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The present study investigated the effects of selenium status on allergy in vivo. A total
of 20 NC/Nga mice or 20 BALB/c mice were randomly assigned to one of four
treatment groups and given a diet containing 0, 1, 2 or 3 pg/g selenomethionine. Their
allergic responses were subsequently evaluated. Spontaneous dermatitis was inhibited
in NC/Nga mice given a diet without selenomethionine, enhanced in mice given a diet
containing 1 pg/g selenomethionine and suppressed in mice given a diet containing
3 ng/g selenomethionine. Further, active cutaneous anaphylaxis, a type-I allergic
response of BALB/c mice, was inhibited in mice given a diet without selenomethio-
nine, enhanced in mice given a diet containing 1 pg/g selenomethionine and
suppressed in mice given a diet containing 3 pg/g selenomethionine. Allergies seem
to be aggravated in the presence of a slight selenium deficiency, but abrogated when
the diet is sufficient in, or supplemented with, selenomethionine.
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Introduction

An increase in allergic response can be problematic, hence the epidemiological factors of
allergy should be identified so that the cause of the allergy can be removed and the
allergic response prevented. One of the main predisposing factors for allergy is the
presence of an allergen; however, eliminating all allergens is an unlikely prospect.
Individual differences in the sensitivity to allergens and allergy onset suggest that host/
environmental factors including diet and nutritional status contribute significantly to
allergic responses. Allergy or inflammation is enhanced by oxidative stress (Omata et al.,
2001; Tsukahara et al., 2003), and selenium can reduce oxidative stress by inducing the
production of glutathione peroxidase or other antioxidant enzymes (Moriarty, Reddy, &
Magquat, 1998; Okuno, Motobayashi, Ueno, & Nakamuro, 2006; Perchellet, Abney,
Thomas, Guislain, & Perchellet, 1987; Wingler, Bocher, Flohé, Kollmus, & Brigelius-
Flohé, 1999). To date, only a few studies have investigated the relationship between
allergies and the modification of redox status by selenium compounds. We previously
found that selenite promotes the proliferation of lymphocytes in vitro (Ueno, Hasegawa,
Ido, Okuno, & Nakamuro, 2008; Ueno, Kajihara, Nakamura, Yodoi, & Nakamuro, 2007)
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and reported that selenomethionine, a selenium compound usually found in
vegetables, reduced oxidative stress in the pancreas and improved glucose tolerance
in a mouse model of diabetes (Shimizu, Okuno, Sakazaki, Nakamuro, & Ueno, 2010;
Shimizu, Ueno, Okuno, Sakazaki, & Nakamuro, 2009). Patients infected by the
human immunodeficiency virus (HIV) (Hurwitz et al., 2007; Kamwesiga et al., 2011)
and patients with cancer (Cheng et al., 2012) tend to have a low level of selenium.
These observations suggest that selenium deficiency suppresses immune functions
including antiviral and anticancer activities. Furthermore, epidemiological reports
have shown controversial results concerning the relationship between selenium intake
and allergies in children (Kamer et al., 2012; Thomson et al., 2012). However, the
influence of selenium compounds on mouse models of allergy has not yet been
evaluated in vivo.

The NC/Nga mouse model develops dermatitis under conventional conditions, and
the symptoms resemble atopic dermatitis of humans; the NC/Nga mouse is therefore
used for the investigation of allergic dermatitis (Jin, He, Oyoshi, & Geha, 2009). For
type-I allergy models, passive cutaneous anaphylaxis (PCA) and active cutaneous
anaphylaxis (ACA) are used (Inagaki, Miura, Nagai, & Koda, 1992; McCamish &
Benedict, 1963). In PCA experiments, immunoglobulin E is artificially administered
and histamine release from mast cells is examined, while in ACA experiments
immunoglobulin E secretion from B lymphocytes and histamine release from mast
cells are both investigated.

The present study investigated the effects of selenium status on spontaneous
dermatitis in NC/Nga mice, and on ACA in BALB/c mice, a strain that is frequently
used in immunological research.

Methods
Common procedures for all animal treatments

The experimental protocol of our study was in accordance with the animal experiment
guidelines of Setsunan University, Japan. These guidelines were adapted from the
guidelines of the Japanese Society for Pharmacology. The Committee for the Ethical Use
of Experimental Animals of Setsunan University approved the study. Efforts were made
to minimise animal suffering as much as possible by reducing the number of animals used
in experimentation and using alternatives for in vivo techniques.

A total of 20 mice of each strain were housed five per cage and allowed one week
for acclimation while fed a normal diet (MF Certified Diet, Oriental Yeast Co., Ltd.) ad
libitum with full access to water. After acclimation, the mice were randomly assigned
to one of four treatment groups as follows: (1) selenomethionine-deficient diet without
selenomethionine, (2) selenomethionine-deficient diet supplemented with 1 pg/g seleno-
methionine, (3) selenomethionine-deficient diet supplemented with 2 ng/g selenomethio-
nine and (4) selenomethionine-deficient diet supplemented with 3 pg/g selenomethionine.
The mice were kept in a pathogen-free room maintained on a 12-h light—dark cycle (lights
on at 7:00 am), at an ambient temperature of 23° £ 1°C and a humidity level of 47-67%.
All mice were allowed ad libitum access to water and to their respective diets.

Selenium-deficient feed, which was purchased from Oriental Yeast Co., Ltd. (Tokyo,
Japan) contained 30% torula yeast (KR yeast, Kohjin Life Sciences Co., Ltd., Tokyo,
Japan), 17% a-corn starch, 23.7% B-corn starch, 10% sucrose, 13% lard, 5% mineral
mixture, 0.85% vitamin mixture, 0.30% bDL-methionine and 0.15% choline chloride, as



Downloaded by [Univ di Roma Tor Vergata] at 22:43 12 January 2018

Food and Agricultural Immunology 479

described previously (Shimizu et al., 2009, 2010). To prepare the selenomethionine-
supplemented feed, approximately 25 g of the powdered feed was supplemented with
0-3 pg/g selenomethionine (Sigma-Aldrich, St. Louis, MO, USA). To achieve this, 1 mL
of a 0-75 mg/mL selenomethionine aqueous solution was added to 25 g of selenium-
deficient diet in covered feed boxes (Roden CAFE, Oriental Yeast Co., Ltd.). The dose of
selenomethionine was calculated in accordance with the selenium content of normal feed
and the mean intake of that feed (Shimizu et al., 2009, 2010). Briefly, in these studies, the
normal MF diet contained 0.4 pg of selenium (equivalent to 0.99 ng selenomethionine)
per gram of diet, and the mean intake of an Institute of Cancer Research (ICR) mouse
(a commonly used outbred mouse strain) fed that diet was 4.7 g per day.

Spontaneous dermatitis in NC/Nga mice

Conventional three-week-old female NC/Nga mice weighing 18-20 g (Japan SLC Co.,
Shizuoka, Japan) received one of the four diets described above for a period of five
weeks. The degree of dermatitis observed in the mice was scored depending on the
severity according to a previous report (Hirasawa et al., 2004) with some modifications,
as follows: (1) presence of slight blushing or minor hair loss; (2) presence of blushing or
hair loss; (3) presence of a wide area of blushing, or of blushing plus hair loss;
(4) presence of a skin lesion; and (5) presence of bleeding. After the five-week
intervention period, we anaesthetised the mice by intraperitoneal administration of
0.1 mL of physiological saline with 10 mg/mL sodium pentobarbital (approximately
50 mg/kg body weight, 1 mg/mouse) and collected the plasma, spleen, thymus, mesenteric
lymph nodes and back skin for evaluation of the selenium content.

ACA

Three-week-old female BALB/c mice weighing 18-20 g (Japan SLC Co.) were fed one
of the four diets described above for a period of four weeks before we attempted to
elicit an ACA response with subcutaneous administration of 1 pg ovalbumin (OVA;
Sigma-Aldrich) and 1 mg alum (Sigma-Aldrich). This treatment was repeated one week
later for additional sensitisation. After a further week (two weeks after the initial
administration of OVA and alum), the mice were anaesthetised by intraperitoneal
administration of 0.1 mL of physiological saline with 10 mg/mL sodium pentobarbital
(approximately 50 mg/kg body weight, 1 mg/mouse), 250 pL of 0.5% Evan’s blue
solution was injected into the tail vein and 10 pL of 0.1 mg/mL OVA was injected
subcutaneously into the right ear lobe. To measure the exudate of Evan’s blue, the ear
lobes of the mice were excised 30 min post-injection, incubated overnight in 0.3 mL of
1 mol/L KOH (potassium hydroxide) solution at 37°C, neutralised with 10 mol/L
phosphoric acid—acetone (3:67) solution (0.7 mL) and centrifuged at 15,000g for
10 min at room temperature. The absorbance of the supernatant was measured at 620 nm
(Inagaki et al., 1992).

Selenium determination

Approximately 0.1 mL of plasma and 0.1 g of organ tissue were added to 3 mL mixed
acid solution (HNOs/HCIlOy, 2:1), incinerated and the quantity of inorganic selenite was
determined using a fluorometric method with diaminonaphthalene (Walkinson, 1966).



Downloaded by [Univ di Roma Tor Vergata] at 22:43 12 January 2018

480 F Sakazaki et al.

Statistical analysis

We calculated the mean + standard deviation (SD) of values for four or five mice in each
group and compared differences between the means using one-way analysis of variance
(ANOVA) and #-tests with Bonferroni correction. We calculated the mean + standard error
(SE) of values for four or five mice in each group for the inflammation score. Differences
in inflammation scores and dye exudation of ACA were analysed using Mann—Whitney
tests. P values <0.05 were considered statistically significant.

Results

The average food intake and the estimated amount of selenium ingested by mice
are shown in Figure 1. The body mass increase in NC/Nga mice fed a diet without
selenomethionine was lower than that in mice consuming any of the diets supplemented
with selenomethionine, although this was not statistically significant (Figure 1). We did
not find an increase in urine excretion, a symptom of diabetes, in the present study,
although it has previously been observed in streptozotocin-administered Nagoya-Shibata-
Yasuda (NSY) mice fed different selenium-deficient diets (Shimizu et al., 2009; data not
shown).
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Figure 1. Food and selenium intake, and body weight, in mice fed diets deficient in selenium, or
supplemented with selenomethionine. A selenium-deficient diet was supplemented with 0-3 pg/g
selenomethionine and fed to NC/Nga mice for a period of four weeks. Food intake was measured,
and the average intake of selenium was calculated. The results are presented as mean + SD (n = 5
per group). (a) Average food intake of mice. (b) Calculated average of selenomethionine intake of
mice. (¢c) Body mass of mice. Mean values of the different dietary groups were compared against
the mean value of the group given a diet without selenomethionine. * indicates p < 0.05.
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We have presented the degree of dermatitis as an inflammation score (Figure 2, panels
a and b). Mice given a diet without selenomethionine experienced slight hair loss, but did
not have any signs of bleeding. Mice given a diet containing 1 pg/g selenomethionine
experienced hair loss, bleeding and crust formation. Mice given a diet containing 2 pg/g
selenomethionine experienced hair loss, but there were considerable differences between
the individual mice, and mice given a diet containing 3 pg/g selenomethionine did not
have hair loss or bleeding. The appearance of mice in the different treatment groups is
shown in Figure 2 (panels c—f). The graph showing the relationship between
selenomethionine dose and inflammation score had a reverse-U-shaped curve (Figure 2).

The plasma selenium level in mice given a diet without selenomethionine was
significantly lower than that in mice fed a diet containing 1-3 pg/g selenomethionine, but
it did not differ significantly between mice fed diets with 1, 2 or 3 pg/g selenomethionine
(Figure 3). Selenium levels in the liver, spleen and skin were proportional to the amount
of selenium provided to the mice (Figure 3). Because the selenium levels for both the
mesenteric lymph nodes and the thymus were determined from a single pooled sample for
each treatment group, it was not possible to perform a statistical analysis of these data.
Nonetheless, we observed that the selenium level in the mesenteric lymph nodes tended
to depend on selenium intake, whilst the selenium level in the thymus did not show such
a tendency.
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Figure 2. The degree of inflammation in NC/Nga mice according to selenium status. Mice were
fed diets containing various amounts of selenomethionine. (a and b) Inflammation score. The
severity of dermatitis was scored (see Methods), and the results are presented as mean + SE (n =5
per group). The mean values of the different groups were compared to the mean values observed in
mice fed with diets containing 0 and 1 pg/g selenomethionine. * indicates p < 0.05 for comparisons
with the group fed a diet without selenomethionine. { and i indicate p < 0.05 and p < 0.01,
respectively, for comparisons with the group fed a diet containing 1 pg/g selenomethionine.
(a) Increase in inflammation scores with time. (b) Inflammation scores on day 36. (c)—(f) Appearance
of the mice. The photographs show the typical appearance of mice. (c) A mouse fed a diet without
selenomethionine. (d) Mice fed a diet containing 1 ng/g selenomethionine. (e) Mice fed a diet
containing 2 pg/g selenomethionine. (f) A mouse fed a diet containing 3 pg/g selenomethionine.
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Figure 3. Selenium levels in organs. Organs collected as described in the methods were
incinerated and the concentrations of selenium evaluated using diaminonaphthalene. (a) Selenium
levels in the plasma. (b) Selenium levels in the liver. (¢) Selenium levels in the mesenteric lymph
nodes. (d) Selenium levels in the thymus. (e) Selenium levels in the spleen. (f) Selenium levels in
the skin. The results, except for those of the mesenteric lymph nodes and thymus, are presented as
mean + SD (n = 5 per group). The mean values of the different groups were compared to the mean
value for mice fed a diet without selenomethionine. * indicates p < 0.05. The selenium content of
the mesenteric lymph nodes and thymus was determined, and the mean values of the groups with
five mice were calculated. The values for the mesenteric lymph nodes and thymus are presented as
the mean value for one mouse, calculated from a single pooled sample derived from five mice.
Thus, no standard deviation and no statistical comparison were possible for these tissues.
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Figure 4. Active cutaneous anaphylaxis in BALB/c mice according to selenium status. Three-
week-old female BALB/c mice were fed diets containing different levels of selenomethionine.
Active cutaneous anaphylaxis (ACA) against OVA was elicited in the different groups. Panel a
shows the selenium intake of each group of mice and panel b shows ACA intensity. The results are
presented as mean + SD (n = 4-6 per group). The mean values of the groups were compared to the
mean value for mice fed diet without selenomethionine, and to those for mice fed a diet containing
1 ng/g selenomethionine. * indicates p < 0.05, for comparisons with the values for mice fed a diet
without selenomethionine. { indicates p < 0.05 for comparisons with the values for mice fed a diet
containing 1 pg/g selenomethionine.

Because BALB/c mice ate less than NC/Nga mice (probably due to a strain
difference), their intake of selenomethionine was less than that of NC/Nga mice
(Figure 4a). Assessment of ACA revealed that the dye exudate, which indicates the
permeability of blood vessels at a site of inflammation, was reduced in mice given a diet
containing 0, 1 or 3 pg/g selenomethionine, whereas it was enhanced in mice given a diet
containing 2 pg/g selenomethionine (Figure 4b).

Discussion

In humans, atopic dermatitis is a type-I allergy that is aggravated by oxidative stress
(Omata et al., 2001; Tsukahara et al., 2003). Selenium compounds are known to reduce
oxidative stress (Moriarty et al., 1998; Okuno, Kawai, Hasegawa, Ueno, & Nakamuro,
2001; Perchellet et al., 1987), but their role in allergic reactions is not well understood.

The present study investigated the effects of selenium deficiency and selenomethio-
nine supplementation in two mouse models of allergy; NC/Nga mice spontaneously
develop dermatitis and therefore serve as a model of atopic dermatitis, whereas ACA is
an experimental mouse model of type-I allergy ACA which was induced in BALB/c
mice, a strain that is commonly used in immunological research.

Severe selenium deficiency induced by a diet without selenomethionine caused
inhibition of spontaneous dermatitis in NC/Nga mice, and of ACA in BALB/c mice. The
body mass increase in mice given a diet without selenomethionine was less than that in
mice given a diet with selenomethionine. These mice also had dull fur.

Our findings do not indicate that selenium deficiency can cure allergy, rather they
indicate that severe selenium deficiency causes immunodeficiency. Our previous studies
showed that lymphocyte proliferation in response to concanavalin A is enhanced when
the culture medium is supplemented with selenite (Ueno et al., 2007, 2008). In vivo, a
lack of selenium would inhibit the lymphocyte proliferation that is necessary for allergy,
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whilst selenomethionine supplementation is likely to enable this proliferation to recover.
Delayed-type dermatitis, a type-IV allergy, is also inhibited in selenium-deficient humans
(Hawkes, Hwang, & Alkan, 2009).

Although NC/Nga and BALB/c mice were fed different amounts of selenomethio-
nine, BALB/c mice eat less than NC/Nga mice, and thus the two experiments represent
similar dose dependencies.

In the NC/Nga mice fed with conventional food, the onset of spontaneous lesions
occurred at eight weeks of age as previously described (Jin et al., 2009; Yamaguchi et al.,
2001; data not shown). We found that the onset of spontaneous dermatitis was hastened in
NC/Nga mice that became slightly selenium-deficient (diet with 1 pg/g selenomethio-
nine), and this was retarded in mice provided a diet supplemented with selenomethionine
to a level similar to that of mice provided with the conventional diet (diet with 3 pg/g
selenomethionine). In addition, ACA was enhanced in BALB/c mice that were slightly
selenium-deficient (diet with 2 pg/g selenomethionine), but reduced in selenomethionine-
sufficient mice (diet with 3 pg/g selenomethionine). Selenite and selenomethionine
moderate oxidative stress by inducing the expression of antioxidant enzymes, including
glutathione peroxidase (Okuno et al., 2006; Shimizu et al., 2010). Thus, inflammation
in spontaneous dermatitis and ACA may be moderated by selenomethionine because it
regulates oxidative stress.

A selenomethionine-induced reduction in oxidative stress was previously illustrated in
a mouse model of streptozotocin-induced diabetes; streptozotocin administration caused
an increase in oxidised nucleotides in the pancreas (Shimizu et al., 2010). However,
evaluation of oxidative stress by measuring glutathione levels was not successful, and
assessing oxidative stress in vivo is difficult (Shimizu et al., 2009). The present study
does not offer any direct evidence of changes in oxidative stress, and hence further
investigations are warranted.

In conclusion, our results suggest the following: (1) severe selenium deficiency can
cause immunodeficiencies, (2) a mild selenium deficiency can exacerbate allergy and
(3) dietary supplementation with selenomethionine can abrogate allergy.
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