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Dietary omega-3 fatty acids alter the lipid mediator
profile and alleviate allergic conjunctivitis without
modulating T,2 immune responses
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ABSTRACT: Allergic conjunctivitis (AC) is one of the most common ocular surface diseases in the world. In AC, T
helper type 2 (T},2) immune responses play central roles in orchestrating inflammatory responses. However, the
roles of lipid mediators in the onset and progression of AC remain to be fully explored. Although previous reports
have shown the beneficial effects of supplementation of -3 fatty acids in asthma or atopic dermatitis, the un-
derlying molecular mechanisms are poorly understood. In this study, a diet rich in w-3 fatty acids alleviated AC
symptoms in both early and late phases without affecting T,2 immune responses, but rather by altering the lipid
mediator profiles. The w-3 fatty acids completely suppressed scratching behavior toward the eyes, an allergic
reaction provoked by itch. Although total serum IgE levels and the expression levels of T2 cytokines and che-
mokines in the conjunctiva were not altered by w-3 fatty acids, eosinophil infiltration into the conjunctiva was
dramatically suppressed. The levels of w-6—derived proinflammatory lipid mediators, including those with che-
moattractant properties for eosinophils, were markedly reduced in the conjunctivae of w-3 diet-fed mice. Dietary
-3 fatty acids can alleviate a variety of symptoms of AC by altering the lipid mediator profile.—Hirakata, T., Lee,
H.-C.,Ohba, M., Saeki, K., Okuno, T., Murakami, A., Matsuda, A., Yokomizo, T. Dietary omega-3 fatty acids alter the
lipid mediator profile and alleviate allergic conjunctivitis without modulating T;,2 immune responses. FASEB J.

33, 000—-000 (2019). www.fasebj.org
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Allergic conjunctivitis (AC) is one of the most common
ocular diseases in the world, affecting up to 30-40% of the
general population (1). Those experiencing it have several
symptoms, such as itch, conjunctival redness, lid and
conjunctival edema, and discharge (2, 3). AC is char-
acterized by activation of CD4" T helper type 2 (T2)
cells, and production of T,2-associated cytokines [e.g.,
interleukin (IL)-4, -5, and -13], and of IgE, which activates
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mast cells (4). These T2 immune responses are also well-
known as the cause of asthma, food allergy, and atopic
dermatitis. In addition to histamine, activated mast cells
produce and release various inflammatory lipid media-
tors, such as prostaglandins (PGs) and leukotrienes (LTs),
which elicit the symptoms in the early phase of the allergic
response (2). These inflammatory lipid mediators, such as
PGD, and LTB,, also play a role in promoting eosinophil
migration into the conjunctiva (5). These eosinophils re-
lease inflammatory mediators and cause the late-phase
allergic symptoms (6, 7). Despite the importance of these
inflammatory lipid mediators in such allergic diseases,
there are no reports on the lipid mediator profile in con-
junctival tissue with AC in vivo. Currently, antihistamine,
steroid (glucocorticoid), or immunosuppressive eye drops
are the main treatment for AC; eye drops targeting lipid
mediators have not been developed, in part because of the
lack of direct evidence on the roles of lipid mediators in AC
in vivo.

The -3 and -6 polyunsaturated fatty acids (PUFAs) are
essential fatty acids. Arachidonic acid (AA), one of the
most abundant w-6 PUFAs found in mammals, is the
precursor of prostanoids and leukotrienes, most of which
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promote inflammation. Mammalian cells cannot convert
-6 to -3 fatty acids because they lack the enzyme re-
sponsible for these reactions. Because w-3 and -6 fatty acids
are metabolized by essentially the same enzymatic path-
ways in a competitive manner, intake of w-3 fatty acids
results in reduction of AA and AA-derived mediators (8,
9). An imbalance of the w-6/w-3 fatty acids ratio in the diet
is implicated in various diseases (10, 11); however, the
present Western diet contains very low amounts of w-3
fatty acids, with a w-6:0w-3 ratio of 15-20:1 (12). Previous
epidemiologic studies reported a correlation between the
Westernization of diet and an increase in allergic diseases
(13-16). It is noteworthy that some reports showed the
efficacy of dietary w-3 fatty acids for asthmatic and atopic
patients (17-20). However, lipidomic analyses were not
performed in these studies, and therefore the underlying
molecular mechanisms of the beneficial effects of w-3 fatty
acids remain unclear.

Weinvestigated the efficacy of dietary w-3 fatty acids on
AC in an experimental AC (EAC) mouse model using
ragweed (RW) pollen. Mice were fed chow containing
either linseed oil, which is rich in an -3 fatty acid
(a-linolenic acid), or soy oil, which is rich in an w-6 fatty
acid linoleic acid, for 2 mo. AC symptoms were markedly
alleviated in mice fed w-3 fatty acids. Eosinophil infiltra-
tion into the conjunctiva was also suppressed by dietary
-3 fatty acids. However, the magnitude of typical T2
immune responses elicited by RW pollen was com-
parable between both groups. Finally, lipidomics analy-
sis of PUFA metabolites revealed that dietary -3
fatty acids resulted in the dramatic reduction of various
proinflammatory lipid mediators derived from AA and an
increase in eicosapentaenoic acid (EPA)-derived metabo-
lites in the conjunctival tissue.

MATERIALS AND METHODS
Ethics statement

All animal experiments were approved by the Ethics Committee
for Animal Experiments in Juntendo University (Approval
300124). All procedures in the study were performed in accor-
dance with the approved guidelines and regulations.

Mice

Female 4-wk-old wild-type BALB/c mice were purchased from
Sankyo (Shizuoka, Japan) and maintained for 2 mo on AIN-93M,
which contains 4% soy oil, or modified AIN-93M, which contains
4% linseed oil instead of soy oil (Oriental Yeast, Tokyo, Japan) (21,
22). All animals were raised in specific-pathogen—free conditions
and provided with food and water ad libitum.

AC mouse model

Four-week-old wild-type female BALB/c mice were fed either
the w-3 or -6 diet for 2 mo. The first sensitization was performed
30 d after commencing the diet. The mouse EAC model was
induced as described by Asada et al. (23). In brief, pollen from the
short ragweed (RW; Polysciences, Warrington, PA, USA) was
emulsified with Imject Alum Adjuvant (Thermo Fisher Scientific,
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Waltham, MA, USA). Atd 0, 50 pl emulsified RW pollen (50 pg
RW pollen with 50 pl alum) or 50 pl PBS as the control was
injected into the left hind foot and root of the tail subcutaneously,
and serum was collected from the tail vein. Two weeks later
(d 14), a second sensitization was performed by injecting the
reagents into the right hind foot. From d 26 to 29, the eyes of the
mice were challenged daily by eye drops containing RW pollen in
PBS (2 mg in 10 pl/eye) or PBS 10 pl alone as the control. At24 h
after the final eye drop challenge, the eyeballs (with lids and
conjunctival tissue) were collected.

Clinical score

The severity of allergic symptoms in the EAC model was quan-
tified with clinical score (mean of scores in right and left eyes). The
clinical score consisted of 4 factors (chemosis, redness, lid edema,
and discharge) based on the criteria of Magone et al. (24). The
assay was performed in the same time course as previously de-
scribed (23, 25). In brief, the clinical score was calculated on d 29,
20 min after the final eye drop challenge, and on d 30, 24 h after
the final challenge.

Assay of scratching behavior

Mice were placed in an acrylic cage and videotaped for 40 min
immediately after the final challenge. The number of scratching
actions toward the eyes with the forepaw and hindpaw was
counted during video playback. Grooming, a gesture of wiping
the head and face from the back of the ear, was not counted as
scratching behavior.

Histologic analysis

Eyeballs (with conjunctival tissues and eye lids) were dissected
and fixed in 4% paraformaldehyde in PBS, embedded in paraffin,
sectioned (3-wm thickness), and stained with Giemsa (Merck,
GmbH, Darmstadt, Germany). Infiltrating eosinophils in the
lamina propria mucosa of the tarsal and bulbar conjunctiva were
counted from the section of the central portion of the eye, which
included the pupil and optic nerve head as previously described
(23, 26).

Flow cytometry

Peripheral blood was collected with a heparinized syringe. The
samples were immediately mixed with 2% dextran in a ratio of
1:1 and left to stand for 20 min. The leukocyte-rich plasma was
mixed with 3 volumes of hemolysis buffer (17 mM Tris HCI,
140 mM NH,CI, pH 7.6) to lyse red blood cells. Cells were pre-
incubated with 5 mg/ml anti-mouse FcyR II/III antibody (clone
2.4G2) followed by staining with anti-mouse CD45.2-PerCP
(clone 104; eBioscience, San Diego CA, USA), anti-mouse CD11b-
allophycocyanin (clone M1/70; eBioscience), and anti-mouse
Siglec-F-PE (clone E50-2440; BD Biosystems, San Jose, CA, USA)
antibodies on ice for 30 min. Cells were analyzed on a FACS
Calibur (BD Biosystems) using CellQuest software (BD Immu-
nocytometry Systems, San Jose, CA, USA) and Flow]o software
(Ashland, OR, USA).

Real-time PCR

Conjunctival tissues were isolated from mouse eyes and imme-
diately submerged in RNAlater solution (Thermo Fisher Scien-
tific). Total RNA was extracted from the tissue with an RNA
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Figure 1. An -3 diet attenuates experimental AC. A) The protocol used in the mouse model of RW pollen-induced EAC is
shown. Mice were fed with chow containing 4% linseed (w-3 diet; n-3) or soy (w-6 diet; n-6) oil for 30 d before sensitization with
RW pollen. PBS was used as a control. B) Representative photos of mouse eyes. C) Clinical score was calculated at d 0, 29, and 30
(n = 6-7 at each time point). The total score consisted of the sum of scores for 4 factors—chemosis, conjunctival redness, lid
edema, and discharge—each scored from 0 to 3 points, depending on the severity. Data are representative of 4 independent
experiments, in which comparable results were obtained. Data were analyzed by Mann-Whitney U test. Data are expressed as
means * sk, ##P < 0.01, -6 vs. 0-3; P < 0.01, PBS vs. RW; P < 0.01, d 29 s. d 30.

Isolation Kit (NucleoSpin II; Macherey-Nagel GmbH, Duren,
Germany). cDNAs were prepared with the QuantiTect Reverse
Transcription Kit (Qiagen, Hilden, Germany) with random and
oligo-dT mixed primers. The target genes were detected by real-
time PCR using FastStart DNA Green Master (Roche Diagnostics,
Mannheim, Germany) in a LightCycler (Roche Diagnostics).
Relative mRNA expression levels were calculated by normaliz-
ing to the expression of B-actin. The sequences of primers used
are listed in Supplemental Table S1.

Measurement of serum IgE levels

Serum IgE levels at d 0 (before the sensitization) and d 30 (24 h
after the final challenge) were quantified with a mouse IgE ELISA
kit (ELISA Max; BioLegend, San Diego, CA, USA), according to
the manufacturer’s protocol.

Quantification of lipid mediators in
mouse conjunctiva

Lipid mediators in each sample were quantified by HPLC-
tandem mass spectrometry (HPLC/MS/MS), as described by
Ohbea et al. (27). Eyes were collected, and conjunctival tissue was
separated carefully. Lipids were extracted from the conjunctiva
of the right eye with methanol containing deuterium-labeled
internal standards. Each sample was diluted with water to yield a
final methanol concentration of 20%, and then loaded on Oasis
HLB cartridges (Waters, Milford, MA, USA). The column was
subsequently washed with petroleum ether, followed by 15%
methanol, and then water, each containing 0.1% formic acid. The
samples were eluted with 200 pl methanol containing 0.1% for-
mic acid. The lipids were injected on a Prominence HPLC system
(Shimadzu, Kyoto, Japan) and a TSQ Quantum Ultra Triple-
Stage Quadrupole Mass Spectrometer (Thermo Fisher Scien-
tific) equipped with heated electrospray ionization interface.
Mobile phases A and B comprised water and acetonitrile:formic
acid (100:0.1 v/v), respectively. The gradient conditions were as
follows: 0-7 min, 37% B; 7-19 min, 37-90% B (linear gradient);
19-21 min, 100% B; 21-22.5 min, 37% B; and flow rate,
0.12 ml/min. The separation column was a Capcell Pak C18
MGSS3 (1 X 100 mm; Shiseido, Tokyo, Japan) and the trapping
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column was an Opti-Guard Mini C18 (1 X 15 mm; Optimize
Technologies, Oregon City, OR, USA). The separation column
temperature was set at 46°C. Lipids were detected in negative
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Figure 2. An w-3 diet attenuates AC-induced itch. A) Scratch-
ing behavior was monitored immediately after the final chal-
lenge and counted for 40 min. B) The total number of
scratching actions during 40 min (n = 6). Data were analyzed
by 1-way ANOVA and Tukey’s multiple-comparison test. Data
are expressed as means * Sg. ¥¥¥%P < (0.0001, -6 vs. »-3;
TP < 0.0001, PBS vs. RW.
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ESI mode under the following conditions: spray voltage, 2500 V;
capillary temperature, 225°C; vaporizer temperature, 250°C;
sheath gas (N2) pressure, 40 psi; ion sweep gas pressure, 0 psi;
auxiliary gas pressure, 10 psi; collision gas (Ar) pressure, 1.5
mTorr; and the EZ method (scheduled selected random moni-
toring method) with a cycle time of 1.0 s. Mass spectrometer
parameters including tube lens, collision energy, precursor ion,
and product ion were optimized for each compound. Data
analysis and quantitative calculations were performed with
Xcalibur 2.1 software (Thermo Fisher Scientific).

Statistical analysis

All data are expressed as means = sE. Statistical significance was
calculated with Prism 7 (GraphPad Software, La Jolla, CA, USA).

RESULTS

Dietary -3 fatty acids improved
allergic symptoms

BALB/ ¢ wild-type female mice were fed chow containing
4% linseed oil (rich in w-3 fatty acids) or 4% soy oil (rich in
w-6 fatty acids) as a control, for 2 mo, beginning 30 d before
the first sensitization. They were sensitized twice on d 0
and 14 by subcutaneously injecting RW pollen, and chal-
lenged 4 times with eye-drops containing RW daily
from d 26 to 29 (Fig. 1A). During the course of the study,

A

Figure 3. Reduced eosinophil migration in
the conjunctiva of w-3—fed mice. A-D) Sec-
tions containing conjunctiva were stained with
Giemsa stain, and eosinophils were counted.
Arrows: eosinophils. Scale bars, 50 um. The
conjunctiva of a mouse fed an w-6 diet (n-6)
treated with PBS (A) or with RW pollen (C).
The conjunctiva of a mouse fed an w-3 diet
(n-3) treated with PBS (B) or created with RW
pollen (D). E) The number of eosinophils
infiltrating conjunctiva. /) mRNA level of
eosinophil-associated RNase subfamily B mRNA
measured by real-time PCR (n = 3). E, F) Data
are expressed as means * SE. Data were
analyzed by l-way ANOVA and Tukey’s multi-
ple-comparison test. ¥#P < 0.01, ***P < 0.001,
w-6 vs. 0-3; TP < 0.01, ""P < 0.0001, PBS wvs.

RW. 300

200

100

Number of eosinophils / slide

body weight was not significantly different between both
groups (Supplemental Fig. S1). In the EAC mouse model,
early-phase allergic symptoms occur about 20 min after
the challenge and late-phase allergic symptoms at about
24 h after the challenge (24). Thus, to evaluate the severity
of AC symptoms in both phases, a clinical score based on
chemosis, conjunctival redness, lid enema, and discharge
was calculated on d 29, 20 min after the fourth eye drop,
and on d 30, 24 h after the fourth eye drop (Fig. 1B and
Supplemental Fig. S2). As predicted, RW treatment caused
severe AC symptoms in the control w-6 diet group on d 29,
and the symptoms remained severe until d 30 (Fig. 1C).
Notably, mice fed »-3 fatty acids showed milder AC
symptoms on d 29, and the symptoms were almost re-
solved within the next 24 h.

Itch is one of the chief complaints and reduces quality of
life (QOL) in AC patients. Scratching behavior is used asan
index of itch response in rodents (28). We monitored mice
for 40 min immediately after administering the final eye
drops and evaluated the scratching behavior by counting
the number of episodes of paws brought to the eyes. A
previous study using an EAC mouse model showed that
the most severe allergic symptoms occur at 20 min after
challenge (24). Similar to the previous studies (24, 29), in
the present EAC model, mice treated with RW repeated
the scratching behavior toward the eyes, and the fre-
quency of scratch was highest between 20 and 25 min (Fig.
2A). Remarkably, in mice fed -3 fatty acids, scratching
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behavior was almost completely suppressed (Fig. 2). These
results suggest that dietary w-3 fatty acids suppress a va-
riety of allergic symptoms that occur in both the early and
late phases of AC.

Eosinophil infiltration was attenuated in the
conjunctiva of w-3-fed mice

Generally, eosinophils are absent in the normal conjunc-
tiva (2, 30). However, infiltrated eosinophils are observed
in the conjunctiva of patients with AC (31). These infil-
trated eosinophils promote allergic symptoms by releas-
ing major basic protein (MBP), eosinophil cationic protein
(ECP), eosinophil peroxidase (EPX), and proinflammatory
lipid mediators (32). In the EAC model, a large number of
infiltrated eosinophils were observed in the conjunctiva of
the w-6 diet group treated with RW pollen (Fig. 34, C, E).
On the other hand, the number of infiltrated eosinophils
was markedly lower in the w-3—fed mice (Fig. 3B, D, E).
Quantitative RT-PCR analyses of conjunctival tissue
showed that the expression levels of eosinophil-associated
RNase subfamily B (Fig. 3F) and eosinophil-associated
RNase subfamily A [Ear (A); Supplemental Fig. S3] were
also lower in the -3 diet group than in the w-6 diet group.
In addition, the expression levels of other genes known to
be active in eosinophils, MBP (Mbp), ECP2 (Ecp2), and EPX
(Epx) were also lower in the w-3 diet group than in the »-6
diet group (Supplemental Fig. S3). Next, we investigated
the effect of dietary w-3 fatty acids on eosinophils in the
peripheral blood. The percentage of eosinophils (CD45.2",
CD11b", Siglec-F") in the leukocytes increased in both diet
groups by RW; however, there were no differences be-
tween the w-6 and w-3 groups (Fig. 4). These results con-
firm that dietary w-3 fatty acids suppress eosinophil
infiltration of the conjunctiva.

Th2 cytokines and chemokines were not
altered by the »-3 diet

Next, we examined whether dietary -3 fatty acids af-
fect T2 immune responses elicited by RW pollen. Un-
expectedly, the gene expression levels of Ty,2 cytokines (114,
115, and 1113) and a chemokine (Ccl11) in the conjunctiva of
RW-treated mice were not different between w-6 and -3
diet groups (Fig. 5A). Moreover, the serum IgE level was
not different between these 2 groups (Fig. 5B). These re-
sults suggest that the effects of -3 fatty acids are not at-
tributable to the alteration of T2 immune responses in the
EAC mouse model.

The »-3 diet alters the conjunctival lipid
mediator profile

To further investigate the underlying mechanisms, vari-
ous PUFAs and their metabolites in the conjunctiva were
measured by HPLC/MS/MS (Fig. 6). Metabolite maps of
lipid mediators and their biosynthetic enzymes are shown
in Supplemental Fig. S4. Compared with the group fed
-6, the level of free AA was decreased by 50% in mice fed
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Figure 4. Dietary w-3 fatty acids do not affect eosinophils in the
peripheral blood. A, B) The percentage of eosinophils in the
peripheral blood was analyzed by flow cytometry (» = 6). Data
are expressed as means * SE and the individual values are
plotted on the bar graph. Data were analyzed by 1-way ANOVA
and Tukey’s multiple comparison test.

-3 fatty acids in both the RW pollen—treated and PBS-
treated groups (Fig. 6A), which is as expected because
linseed oil contains less linoleic acid, the precursor of AA,
than soy oil. The amounts of AA-derived lipid mediators,
such as PGD,, PGE,, PGF,,, PGI, (represented by its stable
metabolite 6-keto-PGF,,), thromboxane A, (TXA,; repre-
sented by its stable metabolite TXB,), and LTB,, were
markedly elevated by RW pollen in mice fed w-6 fatty
acids (Fig. 6A). By contrast, in w-3—fed mice treated with
RW pollen, the elevation of these mediators was almost
completely suppressed (Fig. 6A), even though the mRNA
expression levels of cyclooxygenases [COXs; PG synthases
(Ptgs1/2), lipoxygenases (Lox5/15), terminal PG synthases
(Hpgds, Ptges1/2/3, Fam213b, Akr1b3, Ptgis, and Tbxasl),
LTA, hydrolase (Lta4h), and LTC,4 synthase (Ltc4s)] were
not significantly different between the 2 groups (Fig. 7).
This may be explained by the excessive amount (3—4-fold
higher than that of AA) of free EPA present in the con-
junctiva of w-3—fed mice (Fig. 64, C). EPA acts as a com-
petitive substrate of AA for AA oxygenases, such as COX
and 5-lipoxygenase (5-LOX) (8, 33). Indeed, PGD; and
PGEj;, the COX metabolites of EPA (34), were markedly
produced in the conjunctiva of the w-3-fed RW group,
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Figure 5. T,2 immune responses are not modulated by dietary w-3 fatty acids. A) mRNA expression levels of T},2 cytokines and
chemokines in the conjunctiva were measured by real-time PCR (n = 6-7). B) Serum IgE level was measured by ELISA (n=6-7).
A, B) Data are eX}T)ressed as means * sk, analyzed by 1-way ANOVA and Tukey’s multiple-comparison test. ***P < 0.001, w-6 vs.

o-3; TP < 0.01, TP < 0.001, P < 0.0001, PBS vs. RW.

whereas only a slight amount of these metabolites was
found in the conjunctiva of the w-6-fed groups (Fig. 6C).
Notably, the concentration of PGDj; in the conjunctiva of
mice fed w-3 fatty acids was much higher (28-fold) than
PGD; in the w-6—fed RW group (Fig. 6A, C). Other AA
metabolites were also reduced in mice fed w-3 fatty acids
(Supplemental Fig. S5). These results indicate that w-3 fatty
acids are competitively metabolized in the synthetic
pathways of AA-derived metabolites, thereby leading to
the reduction of proinflammatory lipid mediators.

A derivative of EPA, 17,18-epoxyeicosatetraenoic acid
(17,18-EpETE) has recently been identified as an anti-
allergic lipid mediator derived from EPA (21). Although
we did not measure 17,18-EpETE per se, our lipidomics
analysis revealed that its downstream product 17,18-
dihydroxyeicosatetraenoic acid (17,18-DiHETE; Fig. 6C), a
vicinal diol derived from 17,18-EpETE, which also shows
mild anti-allergic properties (21), was dramatically ele-
vated by RW in the conjunctiva of mice fed w-3 fatty acids
(Fig. 6C). Thus, in addition to promoting a reduction in
proinflammatory lipid mediators, intake of -3 fatty acids
lead to the production of EPA-derived metabolites that
may exert anti-allergic effects on AC.

DISCUSSION
This study is the first report that shows the beneficial ef-

fects of dietary w-3 fatty acids on AC in mice. In the pres-
ence of allergen in the conjunctiva, a cascade of T,2
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immune responses are evoked and a variety of AA-
derived inflammatory mediators are released from mast
cells and eosinophils, thereby causing various AC symp-
toms such as conjunctival redness, discharge, and itch (Fig.
8A). We found that a diet of »-3 fatty acids alleviates AC
symptoms without altering T),2 immune responses (T2
cytokines, chemokines, and serum IgE) (Fig. 8B). In mice
fed a control w-6 diet, fatty acid metabolizing enzymes
convert free AA released from cell membranes to various
proinflammatory lipid mediators, such as prostanoids
(PGD,, PGE,, PGF,,, and TXA,) and LTB, (Fig. 8A). The
-3 diet almost completely suppressed the production of
these AA-derived inflammatory lipid mediators, probably
through providing the competitive substrates (i.e., EPA
and its downstream metabolites) for the synthetic en-
zymes of AA metabolites in the conjunctiva (Fig. 8B).
Therefore, we conclude that dietary w-3 fatty acids allevi-
ate AC, mainly through altering the lipid mediator profile,
including reduction of proinflammatory w-6—derived
mediators and production of anti-inflammatory and pro-
resolving w-3—-derived mediators. Although previous re-
ports showed the efficacy of supplementation of w-3 fatty
acids on other types of allergic diseases in humans (19,
35-39), the underlying molecular mechanisms of these
beneficial effects remain largely unexplained because of
the lack of lipidomics measurements in human samples.
Considering the limited availability of human conjunctival
tissues, the murine AC model combined with MS-based
lipidomics would be one of the most suitable and practical
approaches to describe the impact of dietary w-3 fatty acids
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on lipid mediator profiles of the mammalian conjunctival
tissues. Our results provide encouraging evidence for the
use of dietary w-3 fatty acids in patients with AC. Future
studies using human conjunctival samples, though chal-
lenging, will support the metabolic effects of w-3 fatty acids
on the human conjunctiva.

In the EAC mouse model, dietary w-3 fatty acids at-
tenuated AC symptoms in both the early and late phases.
In Tp2-mediated allergy, the early phase reactions occur
within minutes after allergen exposure (40). In the process
of a T2 immune response, first, allergen is taken up and
processed by antigen-presenting cells, such as dendritic
cells, and these activated cells induce differentiation of
naive T-cells into Ty,2 cells. Tj,2 cells produce IL-4 and -13,
which stimulate B-cells. B-cells then produce IgE, which
activates mast cells with its antigen (4). Finally, the acti-
vated mast cells release various mediators causing the
early-phase allergic symptoms (4, 41). In the present study,
the levels of these T},2 cytokines and IgE were not altered
by dietary -3 fatty acids (Fig. 5). Similar to our results,
Kunisawa et al. (21) reported antiallergic effects of dietary
-3 fatty acids in a food allergy mouse model without
affecting the serum IgE level. These findings indicate that
the preventive and therapeutic effects of dietary w-3 fatty
acids on T,,2-mediated allergy are not brought about by
the modulation of T2 immune responses, and that mast
cell activation occurs independently of the w-3:w-6 ratio in
the diet, at least in the current study.

In activated mast cells, cytosolic phospholipase A,
(cPLA;) releases AA from phospholipids, and subse-
quently prostanoids and leukotrienes, collectively called

-3 FATTY ACIDS ALLEVIATE ALLERGIC CONJUNCTIVITIS

eicosanoids, are produced by COX, PG synthase, and
lipoxygenase pathways (41). These lipid mediators cause
vasodilation (conjunctival redness), vascular permeability
(chemosis and lid edema), and the secretion of mucus (tear
and discharge) (40). They also stimulate nociceptors,
which results in itching (40). Our results showed that
the production of inflammatory lipid mediators derived
from AA such as PGs, TXA,, and LTB,; were almost
completely suppressed in the conjunctiva by feeding mice
with -3 fatty acids. Nonsteroidal anti-inflammatory
drugs (NSAIDs) block COX and thereby reduce prosta-
noids. A previous report showed that NSAIDs had thera-
peutic effects on AC in a meta-analysis of randomized
studies (42). Ballas et al. (43) reported that the eye drops
containing 0.5% of the NSAID keratolac improved allergic
symptoms such as conjunctival inflammation, itching,
swollen eyes, discharge, and tears in randomized, double-
blind, clinical human studies. These findings suggest that
reducing inflammatory lipid mediators is a good thera-
peutic strategy for the treatment of AC. However, NSAIDs
may cause side effects such as corneal epithelial injury,
ulceration, and perforation (44). Moreover, NSAIDs do not
block lipoxygenases, and in some cases, NSAIDs are
known to increase the production of LTs by shunting AA
from the COX to the LT pathway. Thus, w-3 fatty acids may
be more suitable for prevention and therapy for AC as they
have fewer side effects and can reduce AA metabolites
produced through both COX and lipoxygenase pathways.

Another novel finding of the current study is the
marked elevation in the conjunctivae of mice given the w-3
diet (especially when treated with RW pollen) of PGD; and
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TP < 0.05, TP < 0.01, P < 0.001, control vs. RW.

PGE;, the alternative eicosanoids synthesized from EPA
through the COX pathway. Notably, the PGD, receptor
DP1 prefers PGD; over PGD; (34), and PGDj; inhibits the
migration of neutrophils by antagonizing DP1 (45, 46).
Thus, in addition to the reduction of proinflammatory
lipid mediators, EPA-derived metabolites may also con-
tribute to the alleviation of allergic symptoms by an-
tagonizing their receptors and thereby inhibiting the
downstream signaling pathways of the cells mediating
allergic reactions. Furthermore, our lipidomics analysis
suggest that intake of the w-3 diet increases the level of
EPA-derived anti-allergic metabolites 17,18-EpETE (de-
tected as 17,18-DiHETE) in the conjunctiva. Therefore,
dietary -3 fatty acids may exert antiallergic effects
through multiple mechanisms in AC.

Eosinophils play important roles in the late-phase re-
action, which occurs 12-24 h after allergen exposure (25).
Both IL-5 and chemokine (C-C motif) ligand (CCL)-11
(eotaxin) are well known as attractants that promote eo-
sinophil migration. IL-5, which is released from Th2 cell
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and mast cells, promotes the growth of eosinophils in bone
marrow, and supports eosinophil survival (32, 47, 48).
CCL11 mainly plays a role in attracting eosinophils (49,
50). In the present study, IL-5 and CCL11 were induced by
RW pollen in both the w-6 and -3 diet groups. Consistently,
the percentage of eosinophils in the peripheral blood was
increased in both diet groups by RW pollen (Fig. 4B). In
addition, increase in these chemoattractants likely con-
tributed to the mild increase in eosinophil infiltration of the
conjunctiva in the RW-treated w-3 diet group (Fig. 3E).
There are, however, other mechanisms that can explain the
large difference in the number of infiltrated eosinophils in
the conjunctiva between the »-6 and w-3 diet groups (Fig.
3A-E), such as the marked contrast in eicosanoid pro-
duction, which was revealed by our lipidomics analysis.
Lipid mediators such as PGD,, LTB,, and 11-dehydro-
TXB, (a metabolite of TXA,) are also known as attractants
of eosinophils (5, 6, 51, 52). Indeed, eosinophils express
receptors for these lipid mediators (5, 52), and some
studies have shown that blocking these receptors is
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efficacious for damping allergy (51, 53). For example, in an
allergic asthmatic mouse model, knockout (KO) mice
lacking BLT1, the high-affinity LTB, receptor, showed a
decreased eosinophil infiltration of the airways (54). In the
same model, DP1 KO mice also showed reduced eo-
sinophil infiltration, and thereby failed to develop air-
way hyperreactivity in allergic asthmatic mouse model
(55). Notably, PGD, and LTB, also act as chemoattractants
for eosinophils into the conjunctiva (6, 56, 57). Thus, in-
stead of alteration in the levels of protein mediators, such
as IL-5 and CCL11, the reduction of lipid mediators, es-
pecially PGD, and LTB,, is likely to be the main mecha-
nism through which eosinophil infiltration was reduced in
the w-3—fed mice. Infiltrated eosinophils cause the late-
phase allergic symptoms by releasing inflammatory lipid
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agweed pollen

Figure 8. Mechanisms of AC suppression by w-3
diet. A) The control diet: T},2 cells produce IL-4
and -13, which activate B cells. These activated
B cells produce IgE, which activates mast cells.
In the activated mast cells, free AA is produced
from the phospholipid membrane by PLA,,
and proinflammatory lipid mediators are syn-
thesized by enzymes such as oxygenases and
terminal prostanoid synthases. These proin-
flammatory lipid mediators elicit allergic symp-
toms in the early phase such as conjunctival
redness, discharge, and itch. These lipid medi-
ators such as PGDy and LTBy, also play a role in
attracting eosinophils. Infiltrated eosinophils
produce inflammatory mediators and cause the
late-phase allergic symptoms. B) The -3 diet:
dietary -3 fatty acids do not alter the T,2
immune response, but increase the EPA con-
tent in the membrane phospholipids. Free EPA
liberated by PLA, competes with AA, and
reduces the production of AA-derived media-
tors, resulting in the reduction of proinflam-
matory lipid mediators. Furthermore, lipid
mediators derived from EPA function as anti-
allergic or proresolving mediators. This altered
lipid profile leads to the alleviation of AC in
both the early and late phases.

)

granule-stored cationic proteins were reduced in the con-
junctivae of mice fed w-3 fatty acids (Supplemental Fig.
53). These findings suggest that dietary w-3 fatty acids
reduce the production of lipid mediators that recruit eo-
sinophils, resulting in decreased eosinophil infiltration
and inflammatory mediators produced by these cells.

In this study, itching was also attenuated in the -3 diet
groups. Previous studies showed that PGD,, PGE,, PGF,,,
and PGI, were reported to elicit scratching of the ocular
surface (59-61). Andoh et al. (29) showed that LTB, elicited
itch in the mouse conjunctiva through BLT1, and the ef-
fective doses of LTB4 were 1:10,000 or less than that needed
for histamine, whereas LTC,, LTD,, and LTE, did not in-
duce scratching (59). TXA, elicits hindpaw scratching
through its receptor, thromboxane receptor, in the skin of
mice (62). Thus, in AC, dietary w-3 fatty acids suppressed
itch, probably by depleting itch-eliciting AA-derived lipid

mediators, in the conjunctiva.
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Metabolites of w-3 PUFAs, such as the resolvin E (RVE)
series, resolvin D (RvD) series, maresine-1, and protectin
D1, are collectively called SPMs. Previous reports revealed
therapeutic effects of SPMs for T,2-mediated allergy.
RvD1 dampens IgE production by B-cells in asthma pa-
tients (63) and modulates allergic airway responses by
decreasing IL-5, eosinophils, and proinflammatory medi-
ators in the ovalbumin-induced asthma mouse model (64).
In the same model, RvE1 also decreased IL-13, IgE, and
eosinophil infiltration (65). Although several studies have
suggested the beneficial effects of SPMs on ocular diseases
(66-69), there is no direct evidence on whether SPMs have
any efficacy for AC. In the present study, none of the SPMs
mentioned above was detected in the conjunctiva. We
speculate that their absence was mainly related to the
small sample size (1 conjunctival tissue weighs only about
10 mg), because the sources of SPMs [free EPA, docosa-
hexaenoic acid (DHA) or AA] and the biosynthetic en-
zymes required for the production of SPMs were present
in conjunctiva. Indeed, DHA was abundant in conjunctiva
of mice tested in this study, regardless of the difference in
diet, and 17-hydroxydocosahexaenoic acid (a precursor of
the RvD series derived from DHA) and 14-hydroxy-
docosahexaenoic acid (a precursor of maresine-1 derived
from DHA) were both elevated in mice treated with RW
(Fig. 6B). RvD series SPMs are synthesized from DHA by
15-LOX and 5-LOX, and marsine-1 is synthesized from
DHA Dby 12 /15-LOX (70-72). The expression levels of these
enzymes were also elevated in the RW groups (Fig. 7). To
understand the roles of these SPMs in AC, modulation of
their levels by a DHA-rich diet or by direct targeting may
be required.

In summary, this study revealed that dietary w-3 fatty
acids alleviate AC in both the early and late phases, by
suppressing the production of various proinflammatory
lipid mediators derived from AA, which are involved in
the pathogenesis of AC. In general, T;,2 immune responses
areregarded as the most important drug targets in allergy;
however, the preventive and therapeutic effects of dietary
-3 fatty acids described in this study were not through
modulating Tj,2 immune responses. Instead, at least in the
present AC model, lipid mediators derived from AA seem
to play a major role in eliciting allergic symptoms. Al-
though the drugs currently on the market for treating AC
can inhibit the production of either PGs or LTs, none
blocks both pathways. Thus, altering the lipid mediator
profile with dietary w-3 fatty acids may be a safe and
practical approach for the prevention and therapeutics of
AC, especially given that w-3 fatty acid consumption is
currently declining worldwide.
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