolation kit (Qiagen, CA, USA). TaqMan
RT-PCR was performed in duplicate for each sample using
the ABI PRISM 7000 Sequence Detector (Applied Biosys-
tems, CA, USA). Primer and probes used in this study were
purchased from Applied Biosystems, as follows: monocyte
chemoattractant protein-1 (MCP-1; Mm00441242), inter-
leukin (IL)-6 (Mm00446190) and interferon gamma (IFN-g;
Mm00801778).

Statistical analysis

Data are expressed as mean � standard error. Differences
between groups were examined for statistical significance
using one-way factorial analysis of variance (anova) and
Fisher’s protected least-significant difference test. P values of
0·05 or less were considered to be statistically significant.
Statistical analyses were performed using the Statcel2 soft-
ware (Addinsoft, OMS, Tokyo, Japan).

Results

Effect of w3-PUFA on ileal inflammation

Figure 1 shows the time-course body weight change.
SAMP1/Yit mice fed the control diet had lost their body
weight from 22 weeks and continued to decrease as ileitis
advanced. However, both SAMP1/Yit mice fed the fish-oil-
rich diet and SAMP1/Yit mice fed the perilla-oil-rich diet

had gained body weight during this study. The body weight
of both groups was significantly higher than SAMP1/Yit
mice fed the control diet. Figure 2a–d shows representative
H&E sections in all groups. A remarkable increase in villous
height, extension of submucosa and increase in thickness of
the muscular layer were observed in SAMP1/Yit mice fed the
control diet compared with those in the control AKR-J
group. These features of ileitis were ameliorated in SAMP1/
Yit mice fed the fish-oil-rich or perilla-oil-rich diet.
Figure 2e–g shows weight, total thickness and muscular
thickness of the ileum. The weight of the ileum in the
SAMP1/Yit mice fed the control diet was increased signifi-
cantly compared with that in the control AKR-J group.
Feeding fish-oil-rich or perilla-oil-rich diet to the SAMP1/
Yit mice reduced significantly the increase in ileum weight.
Total thickness of ileum in the SAMP1/Yit mice fed the
control diet was also increased significantly compared with
that in the control AKR-J group, and feeding fish-oil-rich or
perilla-oil-rich diets to SAMP1/Yit mice reduced signifi-
cantly the increase in the total ileum thickness. Muscular
thickness of the ileum in SAMP1/Yit mice fed the control
diet was increased, although the increase was not significant
compared with that in the control AKR-J group. Feeding the
fish-oil-rich or perilla-oil-rich diet to SAMP1/Yit mice
reduced the increase in ileum muscular thickness, and the
degree of reduction was significantly greater in the perilla-
oil-rich diet group than in the fish-oil-rich diet group.

Infiltration of monocytes and levels of related
molecules

Figure 3a–e shows immunohistochemistry for F4/80 and the
number of F4/80-positive cells per mm muscularis mucosa
in all groups. The number of F4/80-positive cells in the
SAMP1/Yit mice fed the control diet was increased signifi-
cantly compared with that in the control AKR-J group.
Feeding the fish-oil-rich or perilla-oil-rich diet to SAMP1/
Yit mice significantly lowered the increase in the number of
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Fig. 1. Time-course change of body weight. Senescence accelerated

mice (SAM)P1/Yit, SAMP1/Yit mice fed control diet; SAM+Fish:

SAMP1/Yit mice fed fish-oil-rich diet; SAM+Perilla: SAMP1/Yit mice

fed perilla-oil-rich diet. Data are expressed as mean � standard error.

#P < 0·05 versus SAMP1/Yit mice fed control diet; *P < 0·01 versus

SAMP1/Yit mice fed control diet.
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positive cells; the degree of decrease was greater in the
perilla-oil-rich diet group than in the fish-oil-rich diet
group.

Figure 3f–g shows mRNA expression levels of MCP-1 and
IL-6 in the terminal ileum in all groups. The expression level
of MCP-1 in SAMP1/Yit mice fed the control diet was
increased significantly compared with that in the control
AKR-J group. Feeding the fish-oil-rich or perilla-oil-rich diet
to SAMP1/Yit mice reduced the increased level of MCP-1,
and the degree of reduction was significantly greater in the
perilla-oil-rich diet group than in the fish-oil-rich diet
group. The expression level of IL-6 in SAMP1/Yit mice fed
the control diet was increased significantly compared with
that in the control AKR-J group. Feeding either the fish-oil-
rich or perilla-oil-rich diet to SAMP1/Yit mice reduced the
increased level of IL-6 significantly.

MAdCAM-1-positive vessels and b-7-positive cells

Figure 4a–e shows immunohistochemistry for MAdCAM-1
and the area of MAdCAM-1-positive vessels per mm mus-
cularis mucosa in all groups. MAdCAM-1-positive vessels in
SAMP1/Yit mice fed the control diet were increased signifi-
cantly compared with those in the control AKR-J group.
Feeding the fish-oil-rich or perilla-oil-rich diet to SAMP1/
Yit mice lessened the increase in positive vessels significantly;
among the w3-fat-rich diet groups, the degree of decrease
was greatest in the perilla-oil-rich diet group.

Figure 4f–j shows immunohistochemistry for b7-integrin
and the number of b7-integrin-positive cells per mm mus-
cularis mucosa in all groups. The number of b7-integrin-
positive cells in SAMP1/Yit mice fed the control diet was
increased significantly compared with that in the control

Fig. 2. Representative haematoxylin and eosin

sections (a–d). (a) AKR-J group. (b) Senescence

accelerated mice (SAM)P1/Yit mice fed control

diet. (c) SAMP1/Yit mice fed fish-oil-rich diet.

(d) SAMP1/Yit mice fed perilla-oil-rich diet.

(e) Weight of the ileum in all groups. (f) Total

thickness of the ileum in all groups. (g)

Muscular thickness of the ileum in all groups.

Data are expressed as mean � standard error.

**P < 0·01 versus AKR-J group; #P < 0·05 versus

SAMP1/Yit mice fed control diet; ##P < 0·01

versus SAMP1/Yit mice fed control diet.
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AKR-J group. Feeding the fish-oil-rich or perilla-oil-rich diet
to SAMP1/Yit mice lowered the increase in number of posi-
tive cells significantly; among the w3-fat-rich diet groups,
the degree of decrease was greatest in the perilla-oil-rich diet
group.

Infiltration of lymphocytes and levels of related
molecules

Figure 5a–e shows immunohistochemistry for CD4 and the
number of CD4-positive cells per mm muscularis mucosa in
all groups. The number of CD4-positive cells in SAMP1/Yit
mice fed the control diet was increased significantly com-
pared with that in the control AKR-J group. SAMP1/Yit mice
fed the fish-oil-rich or perilla-oil-rich diet showed a signifi-
cant decrease in the increased number of positive cells;
among the w3-fat-rich diet groups, the degree of decrease
was greatest in the perilla-oil-rich diet group.

Figure 5f shows the mRNA expression level of IFN-g in the
terminal ileum in all groups. The expression level of IFN-g in
SAMP1/Yit mice fed the control diet was increased signifi-
cantly compared with that in the control AKR-J group.
Feeding the fish-oil-rich or perilla-oil-rich diet to SAMP1/
Yit mice lowered the increased level of MCP-1; the effect was
greater in the perilla-oil-rich diet group than in the fish-oil-
rich diet group.

Discussion

In this study, SAMP1/Yit mice showed remarkable inflam-
mation of the terminal ileum compared with that in AKR-J
mice. Feeding the w3-fat-rich diet to SAMP1/Yit mice ame-
liorated the terminal ileal inflammation significantly. Many
studies have shown the effect of w3 fat on intestinal inflam-
mation; however, in all those studies, animal models of large
intestinal inflammation were used. On the other hand, the

Fig. 3. Immunohistochemistry for F4/80 (a–d).

(a) AKR-J group. (b) Senescence accelerated

mice (SAM)P1/Yit mice fed control diet. (c)

SAMP1/Yit mice fed fish-oil-rich diet. (d)

SAMP1/Yit mice fed perilla-oil-rich diet. (e)

Number of F4/80 positive cells in all groups. (f)

Relative mRNA expression level of monocyte

chemoattrantant protein-1 (MCP-1) in all

groups. (g) Relative mRNA expression level of

interleukin (IL)-6 in all groups. Data are

expressed as mean � standard error. *P < 0·05

versus AKR-J group; **P < 0·01 versus AKR-J

group; #P < 0·05 versus SAMP1/Yit mice fed

control diet. ##P < 0·01 versus SAMP1/Yit mice

fed control diet.
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effect of w3 fat in Crohn’s disease is controversial, because
w3 fat was shown to have an anti-inflammatory effect in
many [19–21] but not in all studies [7,8]. Thus, it is possible
that the effects of w3 fat in the small intestine and colon are
different. However, the effect of w3 fat in an animal model of
small intestinal inflammation has never been reported. We
have reported for the first time the effect of w3 fat on small
intestinal inflammation and our results suggest that w3 fat
has an anti-inflammatory effect on small intestinal inflam-
mation as well as on large intestinal inflammation.

SAMP1/Yit mice ileitis is mediated by a T helper type 1
(Th1) response [31]. Blocking the recruitment of lympho-
cytes by anti-MAdCAM-1 antibody ameliorated the ileitis,
supporting the idea that excessive lymphocyte migration
through increased expression of adhesion molecules in the
intestinal mucosa is involved in this murine ileitis [30]. In
addition, using an intravital microscope in a previous study,
we found by observation that monocyte recruitment is
increased in the terminal ileum of SAMP1/Yit mice [29]. We
also found that the monocyte–macrophage lineage plays a

key role in this ileitis model. Blocking monocyte recruitment
ameliorated the ileitis, suggesting that excessive migration of
monocytes is involved in the pathophysiology of this mouse
model [29]. These studies suggest that (i) excessive recruit-
ment of monocytes to the intestinal mucosa results in the
production of proinflammatory cytokines and an increase
in the expression levels of adhesion molecules, such as
MAdCAM-1; and (ii) aberrant migration of lymphocytes is
induced by enhanced expression of adhesion molecules, and
infiltrating lymphocytes mediate the Th1-type response. In
this study, we found a significant increase in the number of
F4/80-positive cells infiltration, a significant increase in the
IL-6 mRNA expression level, an increase in the expression of
MAdCAM-1-positive vessels and an increase in the number
of b7-integrin-positive and CD4-positive cells, and an
increase in IFN-g mRNA expression level in the intestinal
mucosa of SAMP1/Yit mice, supporting our proposed
scenario. We focused upon the initial step of ileal inflamma-
tion, i.e. monocyte recruitment. It is generally accepted that
MCP-1 plays a key role in monocyte recruitment [32,33] and

Fig. 4. Immunohistochemistry for mucosal

addressin cell adhesion molecule-1

(MAdCAM-1) (a–d) and b7-integrin (f–i).

(a) AKR-J group. (b) Senescence accelerated

mice (SAM)P1/Yit mice fed control diet. (c)

SAMP1/Yit mice fed fish-oil-rich diet. (d)

SAMP1/Yit mice fed perilla-oil-rich diet. (e)

Area of MAdCAM-1-positive vessels in the all

groups. (f) AKR-J group. (g) SAMP1/Yit mice

fed control diet. (h) SAMP1/Yit mice fed

fish-oil-rich diet. (i) SAMP1/Yit mice fed

perilla-oil-rich diet. (j) Number of b7-integrin

positive cells in all groups.
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increased expression of MCP-1 has been shown to be
involved in the pathophysiology of some monocyte-
macrophage-related diseases such as atherosclerosis [34,35],
as well as in Crohn’s disease [36,37]. We measured MCP-1
expression and found that the MCP-1 mRNA expression
level was increased significantly. This increase was reduced
significantly by the w3 fat diet. In addition, it decreased the
number of CD4-positive cells, the levels of MAdCAM-1,
IFN-gamma and IL-6 expression, the number of F4/80-
positive cells and level of MAdCAM-1 expression, all of
which are regarded as downstream mechanisms of monocyte
recruitment. These results suggest that w3 fat diet treatment
ameliorated ileitis in the initial step, i.e. monocyte recruit-
ment, by decreasing MCP-1 expression. The mechanism by
which MCP-1 expression was decreased was not clarified in
this study. However, it has been reported that oxidized w3
fatty acids inhibit MCP-1 expression in human umbilical
vein endothelial cells (HUVEC) [38]. Expression of MCP-1
in human mononuclear cells was reduced by 4 weeks of w3
fat diet treatment [39]. The w3 fat diet is beneficial in
cardiovascular disease involving atherosclerosis, another
lifestyle-related disease [40], and the blocking of monocyte

recruitment to atherosclerosis plaque by decreasing the
MCP-1 expression level is regarded as one of the possible
mechanisms. In this study, we consider that the effect of w3
fatty acids on ileitis is due mainly to its inhibitory effect on
leucocyte recruitment. However, as it is reported that w3
fatty acids inhibited lipopolysaccharide-induced proinflam-
matory cytokines such as IL-6, tumour necrosis factor
(TNF)-a and IL-1b, it is possible that the w3 fat diet
ameliorates inflammation directly through decreasing
proinflammatory cytokines from macrophages [41].

We used fish oil and perilla oil as the w3 fatty acids in this
study. The magnitude of decrease in mucosa thickness, mus-
cular thickness, F4/80-positive cells, MCP-1 mRNA expres-
sion level, MAdCAM-1-positive vessels, b7-integrin-positive
cells, CD4-positive cells and IFN-g mRNA expression level
were much greater in the perilla-oil-rich group than in
the fish-oil-rich group. Fish oil is rich in EPA and DHA,
and perilla oil is rich in a-linolenic acids. Shoda et al.
[19] reported that a-linolenic acids have greater anti-
inflammatory effects than do EPA or DHA in TNBS colitis
mice. Our findings in ileitis mice also suggest that
a-linolenic acids have a stronger effect on intestinal inflam-

Fig. 5. Immunohistochemistry for CD4 (a–d).

(a) AKR-J group. (b) Senescence accelerated

mice (SAM)P1/Yit mice fed control diet. (c)

SAMP1/Yit mice fed fish-oil-rich diet. (d)

SAMP1/Yit mice fed perilla-oil-rich diet. (e)

Number of CD4 positive cells in all groups. (f)

Relative mRNA expression level of interferon

(IFN)-g in all groups. Data are expressed as

mean � standard error. *P < 0·05 versus AKR-J

group; # P < 0·05 versus SAMP1/Yit mice fed

control diet; ## P < 0·01 versus SAMP1/Yit mice

fed control diet.
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mation than do DHA or EPA. Most of the effect of
a-linolenic acids on the immune system is considered to be
carried out after metabolism into EPA/DHA by delta-6-
desaturase [42]. In addition, a-linolenic acid itself carries
out some functions by competitive inhibition of the
5-lipoxygenase pathway. It is possible that this additional
effect may be important in small intestinal inflammation.

In conclusion, we propose that w3 fat ameliorates intesti-
nal inflammation in the small intestine as well as in the large
intestine. This is due possibly to a decrease in innate immu-
nity by inhibition of monocyte recruitment to the inflamed
small intestinal mucosa.
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