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Summary

The effect of seleno-L-methionine (SeMet) on immunoglobulin (Ig) E-mediated allergic
responses were investigated using rat basophilic leukemia RBL-2H3 cells. Cells were first
treated with or without SeMet, sensitized with anti-dinitrophenyl IgE and stimulated with the
antigen dinitrophenyl-human serum albumin, before the measurement of degranulation,
calcium mobilization, mRNA expression and protein secretion of interleukin (IL)-4 and
tumor necrosis factor (TNF)-a, and phosphorylation of spleen tyrosine kinase (Syk), Akt, and
mitogen-activated protein kinases (MAPKs). The antigen-induced [-hexosaminidase release,
a degranulation marker, was significantly inhibited by SeMet treatment. SeMet also
significantly suppressed antigen-induced calcium mobilization. Antigen-induced increases in
the mRNA expression and protein secretion of IL-4 and TNF-o were both significantly
attenuated by SeMet treatment. In addition, SeMet significantly suppressed antigen-induced
phosphorylation of Syk, Akt, and MAPKs. These results demonstrate that SeMet suppresses
antigen-induced degranulation, and mRNA expression and protein secretion of IL-4 and
TNF-a, and inhibits antigen-induced mobilization of calcium and activation of Syk, Akt, and
MAPKSs. Our study provides valuable information that may be useful in the prevention and

treatment of allergic diseases.
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Introduction

Mast cells are closely related to allergic diseases such as asthma and atopic dermatitis and
play essential roles in the allergic responses.” Mast cells express the type I Fc epsilon
receptor (FceR1) that forms a complex with antigen-specific immunoglobulin (Ig) E.” When
IgE-sensitized mast cells are stimulated with antigens, various allergic mediators, such as
histamine, cytokines, and eicosanoids are secreted from mast cells and induce allergic
reactions.” Activated mast cells also release p-hexosaminidase with the release of various
allergic mediators. B-Hexosaminidase is stored in the secretory granules of mast cells, and it
is commonly used as a marker of degranulation.” Mast cells produce various cytokines, such
as interleukin (IL)-4 and tumor necrosis factor (TNF)-o, which are critical in the
inflammatory responses of late-phase reactions.”

When antigens trigger IgE-sensitized mast cells, spleen tyrosine kinase (Syk) is activated.®
Syk is considered an important molecule in the allergic response associated with FceRI
signaling. The activation of Syk activates the phospholipase (PL) Cy and causes the
mobilization of calcium, which is essential for degranulation.” The activation of Syk also
causes the activation of downstream signaling molecules such as Akt and mitogen-activated
protein kinases (MAPKs).” MAPKs consist of the extracellular signal-regulated kinase
(ERK) 1/2, p38, and c-Jun N-terminal kinase (JNK). The Akt and MAPK pathways play a
crucial role in the expression of cytokines.”

Selenium is an essential trace element for the health of humans and animals, and we are
ingested through the consumption of food.® Selenium is an element constituting the
selenoproteins, through which its biological effects are primarily exerted. Glutathione

peroxidase (GPx) and thioredoxin reductase are well-known selenoproteins, and they work to

protect against oxidative stress.” Seleno-L-methionine (SeMet) is an organic selenium
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compound and is one of the major selenium chemical forms contained in food.” SeMet
shows greater bioavailability and milder toxicity than inorganic selenium compounds.”
Therefore, SeMet is considered to be one of the most useful chemical forms for nutritional
supplementation.'”

People suffering from allergic diseases have been reported to have significantly lower
selenium concentrations and significantly lower GPx activity in blood than healthy
individuals."'® In addition, according to a cohort study on atopic dermatitis, low selenium
levels increase the risk of atopic dermatitis.'” It has been reported that an increase in
oxidative stress is related to the pathogenesis of allergic diseases such as atopic dermatitis.'?
Moreover, it has also been reported that an increase in oxidative stress is related to the
activation of mast cells.”” From these considerations, we speculated that selenium could aid
the prevention of allergic diseases. We have previously reported that supplementation with
SeMet suppresses immediate allergic reactions stemming from ovalbumin-induced active
cutaneous anaphylaxis (ACA) reactions in mice.'® Moreover, we also revealed that
supplementation with SeMet suppresses chronic allergic reactions resulting from atopic
dermatitis induced by repeated application of 2,4,6-trinitrochrolobenzene (TNCB) in mice.'”
However, the effect of SeMet on IgE-mediated allergic response in mast cells has yet to be
understood.

Rat basophilic leukemia (RBL)-2H3 cells have structural and functional characteristics of
mast cells,'™ and have been commonly used in cell biological and biochemical researches of
mast cell function.'” In this study, to clarify the effect of SeMet on IgE-mediated allergic
responses of mast cells, we investigated the effects of SeMet on antigen-induced
degranulation and cytokine expression in IgE-sensitized RBL-2H3 cells. In addition, the

effects of SeMet on the antigen-induced mobilization of calcium and activation of Syk, Akt,

and MAPKSs in IgE-sensitized cells were also investigated.

Biological and Pharmaceutical Bulletin Advance Publication



Materials and methods
Reagents

Dinitrophenyl-human serum albumin (DNP-HSA), Anti-DNP-IgE, 4-nitrophenyl
N-acetyl-B-D-glucosaminide, minimum essential medium (MEM) were provided by
Sigma-Aldrich (St. Louis, MO, U.S.A.). SeMet was provided by Acros Organics (Geel,
Belgium). Methionine (Met) was provided by Wako Pure Chemical Industries, Ltd. (Osaka,

Japan).

Cell culture

RBL-2H3 cells were provided by the National Institutes of Biomedical Innovation, Health
and Nutrition (Osaka, Japan). Cells were maintained in MEM containing 10%
heat-inactivated fetal bovine serum, 100 mg/mL streptomycin, and 100 U/mL penicillin at
37°C 1n air containing 5% CO,. Cells were seeded into plates, settled for 3 h, treated with or
without SeMet or Met, and incubated for 24 h. After incubation, anti-DNP IgE (0.2 ug/mL)
was added and incubated for another 24 h. Then, this SeMet and IgE-treated cells were used

for each experiment.

Cell viability assay

Cells were treated with the antigen DNP-HSA (20 ng/mL) for 2 h, followed by
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) solution was added.
After incubation for 4 h, the medium was removed, dimethyl sulfoxide was added, and the
absorbance at 550 nm was measured by SH-1000Lab microplate reader (Corona Electric Co.,

Ltd., Ibaragi, Japan).
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Measurement of B-hexosaminidase release

B-Hexosaminidase release was performed as described by Murata et al.>” with slight
modifications. Briefly, the medium of the cells was replaced with siraganian (+) buffer
(119 mM NacCl, 25 mM PIPES, 5.6 mM glucose, 1 mM CaCl,, 5 mM KCI, 0.4 mM MgCl,,
0.1% BSA, and 40 mM NaOH, pH 7.2) and incubated for 30 min at 37°C and 5% CO.. Cells
were stimulated with the antigen DNP-HSA (20 ng/mL) for 30 min at 37°C and 5% COa,,
then the supernatant was collected, and the cells were lysed using siraganian (+) buffer
supplemented with 0.1% Triton X-100. The cell lysates or the supernatants were transferred
to a 96-well plate, and 0.1 M citrate buffer (pH 4.5) containing 2 mM 4-nitrophenyl
N-acetyl-B-D-glucosaminide was added and incubated at 37°C for 1 h. The reaction was
stopped by adding 0.1 M Na,CO3;/NaHCO; (pH 10.0), and the absorbance at 405 nm was
measured by SH-1000Lab (Corona Electric Co., Ltd.). The results are expressed as a

percentage of the total content of f-hexosaminidase in the cells.

Measurement of calcium mobilization

Calcium mobilization was measured by the Calcium Kit - Fluo 4 (Dojindo Laboratories,
Kumamoto, Japan), which was performed in accordance with the manufacturer’s instructions.
Briefly, cells were treated with Fluo 4-AM for 1 h, then the antigen DNP-HSA (20 ng/mL)
was added via an injector of TriStar microplate reader (Berthold Technologies, Bad Wildbad,
Germany), and the fluorescence intensity was measured (Excitation: 485 nm/Emission:

535 nm).

RNA isolation and real-time quantitative PCR
Cells were treated with the antigen DNP-HSA (20 ng/mL) for 2 h. RNA isolation and

real-time quantitative PCR was performed as described in our previous study.'” The
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denaturation was carried out at 95°C for 10 s. The annealing condition was as follows:
ribosomal protein S18 (Rps18): 60°C for 10 s; IL-4: 60°C for 20 s; TNF-a.: 55°C for 10 s.
The extension condition was as follows: Rps18 and TNF-a: 72°C for 10 s; IL-4: 72°C for 30
s. The cycle condition was 55 cycles. The results are expressed as the relative mRNA level
compared with the expression of Rps18 mRNA. Primer sequences used were as follows:
Rps18 forward: 5'-AAGTTTCAGCACATCCTGCGAGTA-3'; and Rpsl8 reverse:
5'-TTGGTGAGGTCAATGTCTGCTTTC-3"; IL-4 forward: 5-ACCTTGCTGTCACCCTGT
TC-3"; IL-4 reverse: 5'-GTGTTCCTTGTTGCGGTAAG-3'; TNF-a forward: 5-TGAACTTC

GGGGTGATCG-3'; TNF-a reverse: 5-GGGCTTGTCACTCGAGTTTT-3".

Measurement of IL-4 and TNF-a proteins

Cells were treated with the antigen DNP-HSA (20 ng/mL) for 2 h, and the cell culture
supernatant was collected. The amount of IL-4 and TNF-a in the cell culture supernatant
were determined by ELISA (IL-4: Thermo Fisher Scientific, TNF-a: BioLegend, San Diego,

CA, U.S.A)) according to the manufacturer’s instructions.

Western blot analysis

Cells were treated with the antigen DNP-HSA (20 ng/mL) for 10 min. Western blot
analysis was performed as described in our previous study.”"’ Membranes were incubated
with antibodies against phospho-Syk (Tyr525/526) (C87C1), Syk (D3Z1E), phospho-Akt
(Ser473) (D9E), Akt (C67E7), phospho-ERK1/2 (D13.14.4E), ERK1/2 (137F5), phospho-p38
(D3F9), p38 (D13E1l), phospho-JNK, JNK (Cell Signaling Technology, Danvers, MA,
U.S.A.), and B-actin (AC-15) (Sigma-Aldrich). After incubation with secondary antibody, the

protein expressions were detected using ECL reagent (GE Healthcare, Oxford, UK) and
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ChemiDoc MP (Bio-Rad Laboratories, Hercules, CA, U.S.A.). Quantitative western blot data

were obtained using Image Lab software (Bio-Rad Laboratories).

Statistical analysis

Statistical analysis was conducted by one-way ANOVA with the Bonferroni post hoc test.

Origin Pro 9.0J software (LightStone Corp., Tokyo, Japan) was used for statistical analysis.
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Results
Effect of SeMet on B-hexosaminidase release and calcium mobilization

We first measured the effect of SeMet treatment on the viability of RBL-2H3 cells. As
shown in Fig. 1A, cell viability was not affected by SeMet treatment at increasing
concentrations up to 10 M.

To investigate the effect of SeMet on degranulation, -hexosaminidase release, a general
marker of degranulation, was measured. Cells were treated with or without SeMet, sensitized
with IgE, and stimulated with antigen. As shown in Fig. 1B, B-hexosaminidase release was
significantly increased upon antigen stimulation of IgE-sensitized cells compared with levels
in negative control cells. Increase in -hexosaminidase release by antigen stimulation was
inhibited by SeMet treatment in a dose-dependent manner and was suppressed 28% at a
concentration of 10 uM of SeMet. Antigen-induced [-hexosaminidase release was not
significantly inhibited by 10 uM of Met. Since [B-hexosaminidase release was most
effectively suppressed at a concentration of 10 uM of SeMet, SeMet was used at a
concentration of 10 4M in subsequent experiments.

We also measured calcium mobilization, which is involved in the regulation of
degranulation. Cells were treated with or without SeMet and sensitized with IgE. The cells
were then treated with Fluo 4, a fluorescent calcium probe, and stimulated with antigen. The
fluorescence intensities for 3 min from the time of antigen stimulation were shown in Fig. 2.
These results indicated that the fluorescence intensities, which are indicated the intracellular
calcium levels, were increased by antigen stimulation in IgE-sensitized cells, and showed the
highest value of about 1 min after antigen stimulation. Increase in fluorescence intensity by
antigen stimulation was significantly suppressed by SeMet treatment, and was 34% lower
with SeMet treatment at 1 min after antigen stimulation.
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Effect of SeMet on the mRNA expression and protein secretion of IL-4 and TNF-a

The effect of SeMet on the mRNA expression and protein secretion of IL-4 and TNF-a
was measured. Cells were treated with or without SeMet, sensitized with IgE, and stimulated
with antigen. After incubation, the cells were used for real-time quantitative PCR analysis,
while the supernatant was used for ELISA. As shown in Fig. 3A and 3B, the expression of
IL-4 and TNF-ao mRNA was upregulated upon antigen stimulation in IgE-sensitized cells.
Increase in IL-4 and TNF-oo mRNA expression level by antigen stimulation was 31% and
66% suppressed by SeMet treatment, respectively. In addition, as shown in Fig. 4A and 4B,
IL-4 and TNF-o protein secretion from antigen-stimulated IgE-sensitized cells was also
increased. Increases in IL-4 and TNF-a protein secretion after antigen stimulation were 23%

and 55% lower, respectively, due to SeMet treatment.

Effect of SeMet on the phosphorylation of Syk, Akt, and MAPKSs

To elucidate the effect of SeMet on the activation of Syk, Akt, and three MAPKSs, the
phosphorylation levels of Syk, Akt, and three MAPKs were investigated. Cells were treated
with or without SeMet, sensitized with IgE, and stimulated with antigen. As shown in Fig. 5,
the phosphorylation level of Syk was significantly increased by antigen stimulation of
IgE-sensitized cells and was significantly decreased by SeMet treatment. In addition, the
phosphorylation levels of Akt, ERK1/2, p38, and JNK were also significantly increased by
antigen stimulation in IgE-sensitized cells and were significantly decreased by SeMet

treatment.
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Discussion

We previously reported that the administration of SeMet suppressed immediate allergic
reactions and chronic allergic reactions in mice.'®'” However, the effect of SeMet on the
IgE-mediated allergic response in mast cells is yet to be elucidated. Our present data
demonstrate that SeMet suppresses the antigen-induced allergic response in IgE-sensitized
RBL-2H3 cells.

We first investigated the effect of SeMet on cell proliferation by MTT assay. As the growth
of RBL-2H3 cells was not affected by 10 uM SeMet, we used 10 uM SeMet in this study. It
has been reported that human blood selenium levels are 1 to 2.5 uM under normal
circumstances and rise to 10 M in people who ingest selenium supplements. 2%

As a marker of degranulation of mast cells, B-hexosaminidase release is commonly well
used.” In this study, the release of P-hexosaminidase significantly increased upon
antigen-stimulation in IgE-sensitized cells. Antigen-induced B-hexosaminidase release was
significantly suppressed by SeMet treatment in a dose-dependent manner, and it was most
inhibited at a concentration of 10 uM of SeMet. Antigen-induced B-hexosaminidase release
was not suppressed by 10 uM of Met (same concentration as SeMet). According to the
manufacturer’s information, the medium (MEM, #MO0268, Sigma-Aldrich) used in this
experiment originally contains 100.5 uM Met; the addition of 10 uM of Met is considered to
be small and not to affect the degranulation. In addition, there is no report that 10 uM of Met
suppresses degranulation or allergic responses. Therefore, we considered that SeMet
suppressed degranulation at 10 4M, not Met.

It is well-known that mast cell degranulation is closely related to calcium movement.” A
transient increase of the intracellular calcium concentration occurs upon mast cell activation.

The blockage of calcium levels changes attenuates degranulation. In this study, calcium
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mobilization was significantly increased upon antigen-stimulation in IgE-sensitized cells and
was significantly inhibited by SeMet treatment. These results hint that SeMet-mediated
suppression of calcium mobilization impaired degranulation.

Cytokines such as IL-4 and TNF-a are deeply involved in allergic reactions. IL-4 is
essential for the production of IgE, and also involved in allergic-type T-helper (Th) 2 cells
development.”” TNF-q is a potent proinflammatory mediator that is generated and secreted
upon antigen stimulation in IgE-sensitized mast cells.”*® We evaluated the effect of SeMet
on mRNA expression and protein secretion of IL-4 and TNF-a upon antigen stimulation in
IgE-sensitized cells. SeMet suppressed the antigen-induced upregulation of IL-4 and TNF-a
mRNA in IgE-sensitized cells and decreased the protein secretion of IL-4 and TNF-a as well.
These results imply that SeMet exerts anti-allergic effects by controlling cytokine levels in
RBL-2H3 cells.

Syk is a crucial molecule in mast cell activation associated with FceRI signaling and is
considered one of the promising therapeutic targets for allergic diseases.”” Syk activation is
an important prerequisite for FceRI-mediated mast cell activation.”® The activation of Syk
increases the mobilization of calcium,” and also activates downstream signaling molecules
such as Akt and MAPKs.”” Phosphorylation of Akt and MAPKs in mast cells has been
reported to be associated with the expression of cytokines such as IL-4 and TNF-a."
Although the activation of MAPKSs by stimulation such as Staphylococcus aureus has been

3D the effect of selenium on the activation of MAPKs

reported to be suppressed by selenium,
by antigen stimulation in IgE-sensitized mast cells is not well known. In this study,
antigen-induced activation of Syk was significantly attenuated by SeMet treatment. Moreover,

antigen-induced activation of Akt and MAPKs, which are downstream molecules of Syk, was

also suppressed by SeMet treatment. From these results, it is suggested that Syk may be one
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of the target molecules of SeMet. It has been reported that an increase in oxidative stress
contributes to the activation of mast cells."” Furthermore, some reports showed that an

increase in oxidative stress is also involved in the activation of Syk, Akt, and MAPKs.***¥

Since it is well known that selenium plays a vital role in defense of oxidative stress, ">
SeMet may inhibit the activation of Syk via a cellular antioxidant system and inhibit allergic
reactions by IgE antigen complexes.

In conclusion, our present study demonstrates that SeMet suppresses antigen-induced
degranulation, and mRNA expression and protein secretion of 1L-4 and TNF-a, and inhibits
antigen-induced mobilization of calcium and activation of Syk, Akt, ERK1/2, p38, and JNK
in IgE-sensitized RBL-2H3 cells. Our results provide valuable information that may be useful

in the prevention and treatment of allergic diseases. Further studies are needed to elucidate

the mechanism of the control of allergic reactions by SeMet.
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Fig. 1. Effect of SeMet on B-hexosaminidase release

(A) RBL-2H3 cells were treated with DNP-HSA for 2 h, and cell viability was measured
by MTT assay. (B) RBL-2H3 cells were treated with DNP-HSA for 30 min,
and B-hexosaminidase release was measured. The results are expressed as the mean + S.D.
(n = 6: cell viability; n = 8: B-hexosaminidase release). Experiments were repeated at least

four times independently, and similar results were obtained. **p < 0.01.
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Fig. 2. Effect of SeMet on calcium mobilization
RBL-2H3 cells were treated with DNP-HSA, and fluorescence intensity for 3 min from the
time of antigen stimulation was measured. Squares, negative control; circles, I[gE/DNP-HSA;
triangles, IgE/DNP-HSA + SeMet. The results are expressed as the mean = S.D. (n = 4).
Experiments were repeated at least four times independently, and similar results were

obtained. **p < 0.01, *p < 0.05 compared with [gE/DNP-HSA treatment only group.
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Fig. 3. Effect of SeMet on IL-4 and TNF-a mRNA expression

RBL-2H3 cells were treated with DNP-HSA for 2 h, and total RNA was isolated. The
mRNA expression levels of IL-4 (A) and TNF-a (B) were measured by real-time quantitative
PCR. The results are expressed as the mean + S.D. (n = 4). Experiments were repeated at

least four times independently, and similar results were obtained. **p < 0.01, *p < 0.05.
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Fig. 4. Effect of SeMet on IL-4 and TNF-a protein secretion
RBL-2H3 cells were treated with DNP-HSA for 2 h, and IL-4 (A) and TNF-a (B) secretion
in the culture supernatant was measured by ELISA. The results are expressed as the mean

+S.D. (n = 4). Experiments were repeated at least four times independently, and similar

results were obtained. **p < 0.01, *p < 0.05.
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Fig. 5. Effect of SeMet on phosphorylation of Syk, Akt, and MAPKs

RBL-2H3 cells were treated with DNP-HSA for 10 min, and cell extracts were subjected to

immunoblotting with antibodies against the target. Quantitative results are expressed as the

mean + S.D. (n = 4). Experiments were repeated at least four times independently, and similar

results were obtained. **p < 0.01, *p < 0.05.
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