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ABSTRACT

Obesity is associated with the production of pro-inflammatory cytokines and therefore can lead to worsening of allergic
reactions. Thus, there is cross-talk between obesity and allergic reactions. In this study, we investigated whether the
anti-obesity action of fish oil supplementation is involved in the anti-allergic action also induced by fish oil. We ob-
served attenuation of cedar pollen-induced IgE serum increases in two experimental protocols: 15% fish oil supplemen-
tation for 8 weeks, which attenuated body weight increases compared with 15% soybean supplementation, and 4% fish
oil supplementation for 2 weeks, which did not affect body weight increases compared with 4% soybean or 4% lard
supplementation. The former but not the latter protocol attenuated sneezing after pollen challenge. Gene expression of
TNF-a and IL-13, a Th2 cytokine, was moderately reduced in the trachea and nasal mucosa in mice fed fish oil supple-
ments. In a third protocol, fish oil was administered for up to 15 weeks after a cedar pollen sensitization and chal-
lenge-induced increase in IgE levels. These levels decreased following fish oil supplementation but were almost unaf-
fected by soybean oil supplementation. Surprisingly, the IL-13 gene expression level in the nasal mucosa and trachea
was higher in the fish oil group than in the soybean oil group. These results suggest that fish oil supplementation before,
during, or after antigen sensitization and challenge in mice helped to reduce cedar pollen-induced allergic reactions in-
dependent of its anti-obesity action. Fish oil supplementation can also exhibit pro- or anti-inflammatory action against
IL-13 expression depending on the experimental protocol.
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1. Introduction other n-3 PUFAs [5].

Asthma is a major public health problem. Although
medication and environmental manipulation play an im-
portant role in its treatment, dietary intervention appears
to be an alternative therapy. Evidence from some epide-
miological studies has suggested that consumption of n-3
PUFAs such as EPA and DHA may reduce the incidence
of asthma, while conversely, a high-fat diet rich in n-6
fatty acids is associated with a higher risk of asthma
[6-8]. However, clinical data from interventional studies
on the effects of fish oil intake have been equivocal and
controversial [9,10]. Some, but not all, studies observed
clinical improvements in asthmatic symptoms following
n-3 PUFA supplementation [11-14]. DHA and EPA en-
hance TNF-a and IL-6 secretion in macrophages [15-17],
and dietary fish oil supplementation increases serum
TNF-a concentration in response to endotoxin challenges
[15]; thus, n-3 PUFAs are regarded as pro-inflammatory
"These authors contributed equally to the manuscript. factors. Treatment with n-3 PUFAs also increases TNF-«,

Recent studies have shown that obesity gives rise to a
state of chronic low-grade inflammation characterized by
inflamed adipose tissue with increased infiltration of ma-
crophages that produce pro-inflammatory cytokines [1,2].
These cytokines, such as TNF-q, directly reduce insulin
sensitivity through the insulin signaling pathway [3].
Weight loss and decreased fat deposition are ob- served
in mice fed a diet containing high concentrations of the
n-3 polyunsaturated fatty acids (PUFAs) docosa- hex-
aenoic acid (DHA) and eicosapentaenoic acid (EPA) [4].
n-3 PUFAs exert anti-inflammatory effects by reduc- ing
pro-inflammatory cytokine expression in many chro- nic
inflammatory conditions.

As fish oil is a good source of DHA and EPA, it may
offer a useful anti-inflammatory strategy to decrease ob-
esity and obesity-related disease in combination with
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IL1a, and IL-6 expression in adipocytes, keratinocytes,
splenocytes, and hepatocytes [18-22].

Recently, it was reported that dietary supplementation
with n-3 PUFA-containing fish oil enhances the inflame-
matory cytokine response in a mouse model of ovalbu-
min (OVA)-induced allergic lung inflammation. On the
other hand, numerous anti- inflammatory effects of n-3
PUFAs have also been reported, which mainly result
from suppression of NF-kB [23]. In monocytes, n-3
PUFAs inhibit LPS-induced cytokine expression, in-
cluding expression of IL-1b, IL-6, and TNF-a [24,25].
Interestingly, recent research has shown that n-3/n-6
PUFA levels are significantly lower in patients with
grass pollen-induced allergic asthma than in healthy con-
trols, and there is a tendency for higher bronchial hyper-
reactivity in patients with asthma [26]. Thus, fish oil may
protect not only against obesity but also against pollen-
induced allergic inflammatory action through a reduction
in pro-inflammatory cytokines.

In the present experiments, we examined whether fish
oil supplementation develops anti- or pro-inflammatory
responses in a mouse cedar pollen-induced allergy model.
To clarify whether the anti-obesity action of fish oil sup-
plementation is effective as an anti-allergic action against
cedar pollen, we provided long-term fish oil supplemen-
tation to mice exhibiting anti-obesity action. Supplemen-
tation was performed before (protection) or after (recov-
ery) sensitization and challenge with pollen to determine
the protective or recovery effects of fish oil.

2. Materials and Methods
2.1. Animals

Five- or six-week-old female Balb/c mice (Tokyo Labo-
ratory Animals, Tokyo, Japan) were housed at a tem-
perature of 22°C + 2°C and humidity of 60% + 5% under
a 12-h light/12-h dark (LD) cycle (lights on from 0800 to
2000). Zeitgeber time 0 (ZT0) was designated as lights-
on time and ZT12 as lights-off time under the LD cycles.
The mice were fed a normal commercial diet (catalog #
MF; Oriental Yeast Co. Ltd., Tokyo, Japan) and given
water ad libitum prior to the experiment. Animal care
was conducted with permission from the Committee for
Animal Experimentation of the School of Science and
Engineering at Waseda University, Tokyo, Japan (per-
mission # 09A11) and in accordance with the law (No.
105) and notification (No. 6) of the Japanese Govern-
ment.

2.2. Study Protocol

The standard mouse diet was AIN-93M formula (Orien-
tal Yeast Co.), composed of 14% casein, 0.3% L-cysteine,
15% alpha corn starch, 47% beta corn starch, 10% su-
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crose, 4% soybean oil, 5% cellulose, 3.5% AIN-93 min-
eral mixture, 1% AIN-93 vitamin mixture, 0.25% bitar-
trate choline, and 0.0008% tert-butyl groups.

Three protocols were designed to compare the effects
of different volumes of fish oil supplementation on the
inflammatory response. In the first protocol, 4% soybean
oil from the diet was substituted with 15% soybean oil or
15% menhaden oil (Sigma-Aldrich, St. Louis, MO, USA)
and fed to 5- or 6-week-old mice for 3 weeks before and
during sensitization and challenge with pollen.

For sensitization, mice were intraperitoneally injected
with 0.1 mL (1 pg) of cedar pollen (Cryj 1, Hayashibara
Biochemical Laboratories, Okayama, Japan) complexed
with 20 mg AI(OH); on days 0 and 4. On days 11 - 16,
the mice were challenged by exposure to cedar pollen
solution. Five microliters of cedar pollen solution (100
pg/mL diluted in phosphate-buffed saline) was poured
into the nasal cavity of each mouse. Immediately after
the last challenge on day 16, we observed sneezing be-
havior for 15 min and then the mice were sacrificed un-
der ether anesthesia.

The second protocol was identical to the first, but 4%
soybean oil was substituted with 4% menhaden oil, 4%
lard, or the standard diet (4% soybean) without substitu-
tion.

In the third protocol, the same diet as the second pro-
tocol was fed to 6-week old-mice for 15 weeks before
performing the same sensitization and challenge proce-
dure as before. On weeks 1, 2, 4, and 9, blood samples
were collected by retro- orbital bleeding under ether an-
esthesia, and mice were sacrificed on week 15. Plasma
was separated by centrifugation at 4°C, and samples were
stored at —80°C until analysis. The nasal mucosa was
scratched, and the trachea was dissected. These tissues
were dissolved in ISOGEN reagent (Nippon Gene, To-
kyo, Japan), and total RNA was isolated.

2.3. RNA Isolation and Real-Time RT-PCR

A 50 ng aliquot of total RNA was reverse transcribed and
amplified using the One-Step SYBR RT-PCR kit (Takara,
Otsu, Japan) and an iCycler (BioRad, Hercules, CA,
USA). Specific primer pairs were designed using Primer3
Input (version 0.4.0, [27]) on the basis of the published
databases of Gapdh, 1I-13, and Tnf-a genes: Gapdh,
5"-"TGGTGAAGGTCGGTGTGAAC-3' (forward) and
5'-AATGAAGGGGTCGTTGATGG-3' (reverse); 1I-13,
5'-ATGGCCTCTGTAACCGCAAG-3' (forward) and
5'-GGCGAAACAGTTGCTTTGTG-3" (reverse); and
Tnf-a, 5'-ATCCGCGACGTGGAACTG-3' (forward) and
5'-ACCGCCTGGAGTTCTGGAA-3' (reverse). RT-PCR
was performed under the following conditions, which
were the same as described previously [28]: cDNA syn-
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thesis at 42°C for 15 min followed by 95°C for 2 min,
PCR amplification for 40 cycles with denaturation at
95°C for 5 s, and annealing and extension at 60°C for 20
s. Gene amplification specificity was confirmed by mea-
suring the size and purity of the PCR product by gel
electrophoresis. The relative light unit of the PCR prod-
uct of the target gene was normalized to that of Gapdh.
Melt curve analysis was then performed.

2.4. Blood IgE Measurements

To measure IgE levels in mouse blood, we used com-
mercially available mouse IgE ELISA kits (Shibayagi,
Gunma, Japan) according to the manufacturer’s protocol.

2.5. Statistical Analysis

Values are expressed as mean + SEM. One- or two-way
analysis of variance (ANOVA) was performed using
StatView software (SAS Institute, Cary, NC, USA) for
statistical analysis, and post hoc analysis was performed
using Student’s t-test or Fisher’s PLSD test. P < 0.05 was
considered statistically significant.

3. Results

3.1. Fish Oil Supplementation Had a Protective
Effect on Cedar Pollen-Induced Allergic
Reactions in Mice, Which Accompanied Its
Anti-Obesity Action

We observed that the fish oil-containing mouse chow
diet significantly attenuated body weight gain (Figure
1(b)) as well as visceral fat percentage (Figure 1(c))
compared with the soybean oil-containing diet. The
number of sneezes over the 15-min period following the
last pollen challenge on day 16 was lower in mice re-
ceiving fish oil supplementation than in mice receiving
soybean oil supplementation (Figure 1(c)). Moreover,
blood IgE levels on day 16 were significantly lower in
mice receiving fish oil than in mice receiving soybean oil
(Figure 1(d)). Although no significant differences were
observed in IL-13 or TNF-a gene expression levels in the
nasal mucosa between the two groups (Figure 2(a)), the
levels were reduced in the trachea of mice fed the fish
oil-containing diet than in mice fed the soybean oil-con-
taining diet (Figure 2(b)).

3.2. Fish Oil Supplementation Had a Protective
Effect on Cedar Pollen-Induced Allergic
Reactions in Mice without an Anti-Obesity
Action

In the second experimental protocol, no differences in
body weight were observed among mice fed the diet con-
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taining fish oil, soybean oil, or lard (Figure 3(b)), and
the number of sneezes did not differ among the three
groups (Figure 3(c)). Blood IgE levels were highest in
mice fed the lard-containing diet, moderate in mice fed
the soybean oil-containing diet, and lowest in mice fed
the fish oil-containing diet; a significant difference (P <
0.05, Fisher’s PLSD test) was observed between IgE
levels in mice fed the fish oil-containing diet and those
fed the lard- containing diet (Figure 3(d)). IL-13 and
TNF-a gene expression in the nasal mucosa did not differ
among the three groups (Figure 4(a)). However, 1L-13
(P> 0.05) and TNF-a gene expression (P < 0.05, Fisher’s
PLSD test) reduced in the trachea of mice fed the fish
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Figure 1. Effect of fish oil supplementation before and
during sensitization and challenge with cedar pollen on
body weight, visceral fat weight, IgE levels, and sneezing
behavior in mice. (a) Experimental schedules. Five-week-
old female mice were divided into two groups on the basis of
the type of supplement provided: 15% fish oil supplemen-
tation and 15% soybean oil supplementation; (b) and (c)
Body weight and visceral fat weight at the time of sacrifice.
Fish oil supplementation significantly attenuated body
weight and visceral fat weight increases; (d) Number of
sneezes during a 15-min period after the last challenge with
cedar pollen; (e) Serum IgE levels after the last challenge on
day 16. Data are presented as mean =+ SEM (fish oil, n = 4;
soybean oil, n = 4). “P < 0.01, "P < 0.05 vs soybean oil group
(Student’s t-test).
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Figure 2. Effect of fish oil supplementation before and
during sensitization and challenge with cedar pollen on
gene expression of 1L-13 and TNF-a in the nasal mucosa
and trachea of mice. (a) IL-13 and TNF-a mRNA levels in
the nasal mucosa; (b) IL-13 and TNF-a mRNA levels in the
trachea. The relative levels of each data set are normalized
to the corresponding GAPDH RNA levels. Data are pre-
sented as mean + SEM (fish oil, n = 4; soybean oil, n = 4).

oil-containing diet than of mice fed the lardcontaining
diet (Figure 2(b)).

3.3. Fish Oil Supplementation Had a Recovery
Effect on Cedar Pollen-Induced Allergic
Reactions in Mice

We next examined whether fish oil supplementation
could recover an allergic reaction already established by
cedar pollen. At week 0, all mice were fed the diet con-
taining 4% soybean oil; therefore, no initial difference
was observed in IgE levels between the two groups
(Figure 5(b)). After changing the mouse diet from soy
bean oil to fish oil in one group, IgE levels decreased
significantly following the recovery periods (P < 0.05,
recovery time, one-way ANOVA). IgE levels remained
almost constant for 15 weeks in mice fed the soybean oil-
containing diet. Surprisingly, IL-13 mRNA expression
levels in the nasal mucosa (P < 0.05, Fisher’s PLSD test)
and trachea were higher in the fish oil group than in the
soybean oil group. TNF-a gene expression was similar
between the two groups. The body weight of mice fed fish
oil for 15 weeks was slightly lower (23.3 £ 0.33 g, n =3)
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Figure 3. Effect of fish oil supplementation before and
during sensitization and challenge with cedar pollen on
body weight, IgE levels, and sneezing behavior in mice. (a)
Experimental schedules. Five-week-old female mice were
divided into three groups on the basis of the type of supple-
ment provided: 4% fish oil supplementation, 4% soybean
oil supplementation, and 4% lard supplementation; (b)
Body weight at the time of sacrifice. No differences in body
weight were observed among the three groups; (c) Number
of sneezes during a 150-min period after the last challenge
with cedar pollen. Moreover, since there was much number
of times of sneezes, the rate in every 15 minutes was shown
in the graph; (d) Serum IgE levels after the last challenge
on day 16. Data are presented as mean + SEM (fish oil, n =
4; soybean oil, n = 4; lard, n = 4).

than that of mice fed soybean oil (23.7 £ 0.43 g, n =4).

4. Discussion

In this study, supplementing mouse chow diet with fish
oil had both anti-allergic and anti- obesity actions. Two
different feeding protocols showed that inclusion of fish
oil in the diet of mice reduced the cedar pollen-induced
increase in blood IgE levels. The high concentration
(15%) and long-lasting (8 weeks) supplementation of fish
oil also reduced the observed increase in body weight
and visceral fat. Fish oil treatment has previously been
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Figure 4. Effect of fish oil supplementation before and
during sensitization and challenge with cedar pollen on
gene expression of 1L-13 and TNF-« in the nasal mucosa
and trachea of mice. (a) IL-13 and TNF-a mRNA levels in
the nasal mucosa; (b) IL-13 and TNF-a mRNA levels in the
trachea. The relative levels of each data set are normalized
to the corresponding GAPDH RNA levels. Data are
presented as mean + SEM (fish oil, n = 4; soybean oil, n = 4;
lard, n = 4). P < 0.05 vs soybean oil group (Student’s t-
test).

shown to effectively lower blood lipid levels in patients
with hypertriglyceridemia [29,30] and prevent abdominal
fat accumulation compared with other types of dietary
oils [31-33]. It is well known that obesity exacerbates
allergic reactions such as asthma [34], which is why fish
oil-induced anti-obesity actions may have been involved
in the reduction of IgE levels in the present study. To
clarify this possibility, we examined the effect of 4% fish
oil on pollen-induced IgE increases in mice with similar
body weights compared with 4% soybean oil or 4% lard.
As a result, body weight was almost identical among the
three groups of mice, most probably because the oil
component of the chow diet was small (4%) and the
feeding periods were short (2 weeks). Nevertheless, we
again found that fish oil supplementation reduced pol-
len-induced IgE levels, strongly suggesting that fish oil
has protective effects on pollen-induced allergic reac-
tions independent of its anti-obesity action. Using cedar
pollen as the antigen, we investigated the sneezing be-
havior of mice following pollen challenge by counting
the number of sneezes. In the first experiment, fish oil
supplementation significantly reduced the number of
sneezes, but no statistical difference was observed in the
second experiment between mice fed the diet containing
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Figure 5. Effect of fish oil supplementation after sensitiza-
tion and challenge with cedar pollen on serum IgE levels
and gene expression of IL-13 and TNF-a in the nasal
mucosa and trachea of mice. (a) Experimental schedules.
Six-week-old female mice were exposed to cedar pollen.
This induced allergy. After the last challenge with cedar
pollen on day 16, mice were divided into two groups on the
basis of the type of supplement provided: 4% fish oil sup-
plementation and 4% soybean oil supplementation. Blood
was collected to measure serum IgE levels on weeks 0, 1, 2,
4,9, and 15; (b) The time course of IgE levels after fish oil
or soybean oil supplementation; (c) Body weight at the time
of sacrifice. No differences in body weight were observed
between the two groups; (d) IL-13 and TNF-a mRNA levels
in the nasal mucosa; (e) IL-13 and TNF-a mRNA levels in
the trachea. The relative levels of each data set are nor-
malized to the corresponding GAPDH RNA levels. Data are
presented as mean + SEM (fish oil, n = 3; soybean oil, n = 4).
P < 0.01, "P < 0.05 vs soybean oil group (Student’s t-test).
#P < 0.01 vs week 0 (Fisher’s PLSD test).

fish oil, soybean oil, or lard. Fish oil supplementation was

performed for longer and at higher concentrations in the
first than in the second experiment, which is consistent
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with previous findings that at least 2 weeks are needed to
replace arachidonic acid by n-3 PUFAs [35]. Thus, higher
concentrations of fish oil may be necessary to effect an
anti-allergic action against behaviors such as sneezing.

Blood IgE levels increased following cedar pollen
challenge through Th2 responses, and mRNA expression
levels of the Th2-specific cytokine IL-13 decreased, al-
beit non-significantly, in both the nasal mucosa and tra-
chea in the fish oil group. mRNA levels of the general
inflammatory cytokine TNF-a were reduced in the tra-
chea but unaffected in the nasal mucosa following fish
oil supplementation. This noticeable effect in the trachea
suggests that fish oil supplementation may reduce cedar
pollen-induced asthma. In clinical experiments, it was
recently reported that n-3/n-6 PUFA levels were signify-
cantly lower in patients with grass pollen-induced aller-
gic asthma than in healthy controls and that these patients
showed a higher risk of bronchial hyperreactivity [26].
On the other hand, fish oil supplementation enhances the
production of the pro-inflammatory cytokines IL-5 and IL-
13 in mouse lung tissue following OV A challenge [35].

This discrepancy with the present findings could re-
flect differences in the protocols because we adminis-
tered fish oil supplementation both before and after sen-
sitization and challenge with cedar pollen. We adminis-
tered fish oil for up to 15 weeks after sensitization and
challenge with cedar pollen in mice to investigate whe-
ther fish oil supplementation could recover the allergic
response to cedar pollen. After the 15-week period, IgE
levels slowly decreased to reach approximately half their
initial level compared with almost stable IgE levels fol-
lowing soybean oil supplementation. In contrast, 1L-13
mRNA expression levels were higher in the fish oil
group than in the soybean oil group. Considering this
result and the findings of Yin ef al. (2009), we suggest
that fish oil supplementation has protective effects on
antigen-induced IL-13 production but provides weak
therapeutic and recovery effects. In summary, we found
that fish oil supplementation both before and after anti-
gen sensitization and challenge reduced allergic re-
sponses such as IgE production induced by cedar pollen.
Gene expression levels of the allergic cytokines IL-13
and TNF-a decreased in mice supplemented with fish oil
supplementation before sensitization and challenge and
increased in mice supplemented with fish oil supplemen-
tation after sensitization and challenge. Therefore, human
consumption of fish oil may help reduce the symptoms of
cedar pollen- induced allergic reactions.
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