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Summary Effectiveness of retinoic acid (RA) in treating food allergy is not yet clear. Using
an allergic mouse model, we examined the amelioration of the severity of food allergy by
daily RA intake with allergen or without. Female Balb/c mice were systemically sensitized to
egg white (EW) and alum by intraperitoneal injection. Sensitized mice were provided diets
supplemented with 0% (non-treated group), 0.1% EW (allergen group), 0.0017% RA (RA
group), or 0.1% EW plus 0.0017% RA (RA +allergen group) with 20% casein for 4 wk. Oral
food challenge (OFC) and allergic biomarkers were quantified. The decrease in rectal tem-
perature post-OFC was significantly suppressed in the RA and RA+allergen groups com-
pared to those in the non-treated and allergen groups, respectivety. The plasma levels of
ovalbumin-specific IgE, IgA and IgG1 at the study endpoint were higher in the allergen and
RA+allergen groups than those in the non-treated and RA+allergen groups, respectivety.
Plasma ovalbumin-specific IgG2a levels at the study endpoint were significantly higher in
the RA+allergen group than those in the RA groups. The supernatant concentrations of
interleukin-10 and interferon-vy in the cultured spleen lymphocytes were highest in the
RA+allergen group compared to those in the other groups. Thus, continuous intake of RA
under allergen exposure ameliorated the severity of food allergy in a mouse model with food

allergy.
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In the Japanese guidelines for food allergy 2017 (1),
food allergy is defined as “a phenomenon in which ad-
verse reactions are caused through antigen-specific im-
munological mechanisms after exposure to a given food.”
Principle of dietary and nutritional instruction is mini-
mum avoidance of causative foods (1). This treatment is
considered as “Although eliminating causative foods is
the principal treatment for food allergies, caution should
be exercised in not eliminating these foods excessively.
Even for foods that demonstrate confirmed positive re-
sults in an oral food challenge (OFC), the patient is in-
structed to take in lower amounts or hypoallergenic
forms (heated or cooked)” (1). The intake of oligosaccha-
rides or herbal medicines under allergen exposure can
ameliorate the severity of food allergy (2, 3). Petrarca et
al. reported that the abundance of eosinophils in bron-
choalveolar lavage fluid post-allergen challenge was
decreased in the allergen+vitamin D3 treatment group
compared to that in the allergen treatment and vitamin
D3 treatment groups (4). However, few studies have ex-
amined the effects of nutrients under allergen exposure.

Retinoic acid (RA), a metabolite of vitamin A, plays
important roles in immunity. Nagata et al. suggested
that an endogenous increase in the RA concentration in
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the lamina propria of the colon was related to improve-
ments in food allergy (3). Dawicki et al. showed that
intraperitoneal administration of allergen-specific ma-
ture RA-skewed dendritic cells suppressed anaphylactic
responses to OFC in mice with food allergy (5). However,
whether food allergy can be ameliorated by daily RA in-
take remains unclear.

We thus examined here, the amelioration of the
severity of food allergy by daily RA intake and investi-
gated the influence of allergen exposure in an allergic
mouse model.

Materials and Methods

Animals, diets, and experimental protocol. The care and
treatment of the experimental animals were performed
according to the guidelines of Mukogawa Women's
University (Hyogo, Japan) for the ethical treatment of
laboratory animals (No. FSN-01-2017-01-A). Female
Balb/c mice (n=32; 6-wk old) were purchased from
CLEA Japan, Inc. (Tokyo, Japan). All diets and freeze-
dried egg white (EW) powder for the study were pre-
pared in-house, and the supplement amounts of EW
and all-trans RA (FUJIFILM Wako Pure Chemical Corpo-
ration, Ltd., Osaka, Japan) were 1.00 and 0.017 g/kg
diet, respectively (Table 1).

The EW allergic mouse model was prepared as previ-
ously described (6). The experiment outline is illustrated
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Table 1. Composition of experimental diets.!
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Non-treated

Component (g/kg diet) (20% casein diet) 0.1% EW 0.0017% RA 0.1% EW plus 0.0017% RA
Vitamin free milk casein 200 199 200 199
Freeze-dried EW powder? 0 1 0 1
DL-Methionine 2 2 2 2
Gelatinized cornstarch 453 453 452.983 452.983
Sucrose 200 200 200 200
Corn oil 50 50 50 50
Cellulose 50 50 50 50
Mineral mixture (AIN-93G) 35 35 35 35
Vitamin mixture (AIN-93) 10 10 10 10
All-trans RA 0 0 0.017 0.017

1Vitamin-free milk casein, gelatinized cornstarch, cellulose powder, AIN-93G mineral mixture, and AIN-93 vitamin mixture
were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). DL-Methionine, corn oil, and all-trans RA were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). Sucrose was purchased from Mitsui Sugar Co., Ltd. (Tokyo,

Japan). All diets were prepared in-house.

2EW was diluted by 3-fold in water, mixed for 1 h, filtered through gauze, and freeze-dried.

in Fig. S1 (Supplemental Online Material). The mice
were maintained under specific-pathogen-free condi-
tions and individually housed at 22°C with 60% humid-
ity and under a 12-h light (08:00-20:00)/dark (20:00—
08:00) cycle. All mice were fed a 20% casein diet during
preparation of the EW allergic mouse model. All mice
were systemically sensitized by two intraperitoneal ad-
ministrations of 100 ug EW in 100 uL of saline plus
100 uL of aluminum hydroxide gel (Imject™ Alum
Adjuvant; Thermo Fisher Scientific, Waltham, MA, USA)
at weeks —4 and —2. At week —1, the plasma was col-
lected by submandibular bleeding and assayed for oval-
bumin (OVA)-specific IgE to verify the sensitization to
EW. Subsequently, all mice were administrated 20 mg
EW in 200 uL saline orally three times for 1 wk to in-
duce allergic symptoms. A day before the treatment, all
mice were fasted from the previous night, and were car-
ried out OFC in the morning.

EW allergic mice (n=32) were divided into four
groups and provided diets supplemented with 0% (non-
treated group), 0.1% EW (allergen group), 0.0017%
RA (RA group), or 0.1% EW plus 0.0017% RA (RA+
allergen group) in their 20% casein diet for 4 wk. Sub-
mandibular blood was collected at the mid-point (2 wk).
One mouse each from the non-treated and RA groups
and two mice from the allergen group died before the
study was complete. OFC was performed at 4 wk. At the
study endpoint, the plasma, small intestine and spleen
were harvested. Plasma samples were stored in the dark
at —40°C.

OFC. OFC was performed as described previously
(6). Briefly, after overnight fasting, the mice were orally
challenged in the morning with 40 mg EW in 200 uL of
saline. Immediately before and 15 min after OFC, the
rectal temperature was measured using a thermometer
(KN-91-AD-1687-M; Natsume Seisakusyo Co., Ltd.,
Tokyo, Japan).

Determination of the levels of OVA-specific antibodies

(IgE, IgA, IgG1, and 1gG2a) in plasma, feces and small
intestine. The plasma concentrations of OVA-specific
IgE and IgA were determined by capture enzyme-linked
immunosorbent assay (ELISA) (6). A mouse anti-OVA
IgE monoclonal antibody E-G5 and mouse anti-OVA IgA
monoclonal antibody 2G12E12 (Chondrex, Inc., Red-
mond, WA, USA) were used as standards to determine
the concentration of OVA-specific IgE and IgA. Addi-
tionally, the levels of OVA-specific IgG1 and IgG2a were
determined by indirect ELISA (6). The dilution ratios
of OVA-specific IgG1 and IgG2 were 1: 10,000 and
1: 1,000, respectively. Horseradish peroxidase substrates
of OVA-specific IgG1 and IgG2 were used 2,2'-azino-bis
and o-phenylenediamine, respectively and the reaction
time of OVA-specific IgG1 and IgG2 were 5 min and
10 min, respectively.

The fecal and small intestine concentrations of OVA-
specific IgA and fecal levels of OVA-specific IgA immuno-
complex (IgA IC) were determined by indirect and sand-
wich ELISA, respectively (7). The dilution ratio of OVA-
specific IgA IC were 1 : 10. Horseradish peroxidase sub-
strate of OVA-specific IgA IC was used o-phenylenedi-
amine and the reaction time was 5 min.

Spleen lymphocyte culture and assessment of cytokine
secretion. Spleen lymphocytes were isolated and cul-
tured as previously reported (6). They were isolated
from spleen homogenates using Lympholyte-M [Lym-
pholyte(R)-M Cell Separation Media, Cedarlane Labora-
tories, ON, Canada]. Cells from each mouse were plated
at a density of 1.5X107/well in Roswell Park Memorial
Institute-1640 complete medium in 24-well plates.
Spleen lymphocytes were stimulated with 2 mg EW per
well and incubated at 37°C with 5% CO,. The culture
supernatants were collected after 48 h and then stored
at —40°C until analysis. The concentrations of inter-
leukin-4 (IL-4), IL-10, and interferon-y (IFN-vy) were
determined according to the manufacturer’s instruc-
tions (BioLegend, San Diego, CA, USA).
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Table 2. Nutritional effect by diets supplemented with EW and/or RA.!
p value
Non-treated Allergen RA RA+allergen
Allergen  RA  Interaction
Body weight at day 1 (g) 22.8+1.6 23.3*x1.0 24.1*x1.9 23.6*+1.1 N.S. N.S. N.S.
Body weight at day 28 (g) 23.1%x2.4 23.8+x1.3 22.1*1.9 23.4+1.8 N.S. N.S. N.S.

0.3x1.4
2.8%0.2

Body weight change during 4 wk (g)
Daily food intake (g)

0.5x1.8 —2.0x1.9*
2.8£0.2

—-0.2%x1.8 N.S.  p<0.05 N.S.

2.7+x0.4 2.9%0.2 N.S. N.S. N.S.

1 Values are presented as the mean +standard error (n=6-8). Significant differences were assessed using a two-way ANOVA
followed by Bonferroni's multiple comparison test. When two-way ANOVA indicated the presence of an allergen-RA inter-
action, one-way ANOVA was conducted followed by Tukey’s multiple-comparison test among all columns and superscript
letters without a common letter indicate significant differences (p<<0.05). When the interaction was not significant, differ-
ent superscript asterisks (* (non-treated vs. RA or allergen vs. RA+allergen) in the RA or RA+allergen groups indicate

significant differences (p<<0.05). N.S.: not significant.

Allergen: p <0.01
RA: p <0.001
Interaction: N.S. (p = 0.850)
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Fig. 1. Decrease in rectal temperature post-OFC after
4-wk the treatment period. Value are shown as the
mean=standard error (n=6-8). Significant differences
were assessed using a two-way ANOVA followed by
Bonferroni's multiple comparison test. p values less
than 0.05 were considered as significant. N.S.: not sig-
nificant.

Statistical analysis. Significant differences were as-
sessed using a two-way ANOVA followed by Bonferroni's
multiple comparison test. When two-way ANOVA indi-
cated the presence of an allergen-RA interaction, one-
way ANOVA was conducted followed by Tukey’s multi-
ple-comparison test among all columns. p values less
than 0.05 were considered as significant. All analyses
were conducted using GraphPad Prism version 5.0
(GraphPad Software, San Diego, CA, USA).

Results

Nutritional effect of diets supplemented with EW and/or RA
Body weights at days 1 and 28 were comparable in

the all groups (Table 2). Body weight change during the

treatment term significantly decreased in the RA group

than in the non-treated group (Table 2). Daily food

intakes were comparable in all the groups (Table 2).
Improvement of food allergy by RA intake with or without
allergen exposure

In a two-way ANOVA analysis of OFC at 4 wk, the
each factors of allergen and RA significantly differed
although the interaction was not indicated (Fig. 1). The
decrease in rectal temperature post-OFC was signifi-
cantly suppressed in RA and RA+allergen groups than
the non-treated and allergen groups, respectively (Fig.
1). Moreover, the decreased temperatures in rectum
were lower in the RA+allergen group than those in the
RA group although not significant (Fig. 1, 95% confi-
dence interval of difference: —0.02 to 1.09).
Determination of OVA-specific antibodies in plasma, feces
and small intestine

At 2 wk, the plasma levels of OVA-specific IgE, IgG1
and IgG2a were comparable among all groups (Table
3). The plasma OVA-specific IgA levels were significantly
higher in the allergen group than that in the non-treat-
ed group (Table 3).

In a two-way ANOVA analysis of OVA-specific IgE con-
centrations at the study end point, the significant in-
teraction between allergen and RA was indicated (Table
3). The plasma levels of OVA-specific IgE, IgA and IgG1
were significantly higher in the allergen and RA +aller-
gen groups than those in the non-treated and RA
groups, respectivety (Table 3). The plasma levels of OVA-
specific IgG2a were not significantly difference among
the non-treated and allergen groups (Table 3). However,
the plasma levels of OVA-specific IgG2a in the RA+
allergen group were significantly higher than those in
the RA group (Table 3).

In a two-way ANOVA analysis of OVA-specific IgA
and IgA IC in feces, the significant interactions between
allergen and RA were indicated (Table 3). The fecal con-
centrations of OVA-specific IgA were higher in the RA
group than those in the other groups (Table 3). The fecal
levels of OVA-specific IgA IC were higher in the RA+
allergen group than those in the other groups (Table 3).
The OVA-specific IgA concentrations in the small intes-
tine were significantly higher in the allergen and RA+
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A Allergen: p <0.01 B Allergen: N.S. C Allergen: N.S.
RA:p <0.01 RA: N.S. RA: p <0.01
Interaction: p <0.05 Interaction: N.S. Interaction: N.S. (p = 0.062)
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Fig. 2. Concentrations of IFN-vy (A), IL-4 (B), and IL-10 (C) following in vitro stimulation of spleen lymphocytes with EW.

Values are shown as the mean=*standard error (n=6-8). Significant differences were assessed using a two-way ANOVA
followed by Bonferroni’s multiple comparison test. When two-way ANOVA indicated the presence of an allergen-RA
interaction, one-way ANOVA was conducted followed by Tukey’s multiple-comparison test among all columns. p values less
than 0.05 were considered as significant. N.S.: not significant.

allergen groups than those in the non-treated and RA
groups, respectivety (Table 3).
Assessment of cytokine secretions with in-vitro EW-stimu-
lation of spleen lymphocytes

The concentrations of IFN-y showed the significant
interaction between allergen and RA, and were signifi-
cantly higher in the RA+allergen group than in the
other groups (Fig. 2A). IL-4 concentrations were com-
parable among all groups (Fig. 2B). In a two-way
ANOVA analysis of IL-10, the RA factors significantly
differed although the interaction was not indicated (Fig.
2C). IL-10 concentrations in the RA+allergen group
were significantly higher than those in the allergen
group (Fig. 2C). Moreover, the IL-10 concentrations in
the RA+allergen group were higher than those in the
RA group although not significant (Fig. 2C, 95% confi-
dence interval of difference: —0.02 to 2.32). The rela-
tionship between the decrease in rectal temperature
post-OFC and IFN-vy and IL-10 concentations were sig-
nificantly correlations (Spearman r=0.643 [p<<0.001]
and 0.499 [p=0.007], respectively) (Fig. S2A and S2B,
Supplemental Online Material).

Discussion

RA effects a wide range of physiological processes.
However, it is believed that the most of adverse symp-
toms by excessive intake of vitamin A is caused to the
increase of RA. The AIN-76 and -93G diet was formu-
lated to contain 4 IU retinol activity equivalents (RAE)/g
of meal and and the commercial diet (Mouse diet (Cat
5015); PMI Nutrition) contain 18 IU RAE/g of meal.
Goverse et al. reported that C57BL/6 mice orally admin-
istrated RA (100 ug/g of dry food) for a week exhibited
an increased percentage of CD4" Foxp3* cells within
the mesenteric lymph node (8). Therefore, we deter-
mined that the supplemented amounts of RA were 17
ng/g of diet (16 IU RAE/g of diet), which the total die-
tary amount of vitamin A and RA in diets contained

approximately 20 IU.

In current experiment, the body weight change in the
RA group significantly decreased more than that in the
non-treated group. The intake amount of RA in mice fed
the RA or RA+allergen diet was approximately 2 ug/g
of body weight in mouse (17 ug/g of diet X 2.8 g diet/
d/mouse X 23 g/mouse). Yamaguchi reported that oral
administration of RA (5 ug/g of body weight in mouse)
suppressed body weight gain by high-fat diet in mice
and increased energy expenditure and fat combustion
(https://kaken.nii.ac.jp/ja/file/KAKENHI-PROJECT-
23700919/23700919seika.pdf). Moreover, Hernandez
et al. showed that RA stimulates uncoupling protein-1
mRNA in mouse adipocytes (9). We considered that the
decrease in body weight in the RA group was related to
an increase in energy expenditure.

Type 1 allergic responses are due to the cross-linked
structure between IgE on FceRI in mast and basophilic
cells and the allergen. These cells then release various
mediators, which induce decreases in blood pressure
and body temperature due to vascular relaxation. Thus,
in a mouse model with food allergy, a decreased rectal
temperature post-OFC can quantitatively evaluate the
severity of food allergy. We present three hypothese for
the suppression of decrease in rectal temperature post-
OFC by RA and allergen intake. First, RA inhibits the
type I allergic reaction. Second, RA reduces reactivity to
the allergen. Third, RA induces anti-allergic mediators.

First, we evaluted whether RA inhibits the type I aller-
gic reaction. In in vitro experiments using the rat ba-
sophilic leukemia (RBL-2H3) cells, RA did not inhibit
degranulation by antigen stimulation (Supplemental
Online Material, Fig. S3A). Therefore, long-term intake
of RA and allergen was considered to decrease the sever-
ity of food allergy but not through inhibition of the type
I allergic reaction via IgE-FceRI interactions.

The production of allergen-specific antibodies from
B-cell is promoted by allergen stimulation. We predicted
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that reactivity to allergen could be evaluated by mesur-
ing the production of allergen-specific antibodies. The
plasma levels of OVA-specific IgE, IgG1, and IgA were
comparable among the allergen and RA-+allergen
groups. Moreover, OVA-specific IgA levels in the homog-
enate of the small intestine did not differ between the
allergen and RA-+allergen groups. However, the de-
crease in rectal temperature post-OFC was significantly
suppressed in the RA+allergen group compared to that
in the allergen group. These results suggested that the
consecutive intake of RA and allergen does not reduce
the reactivity to allergen.

IFN-vy and IL-10 are anti-inflammatory cytokines in-
volved in asthma and allergy (10, 11). Moreover, IFN-y
induces class-switching to IgG2a production in B cell by
allergen-stimulation (11). Petrarca et al. reported that
allergen-specific IgG2a levels in the allergen+vitamin
D3 treatment group were higher than those in the aller-
gen treatment and vitamin D3 treatment groups (4). In
this study, the plasma OVA-specific 1gG2a levels and
IFN-vy secrection in the RA+allergen group was higher
than those in the other groups. IL-10 is involved in
inducing specific anergy (10). Bakdash et al. reported
that RA induces IL-10-producing regulatory T cells
(12). In this experiment, IL-10 secretion in spleen lym-
phocytes was higher in the RA+allergen group than
those in the other groups. Pierkes et al. reported that
after wasp venom immunotherapy, IFN-y and IL-10
partially suppressed the releases of histamine and
sulfidoleukotriene through allergen-stimulation (13).
Furthermore, the severity of food allergy and IFN-vy
and IL-10 secretions showed significantly correlations.
Therefore, the IFN-y and IL-10 production by allergen-
stimulation may have influenced the suppression of
the decrease in rectal temperature post-OFC.

In conclusion, continuous intake of RA under aller-
gen exposure ameliorated the severity of food allergy in
a mouse model and may promote the induction of anti-
inflammatory cytokines such as IFN-y and IL-10.
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