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Chapter 1  Introduction 

 - 3 - 

supplement are very limited, especially for soy planted in natural Se-enriched 

soils. A better understanding of those Se-enriched foods can provide useful 

information regarding their potential for applications to ensure an adequate intake 

of Se. 

A wide variety of Se supplements, Se metabolites and selenoproteins have been 

studied for their ability to prevent oxidative damage and disease [12, 13]. 

Inorganic selenite reacts with glutathione to produce selenodiglutathione which is 

subsequently reduced by NADPH to elemental Se [14]. Elemental Se can 

scavenge superoxide and singlet oxygen in vitro [12]. SeMet, 

methylselenocysteine, and SeCys have reactive oxygen species (ROS) scavenging 

ability [15]. Se levels in body may influence conditions associated with increased 

oxidative stress and inflammation [16]. For example, in a recent systematic 

review and meta-analysis, patients with atopic dermatitis were observed to have 

significantly lower levels of Se [17]. In addition, it has been reported that SeMet 

supplementation suppressed the development of atopic dermatitis-like skin lesions 

[18] and suppressed ovalbumin-induced active cutaneous anaphylaxis reaction in 

ovalbumin sensitized BALB/c mice [19]. In patients suffering from allergic 

asthma, a pulmonary condition characterized by inflammation and oxidative stress, 

Se plasma levels were significantly lower compared to healthy individuals [20]. 

More recently, serum Se levels in patients suffering from severe asthma were 

found to correlate with the severity of the disease [21]. The rise in prevalence of 

allergic diseases has persisted over the last decades [22], and because of the large 

impact these non-communicable diseases can have on the quality of life of the 

patient, it is important to look for ways to improve existing therapeutic strategies. 

Given the potential benefits of dietary Se-supplementation outlined above, this 

thesis aimed to contribute to expanding the knowledge on Se-enrichment of soy 
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Selenium (Se) is an essential and one of the most important micronutrients for 

humans and animals. An adequate intake of Se is a pivotal key to good health and 

plays a crucial role in development and physiological processes including immune 

responses. Se deficiency can cause immune damage [1], induces inflammation [2], 

and can affect a wide range of immune cells both directly and indirectly [3]. In 

humans Se is mainly obtained through the diet from animal products, vegetables 

and fruits. The Se levels in animals and humans reflect the Se levels in their 

consumed diet, whereas the Se content of plants reflects the Se levels in the soil 

where they are grown [4]. Thus, soil Se levels indirectly determine the Se levels 

of animals and humans. There are some geographical zones where Se levels in 

soil are very low, which maybe a causative factor in the development of certain 

diseases in livestock and humans [5]. Therefore, Se supplementation is sometimes 

necessary for people to maintain health, especially for those who live in low Se 

regions which can result in an inadequate Se intake. 

The main forms of Se in soil are selenate or selenite, which are taken up by plants 

and metabolically converted into organic compounds such as selenomethionine 

(SeMet), selenocysteine (SeCys) and selenocystathionine [6]. These seleno-amino 

acids are incorporated in plant proteins, and ingestion of the edible plant proteins 

allows for the available Se to be used in protein synthesis in humans and animals. 

Various plant species such as garlic [7], green tea [8], onion [9] and soy [10] are 

known to effectively accumulate Se. Soy is one of the most important protein 

sources in the world and it has a strong ability to accumulate Se. SeMet is the 

predominant form of Se present in soybeans [10, 11]. Despite the importance of 

both Se and soy, information regarding the distribution of Se in different soybean 

protein fractions is scarce, and publications related to either the effects of Se on 

proteins or the potential application of Se-enriched protein components as a Se-



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 9PDF page: 9PDF page: 9PDF page: 9

Chapter 1  Introduction 

 - 3 - 

supplement are very limited, especially for soy planted in natural Se-enriched 

soils. A better understanding of those Se-enriched foods can provide useful 

information regarding their potential for applications to ensure an adequate intake 

of Se. 

A wide variety of Se supplements, Se metabolites and selenoproteins have been 

studied for their ability to prevent oxidative damage and disease [12, 13]. 

Inorganic selenite reacts with glutathione to produce selenodiglutathione which is 

subsequently reduced by NADPH to elemental Se [14]. Elemental Se can 

scavenge superoxide and singlet oxygen in vitro [12]. SeMet, 

methylselenocysteine, and SeCys have reactive oxygen species (ROS) scavenging 

ability [15]. Se levels in body may influence conditions associated with increased 

oxidative stress and inflammation [16]. For example, in a recent systematic 

review and meta-analysis, patients with atopic dermatitis were observed to have 

significantly lower levels of Se [17]. In addition, it has been reported that SeMet 

supplementation suppressed the development of atopic dermatitis-like skin lesions 

[18] and suppressed ovalbumin-induced active cutaneous anaphylaxis reaction in 

ovalbumin sensitized BALB/c mice [19]. In patients suffering from allergic 

asthma, a pulmonary condition characterized by inflammation and oxidative stress, 

Se plasma levels were significantly lower compared to healthy individuals [20]. 

More recently, serum Se levels in patients suffering from severe asthma were 

found to correlate with the severity of the disease [21]. The rise in prevalence of 

allergic diseases has persisted over the last decades [22], and because of the large 

impact these non-communicable diseases can have on the quality of life of the 

patient, it is important to look for ways to improve existing therapeutic strategies. 

Given the potential benefits of dietary Se-supplementation outlined above, this 

thesis aimed to contribute to expanding the knowledge on Se-enrichment of soy 

Chapter 1  Introduction 

 - 2 - 

Selenium (Se) is an essential and one of the most important micronutrients for 

humans and animals. An adequate intake of Se is a pivotal key to good health and 

plays a crucial role in development and physiological processes including immune 

responses. Se deficiency can cause immune damage [1], induces inflammation [2], 

and can affect a wide range of immune cells both directly and indirectly [3]. In 

humans Se is mainly obtained through the diet from animal products, vegetables 

and fruits. The Se levels in animals and humans reflect the Se levels in their 

consumed diet, whereas the Se content of plants reflects the Se levels in the soil 

where they are grown [4]. Thus, soil Se levels indirectly determine the Se levels 

of animals and humans. There are some geographical zones where Se levels in 

soil are very low, which maybe a causative factor in the development of certain 

diseases in livestock and humans [5]. Therefore, Se supplementation is sometimes 

necessary for people to maintain health, especially for those who live in low Se 

regions which can result in an inadequate Se intake. 

The main forms of Se in soil are selenate or selenite, which are taken up by plants 

and metabolically converted into organic compounds such as selenomethionine 

(SeMet), selenocysteine (SeCys) and selenocystathionine [6]. These seleno-amino 

acids are incorporated in plant proteins, and ingestion of the edible plant proteins 

allows for the available Se to be used in protein synthesis in humans and animals. 

Various plant species such as garlic [7], green tea [8], onion [9] and soy [10] are 

known to effectively accumulate Se. Soy is one of the most important protein 

sources in the world and it has a strong ability to accumulate Se. SeMet is the 

predominant form of Se present in soybeans [10, 11]. Despite the importance of 

both Se and soy, information regarding the distribution of Se in different soybean 

protein fractions is scarce, and publications related to either the effects of Se on 

proteins or the potential application of Se-enriched protein components as a Se-



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 10PDF page: 10PDF page: 10PDF page: 10

Chapter 1  Introduction 

 - 5 - 

reduce the influence of peroxyl radical oxidation on soybean proteins, thereby 

maintaining the structural rearrangement. This chapter provides evidence that Se-

enrichment can improve the nutritional quality of soybean proteins.  

Chapter 3 describes the studies that demonstrate that Se-enrichment can improve 

the antioxidant activity of soybean proteins. Furthermore, our in vitro and in vivo 

results suggest that Se-enriched soybean proteins may prevent oxidative damage 

by activating the NRF2 signalling pathway and upregulating its downstream 

antioxidant enzymes. This chapter provides evidence that Se-enriched soybean 

protein may potentially be used as a dietary Se supplement to modulate oxidant 

stress related diseases.  

Chapter 4 provides a review on the current evidence regarding the effects of Se 

on immune responses with a focus on its potential modulatory effects in the 

management of food allergies, with a special focus on soy allergy.  

Chapter 5 describes how dietary Se interventions can affect cow’s milk protein 

allergy development in a C3H/HeOuJ mouse model of orally induced whey 

allergy, as shown by lower specific immunoglobulin levels, a lower T helper 1 

(Th1)/T helper 2 (Th2) ratio, lower IL-4 production and a higher body 

temperature after challenge compared to the positive control group. In addition, 

decreased mucosal mast cell protease-1(mMCP-1) levels indicated that Se 

intervention could interfere with the challenge phase by decreasing mast cell 

degranulation. These results led to the next research question whether Se can 

modulate mast cell responses, which was studied more in depth in the following 

chapter. 

Chapter 6 describes the effects of Se on the acute phase of the allergic response 

to soybean. In vitro experiments using human primary mast cells and sera from 

soy allergic patients showed that Se effectively supressed mast cell activation and 
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protein and the role of dietary Se supplementation in the management of allergic 

diseases.  

Aim and outline of this thesis 

In this thesis, we analysed the effect of Se enrichment on antioxidant function of 

soybean proteins and investigated the immunomodulatory effects of SeMet. For 

this purpose, soy was planted in Se enriched soil and soybean proteins were 

isolated from Se-enriched soybeans and ordinary soybeans. The antioxidant 

ability of Se-enriched protein was investigated using several methods including an 

in vivo mouse model with different concentrations of Se-enriched soybean protein 

interventions as well as in vitro research models using Caco-2 cells. The 

immunomodulatory effects of SeMet were investigated using an in vivo mouse 

model of orally induced cow’s milk allergy. More in-depth in vitro co-culture 

studies were performed to study the role of SeMet specifically in the sensitization 

phase of the allergic response to soybean proteins, using murine bone marrow 

derived dendritic cells and splenic T cells. In addition, the effect of Se on the 

acute phase of the allergic response to soybean proteins was investigated using 

human primary mast cells.  

Chapter 1 provides a general introduction to the background of the studies 

performed and presents the outline of the thesis. 

Chapter 2 describes the studies performed with soybean grown on Se enriched 

soil and conventional soy and indicates that soy is a promising Se accumulator. Se 

enrichment of soybean can promote protein synthesis and increases the total 

amino acid content combined into low-molecular-weight proteins. Se was 

involved in changes in the secondary structures of soybean proteins and its 

fractions. Furthermore, Se played an antioxidant role as an effectual ’protector’ to 
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In addition, results described in this chapter indicate that soybean proteins 

obtained from the USA, when compared to soybean proteins obtained from China, 

induced more pronounced mast cell activation after stimulation with serum of 

soybean allergic patients obtained from the USA. Moreover, this chapter 

postulated that adequate levels of Se should not be overlooked in the management 

of allergic disease. 

Chapter 7 describes the effects of Se on the activation of murine bone marrow 

derived dendritic cells (BMDC) and subsequent T cell responses. In vitro 

experiments described in this chapter showed that preincubating BMDC with 

SeMet decreased their IL-12p70 and IL-6 production after exposure to soybean 

protein and stimulation by LPS. Furthermore, data obtained from our BMDC-T 

cell co-culture experiments indicate that SeMet treatment can affect T cell 

proliferation and differentiation, potentially in an antigen-specific manner. Thus, 

Se may modulate the immune response to soybean protein not only by reducing 

mast cell activation and degranulation but also by affecting DC/T cell 

communication, which could potentially attenuate subsequent allergic 

sensitization. 

Chapter 8 summarizes and discusses the findings of this thesis in respect to the 

current knowledge and provides suggestions for future research. 
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1.  Introduction 
Selenium (Se) is one of the most important micronutrients for humans and 

animals, required for the activity of a number of selenium-dependent enzymes, 

such as glutathione peroxidases (GPx), thioredoxin reductases, iodothyronine 

deiodinases, and selenophosphate synthetases [1, 2]. Se deficiency can decrease 

GPx activity, reduce antioxidant capacity and directly affect cell division, 

reproduction, genetics and growth, thereby interfering with the metabolism of 

proteins, polysaccharides and nucleic acids so that heart disease, muscular 

dystrophy and disorder in human reproduction occur [3]. Therefore, adequate 

daily Se intake is required to maintain human health. According to the US Food 

and Nutrition Board, the recommended dietary DOORZDQFH�IRU�ERWK�VH[HV�LV����ȝJ�

6H�GD\��DQG�����ȝJ�6H�GD\�LV�DGYLVHG�DV�WKH�WROHUDEOH�XSSHU�LQWDNH�DPRXQW�LQ�WKH�

86$��WKLV�OLPLW�LV�����ȝJ�6H�GD\�LQ�(XURSH�>�@��)RU�KXPDQ�EHLQJV��WKH�DPRXQW�RI�

Se in the diet largely depends on the Se content of the local soil as Se is taken up 

from the soil and enters the food chain through plants. Unfortunately, 70% of the 

regions in the world are lacking Se, and the number for China is 72% [5]. Thus, 

discovering and studying Se-enriched foods and other Se supplements has great 

significance.  

Currently, selenomethionine (SeMet) and Se-enriched yeast are consumed widely 

as Se supplements, whereas selenocysteine (SeCys) is typically found as the main 

form of Se in mammalian proteins in foods of animal origin [6]. SeMet cannot be 

synthesized in higher animals and humans but represents the major nutritional 

source of Se, and Se-enriched yeast that essentially consists of SeMet has 

gradually taken the place of inorganic Se salts in animal nutrition. However, they 

are used as over-the-counter nutritional Se supplements based on SeMet being 

classified as a very toxic amino acid and the existence of food safety risks for 
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Abstract 

The effects of selenium (Se) on the protein content, amino acid profile, secondary 

structure and subunit composition of soy proteins and its distribution were 

evaluated, as was the effect of peroxyl radicals produced by thermal 

decomposition of AAPH on the conformational changes of Se-HQULFKHG� ȕ-

conglycinin (S-7S). The Se biofortification ability of soy was very strong, 7S had 

strongest ability to incorporate Se, and lower amounts of inorganic Se existed in 

Se-enriched beans. Se could promote protein synthesis and thus improve the 

protein content, increase the total amino acid content with a decrease in cysteine, 

combine into low-molecular-weight proteins, and influence the secondary 

structure of soybean proteins. Se was involved in the relevant protein changes in 

surface hydrophobicity, intrinsic fluorescence, infrared absorption and solubility 

and played an antioxidant role as an effectual “protector” to reduce the influence 

of peroxyl radical oxidation on S-7S, thereby maintaining the structural 

rearrangement between aggregation and protein unfolding. 

 

Keywords��6HOHQLXP��6R\�ȕ-conglycinin, Antioxidant activity, Oxidative stress, 

Aggregation, Protein unfolding  
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Soybean as an economical and quality protein source is extensively used in infant 

formula and food supplements because of its high protein levels (~40%) and high 

nutritional value [11]. Typically, high protein-containing food materials tend to be 

particularly rich in Se, which means that soybean would be more effective for Se 

biofortification than other plant materials. In soybeans grown hydroponically 

using intrinsically labeled 75Se and analyzed for radioactivity and protein 

composition by SDS-PAGE, over 80% of the 75Se is bound to protein, and the Se 

bioavailability of the soybean protein isolate is 86-96% [12]. In relatively high 

Se-enriched soybean plants grown in soil supplemented with sodium selenite, 

high-molecular-weight selenospecies (82% of total Se, remainder unknown) and 

low-molecular-weight selenium species (approximately 74% of total Se, with 

selenocysteine and SeMet as the major selenium compounds) were contained in 

Se-enriched beans, with lower amounts of inorganic Se [13]. While for soybean 

grown in natural environments from a different seleniferous region, Se was found 

mainly in water-soluble proteins and chitin or polysaccharides of soybean. Se was 

incorporated into these three components in proportion to the Se content, but the 

disposition of Se in ȕ-conglycinin (7S) and glycinin (11S) under excessive Se 

environments was mostly nonspecific and could be easily removed from proteins 

during SDS-PAGE separation [14]. Soy protein, according to its sedimentation 

coefficients, can be divided into 2S, 7S, 11S and 15S major globulins, the 

percentage contents of which were 15%, 34%, 41.9% and 9.1% , respectively [11]. 

However, to the best of our knowledge, the selenium content in soybean protein 

isolate has been intensively studied but few publications have discussed the 

distribution of Se in soybean protein fractions [12, 14], and the effects of 

selenium on proteins with regard to the separation of protein globulins and the Se 

supplement application of Se-enriched protein components, especially for 

soybean planted in natural Se-enriched soils.  
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synthetic SeMet and selenium-enriched yeast, although both could be employed 

as feed additives [7]. As we all know plants can naturally accumulate Se from 

seleniferous soils and convert inorganic Se into organic forms. However, the 

particularity of Se is that the range between toxicity and deficiency is very narrow. 

Se-enriched food produced from agronomic biofortification of crops with Se 

through foliar or soil application, which are the most commonly used practices, 

could also contain exceptionally high amounts of Se. This may vary depending on 

the Se biofortification process and accumulation ability of the plant itself for this 

HOHPHQW��IRU�H[DPSOH��WZR�%UD]LO�QXWV�FDQ�SURYLGH�DSSUR[LPDWHO\�����ȝJ�RI�6H�>�@��

Meanwhile, it is worth noting that the benefit of Se is based on its chemical forms 

besides the ingested concentration. Researchers have generally assumed that 

organic forms of Se have lower toxicity, higher absorption and better antioxidant 

properties than inorganic forms [8]. Inorganic forms such as selenate (SeVI) and 

selenite (SeIV) are common sources of Se that have been limited in the diet 

universally because of their toxicity and potential environmental pollution, while 

the organic species of Se such as SeMet, SeCys and Se-methylselenocysteine 

(SeMC) are amino acid forms of Se that benefit health and have high 

bioavailability. Although organic and inorganic forms of Se seem to have similar 

efficacy in the body to produce selenoproteins [9], the chemical transformation of 

Se in metabolic processes and even immunomodulatory effects depend on the Se 

chemical form in the diet [7]. Although inorganic Se is present in foods either as 

sodium selenate or sodium selenite, it occurs much less frequently and in very low 

amounts. For example, the selenium species in Se-enriched pakchoi were found to 

be SeMC, SeMet, inorganic selenium and several unknown species [10]. However, 

infant formulas and parenteral feeding mixtures still contain them even so, SeMet 

or Se yeast are not the normal nutritional forms of Se [7].  
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2. Materials and methods 

2.1. Materials 
Se-enriched soybeans (variety of “Dong Nong 42”) were obtained from Natural 

Selenium Base of Fengcheng (Se content of natural seleniferous soil in the range 

of 0.4-0.99 µg/g and an average of about 0.538 µg/g), Jiangxi, China. The 

soybeans were planted in the spring, harvest in the summer of 2016 and left to dry 

at room temperature. Ordinary soybean as the same variety as Se-enriched 

soybean was purchased from the local market (Nanchang, Jiangxi, China). The 

soybean was grounded into a fine powder and defatted with n-hexane/ethanol 

(10:1, v/v) twice to obtain the defatted flours. The defatted soybean flour was then 

passed through a 100-PHVK�VLHYH�������PP��EHIRUH�SURWHLQ�H[WUDFWLRQ������ƍ-azobis 

(2-amidinopropane) dihydrochloride (AAPH) and 1-anilino-8-naphthalene-

sulphonate (ANS) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, 

MO, USA). All other chemicals were of analytical grade. 

2.2. Preparation of soybean protein isolate and fractions 
Soybean protein isolate (SPI) was prepared as previously described [21] with 

some modifications. Defatted soybean flour was dispersed in distilled water (1:10, 

w/v), adjusted to pH 8.0 with 1 mol/L NaOH, stirred for 3 h at room temperature 

and then centrifuged at 5530 g for 20 min. The supernatant was precipitated at pH 

4.5 using 1 mol/L HCl at 4 °C for 1 h and separated by centrifugation at 5530 g 

for 20 min, and then the protein isolate was dissolved in deionized water and 

adjusted to pH 7.5 before dialyzing with deionized water for 24 h at 4 °C. The 

protein isolates from ordinary soybean and selenium-enriched soybean were 

freeze-dried, stored at 4 °C and named O-SPI and S-SPI (subsequent samples 

were also named in the same way). 
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A number of studies have shown that Se can significantly improve the antioxidant 

activity of Se-enriched proteins from mushrooms [15], rice [16], soybean [17] and 

Spirulina platensis [18] and although the antioxidant mechanism of Se-rich 

proteins was unclear, their activities were closely related to Se. On the other hand, 

proteins are major targets for oxidants because of their high abundance in 

biological systems and high-rate constants for reaction [19]. Free radicals and 

reactive oxidation products of lipid peroxidation could trigger a number of 

changes in the side chains and polypeptide backbone of soy protein, resulting in 

fragmentation, cross-linking, aggregation and conformational changes, which 

ultimately could affect the functional properties of soybean protein [20]. However, 

as such an important functional product may be used as a Se supplement, and our 

previous study found that the antioxidant activity of soybean selenoprotein was 

approximately 4-fold compared to the control [17]; however, there is very little 

information on the status of Se-enriched soybean proteins upon exposure to free 

radicals or reactive oxidation products during processing and storage. In addition, 

the antioxidant effects of Se-enriched soybean protein components are rarely 

reported, and the related antioxidative mechanisms by which such proteins inhibit 

protein oxidation have yet to be clearly elucidated.  

Therefore, the main objectives of this study were to evaluate the distribution and 

effects of natural selenium in proteins from ordinary and Se-enriched soybean and 

to clarify the effect of oxidation on the structures and properties of Se-enriched 

soybean proteins, as well as whether selenium would reduce protein oxidation and 

reflect the protective effects of selenoproteins under 2,2'-azobis (2-

amidinopropane) dihydrochloride (AAPH) induced oxidative stress, thus 

providing useful information regarding their potential commercial applications. 
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precipitate was obtained by centrifugation as described previously, dissolved in 1 

mol/L NaCl solution and dialyzed against the same solution for 24 h at 4 °C. Then, 

ethyl alcohol was added to the dialysate in the proportion of 1:1 (v/v), and the 

suspension was stirred for 6 h at 4 °C. The resultant supernatant was recovered by 

centrifugation at 10000 g for 30 min at 4 °C, adjusted to pH 7.5, and then freeze 

dried after dialyzing against deionized water for 24 h at 4 °C. 

2.3. Determination of protein and Se content 
The protein content of SPI, 2S, 7S and 11S were determined by Kjeldahl method 

using nitrogen to protein conversion factor of 6.25. The measurement of total Se 

content was performed according to the atomic fluorescence spectrometer (AFS) 

method as described in our previous work [17]. The inorganic selenium content of 

ordinary soybean and Se-enriched soybean were measured by atomic absorption 

spectrometry (AAS). In brife, grounded soybean flour (1 g) was weighed 

accurately into a glass Erlenmeyer flask, then added 30 mLof ultra-pure water. 

After 30 min of sonication, the supernatant was obtained by centrifugation at 

3000 g for 15 min and transferred into glass separating funnel. 2.5 mL of 12 

mol/L HCl and 10% (w/w) potassium ferricyanide were added to the supernatant, 

and the water phase collected in beaker after 20 min. This solution containing 

inorganic selenium was heated for 3 min after the addition of 2.5 mLof 6 mol/L 

HCl and following dilution to 10 mLwith ultra-pure water subjected to AAS. 

2.4. Amino acid analysis 
The proteins were hydrolyzed with 6 mol/L HCl for 24 h at 110 °C in sealed tubes, 

respectively. Amino acid composition, except for the tryptophan, was measured 

by an automatic amino acid analyzer (S-433D, Sykam, German). The amino acid 

compositions were reported as g/100 g protein. 
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7KH�ȕ-conglycinin (7S) and glycinin (11S) protein fractions were isolated by the 

modified method [22]. The defatted soybean flour was mixed with a 15-fold 

volume of distilled water, and then the pH of the dispersion was adjusted to 7.5 

with 1 mol/L NaOH and continuous stirring at room temperature for 4 h. The 

soybean protein was obtained by centrifugation at 9000 g for 30 min at room 

temperature. Dry sodium bisulfite was then added to the supernatant (0.98 g/L), 

and the pH was adjusted to pH 6.4 using 1 mol/L HCl. The mixture was kept at 

4 °C overnight and centrifuged at 9000 g for 20 min, and the precipitate was the 

insoluble 11S fraction. The resultant supernatant was adjusted to pH 5.0 with 1 

mol/L HCl, contained 0.25 mol/L NaCl, and was kept at 4 °C for 1 h, and the 

insoluble fraction was removed by centrifugation at 9000 g for 20 min. The last 

supernatant was diluted 2-fold with ice water, adjusted to pH 4.8 with 1 mol/L 

HCl, kept at 4 °C for another 1 h, and then centrifuged again at 9000 g for 20 min. 

The sediment was the insoluble 7S fraction. Both 11S and 7S fractions were 

dissolved in deionized water, adjusted to pH 7.5, and then dialyzed with deionized 

water for 24 h at 4 °C, followed by vacuum freeze-drying. 

The 2S protein fraction was obtained according to the modified method as 

previously described [23]. Defatted soybean flour was mixed with a 10-fold 

YROXPH�RI�GHLRQL]HG�ZDWHU�FRQWDLQLQJ������ȕ-mercaptoethanol and stirred for 30 

min. The water-extractable soybean protein was centrifuged at 5530 g for 20 min. 

To the supernatant, MgCl2 was added to produce a 0.1 mol/L solution, and the 

suspension was held at 4 °C for 6 h. The precipitate was removed by 

centrifugation at 10000 g for 30 min at 4 °C. Then, MgCl2 was added to the 

supernatant to produce a 0.4 mol/L final solution, and the suspension was kept 

and centrifuged as before. To the clear supernatant, solid ammonium sulfate was 

added to 32% (m/v), and the suspension was kept at 4 °C for another 6 h. The 
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1664 and 1681 cm-1, and between 1637 and 1645 cm-1 KDYH�EHHQ�DVVLJQHG�WR�Į-

helix, ȕ-turn, and random coil, respectively [25, 26].  

2.7. Oxidation of 7S with peroxyl radical 
Peroxyl radical oxidation of 7S proteins were prepared as previously described 

[27] with some modifications. 7S solution (10 mg/mL suspended in 0.01 mol/L 

sodium phosphate buffer, containing 0.5 mg/mL sodium azide, pH 7.4) was 

mixed with AAPH to obtain final 0, 0.04, 0.2, 1, 5, 25 and 125 mmol/L AAPH 

concentration, and then incubated in dark for 24 h by continuous magnetic stirring 

under air at 37 °C. The reaction was stopped by immediately cooling the solution 

to 4 °C by ice-bathing and then centrifuged at 10000 g for 30 min at 4 °C. The 

supernatant was dialyzed against deionized water at 4 °C for 72 h to remove 

residual AAPH. The oxidised 7S solution was freeze-dried and stored at 4 °C.  

2.8. Protein oxidation analysis 
2.8.1. Surface hydrophobicity 

The surface hydrophobicity (H0) of oxidised 7S samples were determined using 

ANS as the hydrophobic fluorescence probes as previously described [28]. The 

fluorescence intensity (FI) was measured at wavelengths of 390 (excitation) and 

470 nm (emission) using an F-7000 model fluorometer (Hitachi Co., Tokyo, 

Japan). The initial slope of FI versus protein concentration (%, w/v) was 

calculated by alinear regression analysis and used as an index of H0. 

2.8.2. Intrinsic fluorescence emission spectra 

The oxidised 7S from selenium-enriched soybean and ordinary soybean at serial 

AAPH concentration were dispersed in 0.01 mol/L phosphate buffer (0.2 mg/mL, 

pH 7.0) and magnetic stirred for 2.5 h, then centrifuged at 10000 g for 30min at 

4 °C. Intrinsic fluorescence emission spectra of 7S protein samples were 
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2.5. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) analysis 
SDS-PAGE analysis of proteins was carried out according to Laemmli [24]. The 

discontinuous buffer system at 3% stacking gel and 12% separating gel using a 

Bio-Rad Mini PROTEAN® 3 system, at a constant current setting of 25 mA for 

approximately 1.5 h. Protein bands were stained with Coomassie Brilliant Blue 

G-250 and destained with 5% ethanol and 75% acetic acid. Pre-stained protein 

molecular weight markers (10-170 kDa) were also run on the same gel to identify 

the molecular weights of the protein bands in the stained gels. 

2.6. Fourier transform infrared (FTIR) spectroscopy analysis 
The dried protein samples (1 mg) were mixed with KBr (100 mg) and ground into 

a fine powder in agate mortar shining with infrared light, and then pressed into a 

pellet. FTIR spectra were obtained in the wave number range from 400 to 4000 

cm-1, with a 4 cm-1 resolution and an accumulation of 32 scans, using a Nicolet 

5700 FTIR spectrometer (Thermo Nicolet Corporation, USA). Data were 

analysed by means of Omnic 8.0 software (Thermo Fisher Scientific Inc., 

Madison, WI) and Peakfit 4.12 (Systat Software, San Jose, CA). Omnic 8.0 

software was used for coordinate transformation of the spectrum, and then the 

spectral data was processed using Peakfit 4.12 to generate Fourier self-

deconvolution and second derivative of amide I. Thereafter, the second derivative 

spectra were vector normalized at 1700-1600 cm-1 and the peak intensity values 

were calculated. The peak minima of the second derivative signals were used, 

since they correspond original absorbance spectra to the peak positions. Finally, 

the FSD spectrum ascribed to calculate the relative percentage of each sub-peak 

DUHD��,W�LV�JHQHUDOO\�XQGHUVWRRG�WKDW�ȕ-sheet absorbs between 1615 and 1637 cm-1 

and between 1682 and 1700 cm-1, peaks between 1646 and 1664 cm-1, between 
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3. Results and discussion 

3.1. Protein content and Se content 
The soybean seed accounts for approximately 40% of the protein and is the major 

source of plant proteins for human and animal nutrition. Table 1 shows the 

percentage of protein content and selenium content of soybean and its fractions 

(SPI, 2S, 7S and 11S). Using the same separation method, the protein contents of 

S-SPI (91.31%), S-2S (92.38%) and S-7S (93.50%) were higher than those of O-

SPI (86.53%), O-2S (89.73%) and O-7S (91.81%), respectively. The results were 

consistent with previous studies indicating that an increase of Se in the culture 

could promote protein synthesis and thus improve protein content of Se-enriched 

mushroom [30]and soybean [14]. However, contrarily, the protein content of O-

11S was higher than that of S-11S; this finding may be in accord with another 

theory that an Se content exceeding a certain level would inhibit the synthesis of 

some proteins [30, 31]. Because the literature rarely mentions the extraction and 

functional properties of 15S and it has a relatively low content, it will not be 

considered in this article. 

Se concentration in plant foods can vary greatly between countries and regions. 

To avoid Se deficiency and toxicity, monitoring and optimizing the concentration 

of crops is particularly important. Statistical data from the Jiangxi Province 

Bureau of Quality and Technical Supervision show that the Se content in the 

distribution area of natural seleniferous soil of Fengcheng is in the range of 400-

����ȝJ�NJ��ZLWK� DQ� DYHUDJH� DSSUR[LPDWHO\� ���� ȝJ�NJ� >��@��7DEOH� �� DOVR� VKRZV�

that the total Se content of Se-HQULFKHG� VR\EHDQ� ZDV� ������� �� ����� ȝJ�NJ��

approximately 14 times higher that of ordLQDU\� VR\EHDQ� ������� �� ����� ȝJ�NJ���

especially for the enrichment of organic Se, the results indicated that soy had 

strong Se biofortification ability. The inorganic Se in Se-enriched soybean and 
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determined with F7000 fluorescence spectrophotometer (Hitachi Co., Tokyo, 

Japan) at 10 nm/s of scanning speed. The protein solutions were excited at 295 

nm and emission spectra were recorded from 300 to 400 nm at a constant slit of 3 

nm for both excitation and emission. Phosphate buffer was used as blank solution 

for all of the samples. 

2.8.3. FTIR spectra 

In order to determine the structural changes between oxidised 7S samples at serial 

AAPH concentration from ordinary and Se-enriched soybean, the secondary 

structure of the proteins was analyzed by using FTIR spectroscopy according to 

the methods in section 2.6 above. 

2.8.4. Solubility 

The protein solubility was measured using the method as previously described 

[29] with some modifications. Protein dispersions in distilled water (1%, w/v) 

were adjusted to pH 7.0 with 1 mol/L HCl, stirred for 3 h at room temperature 

and then centrifuged at 10000 g for 20 min. The protein concentration in the 

supernatants was measured by a bicinchoninic acid (BCA) protein quantification 

assay (Thermo Fisher Scientific, Germany). 

2.9. Statistical analysis 
All determinations were performed on triplicate samples and results were 

presented as means ± standard deviations. Duncan's multiple range test was 

identified to determine significant difference (p<0.05) by 

SPSS 18.0 (SPSS, Inc., Chicago, USA). 
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3. Results and discussion 

3.1. Protein content and Se content 
The soybean seed accounts for approximately 40% of the protein and is the major 

source of plant proteins for human and animal nutrition. Table 1 shows the 

percentage of protein content and selenium content of soybean and its fractions 

(SPI, 2S, 7S and 11S). Using the same separation method, the protein contents of 

S-SPI (91.31%), S-2S (92.38%) and S-7S (93.50%) were higher than those of O-

SPI (86.53%), O-2S (89.73%) and O-7S (91.81%), respectively. The results were 

consistent with previous studies indicating that an increase of Se in the culture 

could promote protein synthesis and thus improve protein content of Se-enriched 

mushroom [30]and soybean [14]. However, contrarily, the protein content of O-

11S was higher than that of S-11S; this finding may be in accord with another 

theory that an Se content exceeding a certain level would inhibit the synthesis of 

some proteins [30, 31]. Because the literature rarely mentions the extraction and 

functional properties of 15S and it has a relatively low content, it will not be 

considered in this article. 

Se concentration in plant foods can vary greatly between countries and regions. 

To avoid Se deficiency and toxicity, monitoring and optimizing the concentration 

of crops is particularly important. Statistical data from the Jiangxi Province 

Bureau of Quality and Technical Supervision show that the Se content in the 

distribution area of natural seleniferous soil of Fengcheng is in the range of 400-

����ȝJ�NJ��ZLWK� DQ� DYHUDJH� DSSUR[LPDWHO\� ���� ȝJ�NJ� >��@��7DEOH� �� DOVR� VKRZV�

that the total Se content of Se-HQULFKHG� VR\EHDQ� ZDV� ������� �� ����� ȝJ�NJ��

approximately 14 times higher that of ordLQDU\� VR\EHDQ� ������� �� ����� ȝJ�NJ���

especially for the enrichment of organic Se, the results indicated that soy had 

strong Se biofortification ability. The inorganic Se in Se-enriched soybean and 
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determined with F7000 fluorescence spectrophotometer (Hitachi Co., Tokyo, 

Japan) at 10 nm/s of scanning speed. The protein solutions were excited at 295 

nm and emission spectra were recorded from 300 to 400 nm at a constant slit of 3 

nm for both excitation and emission. Phosphate buffer was used as blank solution 

for all of the samples. 

2.8.3. FTIR spectra 

In order to determine the structural changes between oxidised 7S samples at serial 

AAPH concentration from ordinary and Se-enriched soybean, the secondary 

structure of the proteins was analyzed by using FTIR spectroscopy according to 

the methods in section 2.6 above. 

2.8.4. Solubility 

The protein solubility was measured using the method as previously described 

[29] with some modifications. Protein dispersions in distilled water (1%, w/v) 

were adjusted to pH 7.0 with 1 mol/L HCl, stirred for 3 h at room temperature 

and then centrifuged at 10000 g for 20 min. The protein concentration in the 

supernatants was measured by a bicinchoninic acid (BCA) protein quantification 

assay (Thermo Fisher Scientific, Germany). 

2.9. Statistical analysis 
All determinations were performed on triplicate samples and results were 

presented as means ± standard deviations. Duncan's multiple range test was 

identified to determine significant difference (p<0.05) by 

SPSS 18.0 (SPSS, Inc., Chicago, USA). 
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 Table 1. Protein and selenium content of soybean proteins. Different superscript 
letters indicate significant difference (p<0.05) among proteins from Se-enriched 
soybean or ordinary soybean for protein content or total Se content, respectively. 

3.2. Amino acid analysis 
Table 2 shows the amino acid composition of soybean proteins. The total amino 

acid (TAA) and essential amino acids (EAAs) of S-SPI, S-2S and S-7S were 

higher than those of the corresponding proteins, respectively. This finding was in 

agreement with a previous study that fertilization and foliar application of Se-

enriched fertilizer both could significantly increase total amino acids of tea 

protein [32]. However, the data of S-11S was lower than that of O-11S (400.5 vs 

������ȝJ�J�IRU�7$$��������vs ������ȝJ�J�IRU�($$V���ZKLFK�ZDV�FRQVLVWHQW�ZLWh 

the results already described above that the protein content of S-11S was lower 

Items Protein (%) 7RWDO�6H��ȝJ�NJ� 
Inorganic   Se 
�ȝJ�NJ� 

2UJDQLF�6H��ȝJ�NJ�� 

Ordinary 
soybean  12.19 ± 1.32 3.09 ± 0.01 9.09 ± 1.31 

O-SPI 86.53 ± 0.68c 37.12 ± 1.40a   

O-2S 89.73 ± 0.38b 17.89 ± 1.37b   

O-7S 91.81 ± 0.14b 19.42 ± 5.70b   

O-11S 97.80 ± 0.08a 17.31 ± 2.90b   

Se-enriched 
soybean 

 172.56 ± 3.52 46.17 ± 0.01 126.38 ± 3.51 

S-SPI 91.31 ± 0.02c 339.25 ± 4.80a   

S-2S 92.38 ± 0.55bc 195.58 ± 5.68b   

S-7S 93.50 ± 0.02b 202.61 ± 6.50b   

S-11S 95.27 ± 0.15a 196.02 ± 1.83b   
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ordinary soybean was 46.17 vs ����� ȝJ�NJ�� DSSUR[LPDWHO\� LQ� Sroportion to the 

total Se, suggesting that there were inorganic components in the soybean seeds, 

not all of them organic, which is consistent with a previous study [13] finding that 

less inorganic Se existed in Se-enriched beans. The total Se content of S-SPI was 

�������������ȝJ�NJ��DSSUR[LPDWHO\��-fold higher than that of O-SPI, and it was 

higher than that in all the protein fractions (2S, 7S and 11S), which may be 

related to the extraction method and recovery rate. Since selenocysteine and 

SeMet are the major Se species in soybean protein [13], S-SPI represented the 

main water-soluble and alkali-soluble storage protein in Se-enriched soybean and 

absorbed a large amount of selenium, which suggested that S-SPI could be a good 

candidate as a Se supplement, although it may also have a lower amount of 

inorganic Se. However, analysis of selenium speciation was not included in this 

paper, which will be the focus of the follow-up study. For these soybean protein 

fractions, the difference in total Se content between Se-enriched soybean and 

ordinary soybean was 10.07-11.32 times, and the Se content of S-7S (202.61 ± 

����� ȝJ�NJ�� RU� 2-�6� ������� �� ����� ȝJ�NJ) was relatively high (p>0.5) in Se-

enriched soybean and ordinary soybean, respectively; this result implied that 7S 

also maybe have strong ability to incorporate Se. While the accumulation of Se in 

protein fractions was higher for ordinary soybean (1.42-1.59) than for Se-

enriched soybean (1.13-1.17) in this study, the results were similar to values for 

accumulation of Se in the 11S and 7S fractions that were 1.3-2 and 1.0-1.4, 

respectively in the literature [14]. However, the absolute amounts of Se in S-11S 

���������������ȝJ�NJ��DQG�6-�6����������������ȝJ�NJ��ZHUH�ORZHU�WKDQ�WKRVH�LQ�

��6� ����� �� ��� ȝJ�NJ�� DQG� �6� ����� �� ��� ȝJ�NJ�� IURP� 6H-adequate samples, 

respectively, and the order between 7S and 11S was reversed  [14], which may be 

mainly due to differences in the source, extraction method and Se analysis 

method of the protein samples. 
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 Table 1. Protein and selenium content of soybean proteins. Different superscript 
letters indicate significant difference (p<0.05) among proteins from Se-enriched 
soybean or ordinary soybean for protein content or total Se content, respectively. 

3.2. Amino acid analysis 
Table 2 shows the amino acid composition of soybean proteins. The total amino 

acid (TAA) and essential amino acids (EAAs) of S-SPI, S-2S and S-7S were 

higher than those of the corresponding proteins, respectively. This finding was in 

agreement with a previous study that fertilization and foliar application of Se-

enriched fertilizer both could significantly increase total amino acids of tea 

protein [32]. However, the data of S-11S was lower than that of O-11S (400.5 vs 

������ȝJ�J�IRU�7$$��������vs ������ȝJ�J�IRU�($$V���ZKLFK�ZDV�FRQVLVWHQW�ZLWh 

the results already described above that the protein content of S-11S was lower 

Items Protein (%) 7RWDO�6H��ȝJ�NJ� 
Inorganic   Se 
�ȝJ�NJ� 

2UJDQLF�6H��ȝJ�NJ�� 

Ordinary 
soybean  12.19 ± 1.32 3.09 ± 0.01 9.09 ± 1.31 

O-SPI 86.53 ± 0.68c 37.12 ± 1.40a   

O-2S 89.73 ± 0.38b 17.89 ± 1.37b   

O-7S 91.81 ± 0.14b 19.42 ± 5.70b   

O-11S 97.80 ± 0.08a 17.31 ± 2.90b   

Se-enriched 
soybean 

 172.56 ± 3.52 46.17 ± 0.01 126.38 ± 3.51 

S-SPI 91.31 ± 0.02c 339.25 ± 4.80a   

S-2S 92.38 ± 0.55bc 195.58 ± 5.68b   

S-7S 93.50 ± 0.02b 202.61 ± 6.50b   

S-11S 95.27 ± 0.15a 196.02 ± 1.83b   
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ordinary soybean was 46.17 vs ����� ȝJ�NJ�� DSSUR[LPDWHO\� LQ� Sroportion to the 

total Se, suggesting that there were inorganic components in the soybean seeds, 

not all of them organic, which is consistent with a previous study [13] finding that 

less inorganic Se existed in Se-enriched beans. The total Se content of S-SPI was 

�������������ȝJ�NJ��DSSUR[LPDWHO\��-fold higher than that of O-SPI, and it was 

higher than that in all the protein fractions (2S, 7S and 11S), which may be 

related to the extraction method and recovery rate. Since selenocysteine and 

SeMet are the major Se species in soybean protein [13], S-SPI represented the 

main water-soluble and alkali-soluble storage protein in Se-enriched soybean and 

absorbed a large amount of selenium, which suggested that S-SPI could be a good 

candidate as a Se supplement, although it may also have a lower amount of 

inorganic Se. However, analysis of selenium speciation was not included in this 

paper, which will be the focus of the follow-up study. For these soybean protein 

fractions, the difference in total Se content between Se-enriched soybean and 

ordinary soybean was 10.07-11.32 times, and the Se content of S-7S (202.61 ± 

����� ȝJ�NJ�� RU� 2-�6� ������� �� ����� ȝJ�NJ) was relatively high (p>0.5) in Se-

enriched soybean and ordinary soybean, respectively; this result implied that 7S 

also maybe have strong ability to incorporate Se. While the accumulation of Se in 

protein fractions was higher for ordinary soybean (1.42-1.59) than for Se-

enriched soybean (1.13-1.17) in this study, the results were similar to values for 

accumulation of Se in the 11S and 7S fractions that were 1.3-2 and 1.0-1.4, 

respectively in the literature [14]. However, the absolute amounts of Se in S-11S 

���������������ȝJ�NJ��DQG�6-�6����������������ȝJ�NJ��ZHUH�ORZHU�WKDQ�WKRVH�LQ�

��6� ����� �� ��� ȝJ�NJ�� DQG� �6� ����� �� ��� ȝJ�NJ�� IURP� 6H-adequate samples, 

respectively, and the order between 7S and 11S was reversed  [14], which may be 

mainly due to differences in the source, extraction method and Se analysis 

method of the protein samples. 
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0.595d 0.664g 0.424c 0.346a 0.695c 0.536e 0.791b 0.318f 

Glycine 16.967±

0.636b 

19.762±

0.818a 

10.826±

0.357d 

12.057±

0.727d 

11.097±

1.028d 

15.520±

0.925bc 

11.678±

0.910d 

16.272±

1.108c 

Alanine 21.016±

1.044b 

21.359±

0.848b 

19.739±

0.561bd 

10.993±

0.878f 

14.894±

0.832e 

14.299±

0.182e 

24.621±

0.444a 

18.003±

1.071d 

Cysteine 6.006±0.

530b 

5.881±0.

483b 

6.256±0.

467b 

9.132±0.

774a 

3.032±0.

456c 

3.646±0.

643c 

3.852±0.

227c 

2.780±0

.292c 

Valine 13.276±

0.660b 

17.192±

0.272a 

15.556±

0.752ab 

16.151±

0.954a 

13.962±

0.542b 

17.246±

0.749a 

18.368±

0.562a 

16.120±

1.466a 

Methionine 5.918±0.

508b 

7.108±0.

598ab 

5.748±0.

289b 

8.601±0.

259a 

5.309±1.

041b 

5.094±0.

527b 

5.185±0.

425b 

6.414±0

.322b 

Isoleucine 12.585±

0.444c 

17.126±

0.160a 

15.003±

0.188b 

16.059±

0.721ab 

13.708±

0.755bc 

17.002±

1.190a 

17.275±

0.852a 

14.539±

0.442b 

Leucine 23.600±

0.431b 

22.395±

0.665b 

22.287±

0.537b 

26.811±

1.060a 

17.864±

0.534c 

27.586±

0.560a 

17.801±

0.682c 

17.879±

1.112c 

Tyrosine 18.507±

0.652cd 

19.921±

0.767c 

17.063±

0.186d 

19.600±

0.704c 

27.045±

0.610a 

28.551±

0.750a 

19.570±

0.869c 

23.842±

0.413b 

Phenylalani

ne 

19.913±

0.697b 

18.948±

0.883bc 

19.254±

0.795b 

15.933±

0.782d 

17.296±

0.519cd 

17.493±

0.549cd 

27.334±

0.322a 

19.850±

0.381bc 

Histidine 14.080±

0.441c 

18.473±

0.216a 

15.765±

0.200bc 

18.492±

0.817a 

17.284±

1.046ab 

17.631±

0.607ab 

16.168±

0.332b 

13.849±

0.830cd 

Lysine 30.039±

0.234c 

29.219±

0.495d 

44.383±

0.360b 

27.047±

0.861e 

33.685±

1.057c 

54.022±

0.810a 

22.663±

0.588f 

19.577±

0.500g 

Arginine 36.836± 51.834± 76.795± 68.848± 72.247± 58.408± 69.883± 64.102±
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than that of O-11S, which may be due to the same theory that a certain amount of 

soil selenium would inhibit the synthesis of 11S. 

It can be seen from the data in Table 2 that Se had no effect on the distribution of 

amino acids compared with ordinary soybean proteins but decreased the content 

of cysteine in Se-enriched proteins to a certain extent, which was 0.5-fold for SPI, 

0.62-fold for 2S and 7S, and 0.3-fold for 11S. This was in agreement with the 

finding that the increase of Se in soil decreased the cysteine content of Se-

enriched mushroom [30]. In addition, among the corresponding soybean proteins, 

the methionine content in Se-enriched proteins also decreased, but not 

significantly. A possible reason for the result could be that soybean can take up 

Se similarly to sulfur, as both have the same metabolic pathways, and thus Se 

may replace S in S-containing amino residues such as methionine and cysteine in 

the forms of SeMet and SeCys; therefore, the cysteine content in the proteins 

decreased [31].  

Table 2. Amino acid composition of soybean protein isolate and fractions (mg/g protein). 
Different superscript letters indicate significant difference (p<0.05) among proteins for each 
amino acid. 

Amino acid O-SPI O-2S O-7S O-11S S-SPI S-2S S-7S S-11S 

Aspartic 39.095±

0.572e 

49.431±

0.453bc 

15.0125

±0.345g 

69.909±

0.309a 

50.157±

0.339b 

44.785±

0.469d 

29.735±

0.791f 

48.553±

0.761c 

Threonine 15.739±

0.190b 

18.345±

0.562a 

9.0307±

0.076d 

13.299±

0.700c 

13.777±

0.772c 

15.874±

0.572b 

13.143±

0.986c 

16.179±

0.4378b 

Serine 17.808±

0.620a 

15.552±

0.437b 

11.402±

0.705c 

13.418±

0.163bc 

16.440±

1.303a 

18.173±

0.275a 

13.068±

0.365c 

17.721±

0.546a 

Glutamate 66.905± 54.796± 74.011± 87.912± 75.021± 62.670± 83.027± 56.847±
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than that of O-11S, which may be due to the same theory that a certain amount of 

soil selenium would inhibit the synthesis of 11S. 

It can be seen from the data in Table 2 that Se had no effect on the distribution of 

amino acids compared with ordinary soybean proteins but decreased the content 

of cysteine in Se-enriched proteins to a certain extent, which was 0.5-fold for SPI, 

0.62-fold for 2S and 7S, and 0.3-fold for 11S. This was in agreement with the 

finding that the increase of Se in soil decreased the cysteine content of Se-

enriched mushroom [30]. In addition, among the corresponding soybean proteins, 

the methionine content in Se-enriched proteins also decreased, but not 

significantly. A possible reason for the result could be that soybean can take up 

Se similarly to sulfur, as both have the same metabolic pathways, and thus Se 

may replace S in S-containing amino residues such as methionine and cysteine in 

the forms of SeMet and SeCys; therefore, the cysteine content in the proteins 

decreased [31].  

Table 2. Amino acid composition of soybean protein isolate and fractions (mg/g protein). 
Different superscript letters indicate significant difference (p<0.05) among proteins for each 
amino acid. 
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50.157±
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44.785±

0.469d 

29.735±

0.791f 

48.553±
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13.299±

0.700c 
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16.179±

0.4378b 

Serine 17.808±

0.620a 

15.552±

0.437b 

11.402±

0.705c 

13.418±

0.163bc 

16.440±

1.303a 

18.173±

0.275a 

13.068±

0.365c 

17.721±

0.546a 

Glutamate 66.905± 54.796± 74.011± 87.912± 75.021± 62.670± 83.027± 56.847±
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0.669g 1.093f 0.767a 0.479c 0.682b 0.530e 0.747c 0.866d 

Proline 22.490±

0.425d 

25.451±

0.920c 

31.880±

0.943b 

30.399±

0.415b 

29.264±

0.328b 

24.155±

0.689c 

49.429±

0.618a 

23.807±

0.822c 

Total amino 

acids 
385.173 408.974 407.286 443.831 430.831 442.241 439.828 400.583 

Total 

essential 

amino acids 

141.859 146.369 149.678 143.724 144.540 184.601 151.135 136.508 

3.3. SDS-PAGE analysis 
The subunit compositions of SPI, 2S, 7S and 11S from ordinary soybean and Se-

enriched soybean were analyzed by SDS-PAGE (Figure 1). Although the Mw of 

Į
��Į��DQG�ȕ�RI��6�ZHUH�HVWLPDWHG�DW����N'D�����N'D�DQG��� kDa, as well as 36 

kDa, 34 kDa and 15 kDa for the A3, A1,2,4, B1,2,4 subunits of 11S, respectively 

[33], the identified bands and their molecular weights (MWs) in SPI were as 

follRZV��Į
�VXEXQLW�RI�WKH��6��§���N'D���Į�VXEXQLW�RI�WKH��6��§���N'D���ȕ�VXEXQLt 

RI��6��§���N'D���$3 VXEXQLW�RI�WKH���6�JOREXOLQ��§���N'D���$1,2,4 subunit of the 

��6�JOREXOLQ� �§���N'D��� DQG�%1,2,4 subunit of the 11S globXOLQ� �§���N'D���7KH�

MWs of 2S were almost the same as those of SPI except for a subunit of 100 kDa. 

Figure 1 shows that SPI, 2S and 11S from ordinary soybean and Se-enriched 

soybean had the same bands, however, the relative contents of the B1,2,4 subunits 

�§���N'D��IURP�6-7S, the A1,2,4 acid suEXQLW��§���N'D��IURP�6-SPI and S-7S were 

remarkably increased according to the results of densitometric analysis. The 

results were in line with some of the literature. Previous research already showed 

that Se could be incorporated into all protein subunits while mostly being 

combined into low MW proteins, which were no more than 16 kDa in Se-
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enriched mushrooms [30] and less than 36.3 kDa in Se-enriched rice [34], and 

importantly, Se did not affect the protein distribution of any of these samples. Hu 

et al. had also reported that soybean proteins with MWs of 15.0-25.0 kDa had the 

highest Se content [17]. Therefore, it was reasonable to infer that relatively high 

content of Se may be incorporated into the subunits I and III of S-7S, which were 

significantly different from the corresponding subunits of O-7S, and subunit II 

(MW 30.5-31.6 KDa) [14] decreased from O-7S to S-7S. This implied that Se had 

affected the protein subunit distribution of 7S. However, S-7S contained more 

selenium than 11S, although subunits I and III should correspond to the acid 

subunit and basic subunits of 11S, which may be the disulfide bridges of S-7S, 

and part of these protein subunits from S-11S retain tertiary protein structures 

together, which were GLVDJJUHJDWHG�E\�ȕ-mercaptoethanol during electrophoresis. 

 

Figure 1ˊ́SDS-PAGE patterns of soybean protein isolate and fractions. Band 1-8: O-SPI, S-
SPI,687 O-2S, S-2S, O-7S, S-7S, O-11S, and S-��6��0��PDUNHUV��Į
��Į� ȕ��Į
��Į��DQG�ȕ�VXEXQLW�
of 7S.688 A3, A1,2,4: acidic subunits of 11S, B1,2,4: Basic subunit of 11S. 

The secondary structure of protein refers to the way that polypeptide chains along 

a certain path wheel around and fold in a local region of the protein molecule, the 

local spatial arrangement iQFOXGLQJ�Į-KHOL[HV��ȕ-VKHHWV��ȕ-turns and random coils 

being mainly maintained by hydrogen bonds [26]. There are many methods to 

quantitatively analyze the secondary structural components of proteins such as 
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forms all found in seeds of canola and two mustard species, and disulfide bonds 

could influence the protein folding and are formed by side chains of two cysteines. 

,I� 6H� FRQYHUWHG� &í6í6-C (selenocysWHLQH�� LQWR� &í6Hí6H-C, meaning that the 

disulfide bond was changed, the secondary structure of the protein was influenced 

[37].  

Table 3. Secondary structural composition of soybean protein isolate and fractions 

Protein 
samples 

Secondary structures (%) 

Į-helix ȕ-sheet ȕ-turn Random 
coil 

O-SPI 19.28 43.31 12.35 25.06 

S-SPI 20.22 41.23 13.80 24.75 

Difference + 0.94 - 2.08 + 1.45 - 0.31 

O-2S 20.52 39.19 16.65 23.65 

S-2S 22.37 38.89 14.34 24.41 

Difference + 1.85 - 0.30 - 2.31 + 0.76 

O-7S 22.41 36.58 17.49 23.52 

S-7S 22.46 36.80 17.28 23.46 

Difference + 0.05 + 0.22 - 0.21 - 0.06 

O-11S 21.22 40.49 14.16 24.13 

S-11S 20.30 41.78 14.17 23.75 

Difference - 0.92 + 1.27 + 0.01 - 0.38 

3.5. Protein oxidation analysis 
3.5.1. Surface hydrophobicity 
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circular dichroism, FTIR, X-ray diffraction, UV difference spectra, fluorescence 

and fluorescence polarization. Among them, FTIR spectra are sensitive to the 

secondary structure of proteins, with a reliable second-derivative analysis 

technique permitting the direct quantitative analysis of secondary structure 

components of proteins, and they have been widely used [25, 35, 36]. However, 

the secondary structure of proteins incorporated with Se from Se-enriched 

soybean compared with ordinary soybean, or even other Se-enriched plant 

proteins, have rarely been reported. 

7KH�SHUFHQWDJHV�RI�Į-KHOL[��ȕ-VKHHW��ȕ-turn and random coil secondary structures 

in SPI, 2S, 7S and 11S globulins are listed in Table 3. The secondary structure 

components of soybean proteins were in decreDVLQJ� RUGHU� RI� ȕ-sheet > random 

coil > Į-KHOL[�!�ȕ-turn. By comparing the structural composition of ordinary and 

Se-HQULFKHG�63,�� �6���6�DQG���6�� WKH�SHUFHQWDJHV�RI� Į-helix increased, and the 

SHUFHQWDJHV� RI� ȕ-sheet decreased for S-SPI, S-2S and S-7S, while for S-11S 

globulin it was just the opposite, corresponding to the ordinary soybean protein 

components. The percentDJH�RI�ȕ-turn structure in S-SPI and O-SPI was 13.80% 

vs 12.35%, in S-2S and O-2S it was 16.65% vs 14.34%, while for 7S and 11S 

there was almost no difference. Thus, the percentage of random coil structure 

increases or decreases accordingly in soybean protein and its fractions, and the 

overall change was smaller. From these results it can be speculated that Se may 

have influenced the secondary structures of SPI, 2S, 7S and 11S more or less, but 

the specific reasons still need to be further investigated. Se atomic size and 

ionization could change the tertiary structure of protein, and this particular effect 

was observed in the synthesis of some important proteins and reaction 

performaQFH� >��@��0HDQZKLOH�� &í6Hí&� WKDW� PD\� H[LVW� DV� 6H0HW��0H6H&\V� RU�

Ȗ*OX0H6H&\V� CysSeSeCys and seleno-diglutathione (GSHSeGSH) are three 
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forms all found in seeds of canola and two mustard species, and disulfide bonds 

could influence the protein folding and are formed by side chains of two cysteines. 

,I� 6H� FRQYHUWHG� &í6í6-C (selenocysWHLQH�� LQWR� &í6Hí6H-C, meaning that the 

disulfide bond was changed, the secondary structure of the protein was influenced 

[37].  

Table 3. Secondary structural composition of soybean protein isolate and fractions 

Protein 
samples 

Secondary structures (%) 

Į-helix ȕ-sheet ȕ-turn Random 
coil 

O-SPI 19.28 43.31 12.35 25.06 

S-SPI 20.22 41.23 13.80 24.75 

Difference + 0.94 - 2.08 + 1.45 - 0.31 

O-2S 20.52 39.19 16.65 23.65 

S-2S 22.37 38.89 14.34 24.41 

Difference + 1.85 - 0.30 - 2.31 + 0.76 

O-7S 22.41 36.58 17.49 23.52 

S-7S 22.46 36.80 17.28 23.46 

Difference + 0.05 + 0.22 - 0.21 - 0.06 

O-11S 21.22 40.49 14.16 24.13 

S-11S 20.30 41.78 14.17 23.75 

Difference - 0.92 + 1.27 + 0.01 - 0.38 
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circular dichroism, FTIR, X-ray diffraction, UV difference spectra, fluorescence 

and fluorescence polarization. Among them, FTIR spectra are sensitive to the 

secondary structure of proteins, with a reliable second-derivative analysis 

technique permitting the direct quantitative analysis of secondary structure 

components of proteins, and they have been widely used [25, 35, 36]. However, 

the secondary structure of proteins incorporated with Se from Se-enriched 

soybean compared with ordinary soybean, or even other Se-enriched plant 

proteins, have rarely been reported. 

7KH�SHUFHQWDJHV�RI�Į-KHOL[��ȕ-VKHHW��ȕ-turn and random coil secondary structures 

in SPI, 2S, 7S and 11S globulins are listed in Table 3. The secondary structure 

components of soybean proteins were in decreDVLQJ� RUGHU� RI� ȕ-sheet > random 

coil > Į-KHOL[�!�ȕ-turn. By comparing the structural composition of ordinary and 

Se-HQULFKHG�63,�� �6���6�DQG���6�� WKH�SHUFHQWDJHV�RI� Į-helix increased, and the 

SHUFHQWDJHV� RI� ȕ-sheet decreased for S-SPI, S-2S and S-7S, while for S-11S 

globulin it was just the opposite, corresponding to the ordinary soybean protein 

components. The percentDJH�RI�ȕ-turn structure in S-SPI and O-SPI was 13.80% 

vs 12.35%, in S-2S and O-2S it was 16.65% vs 14.34%, while for 7S and 11S 

there was almost no difference. Thus, the percentage of random coil structure 

increases or decreases accordingly in soybean protein and its fractions, and the 

overall change was smaller. From these results it can be speculated that Se may 

have influenced the secondary structures of SPI, 2S, 7S and 11S more or less, but 

the specific reasons still need to be further investigated. Se atomic size and 

ionization could change the tertiary structure of protein, and this particular effect 

was observed in the synthesis of some important proteins and reaction 

performaQFH� >��@��0HDQZKLOH�� &í6Hí&� WKDW� PD\� H[LVW� DV� 6H0HW��0H6H&\V� RU�

Ȗ*OX0H6H&\V� CysSeSeCys and seleno-diglutathione (GSHSeGSH) are three 
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Protein surface hydrophobicity (H0) is a structural characteristic that is an 

important parameter to evaluate changes in protein conformation, herein in the 

process of protein oxidation that was the result of competition of hydrophobic 

side chain oxidation, unfolding and aggregation of proteins. As shown in Figure 2, 

compared to control, 7S oxidised with increasing AAPH concentrations led to a 

gradual increase and then decrease in H0. The values of H0 for S-7S compared to 

that of the initial protein (6556) rose to 9096 at 0.2 mmol/L AAPH and then fell 

to 5266 at 125 mmol/L AAPH, while for O-7S relative to the value of the initial 

protein (10540), H0 increased to as high as 13728 and then reduced to 5206 at 0.2 

mmol/L and 125 mmol/L AAPH, respectively. The results were in agreement 

with the reports [27, 28] that protein oxidation could result in changes of H0. 

Basically, H0 could be caused by the balance between aggregation and partial 

unfolding via hydrophobic interactions. The increase in H0 may be explained as 

the internal hydrophobic groups gradually being exposed with the gradual 

increase in the degree of oxidation. As the AAPH concentration increased from 

0.2 to 125 mmol/L, the observed decrease in H0 of oxidized 7S could be due to 

the unfolded protein molecules re-aggregating via hydrophobic association, 

covalent modification of exposed hydrophobic residues (tryptophan residue), and 

the formation of partial hydrophilic groups (protein carbonyl groups) by structural 

modification of oxidized surface hydrophobic amino acid residues [27]. 

Meanwhile, compared to control, when AAPH was at a concentration of 0.2 

mmol/L, the increase rate of H0 of S-7S was greater than that of O-7S, indicating 

that low concentrations of peroxyl radical promoted the unfolding of 7S structure 

and the exposure of hydrophobic groups, and the ratio of unfolded hydrophobic 

groups in S-7S was more than in O-7S. When the AAPH concentration was at 

125 mmol/L, the decreased rate of H0 of S-7S was much less than that of O-7S, 

implying that the high degree of oxidation promoted the formation of protein 
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aggregation and hydrophilic groups, and the degree of oxidation of S-7S was 

markedly lower than that of O-7S. The difference of H0 between S-7S and O-7S 

may be due to the presence of higher Se content in S-7S, which could play an 

antioxidant role and reduce the influence of peroxyl radical oxidation on the S-7S, 

thereby inhibiting the formation of protein aggregates and causing fewer 

hydrophilic groups. 

 

Figure 2.. Surface hydrophobicity of O-7S and S-7S incubated with different concentration of 
AAPH after 24 h. Different superscript letters indicate significant difference (p<0.05). 

3.5.2. Intrinsic fluorescence 

Generally, intrinsic fluorescence can reflect the degree of oxidation of a protein's 

tryptophan residues and its microenvironmental changes and thereby characterize 

the effect of oxidation on the tertiary structure of protein. Campos et al. had 

reported that tryptophan fluorescence was used not only as a marker for detecting 

conformational changes in protein but also as an effective way to assess the loss 

of tryptophan residues [38]. As shown in Figure 3, as the degree of protein 

oxidation LQFUHDVHG�� WKH�ȜPD[�RI��6�JUDGXDOO\�VKLfted red and then shifted blue, 

and the tryptophan fluorescence intensity showed the trend of increasing first and 

then decreasing. For O-7S, with AAPH at a concentration of 0.2 mmol/L, the 
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ȜPD[�RI�2-7S fluorescence intensity increased by 39.34% of natural O-7S, the 

ȜPD[� ZDV� reduced to 39.3% at 5 mmol/L AAPH, and O-7S lost fluorescence 

when the AAPH concentration increased to 25 mmol/L or higher. 

Correspondingl\�� WKH�Ȝmax of S-7S redshifted from 341 nm to 348 nm and then 

blue shifted to 344 nm. However, for S-7S, with AAPH at concentrations of 0.2 

mmol/L and 5 mmol/L, the fluoresceQFH�LQWHQVLW\�RI�ȜPD[�LQFUHDVHG�E\����DQG�

reduced by 8.2% compared to that of the native S-7S, respectively; when AAPH 

increased to 125 mmol/L the S-7S lost fluoresFHQFH��DQG�ȜPD[�UHG�VKLIWHG�IURP�

346 nm to 347 nm and then blue shifted to 343 nm. Thus, it could be seen that the 

HIIHFWV� RI� SHUR[\O� UDGLFDO� R[LGDWLRQ� RQ� ȜPD[� VKLIW� DQG� WKH� decrease in 

fluorescence intensity of O-7S were more significant.  

ȜPD[�LV�FORVHO\�UHODWHG�WR�WKH�PLFURHQYLURQPHQW�RI�WU\SWRSKDQ��DQG�WU\SWRSKDQ�LV�

easily oxidized by ROO• lipid peroxidation induced protein oxidation, often 

accompanied by fluorescence quenching [38]. Peroxyl radical oxidation led to the 

ȜPD[� UHGVKift of 7S proteins, indicating that the oxidation caused protein 

structure unfolding and the tryptophan residue was gradually exposed to the 

PROHFXODU�H[WHUQDO�SRODU�HQYLURQPHQW��WKH�ȜPD[�EOXHVKLIW of 7S proteins implies 

that further oxidation induced the proteins to aggregate and reduced the degree of 

exposure of the tryptophan residues previously located in the polar environment 

transferred to the molecular internal nonpolar environment [39]. Tryptophan has 

the lowest one-electron oxidation potential; thus, the intrinsic fluorescence 

intensity decrease was probably because ROO• easily transformed tryptophan 

residues into metastable tryptophan free radicals through hydrogen abstraction 

reaction and further combined with divided molecular oxygen to form tryptophan 

peroxy radicals, eventually converting into kynurenine [40]. Oxidation had less 

effect on the intrinsic fluorescence properties of S-7S compared with O-7S, 
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possibly due to the presence of higher content of Se in S-7S that reduced the 

effect of oxidation on protein aggregation and hydrogen abstraction reaction, 

which was consistent with the result of surface hydrophobicity that Se acted as an 

antioxidant in S-7S. 

 

Figure 3. Intrinsic fluorescence of O-7S and S-7S modified by peroxyl radical 

3.5.3. The secondary structural composition 

Six major bands, attributed to the stretching vibration of C=O and weakly 

coupled with in-plane NH bending and C-N stretching of the peptide bonds, were 

observed in the amide I region (1600-1700 cm-1) of the deconvoluted curve 
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SDUDOOHO� ȕ-sheet aggregated strands and other protein components to form 

macromolecule aggregates by inhibiting protein unfolding. 

As for S-7S, except the shifts of S-7S modified with AAPH at a concentration of 

��PPRO�/��WKH�REYLRXV�UHGVKLIWV�RI�EDQGV�DVVLJQHG�WR�Į-helix (1653 cm-1), ȕ-turn 

(1670 cm-1) and random coil (1639 cm-1) showed at most ~6 cm-1, ~3 cm-1 and ~5 

cm-1 shifts to higher wavenumbers, respectively (Figure 4). Basically, the change 

regulations of secondary structure composition for S-7S were consistent with 

those of O-7S as the AAPH concentration increased (Table 4) except for the 

decrease of random coils. However, the relative changes of S-�6� IRU� WKH�ȕ-turn 

and random coil structures were greater, and the bands' redshifts, namely, 

stretching vibration of the protein groups, were more intense. The results revealed 

that partial protein unfolding was also involved and even dominated in the S-7S 

structural rearrangement induced by the oxidation with increasing AAPH 

FRQFHQWUDWLRQV��ZKLFK�FDXVHG�WKH�LQFUHDVHV�LQ�ȕ-turns mostO\�DW�WKH�H[SHQVH�RI�ȕ-

sheets and random coils, and the unfolded S-7S may be prone to reassociate the 

protein components to form higher-ordered supramolecular structures by 

competing with reaggregation.  

The FTIR results related to the structural rearrangement process between 

aggregation and partial unfolding induced by oxidation were consistent with the 

findings of protein surface hydrophobicity (Figure 2) and intrinsic fluorescence 

(Figure 3), as discussed above, whereas the results of obvious differences 

between O-7S and S-7S were probably due to the presence of higher content of 

Se in S-7S, which played a role in protecting the protein under AAPH-induced 

oxidative stress. 
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(Figure 4), and the secondary structure compositions could be assigned by Peakfit 

4.12 software (Table 4).  

Compared to the control, the oxidation-induced strengthening of intermolecular 

hydrogen bonds of O-7S except AAPH at a concentration of 1 mmol/L were 

FKDUDFWHUL]HG�E\�UHGVKLIWV�WR�YDU\LQJ�GHJUHHV�RI�EDQGV�DWWULEXWHG�WR�Į-helix (1658 

cm-1���ȕ-turn (1671 cm-1) and random coil (1644 cm-1) (Figure 4), meaning partial 

unfolding of the protein molecules and more disordered conformations [35, 36]. 

Meanwhile, it is worth noting that the appearance of a prominent band at 1619 

and 1618 cmí� (not marked for every curve) could be associated with the 

formation of anti-SDUDOOHO� ȕ-sheet aggregates (1618-1620 cmí�) [35]. Overall, a 

GHFUHDVH� LQ�ȕ-VKHHW�DQG� LQFUHDVHV� LQ�Į-KHOL[��ȕ-turn (slightly larger) and random 

coil were also found for O-7S oxidized by varying AAPH concentration except at 

1 mmol/L (Table 4), further indicating partial protein unfolding and structural 

transition from ordered to unordered. Actually, the anti-SDUDOOHO� ȕ-sheet 

aggregates (data not shown) of O-7S were increased after lower peroxy radical 

oxidation treatment and decreased after higher oxidation treatment (the 

demarcation point of AAPH concentration was 5 mmol/L). Therefore, it was easy 

to find that the increase in the degree of oxidation led to an increased or a 

decreased anti-SDUDOOHO� ȕ-sheet aggregated strand with a concomitant 

LQFUHDVH�GHFUHDVH�LQ�ȕ-turn of O-�6��,Q�IDFW��WKH�ȕ-turn structure was considered to 

be a product of protein unfolding from any higher order structures, while anti-

paralOHO�ȕ-sheet could be formed in aggregated protein molecules [25, 35]. From 

the results, it could be concluded that the balance of protein structural transition 

in the O-7S was activated by the effect of oxidation with increasing AAPH 

concentrations, and the unordered O-7S may be likely to rearrange with anti-
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SDUDOOHO� ȕ-sheet aggregated strands and other protein components to form 

macromolecule aggregates by inhibiting protein unfolding. 

As for S-7S, except the shifts of S-7S modified with AAPH at a concentration of 

��PPRO�/��WKH�REYLRXV�UHGVKLIWV�RI�EDQGV�DVVLJQHG�WR�Į-helix (1653 cm-1), ȕ-turn 

(1670 cm-1) and random coil (1639 cm-1) showed at most ~6 cm-1, ~3 cm-1 and ~5 

cm-1 shifts to higher wavenumbers, respectively (Figure 4). Basically, the change 

regulations of secondary structure composition for S-7S were consistent with 

those of O-7S as the AAPH concentration increased (Table 4) except for the 

decrease of random coils. However, the relative changes of S-�6� IRU� WKH�ȕ-turn 

and random coil structures were greater, and the bands' redshifts, namely, 

stretching vibration of the protein groups, were more intense. The results revealed 

that partial protein unfolding was also involved and even dominated in the S-7S 

structural rearrangement induced by the oxidation with increasing AAPH 

FRQFHQWUDWLRQV��ZKLFK�FDXVHG�WKH�LQFUHDVHV�LQ�ȕ-turns mostO\�DW�WKH�H[SHQVH�RI�ȕ-

sheets and random coils, and the unfolded S-7S may be prone to reassociate the 

protein components to form higher-ordered supramolecular structures by 

competing with reaggregation.  

The FTIR results related to the structural rearrangement process between 

aggregation and partial unfolding induced by oxidation were consistent with the 

findings of protein surface hydrophobicity (Figure 2) and intrinsic fluorescence 

(Figure 3), as discussed above, whereas the results of obvious differences 

between O-7S and S-7S were probably due to the presence of higher content of 

Se in S-7S, which played a role in protecting the protein under AAPH-induced 

oxidative stress. 
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(Figure 4), and the secondary structure compositions could be assigned by Peakfit 

4.12 software (Table 4).  

Compared to the control, the oxidation-induced strengthening of intermolecular 

hydrogen bonds of O-7S except AAPH at a concentration of 1 mmol/L were 

FKDUDFWHUL]HG�E\�UHGVKLIWV�WR�YDU\LQJ�GHJUHHV�RI�EDQGV�DWWULEXWHG�WR�Į-helix (1658 

cm-1���ȕ-turn (1671 cm-1) and random coil (1644 cm-1) (Figure 4), meaning partial 

unfolding of the protein molecules and more disordered conformations [35, 36]. 

Meanwhile, it is worth noting that the appearance of a prominent band at 1619 

and 1618 cmí� (not marked for every curve) could be associated with the 

formation of anti-SDUDOOHO� ȕ-sheet aggregates (1618-1620 cmí�) [35]. Overall, a 

GHFUHDVH� LQ�ȕ-VKHHW�DQG� LQFUHDVHV� LQ�Į-KHOL[��ȕ-turn (slightly larger) and random 

coil were also found for O-7S oxidized by varying AAPH concentration except at 

1 mmol/L (Table 4), further indicating partial protein unfolding and structural 

transition from ordered to unordered. Actually, the anti-SDUDOOHO� ȕ-sheet 

aggregates (data not shown) of O-7S were increased after lower peroxy radical 

oxidation treatment and decreased after higher oxidation treatment (the 

demarcation point of AAPH concentration was 5 mmol/L). Therefore, it was easy 

to find that the increase in the degree of oxidation led to an increased or a 

decreased anti-SDUDOOHO� ȕ-sheet aggregated strand with a concomitant 

LQFUHDVH�GHFUHDVH�LQ�ȕ-turn of O-�6��,Q�IDFW��WKH�ȕ-turn structure was considered to 

be a product of protein unfolding from any higher order structures, while anti-

paralOHO�ȕ-sheet could be formed in aggregated protein molecules [25, 35]. From 

the results, it could be concluded that the balance of protein structural transition 

in the O-7S was activated by the effect of oxidation with increasing AAPH 

concentrations, and the unordered O-7S may be likely to rearrange with anti-
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Figure 4..Deconvoluted FTIR spectra in the amide I region of O-7S and S-7S modified at 
different concentrations of AAPH after 24 h, these peaks were attributed to the O-7S and S-
7S blank 

3.5.4. Protein solubility 

In this study, the solubility of AAPH-modified 7S proteins at pH 7.0 was 

obtained to evaluate formation of insoluble aggregates. As shown in Figure 5, the 

solubility of oxidized 7S proteins gradually decreased as the AAPH concentration 

increased. This was in accordance with the results of a previous study [27] 

ascribed to covalent cross-linking of proteins indicating that peroxy radical 

oxidation caused soy protein denaturation and gradual formation of insoluble 

aggregates. The result was also in line with the H0 findings (Figure 2), but no 

increase LQ� VROXELOLW\� DW� ORZ� $$3+� FRQFHQWUDWLRQ� ��� ���� PPRO�/�� ZDV� IRXQG��
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Based on the H0 results, these exposed polar amino acids initially buried inside 

protein molecules may interact with water molecules via hydrogen bonds and 

electrostatic interactions, resulting in increased protein solubility. The reason for 

the consequences of such a result of solubility could be due to a dislocated 

relationship of protein solubility and surface hydrophobicity, resulting from H0 

determination by soluble proteins. 

In addition, Figure 5 shows that the solubility of S-7S was always higher than that 

of O-7S at the same concentration of AAPH, and the values were reduced to 

76.8% vs 87.5% and 67.5% vs 74.1% for O-7S and S-7S at AAPH concentrations 

of 5 and 125 mmol/L compared to the native control, respectively, indicating that 

the rate of decrease in solubility of O-7S was faster than that of S-7S as the 

AAPH concentration increased. These results were consistent with the findings of 

FTIR related to the mechanism of aggregation and partial unfolding induced by 

oxidation, as S-7S also benefited from the role of Se. A detailed investigation of 

the mechanism of the structure-function relationships between the conformation 

of peroxyl radical oxidized Se-containing soybean proteins and the effect of 

radicals on the functionalities of soybean protein need be studied further, which 

may be extremely useful in food processing. 
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Figure 5. Solubility of O-7S and S-7S incubated with different concentration of AAPH after 
24 h at pH 7.0. The different superscript letters indicate significant difference (p<0.05). 

4. Conclusions 
The present study demonstrated that soy had strong Se biofortification ability, 

less inorganic Se existed in Se-enriched beans, and 7S had the strongest ability to 

incorporate Se; Se could promote the content of protein and total amino acids, 

combine into low MW proteins, and influence the secondary structures of 

soybean protein and its fractions. More importantly, Se was confirmed to be an 

effectual “protector” that played an important role in maintaining the 

conformation (aggregation and partial unfolding) of S-7S under AAPH-induced 

oxidative stress. Based on this study, further studies will be conducted to 

investigate the changes of Se forms and speciation during the oxidation process 

and the antioxidant properties of the selenium-binding proteins using appropriate 

methods such as cell models, as well as molecular structure identification of plant 

Se-containing proteins by multidimensional mass spectrometry and to further 

elucidate the selenoprotein structure-function relationships. 
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1. Introduction 
There is growing understanding in scientific and medical communities that diet 

and lifestyle habits are implicated in the susceptibility of mammals to widespread 

diseases including disorders of the digestive tract and cancer [1]. It is important to 

understand the actions of food constituents on gene expression and signaling 

pathways. Selenium (Se) is an essential micronutrient as selenoproteins 

participate in many physiological processes in human and other mammals, and 

involved in various aspects of metabolism including antioxidation, anticancer, 

anti-inflammatory and chemoprotective responses [2]. Se is one of the most 

important micronutrients as it exerts multiple and complex effects on human 

health. For many years, Se was known as an environmental toxicant for livestock 

with potential harmful effects for human health [3]. However, in 1957, Schwartz 

and Foltz found that Se prevented liver necrosis in rats [4]. Today it is apparent 

that Se have toxic effects, usually at high doses but also behaves as an essential 

dietary micronutrient at low doses [5, 6]. Dietary requirements for Se in humans 

KDYH�EHHQ�HVWLPDWHG�WR�UDQJH�IURP����WR�����ȝJ�6H�SHU�GD\�>�@��,Q�H[SHULPental 

animal studies, chronic Se deficiency (<0.2 mg/kg diet for 6weeks) has been 

shown to result in less robust immune responses to viruses and tumors compared 

to Se-adequate controls [8-10]. In humans, inadequate Se status (Serum selenium 

values <100 ng/mL) is associated with increased risk of cardiovascular disease 

[11], cancer [12] and impaired immune function [13]. 

Selenium species of SPIs are naturally present in plants, with a recording of the 

selenium content of S-SPI and O-63,� DUH� ������� ȝJ�NJ� DQG� 3����� ȝJ�NJ��

respectively [14]. As Se is chemically similar to Sulphur (S), it competes with S 

to transport inside the plant through sulfate transporters. After entry into the plant, 

Se is translocated to the leaves and metabolized in plastids via the sulfur 
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Abstract  
Selenium (Se)-enriched protein is an important dietary source of selenium for 

humans, however, only a few Se-enriched proteins have been identified. In the 

present study, we tested for potential antioxidant activity by Se-enriched soy 

protein, both in vitro and in vivo. The free radical scavenging abilities of two 

different soy proteins were assessed by measuring superoxide anion scavenging 

activity and reducing power of Fe3+. Se-enriched soy protein isolate (S-SPI) 

showed a higher radical scavenging ability compared to ordinary soy protein 

isolate (O-SPI). Caco-2 cells were pre-treated with S-SPI and stimulated with 

H2O2 to determine the antioxidant activity of the soy proteins. At low doses, S-

SPI improved cell viability compared to O-SPI. Furthermore, S-SPI inhibited 

Hydrogen peroxide-induced oxidative stress via modulation of the NRF2-HO1 

signaling pathway and upregulated downstream antioxidant enzymes glutathione 

peroxidase (GPx), superoxide dismutase (SOD). To further study the antioxidant 

capacity of S-SPI, BALB/c female mice were given oral gavages with 0.8 mL of 

S-SPI or O-SPI at low (L), medium (M), or high (H) doses, or saline as control. 

The activity of the enzymes GPx and SOD in the liver were analyzed as Se 

mainly accumulates in this organ. Hepatic GPx and SOD activity increased with 

increasing S-SPI dosage but not with O-SPI. Taken together, our results suggest 

that Se-enriched soy protein has a high antioxidant ability as demonstrated in vitro 

and in vivo and can be used as a dietary supplement for people with oxidative 

damage-mediated diseases to support health or selenium deficiency. 
Keywords: Selenium, Selenium-enriched soy protein, Antioxidant, NRF2, 

Antioxidant enzyme  
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27]. Changes in the content of O2- radicals in vivo can lead to oxidative damage to 

biomolecules such as nucleic acids, lipids, and proteins, and are associated with 

cell death and diseases. In addition, O2- has an important impact on the production 

of nitric oxide (NO) and the peroxynitrite radical (ONOOí) which is increased 

during pathological states related to overproduction of ROSs [28]. These 

significant damaging effects to tissue caused by ROSs highlights the importance 

of cellular processes that prevent the accumulation of O2-. Antioxidant enzymes 

including GPx, superoxide dismutase (SOD), catalase (CAT) and T-AOC play an 

important role in defending tissue and organs against over-production of ROS 

[29]. SOD is considered the first line of defense and the main regulator of ROS 

levels by catalyzing the conversion of superoxide radicals to H2O2 and molecular 

oxygen. GPx and CAT then convert H2O2 into oxygen and H2O [30].  

Interestingly, Se-dependent and nuclear factor erythroid-2-related factor 2 

(NRF2)-regulated antioxidant systems are closely inter-dependent [31, 32]. In 

homeostatic conditions, NRF2 is sequestered in a complex with Kelch-like ECH-

associated protein 1 (Keap1) in the cytoplasm and has no functional activity [33]. 

ROS accumulation disrupts the Keap1-NRF2 interaction [34]. In oxidative stress 

conditions, NRF2 is released from Keap1 and translocates into the nucleus where 

it combines with antioxidant response element (ARE) to form NRF2-ARE [35]. 

The NRF2-ARE complex then induces transcription of various antioxidant genes 

including heme oxygenase-1 (HO-1), NADPH quinineoxidoreductase-1 (NQO-1), 

glutathione (GSH) SOD [36], resulting in antioxidant enzyme responses. A 

previous study using a weaning stress rat model showed Se can trigger NRF2-

mediated protection, as treatment of low doses of seleno-amino polysaccharide 

activated the NRF2 signaling pathway by down-regulating the expression of 

Keap1 and up-regulating the expression of NRF2 33. The up-regulation of NRF2 
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assimilation pathway to selenocysteine (SeCys) or selenomethionine (SeMet) [15, 

16]. Inorganic Se is first converted to selenite by ATP sulfurylase [17] and APS 

reductase (APR). Next, selenite is converted to selenide by sulfite reductase, 

glutathione or glutaredoxins. Selenide is then incorporated into SeCys. Lastly, 

SeCys can then be converted to elemental Se, methyl-SeCys, or SeMet by a series 

of enzymes [18]. It is generally believed that organic forms of Se have lower 

toxicity than inorganic forms [14]. Furthermore, organic Se is more easily 

absorbed in the intestine and transported via the bloodstream into organs to be 

used for physiological functions. Organic forms of Se can be found in fruit, 

vegetables and yeast because the selenate and selenite forms of Se are readily 

absorbed by plants and metabolically converted in the chloroplast to organic Se 

compounds, such as SeMet and SeCys [19]. SeMet is the main chemical form of 

dietary Se [20]. Ingested SeMet from foods or nutritional supplements is absorbed 

via the intestine and undergoes trans-sulphuration to produce SeCys [21], which is 

then incorporated into proteins including the active centre of some enzymes such 

as glutathione peroxidase (GPx). This mammalian enzyme and selenoprotein, is 

widely distributed in mammalian tissues including the liver [22]. GPx is known to 

be important in defense against organic peroxide and hydrogen peroxide (H2O2)-

induced damage to cell membranes [23].  

The use of molecular oxygen by aerobic organisms inevitably leads to the 

formation of many oxygen-containing reactive substances, which are collectively 

called reactive oxygen species (ROS) [24]. ROS quickly accumulates in cells, 

resulting in thermal stress which leads to oxidative damage of the tissue and, 

ultimately, accelerated death of the organism [25]. Superoxide anions (O2-) are 

one of the main endogenous ROS in the human body and have an important cell 

signaling function in the regulation of physiological functions and processes [26, 
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NRF2 (D1Z9C) XP® rabbit mAb (Alexa Fluor® 647), HO-1 monoclonal 

antibody (HO-1) (FITC), and monoclonal antibody NQO-1 monoclonal antibody 

(A180) [PE] were purchased from Cell Signaling Technology (Massachusetts, 

USA). Ultrapure water used in all experiments was supplied by a Milli-Q water 

purification system from Millipore. 

2.2. Preparation of soybean protein isolate  
Soybean protein isolate (SPI) was prepared from Se-enriched and ordinary 

soybeans as previously described [42]. Briefly, defatted soybean flour was 

dispersed in distilled water (1:10, w/v), adjusted to pH 8.0 with 1 mol/L NaOH, 

stirred for 3 h at room temperature and then centrifuged at 5530 g for 20 min. The 

supernatant was precipitated at pH 4.5 using 1 mol/L HCl at 4 °C for 1 h and 

separated by centrifugation at 5530 g for 20 min. The sediment was then 

dissolved in deionized water and adjusted to pH 7.5 before dialyzing with 

deionized water for 24 h at 4 °C. The resulting protein isolates from ordinary 

soybean and Se-enriched soybean were freeze-dried and stored at 4 °C.  

2.3. Superoxide anion scavenging activity  
The superoxide anion scavenging activity of SPI was measured using a pyrogallol 

autoxidation system with some modifications [43]. A reaction solution containing 

��ȝ/� RI� S\URJDOORO� ���� PPRO�/�� DQG� ���� P/� RI� 7ULV�+&O�('7$� EXIIHU� ����

mmol/L, pH 8.0) was prepared, to which 0.5 mL of O-SPI or S-SPI (1–5 mg/mL) 

were added. The solution was incubated at room temperature for 30 min, after 

which 200 µL of the solution was transferred to a 96-well microplate to measure 

the absorbance at 365 nm with a microplate reader (Bio-Rad, Hercules, USA). 

Scavenging activity was calculated according to the following equation: 

  100]0/)21(1[(%)effect  Scavenging u�� AAA  
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increased the expression level of antioxidant genes (GSH-Px, SOD, Nrf2, HO-1) 

and protected the intestinal mucosa from oxidative stress [37]. The antioxidant 

activity of Se-containing proteins has now been shown in various animal models. 

For example, Zeng found that Se-containing protein treatment had a positive 

influence on liver hepatocytes in mice, which are involved in defense against 

ROSs and support the function of the enzymatic antioxidant system [38]. 

Similarly, Guang indicated that supplementation of Se-yeast can improve serum 

oxidant status by increase antioxidant enzymes activity in growing male goats 

[39]. However, the mechanism by which Se-containing protein enhances 

antioxidant activity is still unclear. 

We have previously shown that Se-enrichment effectively “protects” the 

antioxidant; soy protein, by reducing the denature its structure caused by peroxyl 

radical oxidation [14]. However, the antioxidant effects of Se-enriched soy 

protein are rarely reported, and their antioxidative mechanisms have yet to be 

clearly identified. In the present study, we compared the free radical scavenging 

ability and effects on antioxidant-related enzyme activity and the NRF2 signaling 

pathway of a Se-enriched soy protein isolate (S-SPI) with ordinary soy protein 

isolate (O-SPI).  

2. Materials and Methods 

2.1. Materials 
Se-enriched soybeans were obtained from Natural Selenium Base of Fengcheng, 

Jiangxi, China. Bicinchoninic acid [40] kits were purchased from Beyotime 

Institute of Biotechnology (Shanghai, China). Assay kits for the determination of 

malondialdehyde [41] concentrations and SOD and GPx activities were purchased 

from Beyotime Institute of Biotechnology (Shanghai, China). Antibodies for 
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conducted by exposure to a 400 mmol/L H2O2 solution in the culture medium for 

6 h (37 °C /5% CO2/95% relative humidity). 

2.6. Determination of cell viability  
Cell viability was determined with the thiazolyl blue tetrazolium bromide (MTT) 

assay, which is based on the conversion of MTT to formazan crystals by 

mitochondrial dehydrogenases. After incubation with SPI and induction of 

oxidative stress in 96-well plates, media was discarded and replaced with serum-

free media containing 0.5 mg/mL of MTT. Plates were further incubated for 3 h at 

37 ºC in 5% CO2. The MTT solution was subsequently removed, and cells were 

lysed with 150 mL DMSO. Plates were then placed on an orbital shaker for 10 

min before measurement of absorbance at 570 nm using a microplate reader. 

Absorbance values were expressed as a percentage of untreated control cells 

(control = 100%). 

2.7. Flow cytometry analysis of the NRF2-HO1 signaling pathway in 
Caco-2   
After incubation with SPI and H2O2, Caco-2 cells were collected, and cell-

concentrations were adjusted to 4×106 cells/mL. One-hundred microliters of the 

cell suspension were transferred into a PE tube and 1 mL flow cytometry staining 

buffer was added. After fixation and permeabilization (eBioscience), intracellular 

proteins were labeled with the corresponding mAbs conjugated with fluorescent 

molecules, according to the manufacturer's instructions. Flow cytometry was 

performed on a BD FACSCalibur and analyzed with FlowJo V10 software. 

2.8. Animals and experimental design  
6-8 week-old female BALB/c mice (18.0 ± 2.0 g body weight) were provided by 

Hunan SlaF�-LQJGD�/DERUDWRU\�$QLPDO�&R���&KDQJVKD��&KLQD��&HUWL¿FDWH�QXPEHU��
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where A0 is the absorbance of the control (without sample), A1 is the absorbance 

in the presence of the sample, and A2 is the absorbance of the sample without 

pyrogallol. 

2.4. Measurement of reducing power  
To assess/compare the antioxidant capacity of O-SPI and S-SPI, the reducing 

power of S-SPI and O-SPI was determined according to the method of Li [44] 

with some modifications. In brief, 1 mL of protein (1–5 mg/mL) was mixed with 

3 mL of 0.5 mol/L sodium phosphate buffer (pH 6.6) and 2.5 mL of 1% 

potassium ferricyanide [K3Fe6] [45]. The reaction mixtures were incubated in a 

water bath at 50 °C for 20 min, after which the mixtures were quickly cooled to 

room temperature and added 2.5 mL of 10% TCA. The mixtures were centrifuged 

at 3000 g for 10 min at 25 °C. The supernatant (2.5 mL) was then mixed with 0.5 

mL of 0.1% FeCl3 and 2.0 mL of distilled water, and absorbance was measured at 

700 nm. 

2.5. Cell culture and treatment  
Cell culture was conducted according to García-Nebot [46] with some 

modifications which is based on the conversion of MTT to formazan crystals by 

mitochondrial dehydrogenases. Caco-2 human intestinal cells were grown in 

DMEM medium (Gibco, Burlington, ON, Canada) with 10% fetal bovine serum 

(FBS; Hyclone Co., Logan, UT, USA), incubated at 37 °C in 5% CO2; medium 

was replaced every 2 days. Cells were seeded onto 96-well plates at 3×104 

cells/plate and were allowed to equilibrate for 24 h prior to experiments. H2O2 

was dissolved in serum-free DMEM at 400 mmol/L. For the oxidative stress 

experiments, cells were incubated with different concentrations of O-SPI or S-SPI 

(0,0.1, 0.2, 0.3, 0.4, 0.5 mg/mL) for 12 h; the induction of oxidative stress was 
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For in vitro experiments, Caco-2 cells were collected after incubation with SPI 

and H2O2 and lysed with Triton-100. Homogenates were centrifuged (600g, 4 ºC, 

10 min) and supernatants were collected. For in vivo experiments, livers were 

dissected and washed in ice-cold PBS. Ten percent (w/v) liver homogenates were 

prepared by homogenization in ice-cold physiological PBS and centrifuged 

(1600g, 4 ºC,10 min); homogenates were collected. SOD and GPx activity were 

analyzed with commercially available kits according to the manufacturer’s 

instructions. 

2.11. Statistical analysis  
All in vitro determinations were performed in triplicate and results were presented 

as mean ± SEM. Statistical analysis was performed using GraphPad Prism 8 

software (GraphPad Company San Diego, California). Statistical comparisons 

were made by one-way or two-way analysis of variance (ANOVA) using 

GraphPad Prism 8. Statistical significance was set at P < 0.05. 

3. Results 

3.1. S-SPI effectively increases superoxide anion scavenging ability and 
reducing power of Fe3+ 

 Low doses of S-SPI (1 to 5.0 mg/mL) increased the scavenging rate of O2- 

radicals from 15% to 32%, whereas no such dose-dependent increase in O2- 

scavenging was observed for O-SPI (14%-17%) (Figure1A). Next, we assessed 

the reducing power of SPI based on the competence of antioxidants in converting 

potassium ferricyanide (Fe3+) to potassium ferrocyanide (Fe2+). reducing power 

was higher in S-SPI compared to O-SPI in same protein concentration (Figure 

1B). 
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accordance with the Guidelines for the Care and Use of Laboratory Animals 

published by the U.S. National Institute of Health (NIH Publication 85-23, 1996), 

and all experimental procedures were approved by the Animal Care Review 

Committee, Nanchang University (permission number: SYXK (Gan) 2013-0004). 

Mice were housed in an animal room at 23 ± 1 °C and 50 ± 5% relative humidity, 

under a 12/12 h of light-dark cycle and provided with ad libitum access to water 

and commercially available Se-free rodent chow. After a 7 d acclimatization 

period, all mice were randomly divided into seven groups (n = 6 per group) 

including one normal control (NC) group and six SPI dosage groups: low dosage 

(5 g/kg/d L-O-SPI or L-S-SPI), medium dosage (20 g/kg/d M-O-SPI or M-S-SPI), 

and high dosage (40 g/kg/d H-O-SPI or H-S-SPI); saline (NC group) or SPI were 

administered by gavage every day for 28 d. At the end of the experiment (day 28) 

the animals were killed, spleen, stomach, liver, and kidney were dissected to 

measure the Se content in main organs. A section of the liver was used for the 

determination of oxidation-related enzymes.  

2.9. Measurement of Se concentration in tissues  
Se concentration in mouse tissues was measured according to Chen [47] with 

some modifications. Samples (100 mg) were digested with 10 mL of HNO3 and 

HClO4 mixture (9:1, v/v) at 150 °C for 2.5 h. After cooling, 5mL of 6 mol/L HCl 

were added to the digested samples. The digested solution was allowed to cool 

again, diluted with ultrapure water to a final volume of 25 mL, and analyzed by 

atomic fluorescence spectroscopy ((Model AI 3300, Aurora Technologies, 

Canada).  

2.10. Measurement of superoxide dismutase (SOD) and glutathione 
peroxidase (GPx) activities  
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1B). 
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Figure 2. In vitro effect of S-SPI on cell viability as measured by MTT conversion (%). 
Caco-2 cells were incubated with 0.1–0.5 mg SPI/mL for 12 h and then treated with 400 
ȝPRO�/� +2O2 for 6 h. Values expressed as mean ± SEM (n = 3). Significant differences 
EHWZHHQ�FRQWURO�JURXS�DQG�RWKHU�JURXS�DUH�LQGLFDWHG�E\�Sௗ�������Sௗ���������'LIIHUHQFHV�
between O-SPI and C-SPI under same concentration are indicated by ##Sௗ��ௗ���� ###Sௗ��ௗ������
DiIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�WZRဨZD\�DQDO\VLV�RI�YDULDQFH��$129$��IROORZHG�E\�D�7XNH\�
test. 

3.2.2 S-SPI treatment increases activity of key antioxidant enzymes SOD and 

GPx in Caco-2 cells. 

 To analyze effect of O-SPI and S-SPI on the activity of the enzymes in vitro, the 

activity of two enzymes (SOD and GPx) were investigated. Exposure to H2O2 

resulted in down-regulation of SOD and GPx activity of Caco-2 cells, but an 

increase in activity was observed in cells pre-treated with O -SPI and S-SPI 

(Figure 3). Cells treated with S-SPI (0.2-0.3 mg/mL) expressed higher activity 

levels of SOD compared to untreated cells, but cells treated with O-SPI did not 

express a significantly different level of SOD activity compared to untreated cells 

(Figure 3A). S-SPI treatment, but not O-SPI-treatment, also resulted in increased 

GPx activity although this effect was only observed at 0.3-0.5 mg/mL (Figure 
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Figure 1. Superoxide anion radical scavenging ability (A) and reducing power (B) of S-SPI. 
9DOXHV�DUH�H[SUHVVHG�DV�PHDQ���6(0��Q� ����S�������� 

3.2. S-SPI treatment protects Caco-2 cells from oxidative stress induced 
by H2O2 
3.2.1 S-SPI treatment improves cell viability in H2O2-exposed Caco-2 cells 

To investigate whether SPI could reduce H2O2 -induced oxidative stress and have 

cytoprotective effects, Caco-2 cells were pretreated with varying concentrations 

of O-SPI or S-SPI (0.1 to 0.5 mg/mL) then exposure to 400 mmol/LH2O2 for 4 h. 

We set the viability of untreated cell as 100% and compared others with untreated 

cell. Exposure to H2O2 resulted in a significant reduction (up to 60%) (Figure 2). 

However, pretreatment with S-SPI, but not O-SPI, significantly increased cell 

viability compared to untreated H2O2 -exposed cells (Figure 2). The most 

effective S-SPI treatment dose was 0.4 mg/mL, with cell viability declining when 

SPI concentrations further increased to 0.5 mg/mL. An upward trend was 

observed for O-SPI concentration and cell viability, but the increase in cell 

viability was not statistically significant (Figure and stats). These results indicate 

the potential for S-SPI to improve cell viability under oxidative stress compared 

to the same dose of O-SPI.  
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Figure 4. In vitro effects of S-SPI on H2O2 -induced changes in the nuclear accumulation of 
Nrf2 and the expression of Nrf2-related in Caco-2 cells. Flow cytometry analysis of Nrf2 (A), 
NQO-1 (B), and HO-1 (C). Values are expressed as mean ± SEM (n = 3). Significant 
differences between control group and other group are indicated by *p<0.05, **p<0.01, 
***p<0.001. Differences between O-SPI and C-SPI under same concentration are indicated 
by #p��ௗ����� ##p��ௗ����� 'LIIHUHQFHV� DUH� DQDO\]HG� ZLWK� D� WZRဨZD\� DQDO\VLV� RI� YDULDQFH�
(ANOVA) followed by a Tukey test. 

3.3. S-SPI supplementation effectively enhances antioxidant activity in 
BALB/c mice 
3.3.1 Supplementation with S-SPI significantly increases tissue levels of Se in 

BALB/c mice. 

To evaluate Se-levels in murine tissues after four weeks of daily intragastric 

administration of O-SPI and S-SPI, we analyzed selenium concentration in liver, 

kidney, spleen and stomach of the animals (Table 1). Overall, an increase in 

selenium levels was observed in the analyzed tissues of all mice fed an SPI-

supplemented diet compared to control mice (Table 1). However, for O-SPI this 

difference was only statistically significant for renal tissues of animals receiving 

the medium and high doses, whereas significant differences in Se levels were 

observed in all tissues when M-S-SPI and H-S-SPI were compared with tissue 

from control animals. In S-SPI-supplemented animals, the increase in Se levels 

was most apparent in the liver, with a 4.3-fold increase in the H-S-SPI group 

(1.34 mg/kg Se) compared to control animals (0.31 mg/kg Se). Similarly, Se 

levels were significantly and dose-dependently increased in kidneys of S-SPI 

treated mice. Compared to the controls, a twofold increase in renal Se levels was 
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3B). These results show that selenium-enriched protein can effectively enhance 

endogenous antioxidant enzyme activity. 

 

Figure 3. In vitro effects of S-SPI on antioxidant enzymatic activity of SOD (A) and GPx 
(B). Caco-2 cells were pretreated with different concentrations of SPI (0.1-0.5 mg/mL) for 
��K�PLQ� DQG� WKHQ� WUHDWHG�ZLWK� ���� ȝPRO�/�+2O2 for 6 h. Values are expressed as mean ± 
SEM (n = 3). Significant differences between control group and other group are indicated by 
Sௗ������� Sௗ������� Sௗ�0.001, *Sௗ��������� 'LIIHUHQFHV� EHWZHHQ� 2-SPI and C-SPI 
under same concentration are indicated by ####pௗ��ௗ������� 'LIIHUHQFHV� are analyzed with a 
WZRဨZD\�DQDO\VLV�RI�YDULDQFH��$129$��IROORZHG�E\�D�7XNH\�WHVW� 

3.2.3 Suppression of oxidative stress in H2O2 -exposed Caco-2 Cells by S-SPI 

is related to increased protein levels of the NRF2 pathway. 

To further study the mechanism underlying the protective effect of S-SPI in H2O2 

-exposed Caco-2 cells, we examined the effect of S-SPI on the NRF2 signaling 

pathways by quantifying the level of expression of the proteins HO-1, NQO1 and 

NRF2 (Figure 4). Overall, treatment with 0.1-0.3 mg/mL concentration of S-SPI 

increased expression of HO-1, NQO1 and NRF2 levels compared to untreated 

H2O2 -exposed cells (control). However, at higher concentrations both S-SPI and 

O-SPI lowered expression levels of HO-1, NQO1 and NRF2 (Figure 4). These 

results indicate that there is a dose-dependent effect of SPI on the expression of 

proteins in the NRF2 signaling pathway. 
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NQO-1 (B), and HO-1 (C). Values are expressed as mean ± SEM (n = 3). Significant 
differences between control group and other group are indicated by *p<0.05, **p<0.01, 
***p<0.001. Differences between O-SPI and C-SPI under same concentration are indicated 
by #p��ௗ����� ##p��ௗ����� 'LIIHUHQFHV� DUH� DQDO\]HG� ZLWK� D� WZRဨZD\� DQDO\VLV� RI� YDULDQFH�
(ANOVA) followed by a Tukey test. 

3.3. S-SPI supplementation effectively enhances antioxidant activity in 
BALB/c mice 
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BALB/c mice. 

To evaluate Se-levels in murine tissues after four weeks of daily intragastric 
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(1.34 mg/kg Se) compared to control animals (0.31 mg/kg Se). Similarly, Se 

levels were significantly and dose-dependently increased in kidneys of S-SPI 

treated mice. Compared to the controls, a twofold increase in renal Se levels was 
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3B). These results show that selenium-enriched protein can effectively enhance 

endogenous antioxidant enzyme activity. 

 

Figure 3. In vitro effects of S-SPI on antioxidant enzymatic activity of SOD (A) and GPx 
(B). Caco-2 cells were pretreated with different concentrations of SPI (0.1-0.5 mg/mL) for 
��K�PLQ� DQG� WKHQ� WUHDWHG�ZLWK� ���� ȝPRO�/�+2O2 for 6 h. Values are expressed as mean ± 
SEM (n = 3). Significant differences between control group and other group are indicated by 
Sௗ������� Sௗ������� Sௗ�0.001, *Sௗ��������� 'LIIHUHQFHV� EHWZHHQ� 2-SPI and C-SPI 
under same concentration are indicated by ####pௗ��ௗ������� 'LIIHUHQFHV� are analyzed with a 
WZRဨZD\�DQDO\VLV�RI�YDULDQFH��$129$��IROORZHG�E\�D�7XNH\�WHVW� 

3.2.3 Suppression of oxidative stress in H2O2 -exposed Caco-2 Cells by S-SPI 

is related to increased protein levels of the NRF2 pathway. 

To further study the mechanism underlying the protective effect of S-SPI in H2O2 
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pathways by quantifying the level of expression of the proteins HO-1, NQO1 and 

NRF2 (Figure 4). Overall, treatment with 0.1-0.3 mg/mL concentration of S-SPI 

increased expression of HO-1, NQO1 and NRF2 levels compared to untreated 

H2O2 -exposed cells (control). However, at higher concentrations both S-SPI and 

O-SPI lowered expression levels of HO-1, NQO1 and NRF2 (Figure 4). These 

results indicate that there is a dose-dependent effect of SPI on the expression of 
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Figure 5. In vivo effects of S-SPI on hepatic antioxidant enzymatic activity of SOD (A) and 
GPx (B), and MDA content (C). BALB/c female mice were garaged with low (L; 5 g/kg/d), 
medium (M; 20 g/kg/d), or high (H; 40 g/kg/d) dosages of SPI for 4 weeks. Values are 
expressed as mean ± SEM (n = 5). Significant differences between control group and other 
group are indicated by **p<0.01, ***p<0.001. Differences between O-SPI and C-SPI under 
same dose are indicated by #p<0.05, ####p��ௗ�������'LIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�WZRဨZDy 
analysis of variance (ANOVA) followed by a Tukey test. 

4. Discussion 
There is growing evidence of the essential actions of food constituents and 

micronutrients in protective cellular mechanisms. Selenoproteins are known to be 

involved in several protective mechanisms including antioxidation, anticancer, 

anti-inflammatory and chemoprotective responses. The damaging ROSs found in 

the gut can be neutralized by the free radical scavenging activity and reduction of 

Fe2+ by antioxidant compounds. In the present study, we investigated the free 

radical scavenging activity of Se-enriched soy protein by measuring superoxide 

anion scavenging activity and its reducing power of Fe3+. Additionally, effects of 

S-SPI in the regulation of key NRF2-regulated antioxidant enzymes in human 

intestinal Caco-2 cells were measured. Both S-SPI and O-SPI were observed to 

have superoxide radical scavenging ability (Figure 1). Yufang indicated that SPI 

and SPI particles are observed to reduce hydrogen peroxide [48], likely due to the 

protein’s capacity to inhibit lipid oxidation through multiple pathways including 
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observed in mice treated with H-S-SPI (0.46 mg/kg and 0.92 mg/kg, 

respectively). Renal Se levels were also increased in the M-O-SPI and the H-O-

SPI groups (0.69 mg/kg and 0.66 mg/kg, respectively) compared to controls (0.46 

mg/kg). These results indicate that treatment with Se enriched protein can 

increase free Se levels in murine tissues, particularly in the liver.  

Table 1. Se accumulation in different organ in mice after treated with different dose of 
protein. Different superscript letters indicate significant difference (p < 0.05) Se for each 
group. 

3.3.2 SPI supplementation increases activity of hepatic SOD and GPx of 

BALB/c mice.  

As the biggest increase in Se levels were observed in the liver, we analyzed the 

activity levels of SOD and GPx activity in this tissue in vivo (Figure 5). SOD 

activity was observed to increase in liver tissue of mice in all SPI-treatment 

groups, compared with the control group (Figure 5A), and the increase appeared 

to be dose-dependent, although SOD activity declined in animals treated with H-

O-SPI. This outcome is in line with the observed levels of Se in the livers of O-

SPI treated animals (Table 1). However, when similar doses were compared, SOD 

activity was higher in liver tissue of low and high dose S-SPI treated animals 

compared to O-SPI treated animals. In addition, we analyzed the activity of GPx 

(Figure 5B) and found an increase in medium and high dose S-SPI treated mice 

compared to control and O-SPI treated animals.  

 Control 

mg/kg 

L-S-SPI 

mg/kg 

M-S-SPI 

mg/kg 

H-S-SPI 

mg/kg 

L-O-SPI 

mg/kg 

M-O-SPI 

mg/kg 

H-O-SPI 

mg/kg 

Liver  �����ௗ����� 0.61�����ௗ� 0.87±0.05bௗ� 1.34±0.15a  0.51±0.03  0.62±0.03  0.43±0.05  

Kidney 0.46±0.03  0.54±0.05  0.77±0.03b  0.92±0.05a  0.53±0.03  0.69±0.02c  0.66±0.03c  

Spleen 0.17±0.04  0.35±0.01c  0.40±0.03b  0.51±0.08a  0.29±0.05  0.32±0.04  0.31±0.04  

Stomach 0.07±0.05  0.13±0.01  0.15±0.01b  0.18±0.01a  0.12±0.02  0.13±0.02  0.12±0.02  
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group. 
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investigate the antioxidant capacity and possible mechanisms of S-SPI (Figures 2 

and 3). We found that S-SPI could improve the activity of SOD and GPx via 

activating NRF2 expression, which could explain the underlying antioxidative 

mechanism (Figure 3). SOD is one of the antioxidative enzymes that play a 

crucial role in scavenging ROS and maintaining homeostasis of oxidation-

antioxidation in the body [57]. GPx is an antioxidant enzyme that can defend 

against severe free radical oxidation [58]. Therefore, the reason for and the degree 

of cell injury could be reflected by the activity of SOD and GPx. Consistently, 

decreases of GPx and SOD activity in cells were observed after H2O2 treatments. 

Pretreatment with S-SPI increased cell viability and improved SOD and GPx 

activity compared to the control and O-SPI groups, suggesting that S-SPI could 

protect cells by increasing the activity and content of antioxidants in cells. 

NRF2 is an important regulator of the antioxidant of the cell defense system as the 

NRF2 pathway controls detoxifying enzymes, antiapoptotic proteins, and 

proteasomes. Antioxidant genes regulated by NRF2 such as NADPH 

dehydrogenase quinone 1(NQO1) and HO-1, are known to be upregulated by the 

pathway [59] and further improve antioxidant activity. In the present study, we 

found up-regulation of both NRF2 and HO-1 when cells were pretreated with low 

doses of SPI (Figure 4), and pretreatment with S-SPI also significantly 

upregulated protein expression of NQO1 with highest expression of all 3 proteins 

in the 0.3 mg/mL dose group. Protein expression of NRF2, NQO1 and HO-1 

decreased in cells treated with 0.4-0.5 mg/mL of both O-SPI and S-SPI, but at this 

dose, concentration of downstream antioxidant enzymes increased. These dose-

dependent effects of S-SPI are not yet clear.  

As well as studying the in vitro effects of SPI, we also investigated the effects of 

supplementing BALB/c mice with SPI. We observed that Se levels were highly 
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inactivation of ROS, scavenging free radicals and reduction of hydroperoxides 

[49]. Furthermore, the radical scavenging abilities demonstrated by SPIs have 

been attributed to the presence of small peptides and C-terminal aromatic tyrosine 

residues in their molecular structure [50]. However, in the present study, Se-

enrichment of SPI species contributed to their higher antioxidant activity 

compared to controls and O-SPIs (Figure 1). This is in line with the observation 

that proteins extracted from Se-enriched mushrooms exhibit increased scavenging 

activity against superoxide anions and hydroxyl radicals [51], and similar results 

were obtained for Se-enriched peanut leaf protein samples [52].  

Previous studies have postulated various mechanisms by which S-SPIs have 

enhanced antioxidant activity. Firstly, Se compounds were found to exert free 

radical scavenging activity through the central free radical enzymes, which 

increased the antioxidant activity of the protein [53]. Secondly, the major Se 

compounds in the soy protein: selenomethionine (SeMet) and selenocysteine 

(SeCys), were found to be central to increased antioxidant activity [54]. 

Furthermore, although the majority of Se in soybean is organic, Se (VI) and Se 

(IV) were also detected in extracts and found to enhance hydroxyl radical 

scavenging activity and reducing power [54]. Finally, it was found that Se amino 

acids react with the hydrated free radicals (•OH, •H) to form stable compounds 

before they destroy the biological macromolecules, and they easily form stable 

positive ion free radicals which possess strong antioxidant activity [55]. Thus, 

antioxidant mechanism of Se-enriched soy protein may relate one or multiple of 

those mechanisms.  

Caco-2 cells are important intestinal cell types and are used for evaluations of 

antioxidant capacity of food and natural extracts [56]. We exposed untreated and 

pre-treated (with S-SPI and O-SPI) Caco-2 cells to H2O2 -type oxidants to 
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proteasomes. Antioxidant genes regulated by NRF2 such as NADPH 

dehydrogenase quinone 1(NQO1) and HO-1, are known to be upregulated by the 

pathway [59] and further improve antioxidant activity. In the present study, we 

found up-regulation of both NRF2 and HO-1 when cells were pretreated with low 
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upregulated protein expression of NQO1 with highest expression of all 3 proteins 

in the 0.3 mg/mL dose group. Protein expression of NRF2, NQO1 and HO-1 
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inactivation of ROS, scavenging free radicals and reduction of hydroperoxides 
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compounds in the soy protein: selenomethionine (SeMet) and selenocysteine 
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elevated in the liver, in accordance with a study that showed a clear dose response 

distribution of Se in tissues and the highest Se concentration was recorded in the 

liver [60]. Mamoru et al. also found that the Se concentration was higher in the 

liver of Se-deficient Tg2576 mice when the mice were fed with a Se-

supplemented diet [61]. Previously, it was reported that Se depletion was most 

prominent in the lungs for Txnrd1 or Txnrd2 hemizygous mice under Se-adequate 

conditions, and most prominent in the kidneys under Se-deficient conditions [62]. 

Similarly, Oster et al. found the highest Se concentrations in the kidneys of 

German adults [63], suggesting that the distribution of Se is dependent on the 

subjects and their conditions. We also assessed the enzymatic activity of SOD and 

GPx in liver cells of the mice. We found that S-SPI treated mice enhanced the 

activities of the antioxidant enzymes SOD and GPx (Figure 5). The activity of 

GPx was significantly improved. Taken together, our in vitro and in vivo data 

suggest that S-SPI may prevent oxidative damage by scavenging free radicals and 

aiding the NRF2 signaling pathway by upregulating downstream antioxidant 

enzymes. 

5. Conclusions 
These results suggest that the antioxidant activity of soybean protein can be 

improved by Se enrichment. Se-enriched soy protein reduced oxidation by 

activating the NRF2 pathway, leading to increased levels of SOD and GPX levels, 

which are crucial influencing factors for reduction of oxidative stress. Thus S-SPI 

could be used as a dietary supplement of protein for potential health benefits. 

Funding: The work was supported by the State Key Laboratory of Food Science 

and Technology Nanchang Univ. (No. SKLF-ZZA-201912) and the State Key 
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1. Introduction 
Food allergy is defined as an adverse immunological response to a dietary protein. 

Over 90% of food allergies are caused by the “big eight” allergenic foods [1] and 

the prevalence of these food allergies varies in the general population; egg (1.3-

1.6%) [2], cow’s milk (1%) [3], peanut (0.6-1.5%) [4], tree nuts (4.9%) [5], wheat 

(0.2-1%) [6], fish (5%-7%) [7, 8], crustacean shellfish (0.5-2.5%) [9], and 

soybean (0.3%) [10]. With the exception of cow’s milk and egg allergy the 

prevalence of these food allergies across the United States Europe and Asia are 

quite different because of the diverse dietary patterns that vary between continents 

and countries. For instance, in Europe fruit allergies are common due to cross-

reactions with inhalant allergens [11], whereas in Asia severe allergic reactions 

include those directed towards legumes and shellfish [12]. Multiple immutable 

risk factors have been postulated to contribute to the onset of food allergy, 

including gender, ethnicity, and genetics [13, 14]. However, many modifiable 

factors have also been identified as a potential target to reduce or prevent food 

allergy. Among these factors are mode of delivery, antibiotic use, feeding of 

breastmilk, and the consumption of unpasteurized milk, fermented foods[15-17], 

omega-3-polyunsaturated fatty acids, prebiotics, probiotics, vitamin D and 

antioxidants [18-22]. These factors are known to either directly or indirectly 

influence immune maturation and the composition of the intestinal microbiome. 

In early life, food allergy development may result from intestinal dysbiosis and an 

impaired mucosal immune response which can lead to improper responses to food 

antigens which eventually culminate in sensitization. In food allergic patients 

exposure to the allergenic foods can trigger clinical symptoms such as digestive 

problems, vomiting, atopic dermatitis, hives or swollen airways, ranging in 

severity from mild to life-threatening anaphylaxis [23]. In addition, many forms 
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Abstract 
Food allergy is a pathological immune reaction triggered by normal innocuous 

dietary proteins. Soybean is widely used in many food products and has long been 

recognized as a source of high-quality proteins. However, soybean is listed as one 

of the 8 most significant food allergens. The prevalence of soybean allergy is 

increasing worldwide and impacts the quality of life of patients. Currently, the 

only strategy to manage food allergy relies on strict avoidance of the offending 

food. Nutritional supplementation is a new prevention strategy which is currently 

under evaluation. Selenium (Se), as one of the essential micronutrients for 

humans and animals, carries out biological effects through its incorporation into 

selenoproteins. The use of interventions with micronutrients, like Se, might be an 

interesting new approach. In this review we describe the involvement of Se in a 

variety of processes, including maintaining immune homeostasis, preventing free 

radical damage, and modulating the gut microbiome, all of which may contribute 

to  in both the prevention and treatment of food allergy. Se interventions could be 

an interesting new approach for future treatment strategies to manage soybean 

allergy, and food allergy in general, and could help to improve the quality of life 

for food allergic patients. 

Keywords: Food allergy, Soybean allergy, Micronutrition intervention, Selenium 
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may lead to a change in the prevalence of soybean allergy but as of yet no data are 

available to confirm or refute this hypothesis.  

Currently no treatment of food allergy is available and management of food 

allergy relies on strict avoidance of the offending food. In this review we describe 

the current insights into the role of micronutrients, especially selenium (Se), as an 

interesting novel therapeutic approach in the management of food allergy with a 

focus on soybean allergy.  

2. Pathophysiology of soybean allergy  
The most common food allergies are IgE mediated and have a prevalence of 

around 6-8% in children below 3 years of age [33]. Soybean allergy can be either 

IgE mediated or non-IgE mediated. IgE-mediated reactions typically occur 

immediately or within 1–2 hours after ingestion whereas non-IgE-mediated food 

hypersensitivity responses are usually delayed to several hours after ingestion of 

the culprit food. IgE mediated soybean allergy develops in a similar way to most 

other food allergies, which involves sensitization and the failure to develop oral 

tolerance towards food antigens. Although the exact mechanism of induction of 

immunological oral tolerance has not been fully unraveled yet, it is clear that it 

can be disrupted at many different stages. When enzymatic destruction of 

conformational epitopes in a potential food allergen is reduced, inflammatory 

cytokines such as IL-25 and IL-33 can be secreted by epithelial cells which inhibit 

IL-12 production [34, 35]. Under these conditions antigen presenting cells such as 

dendritic cells (DCs) are activated and switch into a functional pro-inflammatory 

phenotype. Subsequently, these antigen presenting cells shift naïve T cells to 

differentiate into Thelper 2 (Th2) cells instead of regulatory T cells (Treg) which 

would normally dampen immune responses via secretion of IL-10 and 
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of food allergy may be related with later development of other allergic 

manifestations such as atopic dermatitis and allergic asthma. Food allergies do not 

only decrease the quality of life of the food allergic patient, but their prevalence is 

also an increasing public health burden. It is currently estimated that over 220 

million people suffer from food allergy [24] affecting approximately 5% to 7.5% 

of children and 1% to 2% of adults worldwide [25]. In developed countries about 

4% to 8% of the population are allergic to at least one food allergen, 2.4% are 

allergic to multiple food allergens and approximately 3% of total population of 

food allergic patients experience severe reactions to food allergens [26, 27]. 

However, because the majority of available data is based on self-reporting it is 

difficult to accurately assess the prevalence of food allergies [28].  

Food allergic responses directed towards soybean also contribute to the observed 

increase in food allergy. Being one of the “big eight”, soybean allergy is 

recognized as one of the most common IgE-mediated food allergies. Soybean 

allergy has an estimated prevalence of about 0.3% in the general population [10]. 

In the United States it affects 0.4% of children and 0.3% of adults [29]; similarly, 

in Europe the prevalence of soybean allergy is estimated to be around 0.4% in the 

general population [30]. Although the exposure to soybean at an early age is 

potentially widespread, the allergenicity of soybean receives less attention than 

many of the other food allergens. This might be because initial soybean allergic 

responses tend to induce atopic skin reactions and gastrointestinal distress but 

rarely lead to fatal anaphylaxis [31]. Although traditional Asian cuisine includes 

more crude soybean sources than the Western kitchen, the consumption of soy-

containing food additives (soybean isolate, soybean concentrates and soybean 

flour) is increasing in Western diets [32]. This interesting geographical divergence 
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albumin (Gly m 8) accounts for about 15% of the total seed proteins and is 

composed of the Bowman–Birk trypsin inhibitor (7.9 kDa), cytochrome C (12.5 

kDa), Kunitz trypsin inhibitor (KTI; 20.1 kDa) [39]. Kunitz soybean trypsin 

inhibitor is has been identified as a potent allergen capable of inducing food 

anaphylaxis [40].  

�6�JOREXOLQ��*O\�P����YLFLOLQ��ȕ-conglycinin) accounts for about 30% of the total 

seed proteins and is also considered one of the major allergenic proteins in 

VR\EHDQ�VHHGV��,W�LV�PDLQO\�FRPSRVHG�RI�WKUHH�*O\�P���VXEXQLWV��Į��a�� N'D���Įƍ�

(~72 N'D��DQG�ȕ��~50 kDa) all of which have been shown to be potential dietary 

allergens for both huPDQV�DQG�DQLPDOV�>��@��7KH�Į�VXEXQLW��NQRZQ�DV�*O\�P�%G�

60K, in which the IgE-binding site locates at the peptide 232-283, was capable of 

eliciting an allergic response in 25% of soybean sensitive patients in an 

REVHUYDWLRQDO�VWXG\�>��@��7KH�ȕ�VXEXQLW�KDV�also been indicated to have sensitizing 

capacity as 19 IgE and 59 IgG binding sites were identified on this 7S globulin 

subunit [43]. 

11S globulin (glycinin,Gly m 6, legumin) as a major seed storage protein that 

makes up over 40% of the total seed globulin is another major allergenic protein 

in soybean seeds [44]. It is a hexametric protein that was assembled by acidic 

polypeptides (A1a, A1b, A2, A3 and A4) and basic polypeptides (B1, B2 and B3) 

[45]. It was demonstrated that IgE from soybean allergic individuals bound to the 

soybean glycinin acidic chains whereas the basic chains were not bound by IgE 

[46]. Acidic polypeptides A1a, A3 and A4 reacted with serum IgG and IgE and 

induced positive skin prick and histamine release responses in piglets sensitized to 

Gly m 6 [47].  

Other soybean proteins Gly m 1 and Gly m 2 are known as inhalant allergens in 

occupational or environmental soybean allergy. Gly m 3 is cross-reactive with 
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transforming growth factor beta (TGF-ȕ���7K��FHOOV�GULYH�,J(�FODVV-switching in B 

cells and expansion of allergic effector cells, e.g. eosinophils and mast cells [36] 

while blocking Treg function via the release of IL-4. IgE secreted by the B cells 

quickly binds to high-DIILQLW\�,J(��)Fİ5,��UHFHSWRUV�ZKLFK�DUH�SUHVHQW�PDLQO\�RQ�

the surface of mast cells and basophils. Although not all individuals who produce 

food antigen-specific IgE will mount an allergic response to the specific food, 

challenging allergic patients by re-exposing them to the food allergen will lead to 

degranulation of mast cells and basophils. This is due to the binding of the 

allergen to food-allergen specific IgE on the surface of these cells, which 

subsequently crosslinks the bound IgE triggering an intracellular cascade that 

results in the release of mediators such as histamine, leukotrienes, chemokines, 

and other cytokines. This leads to a series of inflammatory responses which 

characterize the immediate phase of the allergic reaction. Hereafter, the allergic 

inflammation can be maintained in the late phase of the allergic response due to 

the production of leukotrienes, platelet activating factor and cytokines such as IL-

4, IL-5 and IL-13. Understanding the mechanism of IgE-mediated food allergy 

helps implementing measures to restore immunologic tolerance. 

3. Allergens in soybean 
The protein content of soybean is approximately 37% of the dry weight and 

within that protein fraction at least 16 IgE-reactive proteins were suggested as 

potential allergens [37]. Soybean protein isolate (SPI) is a mixture of various 

proteins which is widely used in the food industry. The main ingredients of SPI 

are classified into four protein categories according to their sedimentation 

coefficients (S) including 2S, 7S, 11S and 15S [38]. The main soybean allergens 

are specific protein components. In recent decades those specific protein 

components which are linked to soybean allergy have been described. Soybean 2S 
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transforming growth factor beta (TGF-ȕ���7K��FHOOV�GULYH�,J(�FODVV-switching in B 

cells and expansion of allergic effector cells, e.g. eosinophils and mast cells [36] 

while blocking Treg function via the release of IL-4. IgE secreted by the B cells 

quickly binds to high-DIILQLW\�,J(��)Fİ5,��UHFHSWRUV�ZKLFK�DUH�SUHVHQW�PDLQO\�RQ�

the surface of mast cells and basophils. Although not all individuals who produce 
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the production of leukotrienes, platelet activating factor and cytokines such as IL-

4, IL-5 and IL-13. Understanding the mechanism of IgE-mediated food allergy 
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potential allergens [37]. Soybean protein isolate (SPI) is a mixture of various 

proteins which is widely used in the food industry. The main ingredients of SPI 

are classified into four protein categories according to their sedimentation 

coefficients (S) including 2S, 7S, 11S and 15S [38]. The main soybean allergens 
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components which are linked to soybean allergy have been described. Soybean 2S 
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responses. Many pathological conditions involving the immune system can be 

affected by Se status which can be influenced by the forms and levels of ingested 

Se, genetic characteristics and the conversion of Se compounds into metabolites.  

Se can be present in different chemical forms and can be either organic and/or 

inorganic. The main organic forms are selenomethionine (SeMet) and 

selenocysteine (SeCys). The inorganic forms are selenide, elemental Se, selenite 

and selenate [53]. The predominant form of Se ingested by humans are SeMet and 

SeCys which have greater bioavailability than the inorganic forms [54]. Ingested 

SeMet from foods or nutritional supplements is absorbed via the intestine and 

undergoes trans-sulphuration to produce SeCys [55] which is then incorporated 

into selenoproteins.  

In humans 25 selenoproteins were identified for the presence of homologs several 

of which have important cellular functions in antioxidant defense, cell signaling, 

redox homeostasis and immune responses [56]. Glutathione peroxidase (GSH-Px) 

is one of the most important selenoproteins. It is well known to be the major 

component of human antioxidant defense and involved in redox regulation of 

cellular functions [57]. Thioredoxin reductases (TXNRDs) and methionine-R-

sulfoxide reductase B1 (MSRB1) reduce oxidative stress, repair protein damage 

caused by oxidation and are also involved in the aging process [58, 59]. In 

addition, selenoprotein S is involved in immune responses including 

inflammatory processes  [60]. Selenoprotein P is responsible for maintaining 

homeostasis of antioxidant throughout the human body during normal and 

disturbed metabolism [56].  

It is well known that many cellular events are regulated by changes in redox status 

often involving the glutathione and thioredoxin systems [61]. ROS can alter the 

redox status of the cell which appears to serve an important role in the 
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milk casein and have the potential to cause allergic reactions to soybean. Gly m 4 

is cross-reactive with the major birch pollen allergen Bet v 1 [48] and it is 

functionally classified as a pathogenesis-related protein 10 [49]. Gly m 7 as a 

newly discovered soybean allergen [29] has the capacity to induce IgE-mediated 

allergic responses. It has been reported that Gly m 7 has stronger basophil 

activation ability than Gly m 5 [50] but the prevalence and other details are 

unknown.  

4. The effect of micronutrients on food allergy/immune 
development 
Some foods containing food allergens are rich in essential nutrients. Therefore, 

monitoring dietary intake of children with food allergies is important to prevent 

nutrient deficiency due to inadequate food intake. Those nutrients 

include macronutrients such as carbohydrates, protein and fat, and micronutrients 

such as vitamins and minerals. Specific micronutrient deficiency such as vitamin 

D, vitamin E, minerals (zinc, magnesium, Se) is considered a major public health 

problem worldwide [51]. Minerals often serve as cofactors for enzymes which are 

essential for several important functions in the body. With the accumulating 

knowledge of the involvement of micronutrients in immunological processes 

there is increasing interest in the relationship between minerals and the 

development of immune responses which include inflammation and allergic 

conditions. It is known that deficiencies of several minerals such as iron, zinc, 

copper, and Se may result in impaired immune function [52]. 

5. Selenium uptake and metabolism    
Se is one of the most important micronutrients. It functions as an antioxidant and 

plays a crucial role in development and physiological processes including immune 
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The importance of adequate levels of dietary Se intake and its efficient 

incorporation into selenoproteins on immunity was reported in cell models, rodent 

models and in humans [71]. Se is present in many vital immunological organs like 

the bone marrow, thymus, liver, spleen and lymph nodes [72]. At a cellular level 

Se is found in lymphocytes, granulocytes and monocytes/macrophages. It also 

influences various leukocytic effector functions including adherence, migration, 

phagocytosis and cytokine secretion [73]. Se serves a wide variety of functions in 

health and development including roles in cancer and heart disease prevention, 

viral inhibition, brain function and immune function, delaying the ageing process 

and the onset of AIDS in HIV patients [74-76] . 

Se deficiency or suppressed selenoprotein expression results in higher levels of 

inflammatory cytokines in a variety of tissues which include the gastrointestinal 

tract, spleen and uterus [71]. A recent study showed that Se deficiency induced 

inflammatory lesions and high expression levels of PTGE, COX-2, TNF-Į� DQd 

NF-ț%�LQ�WKH�JDVWURLQWHVWLQDO�WUDFW�>��@��6H�GHILFLHQF\�ZDV�DOVR�UHSRUWHG�WR�UHGXce 

the killing capacity of neutrophils, the differentiation of T cell and IL-2R 

expression on T cells [78].  

7. Selenium and food allergy development 
Se levels may influence any condition associated with increased oxidative stress 

or inflammation [79]. In a murine model for (OVA)-induced allergic asthma, 

dietary Se levels were associated with the development of allergic responses in 

mice; whereas an adequate dietary Se level appeared to skew T helper responses 

away from the Th2-type responses, high levels of dietary Se resulted in higher 

Th2- or Th1-type immunity [80]. Thus, Se may modulate allergic responses by 

affecting adaptive immune responses. In an observational study carried out with 
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pathogenesis of allergic diseases. In homeostatic conditions, balance production 

of ROS has a positive effect in combatting invading pathogens. During 

inflammation many phagocytic cells rely on the production of ROS in the 

prevention of damage to host cells [62]. Once this homeostasis is disturbed, ROS 

levels can increase dramatically which can induce damage to host cells [63]. 

Selenoproteins play an essential role in maintaining balanced levels of ROS to 

protect the cells from damage [64]. 

An adequate intake of Se is a kH\�WR�JRRG�KHDOWK��)RU�DGXOWV�DW�OHDVW����ȝJ�GD\�LV�

required to support the minimal H[SUHVVLRQ� RI� 6H� HQ]\PHV� DQG� ���� ȝJ�GD\� WR�

reduce risk of cancer development [65]. In the U.K. recommended dietary intake 

of Se for DGXOW�ZRPHQ� LV� ��� ȝJ�GD\� DQG� ���ȝJ�GD\� Ior adult men and lactating 

women [66]. Some European countries (Germany, Austria and Switzerland) 

UHFRPPHQG� 6H� LQWDNH� IURP� ��� WR� ��� ȝJ�GD\� >��@�� 5HFHQWO\� WKH� (XURSHDQ� )RRG�

6DIHW\�$XWKRULW\��()6$��KDV�VHW�D�GDLO\�DGHTXDWH�LQWDNH�IRU�6H�DW����ȝJ�GD\�>��@��

In WKH� 86$� � WKH� 6H� LQWDNH� UHFRPPHQGDWLRQ� IRU� DGXOW� LV� VHW� DW� ��� ȝJ�GD\� >��@��

These vaU\LQJ� UHFRPPHQGDWLRQV� UDQJLQJ� IURP����ȝJ�GD\� WR����ȝJ�GD\�DUH�PRVW�

likely due to the difficulty to define an optimal Se status, and the absence of 

accepted reference ranges due to variations in Se status between countries [57]. 

Micronutrients have been highlighted as deficient in many food allergic children. 

Serum Se concentration have been indicated to be lower in  children with both 

IgE and non-IgE mediated food allergy in comparison to healthy controls [16], 

however whether this is a causative factor for the development of the food allergy 

or caused by elimination diets remains unclear [70].  

6. Selenium and immunity 
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Moreover, increased dietary Se enhanced T cell differentiation into CD25+ 

Foxp3+ Treg cells [90] which are known to play a key role in tolerance 

development towards food antigens. It was reported that Se protects against 

chronic colitis by increasing the number of CD4+CD25+ Tregs and enhancing the 

expression of IL-10 [91]. Similarly, another study reported that the percentage of 

Treg cells and expression of Foxp3 mRNA were increased in Se treated mice 

suggesting that Se supplementation restored normal levels of CD4+CD25+ Treg 

cells [92]. Furthermore Se supplementation inhibits activation, differentiation and 

maturation of B cells [93]. Se is able to inhibit B lymphocyte (CD19+) reduction 

and decreased numbers of peripheral B cells [94, 95] which further reduced 

dsDNA and SmRNP of the IgG2b and IgG2c subclass [95] and inhibits the 

expression of total IgE in mice [96].  

Se may also modulate the food allergic response in already sensitized individuals 

by affecting mast cell activity during challenge (Figure 1). Se deficiency induced 

mast cell degranulation in chickens [97] but on the contrary Se treatment 

decreased mast cell degranulation in a cell based model as measured by reduced 

release of the mast cell mediators PGD2��ȕ-hexosaminidase and histamine [98]. In 

addition, another study showed that Se affects basophils by inhibiting their 

proliferation, suppression of IL-4 and TNF-Į� SURtein secretion as well as 

suppression of antigen-induced phosphorylation of Syk, Akt, and MAPKs [99]. In 

a study carried out in our laboratory, Se intervention decreased mouse mast cell 

protease-1 (mMCP-1) in a mouse model for cow's milk allergy indicating Se may 

attenuate the allergic response by affecting mast cell activation and degranulation 

in a direct way [83].  
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healthy  children, the average Se plasma concentration was found to be 71.8 mg/l 

whereas in those with food allergy it was 54.1 mg/l indicating that children with 

food allergy have a higher risk of Se deficiency [81]. Similarly, Kamer et al. 

demonstrated that in children with food allergy concentrations of Se were 

decreased and lower values of GPx and SOD could be observed in plasma [82]. 

These data may only point to correlations that can be observed in food allergic 

patients, and human data related to investigating a causative link between Se and 

food allergy are to the best of our knowledge currently lacking. However, in a 

previous study in our laboratory we were able to demonstrate decreased mouse 

mast cell protease-1 (mMCP-1) in a mouse model for cow's milk allergy 

following dietary Se intervention [83], suggesting that Se does play a role in the 

pathophysiology of food allergic responses.  

This is supported by the many studies which have investigated the effect of Se at 

a cellular level. Se deficiency decreased the expression of DCs surface markers 

including CD11c, CD40, CD86 and MHC-II and downregulated the secretion of 

IL-10, IL-12p40, which further weakened the ability of DC’s to stimulate the 

proliferation of mixed allogeneic lymphocytes [84]. In addition, MsrB1 as a 

selenoprotein activates the STAT6 pathway in DCs thereby inducing DC 

maturation and IL-12 production that promotes CD4+T cells to differentiate into 

Th1 [85] which drives the immune response away from a Th2 allergic response. 

Se not only affects DCs to modulate allergy development but also affects T cell 

proliferation and differentiation. In adult human subjects supplementation with Se 

(100 µg/day) enhanced plasma Se concentrations and increased T cell 

proliferation and the percentage of total T cells [86, 87]. Se (1 ppm Se) promotes 

proliferation of T cells and favors differentiation of naive CD4+ T lymphocytes 

toward Th1 cells, supporting the acute cellular immune response [88, 89]. 
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 Figure 1. Potential modulatory effects of Se in the allergic sensitization and challenge phase. 
In the sensitization phase food allergens are picked up and processed by DC and presented to 
naïve CD4+ T cells in the context of MHC II. T cells then differentiate into Th2 cells and 
secrete cytokines which switch B cells to IgE secreting plasma cells. These allergen-specific 
IgE antibodies then ELQG�WR�WKH�)Fİ5,�SUHVHQW�RQ�WKH�VXUIDFH�RI�PDVW�FHOOV�DQG�EDVRSKLOV��8SRQ�
re-exposure to the allergen, crosslinking of receptor bound allergen-specific IgE occurs 
resulting in degranulation of these cells and the release of pro-inflammatory mediators that 
result in the clinical symptoms associated with a food allergic reaction. Se can inhibit DC 
activation, which may modulate the Th2 and Th1 balance in favor of an anti-allergic Th1 
response and inhibit allergen-specific IgE production. In addition, Se can block Ca2+ flux and 
LQKLELW� )Fİ5,� H[SUHVVLRQ� WKHUHE\� VWDELOL]LQJ� PDVW� FHOOV� DQG� EDVRSKLOV, which further affect 
allergic response. 
Se may also indirectly modulate the development of an allergic response to food 

allergens by affecting ROS. ROS plays a role in the allergic sensitization process 

in various ways. Upon antigen-specific interaction, intracellular ROS is elevated 

in T cells and DCs [100]. Se can block bidirectional DC-T cell communication by 

interfering with the redox regulation pathways to modulate allergic sensitization 

responses [101]. In addition, ROS also plays a role during allergenic challenge. It 

was reported that ROS/RNS production and mast cell degranulation have a 

positive correlation [102]. Se may modulate the acute allergic response by 
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downregulating ROS generation which further decreases the degranulation 

process of mast cells [103]. 

In addition, Se may modulate food allergic responses by affecting the microbiome 

colonization and composition. Intestinal microbiota development in early life is 

very dynamic and in synergy with intestinal physiology, immune and neurological 

development [104]. The microbial colonization in early life strongly affects health 

and diseases later in life [34, 105]. The development of a healthy microbiome in 

early life plays an important role in the maturation of the immune system and this, 

in turn, affects the susceptibility to food sensitization and food allergy [106]. A 

dysbiosis in allergic infants is characterized by low levels of genera 

Bifidobacteria and Lactobacilli compared to healthy infants and is associated with 

the development of atopic diseases [107, 108]. The absence of a healthy intestinal 

microbiota development might lead to an inadequately developed immune system 

associated with reduced number of Tregs, reduced oral tolerance and possibly to 

the development of food allergy. It was reported that in germ-free  mouse models 

gut-associated lymphoid tissues failed to develop when microbial colonization 

was delayed which led to  Th2 skewed immune responses [109]. In addition, 

microbial colonization increases the suppressive capacity of Tregs and promotes 

Th1 response which are necessary to maintain immunologic balance and promote 

tolerance [110, 111]. Se affects the composition and colonization of the gut 

microbiota which may interfere with the diversity of the microbiota and causes 

essential effects on microbial composition [104]. It was reported that dietary 

supplementation of organic Se increased the abundance of Ruminococcaceae and 

Phascolarctobacterium, and selectively inhibited the abundance of 

parabacteroides and prevotellaceae [112]. In a mouse model for food allergy, 

dietary supplementation with a Se enriched probiotic increased the proportions 
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Soybean is widely used in many food products and has been long recognized as a 

source of high-quality proteins. However, soybean is listed as one of the 8 most 

significant allergenic foods and prevalence of soybean allergy is increasing 

worldwide and impacts the quality of life of patients. Currently, the sole strategy 

for managing food allergy is strict avoidance of the offending food. Therefore, 

new preventive and therapeutic approaches for the management of food allergy 

are urgently needed. The use of interventions with micronutrients, like Se, might 

be an interesting new approach. In this review we describe that Se is involved in a 

variety of processes, including maintaining immune homeostasis, prevention of 

free radical damage and modulation of the gut microbiome which may all 

contribute in the management of food allergy both in prevention and treatment 

although further investigation is needed to understand the exact mechanisms. In 

addition, safety aspect of Se supplementation should be taken into account to 

avoid Se toxicity by overdosing and caution is advised when translating murine 

data to the human situation. Nevertheless, Se interventions might be an interesting 

new approach for future treatment strategies to manage soybean and food allergy 

in general and help to improve the quality of life for food allergic patients. 

Funding: The research was funded by a grant of the China Scholarship Council 

(BF.000464.2), Danone Nutricia Research and Utrecht University Utrecht, The 

Netherlands.  
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of Lactobacillus which shifted the cytokine production pattern from Th2 to Th1 

predominance and thereby suppressed IgE and IgG1 responses and systemic 

allergic reactions [113].  

8. Selenium and soybean allergy 
Se may modulate the development of soybean allergy by affecting the 

mechanisms that have been described throughout this review for other (food) 

allergies. In a recent in vitro study performed by our group we showed that SeMet 

could decrease pro-inflammatory cytokine IL-12p70 and IL-6 production and 

increase anti-inflammatory cytokine IL-10 production in murine DCs that were 

previously stimulated with soybean protein. Moreover, using a co-culture system 

with soybean proteins treated DCs and T cell SeMet decreased the percentage of 

CD4+T cells and skewed the Th2 towards a Th1 response [manuscript in 

preparation]. Thus, Se may influence sensitization to soybean protein by affecting 

DC function and T cell differentiation. To study the role of Se in the challenge 

phase of the allergic response we also assessed whether in vitro preincubation 

with SeMet would affect primary human mast cells sensitized with sera from 

soybean allergic patients when chDOOHQJHG� ZLWK� VR\EHDQ� SURWHLQV�� ȕ-

hexosaminidase release, interleukin 8 (IL-8) production, calcium flux and high-

DIILQLW\� LPPXQRJOREXOLQ� �,J�(� UHFHSWRU� �)Fİ5,�� H[SUHVVion were measured. Our 

results indicated that preincubation with SeMet inhibited soy-elicited mast cell 

activation. Furthermore, SeMet appeared to primarily prevent IgE binding to 

)Fİ5,� UDWKHU� WKDQ� DIIHFWLQJ� FURVVOLQNLQJ� RI� ,J(� E\� WKH� DOOHUJHQ [114]. Thus, Se 

may also modulate soybean allergic symptoms by suppressing mast cell responses. 

9. Conclusions  



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 99PDF page: 99PDF page: 99PDF page: 99

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 93 - 

Soybean is widely used in many food products and has been long recognized as a 

source of high-quality proteins. However, soybean is listed as one of the 8 most 

significant allergenic foods and prevalence of soybean allergy is increasing 

worldwide and impacts the quality of life of patients. Currently, the sole strategy 

for managing food allergy is strict avoidance of the offending food. Therefore, 

new preventive and therapeutic approaches for the management of food allergy 

are urgently needed. The use of interventions with micronutrients, like Se, might 

be an interesting new approach. In this review we describe that Se is involved in a 

variety of processes, including maintaining immune homeostasis, prevention of 

free radical damage and modulation of the gut microbiome which may all 

contribute in the management of food allergy both in prevention and treatment 

although further investigation is needed to understand the exact mechanisms. In 

addition, safety aspect of Se supplementation should be taken into account to 

avoid Se toxicity by overdosing and caution is advised when translating murine 

data to the human situation. Nevertheless, Se interventions might be an interesting 

new approach for future treatment strategies to manage soybean and food allergy 

in general and help to improve the quality of life for food allergic patients. 

Funding: The research was funded by a grant of the China Scholarship Council 

(BF.000464.2), Danone Nutricia Research and Utrecht University Utrecht, The 

Netherlands.  

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 92 - 

of Lactobacillus which shifted the cytokine production pattern from Th2 to Th1 

predominance and thereby suppressed IgE and IgG1 responses and systemic 

allergic reactions [113].  

8. Selenium and soybean allergy 
Se may modulate the development of soybean allergy by affecting the 

mechanisms that have been described throughout this review for other (food) 

allergies. In a recent in vitro study performed by our group we showed that SeMet 

could decrease pro-inflammatory cytokine IL-12p70 and IL-6 production and 

increase anti-inflammatory cytokine IL-10 production in murine DCs that were 

previously stimulated with soybean protein. Moreover, using a co-culture system 

with soybean proteins treated DCs and T cell SeMet decreased the percentage of 

CD4+T cells and skewed the Th2 towards a Th1 response [manuscript in 

preparation]. Thus, Se may influence sensitization to soybean protein by affecting 

DC function and T cell differentiation. To study the role of Se in the challenge 

phase of the allergic response we also assessed whether in vitro preincubation 

with SeMet would affect primary human mast cells sensitized with sera from 

soybean allergic patients when chDOOHQJHG� ZLWK� VR\EHDQ� SURWHLQV�� ȕ-

hexosaminidase release, interleukin 8 (IL-8) production, calcium flux and high-

DIILQLW\� LPPXQRJOREXOLQ� �,J�(� UHFHSWRU� �)Fİ5,�� H[SUHVVion were measured. Our 

results indicated that preincubation with SeMet inhibited soy-elicited mast cell 

activation. Furthermore, SeMet appeared to primarily prevent IgE binding to 

)Fİ5,� UDWKHU� WKDQ� DIIHFWLQJ� FURVVOLQNLQJ� RI� ,J(� E\� WKH� DOOHUJHQ [114]. Thus, Se 

may also modulate soybean allergic symptoms by suppressing mast cell responses. 

9. Conclusions  



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 100PDF page: 100PDF page: 100PDF page: 100

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 95 - 

12. Lao-araya, M. and M. Trakultivakorn. Prevalence of food allergy among 
preschool children in northern Thailand. Pediatr Int. 2012, 54 (2), 238-43. 

13. Panjari, M., J. Koplin, S. Dharmage, R. Peters, L. Gurrin, S. Sawyer, V. 
McWilliam, J. Eckert, D. Vicendese, and B. Erbas. Nut allergy prevalence and 
GLIIHUHQFHV�EHWZHHQ�$VLDQဨERUQ�FKLOGUHQ�DQG�$XVWUDOLDQဨERUQ�FKLOGUHQ�RI�$�VLDQ�
GHVFHQW��D�VWDWHဨZLGH�VXUYH\�RI�FKLldren at primary school entry in V ictoria, A 
ustralia. Clinical & Experimental Allergy. 2016, 46 (4), 602-609. 

14. Lichtenstein, P. and M. Svartengren. Genes, environments, and sex: factors of 
importance in atopic diseases in 7—9–\HDUဨROG�6ZHGLVK�WZLQV��$llergy. 1997, 52 
(11), 1079-1086. 

15. Kim, H., A.R. Sitarik, K. Woodcroft, C.C. Johnson, and E. Zoratti. Birth Mode, 
Breastfeeding, Pet Exposure, and Antibiotic Use: Associations With the Gut 
Microbiome and Sensitization in Children. Curr Allergy Asthma Rep. 2019, 19 
(4), 22. 

16. Ferreira, R.L.U., K.C.M. Sena-Evangelista, E.P. de Azevedo, F.I. Pinheiro, R.N. 
Cobucci, and L.F.C. Pedrosa. Selenium in Human Health and Gut Microflora: 
Bioavailability of Selenocompounds and Relationship With Diseases. Frontiers in 
Nutrition. 2021, 8. 

17. Pyrhönen, K. and P. Kulmala. Delivery mode and the incidence of atopic 
sensitization and food allergy in a Finnish child population. Pediatr Allergy 
Immunol. 2022, 33 (1), e13584. 

18. Childs, C.E., D. Munblit, L. Ulfman, C. Gómez-Gallego, L. Lehtoranta, T. 
Recker, S. Salminen, M. Tiemessen, and M.C. Collado. Potential Biomarkers, 
Risk Factors and their Associations with IgE-mediated Food Allergy in Early 
Life: A Narrative Review. Adv Nutr. 2021. 

19. Suaini, N.H.A., E.X. Loo, R.L. Peters, G.C. Yap, K.J. Allen, H. Van Bever, D.J. 
Martino, A.E.N. Goh, S.C. Dharmage, M.T. Colega, M.F.F. Chong, A.L. 
Ponsonby, K.H. Tan, M.L.K. Tang, K.M. Godfrey, B.W. Lee, L.P. Shek, J.J. 
Koplin, and E.H. Tham. Children of Asian ethnicity in Australia have higher risk 
of food allergy and early-onset eczema than those in Singapore. Allergy. 2021, 
76 (10), 3171-3182. 

20. Miles, E.A. and P.C. Calder. Can Early Omega-3 Fatty Acid Exposure Reduce 
Risk of Childhood Allergic Disease? Nutrients. 2017, 9 (7). 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 94 - 

References  

1. Iweala, O.I., S.K. Choudhary, and S.P. Commins. Food Allergy. Curr 
Gastroenterol Rep. 2018, 20 (5), 17. 

2. Anagnostou, A. Optimizing Patient Care in Egg Allergy Diagnosis and 
Treatment. J Asthma Allergy. 2021, 14, 621-628. 

3. Oliveira, K.A.S.d., M.T. Esper, M.L.d. Oliveira, M.H.C. Tofoli, and M.A.G. 
Avelino. Correlation between cow’s milk protein allergy and otitis media: a 
systematic review. Brazilian Journal of Otorhinolaryngology. 2021. 

4. Al-Muhsen, S., A.E. Clarke, and R.S. Kagan. Peanut allergy: an overview. 
CMAJ : Canadian Medical Association journal = journal de l'Association 
medicale canadienne. 2003, 168 (10), 1279-1285. 

5. Geiselhart, S., K. Hoffmann-Sommergruber, and M. Bublin. Tree nut allergens. 
Mol Immunol. 2018, 100, 71-81. 

6. Cianferoni, A. Wheat allergy: diagnosis and management. Journal of asthma and 
allergy. 2016, 9, 13-25. 

7. Martino, M.P., M  Luca, M Amato, A. G , L. Galli, L. Lega, C. Azzari, and A. 
Vierucci. Fish allergy in children. Ann Allergy. 1993, 71 (2), 159-65. 

8. Burney, P.P., J , I.M. Kummeling, E. N , M.D. Clausen, R Barreales, L 
Fernandez-Perez, C Fernandez-Rivas, M Le, T. M Knulst, A. C Kowalski, M. L , 
J. Lidholm, B.K.B.-F. Ballmer-Weber, C , T. Mustakov, T.P. Kralimarkova, T 
Sakellariou, A Papadopoulos, N. G Versteeg, S. A Zuidmeer, L , and J.H.H.-S. 
Akkerdaas, K van Ree, R The prevalence and distribution of food sensitization in 
European adults. Allergy. 2014, 69 (3), 365-71. 

9. Khora, S.S. Seafood-Associated Shellfish Allergy: A Comprehensive Review. 
Immunol Invest. 2016, 45 (6), 504-30. 

10. Katz, Y., P. Gutierrez-Castrellon, M.G. Gonzalez, R. Rivas, B.W. Lee, and P. 
Alarcon. A comprehensive review of sensitization and allergy to soy-based 
products. Clin Rev Allergy Immunol. 2014, 46 (3), 272-81. 

11. Zuidmeer, L., K. Goldhahn, R.J. Rona, D. Gislason, C. Madsen, C. Summers, E. 
Sodergren, J. Dahlstrom, T. Lindner, S.T. Sigurdardottir, D. McBride, and T. 
Keil. The prevalence of plant food allergies: a systematic review. J Allergy Clin 
Immunol. 2008, 121 (5), 1210-1218 e4. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 101PDF page: 101PDF page: 101PDF page: 101

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 95 - 

12. Lao-araya, M. and M. Trakultivakorn. Prevalence of food allergy among 
preschool children in northern Thailand. Pediatr Int. 2012, 54 (2), 238-43. 

13. Panjari, M., J. Koplin, S. Dharmage, R. Peters, L. Gurrin, S. Sawyer, V. 
McWilliam, J. Eckert, D. Vicendese, and B. Erbas. Nut allergy prevalence and 
GLIIHUHQFHV�EHWZHHQ�$VLDQဨERUQ�FKLOGUHQ�DQG�$XVWUDOLDQဨERUQ�FKLOGUHQ�RI�$�VLDQ�
GHVFHQW��D�VWDWHဨZLGH�VXUYH\�RI�FKLldren at primary school entry in V ictoria, A 
ustralia. Clinical & Experimental Allergy. 2016, 46 (4), 602-609. 

14. Lichtenstein, P. and M. Svartengren. Genes, environments, and sex: factors of 
importance in atopic diseases in 7—9–\HDUဨROG�6ZHGLVK�WZLQV��$llergy. 1997, 52 
(11), 1079-1086. 

15. Kim, H., A.R. Sitarik, K. Woodcroft, C.C. Johnson, and E. Zoratti. Birth Mode, 
Breastfeeding, Pet Exposure, and Antibiotic Use: Associations With the Gut 
Microbiome and Sensitization in Children. Curr Allergy Asthma Rep. 2019, 19 
(4), 22. 

16. Ferreira, R.L.U., K.C.M. Sena-Evangelista, E.P. de Azevedo, F.I. Pinheiro, R.N. 
Cobucci, and L.F.C. Pedrosa. Selenium in Human Health and Gut Microflora: 
Bioavailability of Selenocompounds and Relationship With Diseases. Frontiers in 
Nutrition. 2021, 8. 

17. Pyrhönen, K. and P. Kulmala. Delivery mode and the incidence of atopic 
sensitization and food allergy in a Finnish child population. Pediatr Allergy 
Immunol. 2022, 33 (1), e13584. 

18. Childs, C.E., D. Munblit, L. Ulfman, C. Gómez-Gallego, L. Lehtoranta, T. 
Recker, S. Salminen, M. Tiemessen, and M.C. Collado. Potential Biomarkers, 
Risk Factors and their Associations with IgE-mediated Food Allergy in Early 
Life: A Narrative Review. Adv Nutr. 2021. 

19. Suaini, N.H.A., E.X. Loo, R.L. Peters, G.C. Yap, K.J. Allen, H. Van Bever, D.J. 
Martino, A.E.N. Goh, S.C. Dharmage, M.T. Colega, M.F.F. Chong, A.L. 
Ponsonby, K.H. Tan, M.L.K. Tang, K.M. Godfrey, B.W. Lee, L.P. Shek, J.J. 
Koplin, and E.H. Tham. Children of Asian ethnicity in Australia have higher risk 
of food allergy and early-onset eczema than those in Singapore. Allergy. 2021, 
76 (10), 3171-3182. 

20. Miles, E.A. and P.C. Calder. Can Early Omega-3 Fatty Acid Exposure Reduce 
Risk of Childhood Allergic Disease? Nutrients. 2017, 9 (7). 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 94 - 

References  

1. Iweala, O.I., S.K. Choudhary, and S.P. Commins. Food Allergy. Curr 
Gastroenterol Rep. 2018, 20 (5), 17. 

2. Anagnostou, A. Optimizing Patient Care in Egg Allergy Diagnosis and 
Treatment. J Asthma Allergy. 2021, 14, 621-628. 

3. Oliveira, K.A.S.d., M.T. Esper, M.L.d. Oliveira, M.H.C. Tofoli, and M.A.G. 
Avelino. Correlation between cow’s milk protein allergy and otitis media: a 
systematic review. Brazilian Journal of Otorhinolaryngology. 2021. 

4. Al-Muhsen, S., A.E. Clarke, and R.S. Kagan. Peanut allergy: an overview. 
CMAJ : Canadian Medical Association journal = journal de l'Association 
medicale canadienne. 2003, 168 (10), 1279-1285. 

5. Geiselhart, S., K. Hoffmann-Sommergruber, and M. Bublin. Tree nut allergens. 
Mol Immunol. 2018, 100, 71-81. 

6. Cianferoni, A. Wheat allergy: diagnosis and management. Journal of asthma and 
allergy. 2016, 9, 13-25. 

7. Martino, M.P., M  Luca, M Amato, A. G , L. Galli, L. Lega, C. Azzari, and A. 
Vierucci. Fish allergy in children. Ann Allergy. 1993, 71 (2), 159-65. 

8. Burney, P.P., J , I.M. Kummeling, E. N , M.D. Clausen, R Barreales, L 
Fernandez-Perez, C Fernandez-Rivas, M Le, T. M Knulst, A. C Kowalski, M. L , 
J. Lidholm, B.K.B.-F. Ballmer-Weber, C , T. Mustakov, T.P. Kralimarkova, T 
Sakellariou, A Papadopoulos, N. G Versteeg, S. A Zuidmeer, L , and J.H.H.-S. 
Akkerdaas, K van Ree, R The prevalence and distribution of food sensitization in 
European adults. Allergy. 2014, 69 (3), 365-71. 

9. Khora, S.S. Seafood-Associated Shellfish Allergy: A Comprehensive Review. 
Immunol Invest. 2016, 45 (6), 504-30. 

10. Katz, Y., P. Gutierrez-Castrellon, M.G. Gonzalez, R. Rivas, B.W. Lee, and P. 
Alarcon. A comprehensive review of sensitization and allergy to soy-based 
products. Clin Rev Allergy Immunol. 2014, 46 (3), 272-81. 

11. Zuidmeer, L., K. Goldhahn, R.J. Rona, D. Gislason, C. Madsen, C. Summers, E. 
Sodergren, J. Dahlstrom, T. Lindner, S.T. Sigurdardottir, D. McBride, and T. 
Keil. The prevalence of plant food allergies: a systematic review. J Allergy Clin 
Immunol. 2008, 121 (5), 1210-1218 e4. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 102PDF page: 102PDF page: 102PDF page: 102

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 97 - 

33. Antonella, C.J., M Spergel. Food allergy: review, classification and diagnosis. 
Allergol Int. 2009, 58 (4), 457-66. 

34. Kumar, H., M.C. Collado, H. Wopereis, S. Salminen, J. Knol, and G. Roeselers. 
The Bifidogenic Effect Revisited-Ecology and Health Perspectives of 
Bifidobacterial Colonization in Early Life. Microorganisms. 2020, 8 (12), 1855. 

35. Skoczylas, D., M. Gujski, I. Bojar, and F. Raciborski. Importance of food allergy 
and food intolerance in allergic multimorbidity. Ann Agric Environ Med. 2020, 
27 (3), 413-417. 

36. Frischmeyer-Guerrerio, P.A., A.L. Guerrerio, K.L. Chichester, A.P. Bieneman, 
R.A. Hamilton, R.A. Wood, and J.T. Schroeder. Dendritic cell and T cell 
responses in children with food allergy. Clin Exp Allergy. 2011, 41 (1), 61-71. 

37. Vieths, B.K.B.-W.a.S. Soy allergy in perspective. Curr Opin Allergy Clin 
Immunol. 2008, 8, 6. 

38. Zhao, X., Q. Zhao, H. Chen, and H. Xiong. Distribution and effects of natural 
selenium in soybean SURWHLQV�DQG�LWV�SURWHFWLYH�UROH�LQ�VR\EHDQ�ȕ-conglycinin (7S 
globulins) under AAPH-induced oxidative stress. Food Chemistry. 2019, 272, 
201-209. 

39. Sung, D., K.M. Ahn, S.Y. Lim, and S. Oh. Allergenicity of an enzymatic 
hydrolysate of soybean 2S protein. J Sci Food Agric. 2014, 94 (12), 2482-7. 

40. Adachi, A., T. Horikawa, H. Shimizu, Y. Sarayama, T. Ogawa, S. Sjolander, A. 
Tanaka, and T. Moriyama. Soybean beta-conglycinin as the main allergen in a 
patient with food-dependent exercise-induced anaphylaxis by tofu: food 
processing alters pepsin resistance. Clin Exp Allergy. 2009, 39 (1), 167-73. 

41. Zheng, S., G. Qin, H. Tian, and F. Zhang. Three-dimensional structure of Gly m 
5 (beta-conglycinin) plays an important role in its stability and overall 
allergenicity. Food Chem. 2017, 234, 381-388. 

42. Ogawa, T., N. Bando, H. Tsuji, K. Nishikawa, and K. Kitamura. Alpha-subunit 
of beta-conglycinin, an allergenic protein recognized by IgE antibodies of 
soybean-sensitive patients with atopic dermatitis. Biosci Biotechnol Biochem. 
1995, 59 (5), 831-3. 

43. Taliercio, E., T.M. Loveless, M.J. Turano, and S.W. Kim. Identification of 
epitopes of the beta subunit of soybean beta-conglycinin that are antigenic in pigs, 
dogs, rabbits and fish. J Sci Food Agric. 2014, 94 (11), 2289-94. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 96 - 

21. Soriano, V., Anne-LouisePonsonby, K. Allen, V. Soriano, Anne-LouisePonsonby, 
K. Allen, V. Soriano, Anne-LouisePonsonby, K. Allen, and V. Soriano, Potential 
Factors Related to Food Allergy Development. 2020: Pediatric Food Allergy. 

22. Dang, T.D. Characterisation of immune differences in the development of food 
allergy in infants. Paediatrics. 2013. 

23. Yu, W., D.M.H. Freeland, and K.C. Nadeau. Food allergy: immune mechanisms, 
diagnosis and immunotherapy. Nat Rev Immunol. 2016, 16 (12), 751-765. 

24. Sicherer, S.H. Epidemiology of food allergy. J Allergy Clin Immunol. 2011, 127 
(3), 594-602. 

25. Wilson, S., K. Blaschek, and E.G. De Mejia. Allergenic Proteins in Soybean: 
Processing and Reduction of P34 Allergenicity. Nutrition Reviews. 2005, 63 (2), 
47-58. 

26. Sicherer, S.H. and H.A. Sampson. Food allergy: Epidemiology, pathogenesis, 
diagnosis, and treatment. J Allergy Clin Immunol. 2014, 133 (2), 291-307; quiz 
308. 

27. De Martinis, M., M.M. Sirufo, M. Suppa, and L. Ginaldi. New Perspectives in 
Food Allergy. Int J Mol Sci. 2020, 21 (4). 

28. Cianferoni, A. and J.M. Spergel. Food allergy: review, classification and 
diagnosis. Allergol Int. 2009, 58 (4), 457-66. 

29. Riascos, J.J., S.M. Weissinger, A.K. Weissinger, M. Kulis, A.W. Burks, and L. 
Pons. The Seed Biotinylated Protein of Soybean (Glycine max): A Boiling-
Resistant New Allergen (Gly m 7) with the Capacity To Induce IgE-Mediated 
Allergic Responses. J Agric Food Chem. 2016, 64 (19), 3890-900. 

30. Nwaru, B.I., L. Hickstein, S.S. Panesar, G. Roberts, A. Muraro, A. Sheikh, E.F. 
Allergy, and G. Anaphylaxis Guidelines. Prevalence of common food allergies in 
Europe: a systematic review and meta-analysis. Allergy. 2014, 69 (8), 992-1007. 

31. Mittag, D., S. Vieths, L. Vogel, W.M. Becker, H.P. Rihs, A. Helbling, B. 
Wuthrich, and B.K. Ballmer-Weber. Soybean allergy in patients allergic to birch 
pollen: clinical investigation and molecular characterization of allergens. J 
Allergy Clin Immunol. 2004, 113 (1), 148-54. 

32. Kattan, J.D., R.R. Cocco, and K.M. Jarvinen. Milk and soy allergy. Pediatr Clin 
North Am. 2011, 58 (2), 407-26, x. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 103PDF page: 103PDF page: 103PDF page: 103

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 97 - 

33. Antonella, C.J., M Spergel. Food allergy: review, classification and diagnosis. 
Allergol Int. 2009, 58 (4), 457-66. 

34. Kumar, H., M.C. Collado, H. Wopereis, S. Salminen, J. Knol, and G. Roeselers. 
The Bifidogenic Effect Revisited-Ecology and Health Perspectives of 
Bifidobacterial Colonization in Early Life. Microorganisms. 2020, 8 (12), 1855. 

35. Skoczylas, D., M. Gujski, I. Bojar, and F. Raciborski. Importance of food allergy 
and food intolerance in allergic multimorbidity. Ann Agric Environ Med. 2020, 
27 (3), 413-417. 

36. Frischmeyer-Guerrerio, P.A., A.L. Guerrerio, K.L. Chichester, A.P. Bieneman, 
R.A. Hamilton, R.A. Wood, and J.T. Schroeder. Dendritic cell and T cell 
responses in children with food allergy. Clin Exp Allergy. 2011, 41 (1), 61-71. 

37. Vieths, B.K.B.-W.a.S. Soy allergy in perspective. Curr Opin Allergy Clin 
Immunol. 2008, 8, 6. 

38. Zhao, X., Q. Zhao, H. Chen, and H. Xiong. Distribution and effects of natural 
selenium in soybean SURWHLQV�DQG�LWV�SURWHFWLYH�UROH�LQ�VR\EHDQ�ȕ-conglycinin (7S 
globulins) under AAPH-induced oxidative stress. Food Chemistry. 2019, 272, 
201-209. 

39. Sung, D., K.M. Ahn, S.Y. Lim, and S. Oh. Allergenicity of an enzymatic 
hydrolysate of soybean 2S protein. J Sci Food Agric. 2014, 94 (12), 2482-7. 

40. Adachi, A., T. Horikawa, H. Shimizu, Y. Sarayama, T. Ogawa, S. Sjolander, A. 
Tanaka, and T. Moriyama. Soybean beta-conglycinin as the main allergen in a 
patient with food-dependent exercise-induced anaphylaxis by tofu: food 
processing alters pepsin resistance. Clin Exp Allergy. 2009, 39 (1), 167-73. 

41. Zheng, S., G. Qin, H. Tian, and F. Zhang. Three-dimensional structure of Gly m 
5 (beta-conglycinin) plays an important role in its stability and overall 
allergenicity. Food Chem. 2017, 234, 381-388. 

42. Ogawa, T., N. Bando, H. Tsuji, K. Nishikawa, and K. Kitamura. Alpha-subunit 
of beta-conglycinin, an allergenic protein recognized by IgE antibodies of 
soybean-sensitive patients with atopic dermatitis. Biosci Biotechnol Biochem. 
1995, 59 (5), 831-3. 

43. Taliercio, E., T.M. Loveless, M.J. Turano, and S.W. Kim. Identification of 
epitopes of the beta subunit of soybean beta-conglycinin that are antigenic in pigs, 
dogs, rabbits and fish. J Sci Food Agric. 2014, 94 (11), 2289-94. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 96 - 

21. Soriano, V., Anne-LouisePonsonby, K. Allen, V. Soriano, Anne-LouisePonsonby, 
K. Allen, V. Soriano, Anne-LouisePonsonby, K. Allen, and V. Soriano, Potential 
Factors Related to Food Allergy Development. 2020: Pediatric Food Allergy. 

22. Dang, T.D. Characterisation of immune differences in the development of food 
allergy in infants. Paediatrics. 2013. 

23. Yu, W., D.M.H. Freeland, and K.C. Nadeau. Food allergy: immune mechanisms, 
diagnosis and immunotherapy. Nat Rev Immunol. 2016, 16 (12), 751-765. 

24. Sicherer, S.H. Epidemiology of food allergy. J Allergy Clin Immunol. 2011, 127 
(3), 594-602. 

25. Wilson, S., K. Blaschek, and E.G. De Mejia. Allergenic Proteins in Soybean: 
Processing and Reduction of P34 Allergenicity. Nutrition Reviews. 2005, 63 (2), 
47-58. 

26. Sicherer, S.H. and H.A. Sampson. Food allergy: Epidemiology, pathogenesis, 
diagnosis, and treatment. J Allergy Clin Immunol. 2014, 133 (2), 291-307; quiz 
308. 

27. De Martinis, M., M.M. Sirufo, M. Suppa, and L. Ginaldi. New Perspectives in 
Food Allergy. Int J Mol Sci. 2020, 21 (4). 

28. Cianferoni, A. and J.M. Spergel. Food allergy: review, classification and 
diagnosis. Allergol Int. 2009, 58 (4), 457-66. 

29. Riascos, J.J., S.M. Weissinger, A.K. Weissinger, M. Kulis, A.W. Burks, and L. 
Pons. The Seed Biotinylated Protein of Soybean (Glycine max): A Boiling-
Resistant New Allergen (Gly m 7) with the Capacity To Induce IgE-Mediated 
Allergic Responses. J Agric Food Chem. 2016, 64 (19), 3890-900. 

30. Nwaru, B.I., L. Hickstein, S.S. Panesar, G. Roberts, A. Muraro, A. Sheikh, E.F. 
Allergy, and G. Anaphylaxis Guidelines. Prevalence of common food allergies in 
Europe: a systematic review and meta-analysis. Allergy. 2014, 69 (8), 992-1007. 

31. Mittag, D., S. Vieths, L. Vogel, W.M. Becker, H.P. Rihs, A. Helbling, B. 
Wuthrich, and B.K. Ballmer-Weber. Soybean allergy in patients allergic to birch 
pollen: clinical investigation and molecular characterization of allergens. J 
Allergy Clin Immunol. 2004, 113 (1), 148-54. 

32. Kattan, J.D., R.R. Cocco, and K.M. Jarvinen. Milk and soy allergy. Pediatr Clin 
North Am. 2011, 58 (2), 407-26, x. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 104PDF page: 104PDF page: 104PDF page: 104

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 99 - 

55. Hariharan, S. and S. Dharmaraj. Selenium and selenoproteins: it's role in 
regulation of inflammation. Inflammopharmacology. 2020. 

56. Schomburg, L., U. Schweizer, B. Holtmann, L. Flohé, M. Sendtner, and J.J.B.J. 
Köhrle. Gene disruption discloses role of selenoprotein P in selenium delivery to 
target tissues. 2003, 370 (2), 397-402. 

57. Thomson, C.D. Assessment of requirements for selenium and adequacy of 
selenium status: a review. European Journal of Clinical Nutrition. 2004, 58 (3), 
391-402. 

58. Lu, J. and A. Holmgren. The thioredoxin antioxidant system. 2014, 66, 75-87. 

59. Kim, H.-Y. The methionine sulfoxide reduction system: selenium utilization and 
methionine sulfoxide reductase enzymes and their functions. Antioxidants & 
redox signaling. 2013, 19 (9), 958-969. 

60. Labunskyy, V.M., D.L. Hatfield, and V.N. Gladyshev. Selenoproteins: molecular 
pathways and physiological roles. Physiological reviews. 2014, 94 (3), 739-777. 

61. Tanaka, T., H. Nakamura, A. Nishiyama, F. Hosoi, and J. Yodoi. Redox 
regulation by thioredoxin superfamily; protection against oxidative stress and 
aging. Free Radic Res. 2000, 33 (6), 851-855. 

62. Mittal, M., M.R. Si Dd Iqui, K. Tran, S.P. Re Dd Y, and A.B. Malik. Reactive 
oxygen species in inflammation and tissue injury. Antioxid Redox Signal. 2014, 
20 (7). 

63. Singh, Y., A.M. Nair, and P.K. Verma. Surviving the odds: from perception to 
survival of fungal phytopathogens under host-generated oxidative burst. Plant 
Communications. 2021. 

64. Zhang, Y., Y.J. Roh, S.J. Han, I. Park, and S.R. Lee. Role of Selenoproteins in 
Redox Regulation of Signaling and the Antioxidant System: A Review. 
Antioxidants. 2020, 9 (5), 383. 

65. Combs, G.F. Selenium in global food systems. Br J Nutr. 2001, 85 (5), 517-547. 

66. Values, G.B.P.o.D.R., Dietary reference values for food energy and nutrients for 
the United Kingdom : report of the Panel on Dietary Reference Values of the 
Committee on Medical Aspects of Food Policy. 1991: Dietary reference values 
for food energy and nutrients for the United Kingdom : report of the Panel on 
Dietary Reference Values of the Committee on Medical Aspects of Food Policy. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 98 - 

44. Gonzalez-Ferrero, C., J.M. Irache, and C.J. Gonzalez-Navarro. Soybean protein-
based microparticles for oral delivery of probiotics with improved stability 
during storage and gut resistance. Food Chem. 2018, 239, 879-888. 

45. Holzhauser, T., O. Wackermann, B.K. Ballmer-Weber, C. Bindslev-Jensen, J. 
Scibilia, L. Perono-Garoffo, S. Utsumi, L.K. Poulsen, and S. Vieths. Soybean 
(Glycine max) allergy in Europe: Gly m 5 (beta-conglycinin) and Gly m 6 
(glycinin) are potential diagnostic markers for severe allergic reactions to soy. J 
Allergy Clin Immunol. 2009, 123 (2), 452-8. 

46. Markwell, T.A.B.M.G.Z.G.S.J.P. Soybean Glycinin G1 Acidic Chain Shares IgE 
Epitopes with Peanut Allergen Ara h 3. Int Arch Allergy Immunol 2000, 123, 8. 

47. Zheng, S., G. Qin, J. Chen, and F. Zhang. Acidic polypeptides A1a, A3 and A4 
of Gly m 6 (glycinin) are allergenic for piglets. Vet Immunol Immunopathol. 
2018, 202, 147-152. 

48. Tsai, J.J., C.Y. Chang, and E.C. Liao. Comparison of Allergenicity at Gly m 4 
and Gly m Bd 30K of Soybean after Genetic Modification. J Agric Food Chem. 
2017, 65 (6), 1255-1262. 

49. Kleine-Tebbe, J., L.C. Vogel, D. N , and U.F.V. Haustein, S. Severe oral allergy 
syndrome and anaphylactic reactions caused by a Bet v 1- related PR-10 protein 
in soybean, SAM22. J Allergy Clin Immunol. 2002, 110 (5), 797-804. 

50. Fukuzumi, A., N. Tokumasu, A. Matsuo, E. Yano, N. Zaima, and T. Moriyama. 
Detection and Characterization of the Soybean Allergen Gly m 7 in Soybeans 
and Processed Soybean Foods. Allergies. 2021, 1 (4), 233-246. 

51. Kirby, M. and E. Danner. Nutritional deficiencies in children on restricted diets. 
Pediatr Clin North Am. 2009, 56 (5), 1085-103. 

52. Maggini, S., A. Pierre, and P.C. Calder. Immune Function and Micronutrient 
Requirements Change over the Life Course. Nutrients. 2018, 10 (10), 1531. 

53. Narod, S.A., T. Huzarski, A. Jakubowska, J. Gronwald, C. Cybulski, O. Oszurek, 
T. Debniak, K. Jaworska-Bieniek, M. Lener, K. Bialkowska, G. Sukiennicki, M. 
Muszynska, W. Marciniak, P. Sun, J. Kotsopoulos, and J. Lubinski. Serum 
selenium level and cancer risk: a nested case-control study. Hered Cancer Clin 
Pract. 2019, 17, 33. 

54. /��3DYODWD��/�0���$��3HFKRYi��5��'YRĜiN��&RPSDULVRQ�RI�RUJDQLF�DQG�LQRUJDQLF�
forms of selenium in the mother and kid relationship in goats. Czech J. Anim. Sci. 
2012, 57, 4. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 105PDF page: 105PDF page: 105PDF page: 105

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 99 - 

55. Hariharan, S. and S. Dharmaraj. Selenium and selenoproteins: it's role in 
regulation of inflammation. Inflammopharmacology. 2020. 

56. Schomburg, L., U. Schweizer, B. Holtmann, L. Flohé, M. Sendtner, and J.J.B.J. 
Köhrle. Gene disruption discloses role of selenoprotein P in selenium delivery to 
target tissues. 2003, 370 (2), 397-402. 

57. Thomson, C.D. Assessment of requirements for selenium and adequacy of 
selenium status: a review. European Journal of Clinical Nutrition. 2004, 58 (3), 
391-402. 

58. Lu, J. and A. Holmgren. The thioredoxin antioxidant system. 2014, 66, 75-87. 

59. Kim, H.-Y. The methionine sulfoxide reduction system: selenium utilization and 
methionine sulfoxide reductase enzymes and their functions. Antioxidants & 
redox signaling. 2013, 19 (9), 958-969. 

60. Labunskyy, V.M., D.L. Hatfield, and V.N. Gladyshev. Selenoproteins: molecular 
pathways and physiological roles. Physiological reviews. 2014, 94 (3), 739-777. 

61. Tanaka, T., H. Nakamura, A. Nishiyama, F. Hosoi, and J. Yodoi. Redox 
regulation by thioredoxin superfamily; protection against oxidative stress and 
aging. Free Radic Res. 2000, 33 (6), 851-855. 

62. Mittal, M., M.R. Si Dd Iqui, K. Tran, S.P. Re Dd Y, and A.B. Malik. Reactive 
oxygen species in inflammation and tissue injury. Antioxid Redox Signal. 2014, 
20 (7). 

63. Singh, Y., A.M. Nair, and P.K. Verma. Surviving the odds: from perception to 
survival of fungal phytopathogens under host-generated oxidative burst. Plant 
Communications. 2021. 

64. Zhang, Y., Y.J. Roh, S.J. Han, I. Park, and S.R. Lee. Role of Selenoproteins in 
Redox Regulation of Signaling and the Antioxidant System: A Review. 
Antioxidants. 2020, 9 (5), 383. 

65. Combs, G.F. Selenium in global food systems. Br J Nutr. 2001, 85 (5), 517-547. 

66. Values, G.B.P.o.D.R., Dietary reference values for food energy and nutrients for 
the United Kingdom : report of the Panel on Dietary Reference Values of the 
Committee on Medical Aspects of Food Policy. 1991: Dietary reference values 
for food energy and nutrients for the United Kingdom : report of the Panel on 
Dietary Reference Values of the Committee on Medical Aspects of Food Policy. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 98 - 

44. Gonzalez-Ferrero, C., J.M. Irache, and C.J. Gonzalez-Navarro. Soybean protein-
based microparticles for oral delivery of probiotics with improved stability 
during storage and gut resistance. Food Chem. 2018, 239, 879-888. 

45. Holzhauser, T., O. Wackermann, B.K. Ballmer-Weber, C. Bindslev-Jensen, J. 
Scibilia, L. Perono-Garoffo, S. Utsumi, L.K. Poulsen, and S. Vieths. Soybean 
(Glycine max) allergy in Europe: Gly m 5 (beta-conglycinin) and Gly m 6 
(glycinin) are potential diagnostic markers for severe allergic reactions to soy. J 
Allergy Clin Immunol. 2009, 123 (2), 452-8. 

46. Markwell, T.A.B.M.G.Z.G.S.J.P. Soybean Glycinin G1 Acidic Chain Shares IgE 
Epitopes with Peanut Allergen Ara h 3. Int Arch Allergy Immunol 2000, 123, 8. 

47. Zheng, S., G. Qin, J. Chen, and F. Zhang. Acidic polypeptides A1a, A3 and A4 
of Gly m 6 (glycinin) are allergenic for piglets. Vet Immunol Immunopathol. 
2018, 202, 147-152. 

48. Tsai, J.J., C.Y. Chang, and E.C. Liao. Comparison of Allergenicity at Gly m 4 
and Gly m Bd 30K of Soybean after Genetic Modification. J Agric Food Chem. 
2017, 65 (6), 1255-1262. 

49. Kleine-Tebbe, J., L.C. Vogel, D. N , and U.F.V. Haustein, S. Severe oral allergy 
syndrome and anaphylactic reactions caused by a Bet v 1- related PR-10 protein 
in soybean, SAM22. J Allergy Clin Immunol. 2002, 110 (5), 797-804. 

50. Fukuzumi, A., N. Tokumasu, A. Matsuo, E. Yano, N. Zaima, and T. Moriyama. 
Detection and Characterization of the Soybean Allergen Gly m 7 in Soybeans 
and Processed Soybean Foods. Allergies. 2021, 1 (4), 233-246. 

51. Kirby, M. and E. Danner. Nutritional deficiencies in children on restricted diets. 
Pediatr Clin North Am. 2009, 56 (5), 1085-103. 

52. Maggini, S., A. Pierre, and P.C. Calder. Immune Function and Micronutrient 
Requirements Change over the Life Course. Nutrients. 2018, 10 (10), 1531. 

53. Narod, S.A., T. Huzarski, A. Jakubowska, J. Gronwald, C. Cybulski, O. Oszurek, 
T. Debniak, K. Jaworska-Bieniek, M. Lener, K. Bialkowska, G. Sukiennicki, M. 
Muszynska, W. Marciniak, P. Sun, J. Kotsopoulos, and J. Lubinski. Serum 
selenium level and cancer risk: a nested case-control study. Hered Cancer Clin 
Pract. 2019, 17, 33. 

54. /��3DYODWD��/�0���$��3HFKRYi��5��'YRĜiN��&RPSDULVRQ�RI�RUJDQLF�DQG�LQRUJDQLF�
forms of selenium in the mother and kid relationship in goats. Czech J. Anim. Sci. 
2012, 57, 4. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 106PDF page: 106PDF page: 106PDF page: 106

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 101  

79. Rayman, M.P. The importance of selenium to human health. The Lancet. 2000, 
356 (9225), 233-241. 

80. Hoffmann, P.R., J.L. Saux, F.W. Hoffmann, P.S. Chang, O. Bollt, Q. He, E.K. 
Tam, and M.J. Berry. A Role for Dietary Selenium and Selenoproteins in 
Allergic Airway Inflammation. Journal of Immunology. 2007, 179 (5), 3258. 

81. Kalita, B., P. Nowak, M. Slimok, A. Sikora, and D. Sabat. Selenium plasma 
concentration level in children with food allergy. Polski merkuriusz lekarski: 
organ Polskiego Towarzystwa Lekarskiego. 2001, 10 (60), 411-413. 

82. .DPHU��%���:��:ąVRZLF]��.��3\]LDk, A. Kamer-%DUWRVLĔVND�� -��*URPDG]LĔVND��
and R. Pasowska. Role of selenium and zinc in the pathogenesis of food allergy 
in infants and young children. Arch Med Sci. 2012, 8 (6), 1083-8. 

83. Zhao, X., S. Thijssen, H. Chen, J. Garssen, L.M.J. Knippels, and A. Hogenkamp. 
Selenium Modulates the Allergic Response to Whey Protein in a Mouse Model 
for Cow’s Milk Allergy. Nutrients. 2021, 13 (8), 2479. 

84. Sun, Z., X. Zhe, D. Wang, H. Yao, and L. Shu. Selenium deficiency inhibits 
differentiation and immune function and imbalances the Th1/Th2 of dendritic 
cells. Metallomics. 2018, 759-767. 

85. Lee, H.J., J.S. Park, H.J. Yoo, H.M. Lee, and J.H. Kim. The Selenoprotein 
MsrB1 Instructs Dendritic Cells to Induce T-Helper 1 Immune Responses. 
Antioxidants. 2020, 9 (10), 1021. 

86. Broome, C.S., F. Mcardle, J.A. Kyle, F. Andrews, N.M. Lowe, C.A. Hart, J.R. 
Arthur, and M.J. Jackson. An increase in selenium intake improves immune 
function and poliovirus handling in adults with marginal selenium status. 
American Journal of Clinical Nutrition. 2004, 80 (1), 154-162. 

87. Ivory, K., E. Prieto, C. Spinks, C.N. Armah, A.J. Goldson, J.R. Dainty, and C. 
Nicoletti. Selenium supplementation has beneficial and detrimental effects on 
immunity to influenza vaccine in older adults. Clinical Nutrition. 2015, 36 (2), 
407-415. 

88. Steinbrenner, H., S. Al-Quraishy, M.A. Dkhil, F. Wunderlich, and H. Sies. 
Dietary Selenium in Adjuvant Therapy of Viral and Bacterial Infections. 
Advances in Nutrition. 2015, 6 (1), 73-82. 

89. Hoffmann, W. Fukun, Hashimoto, C. Ann, Shafer, L. Anne, Dow, Steven, Berry, 
and J. Maria. Dietary Selenium Modulates Activation and Differentiation of CD4 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 100  

67. Oropeza-Moe, M., H. Wisloff, and A. Bernhoft. Selenium deficiency associated 
porcine and human cardiomyopathies. J Trace Elem Med Biol. 2015, 31, 148-56. 

68. Scientific Opinion on Dietary Reference Values for selenium. EFSA Journal. 
2014, 12 (10). 

69. Monsen, E.R. Dietary reference intakes for the antioxidant nutrients: vitamin C, 
vitamin E, selenium, and carotenoids. Journal of the Academy of Nutrition and 
Dietetics. 2000, 100 (6), 637. 

70. Meyer, R., C. De Koker, R. Dziubak, H. Godwin, G. Dominguez-Ortega, and N. 
Shah. Dietary elimination of children with food protein induced gastrointestinal 
allergy - micronutrient adequacy with and without a hypoallergenic formula? 
Clinical and translational allergy. 2014, 4 (1), 31-31. 

71. Avery, J.C. and P.R. Hoffmann. Selenium, Selenoproteins, and Immunity. 
Nutrients. 2018, 10 (9). 

72. Finley, J.W. and R.L. Kincaid. Effect of sex and time of sampling on selenium 
and glutathione peroxidase activity in tissues of mature rats. Biol Trace Elem Res. 
2012, 29 (3), 181-91. 

73. Dalgaard, T.S., M. Briens, R.M. Engberg, and C. Lauridsen. The influence of 
selenium and selenoproteins on immune responses of poultry and pigs. Animal 
feed science and technology. 2018, 238, 73-83. 

74. Roman, M., P. Jitaru, and C. Barbante. Selenium biochemistry and its role for 
human health. Metallomics. 2014, 6 (1), 25-54. 

75. Cai, Z.Z., J Li, H. Selenium, aging and aging-related diseases. Aging - Clinical 
and Experimental Research. 2018. 

76. Muzembo, B.A., N.R. Ngatu, K. Januka, H.L. Huang, and S. Ikeda. Selenium 
supplementation in HIV-infected individuals: A systematic review of randomized 
controlled trials. Clinical Nutrition ESPEN. 2019, 34. 

77. Gao, X., Z. Zhang, H. Xing, J. Yu, N. Zhang, and S. Xu. Selenium Deficiency-
Induced Inflammation and Increased Expression of Regulating Inflammatory 
Cytokines in the Chicken Gastrointestinal Tract. Biological Trace Element 
Research. 2016, 173 (1), 210-218. 

78. Fereník, M. and L. Ebringer. Modulatory effects of selenium and zinc on the 
immune system. Folia Microbiologica. 2003, 48 (3), 417-426. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 101  

79. Rayman, M.P. The importance of selenium to human health. The Lancet. 2000, 
356 (9225), 233-241. 

80. Hoffmann, P.R., J.L. Saux, F.W. Hoffmann, P.S. Chang, O. Bollt, Q. He, E.K. 
Tam, and M.J. Berry. A Role for Dietary Selenium and Selenoproteins in 
Allergic Airway Inflammation. Journal of Immunology. 2007, 179 (5), 3258. 

81. Kalita, B., P. Nowak, M. Slimok, A. Sikora, and D. Sabat. Selenium plasma 
concentration level in children with food allergy. Polski merkuriusz lekarski: 
organ Polskiego Towarzystwa Lekarskiego. 2001, 10 (60), 411-413. 

82. .DPHU��%���:��:ąVRZLF]��.��3\]LDk, A. Kamer-%DUWRVLĔVND�� -��*URPDG]LĔVND��
and R. Pasowska. Role of selenium and zinc in the pathogenesis of food allergy 
in infants and young children. Arch Med Sci. 2012, 8 (6), 1083-8. 

83. Zhao, X., S. Thijssen, H. Chen, J. Garssen, L.M.J. Knippels, and A. Hogenkamp. 
Selenium Modulates the Allergic Response to Whey Protein in a Mouse Model 
for Cow’s Milk Allergy. Nutrients. 2021, 13 (8), 2479. 

84. Sun, Z., X. Zhe, D. Wang, H. Yao, and L. Shu. Selenium deficiency inhibits 
differentiation and immune function and imbalances the Th1/Th2 of dendritic 
cells. Metallomics. 2018, 759-767. 

85. Lee, H.J., J.S. Park, H.J. Yoo, H.M. Lee, and J.H. Kim. The Selenoprotein 
MsrB1 Instructs Dendritic Cells to Induce T-Helper 1 Immune Responses. 
Antioxidants. 2020, 9 (10), 1021. 

86. Broome, C.S., F. Mcardle, J.A. Kyle, F. Andrews, N.M. Lowe, C.A. Hart, J.R. 
Arthur, and M.J. Jackson. An increase in selenium intake improves immune 
function and poliovirus handling in adults with marginal selenium status. 
American Journal of Clinical Nutrition. 2004, 80 (1), 154-162. 

87. Ivory, K., E. Prieto, C. Spinks, C.N. Armah, A.J. Goldson, J.R. Dainty, and C. 
Nicoletti. Selenium supplementation has beneficial and detrimental effects on 
immunity to influenza vaccine in older adults. Clinical Nutrition. 2015, 36 (2), 
407-415. 

88. Steinbrenner, H., S. Al-Quraishy, M.A. Dkhil, F. Wunderlich, and H. Sies. 
Dietary Selenium in Adjuvant Therapy of Viral and Bacterial Infections. 
Advances in Nutrition. 2015, 6 (1), 73-82. 

89. Hoffmann, W. Fukun, Hashimoto, C. Ann, Shafer, L. Anne, Dow, Steven, Berry, 
and J. Maria. Dietary Selenium Modulates Activation and Differentiation of CD4 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 100  

67. Oropeza-Moe, M., H. Wisloff, and A. Bernhoft. Selenium deficiency associated 
porcine and human cardiomyopathies. J Trace Elem Med Biol. 2015, 31, 148-56. 

68. Scientific Opinion on Dietary Reference Values for selenium. EFSA Journal. 
2014, 12 (10). 

69. Monsen, E.R. Dietary reference intakes for the antioxidant nutrients: vitamin C, 
vitamin E, selenium, and carotenoids. Journal of the Academy of Nutrition and 
Dietetics. 2000, 100 (6), 637. 

70. Meyer, R., C. De Koker, R. Dziubak, H. Godwin, G. Dominguez-Ortega, and N. 
Shah. Dietary elimination of children with food protein induced gastrointestinal 
allergy - micronutrient adequacy with and without a hypoallergenic formula? 
Clinical and translational allergy. 2014, 4 (1), 31-31. 

71. Avery, J.C. and P.R. Hoffmann. Selenium, Selenoproteins, and Immunity. 
Nutrients. 2018, 10 (9). 

72. Finley, J.W. and R.L. Kincaid. Effect of sex and time of sampling on selenium 
and glutathione peroxidase activity in tissues of mature rats. Biol Trace Elem Res. 
2012, 29 (3), 181-91. 

73. Dalgaard, T.S., M. Briens, R.M. Engberg, and C. Lauridsen. The influence of 
selenium and selenoproteins on immune responses of poultry and pigs. Animal 
feed science and technology. 2018, 238, 73-83. 

74. Roman, M., P. Jitaru, and C. Barbante. Selenium biochemistry and its role for 
human health. Metallomics. 2014, 6 (1), 25-54. 

75. Cai, Z.Z., J Li, H. Selenium, aging and aging-related diseases. Aging - Clinical 
and Experimental Research. 2018. 

76. Muzembo, B.A., N.R. Ngatu, K. Januka, H.L. Huang, and S. Ikeda. Selenium 
supplementation in HIV-infected individuals: A systematic review of randomized 
controlled trials. Clinical Nutrition ESPEN. 2019, 34. 

77. Gao, X., Z. Zhang, H. Xing, J. Yu, N. Zhang, and S. Xu. Selenium Deficiency-
Induced Inflammation and Increased Expression of Regulating Inflammatory 
Cytokines in the Chicken Gastrointestinal Tract. Biological Trace Element 
Research. 2016, 173 (1), 210-218. 

78. Fereník, M. and L. Ebringer. Modulatory effects of selenium and zinc on the 
immune system. Folia Microbiologica. 2003, 48 (3), 417-426. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 108PDF page: 108PDF page: 108PDF page: 108

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 103  

98. Safaralizadeh, R., M. Nourizadeh, A. Zare, G.A. Kardar, and Z. Pourpak. 
Influence of Selenium on Mast Cell Mediator Release. Biological Trace Element 
Research. 2013, 154 (2), 299-303. 

99. Arakawa, T., H. Okubo, M. Mae, T. Okuno, H. Ogino, and H. Ueno. Seleno-L-
Methionine Suppresses Immunoglobulin E-Mediated Allergic Response in RBL-
2H3 Cells. Biological and Pharmaceutical Bulletin. 2019, 42 (7), 1179-1184. 

100. Matsue, H., C. Yang, K. Matsue, D. Edelbaum, M. Mummert, and A. Takashima. 
Contrasting Impacts of Immunosuppressive Agents (Rapamycin, FK506, 
Cyclosporin A, and Dexamethasone) on Bidirectional Dendritic Cell-T Cell 
Interaction During Antigen Presentation. Journal of Immunology. 2002, 169 (7), 
3555. 

101. Matsue, H., D. Edelbaum, D. Shalhevet, N. Mizumoto, C. Yang, M.E. Mummert, 
J. Oeda, H. Masayasu, and A. Takashima. Generation and Function of Reactive 
Oxygen Species in Dendritic Cells During Antigen Presentation. Journal of 
Immunology. 2003, 171 (6), 3010-8. 

102. Nakai, K., K. Yoneda, and Y. Kubota. Oxidative Stress in Allergic and Irritant 
Dermatitis: From Basic Research to Clinical Management. Recent Patents on 
Inflammation & Allergy Drug Discovery. 2012, 6 (3), -. 

103. Gueck, T., H. Aschenbach Jr Fau - Fuhrmann, and H. Fuhrmann. Influence of 
vitamin E on mast cell mediator release. 2013,  (0959-4493 ). 

104. Ferreira, R.L.U., K.C.M. Sena-Evangelista, E.P. de Azevedo, F.I. Pinheiro, R.N. 
Cobucci, and L.F.C. Pedrosa. Selenium in Human Health and Gut Microflora: 
Bioavailability of Selenocompounds and Relationship With Diseases. Frontiers in 
Nutrition. 2021, 8 (292). 

105. Yang, Y., X. Li, Y. Yang, S. Shoaie, C. Zhang, B. Ji, and Y. Wei. Advances in 
the Relationships Between Cow's Milk Protein Allergy and Gut Microbiota in 
Infants. Frontiers in microbiology. 2021, 12, 716667-716667. 

106. Bunyavanich, S. and M.C. Berin. Food allergy and the microbiome: Current 
understandings and future directions. J Allergy Clin Immunol. 2019, 144 (6), 
1468-1477. 

107. Wopereis, H., R. Oozeer, K. Knipping, C. Belzer, and J. Knol. The first thousand 
days - intestinal microbiology of early life: establishing a symbiosis. Pediatr 
Allergy Immunol. 2014, 25 (5), 428-38. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 102  

T Cells in Mice through a Mechanism Involving Cellular Free Thiols1-3. Journal 
of Nutrition. 2010. 

90. Won, H.Y., J.H. Sohn, H.J. Min, K. Lee, H.A. Woo, Y.S. Ho, J.W. Park, S.G. 
Rhee, and E.S. Hwang. Glutathione peroxidase 1 deficiency attenuates allergen-
induced airway inflammation by suppressing Th2 and Th17 cell development. 
Antioxid Redox Signal. 2010, 13 (5), 575-87. 

91. Sang, L.X., B. Chang, J.F. Zhu, F.L. Yang, Y. Li, X.F. Jiang, D.N. Wang, C.L. 
Lu, and X. Sun. Sodium selenite ameliorates dextran sulfate sodium-induced 
FKURQLF� FROLWLV� LQ� PLFH� E\� GHFUHDVLQJ� 7K��� 7K���� DQG� Ȗį7� DQG� LQFUHDVLQJ�
CD4(+)CD25(+) regulatory T-cell responses. World J Gastroenterol. 2017, 23, 
13. 

92. Xue, H., W. Wang, Y. Li, Z. Shan, Y. Li, X. Teng, G. Yun, C. Fan, and W. Teng. 
Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocrine Journal. 2010, 
57 (7), 595-601. 

93. Jian, S.W., C.E. Mei, Y.N. Liang, D. Li, and T.Y. Cai. [Influence of selenium-
rich rice on transformation of umbilical blood B lymphocytes by Epstein-Barr 
virus and Epstein-Barr virus early antigen expression]. Chinese Journal of Cancer. 
2003, 22 (1), 26-29. 

94. Cheng, W.-H., A. Holmstrom, X. Li, R.T.Y. Wu, H. Zeng, and Z. Xiao. Effect of 
Dietary Selenium and Cancer Cell Xenograft on Peripheral T and B 
Lymphocytes in Adult Nude Mice. Biological Trace Element Research. 2012, 
146 (2), 230-235. 

95. Ahmadi, A., N. Poursasan, J. Amani, and J. Salimian. Adverse Effect of T-2 
Toxin and the Protective Role of Selenium and Vitamin E on Peripheral Blood B 
lymphocytes. Iranian journal of immunology : IJI. 2015, 12 (1), 64-69. 

96. Arakawa, T., T. Sugiyama, H. Matsuura, T. Okuno, H. Ogino, F. Sakazaki, and H. 
Ueno. Effects of Supplementary Seleno-L-methionine on Atopic Dermatitis-Like 
Skin Lesions in Mice. Biological and Pharmaceutical Bulletin. 2018, 41 (9), 
1456-1462. 

97. Wang, G.Q., H.H. Wang, and H.X. Wang. Effects of Se deficiency on serum 
histamine concentration and the expression of histamine H2 receptor in the 
jejunum of chickens. Polish journal of veterinary sciences. 2012, 15 (3), 547-552. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 109PDF page: 109PDF page: 109PDF page: 109

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 103  

98. Safaralizadeh, R., M. Nourizadeh, A. Zare, G.A. Kardar, and Z. Pourpak. 
Influence of Selenium on Mast Cell Mediator Release. Biological Trace Element 
Research. 2013, 154 (2), 299-303. 

99. Arakawa, T., H. Okubo, M. Mae, T. Okuno, H. Ogino, and H. Ueno. Seleno-L-
Methionine Suppresses Immunoglobulin E-Mediated Allergic Response in RBL-
2H3 Cells. Biological and Pharmaceutical Bulletin. 2019, 42 (7), 1179-1184. 

100. Matsue, H., C. Yang, K. Matsue, D. Edelbaum, M. Mummert, and A. Takashima. 
Contrasting Impacts of Immunosuppressive Agents (Rapamycin, FK506, 
Cyclosporin A, and Dexamethasone) on Bidirectional Dendritic Cell-T Cell 
Interaction During Antigen Presentation. Journal of Immunology. 2002, 169 (7), 
3555. 

101. Matsue, H., D. Edelbaum, D. Shalhevet, N. Mizumoto, C. Yang, M.E. Mummert, 
J. Oeda, H. Masayasu, and A. Takashima. Generation and Function of Reactive 
Oxygen Species in Dendritic Cells During Antigen Presentation. Journal of 
Immunology. 2003, 171 (6), 3010-8. 

102. Nakai, K., K. Yoneda, and Y. Kubota. Oxidative Stress in Allergic and Irritant 
Dermatitis: From Basic Research to Clinical Management. Recent Patents on 
Inflammation & Allergy Drug Discovery. 2012, 6 (3), -. 

103. Gueck, T., H. Aschenbach Jr Fau - Fuhrmann, and H. Fuhrmann. Influence of 
vitamin E on mast cell mediator release. 2013,  (0959-4493 ). 

104. Ferreira, R.L.U., K.C.M. Sena-Evangelista, E.P. de Azevedo, F.I. Pinheiro, R.N. 
Cobucci, and L.F.C. Pedrosa. Selenium in Human Health and Gut Microflora: 
Bioavailability of Selenocompounds and Relationship With Diseases. Frontiers in 
Nutrition. 2021, 8 (292). 

105. Yang, Y., X. Li, Y. Yang, S. Shoaie, C. Zhang, B. Ji, and Y. Wei. Advances in 
the Relationships Between Cow's Milk Protein Allergy and Gut Microbiota in 
Infants. Frontiers in microbiology. 2021, 12, 716667-716667. 

106. Bunyavanich, S. and M.C. Berin. Food allergy and the microbiome: Current 
understandings and future directions. J Allergy Clin Immunol. 2019, 144 (6), 
1468-1477. 

107. Wopereis, H., R. Oozeer, K. Knipping, C. Belzer, and J. Knol. The first thousand 
days - intestinal microbiology of early life: establishing a symbiosis. Pediatr 
Allergy Immunol. 2014, 25 (5), 428-38. 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 102  

T Cells in Mice through a Mechanism Involving Cellular Free Thiols1-3. Journal 
of Nutrition. 2010. 

90. Won, H.Y., J.H. Sohn, H.J. Min, K. Lee, H.A. Woo, Y.S. Ho, J.W. Park, S.G. 
Rhee, and E.S. Hwang. Glutathione peroxidase 1 deficiency attenuates allergen-
induced airway inflammation by suppressing Th2 and Th17 cell development. 
Antioxid Redox Signal. 2010, 13 (5), 575-87. 

91. Sang, L.X., B. Chang, J.F. Zhu, F.L. Yang, Y. Li, X.F. Jiang, D.N. Wang, C.L. 
Lu, and X. Sun. Sodium selenite ameliorates dextran sulfate sodium-induced 
FKURQLF� FROLWLV� LQ� PLFH� E\� GHFUHDVLQJ� 7K��� 7K���� DQG� Ȗį7� DQG� LQFUHDVLQJ�
CD4(+)CD25(+) regulatory T-cell responses. World J Gastroenterol. 2017, 23, 
13. 

92. Xue, H., W. Wang, Y. Li, Z. Shan, Y. Li, X. Teng, G. Yun, C. Fan, and W. Teng. 
Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocrine Journal. 2010, 
57 (7), 595-601. 

93. Jian, S.W., C.E. Mei, Y.N. Liang, D. Li, and T.Y. Cai. [Influence of selenium-
rich rice on transformation of umbilical blood B lymphocytes by Epstein-Barr 
virus and Epstein-Barr virus early antigen expression]. Chinese Journal of Cancer. 
2003, 22 (1), 26-29. 

94. Cheng, W.-H., A. Holmstrom, X. Li, R.T.Y. Wu, H. Zeng, and Z. Xiao. Effect of 
Dietary Selenium and Cancer Cell Xenograft on Peripheral T and B 
Lymphocytes in Adult Nude Mice. Biological Trace Element Research. 2012, 
146 (2), 230-235. 

95. Ahmadi, A., N. Poursasan, J. Amani, and J. Salimian. Adverse Effect of T-2 
Toxin and the Protective Role of Selenium and Vitamin E on Peripheral Blood B 
lymphocytes. Iranian journal of immunology : IJI. 2015, 12 (1), 64-69. 

96. Arakawa, T., T. Sugiyama, H. Matsuura, T. Okuno, H. Ogino, F. Sakazaki, and H. 
Ueno. Effects of Supplementary Seleno-L-methionine on Atopic Dermatitis-Like 
Skin Lesions in Mice. Biological and Pharmaceutical Bulletin. 2018, 41 (9), 
1456-1462. 

97. Wang, G.Q., H.H. Wang, and H.X. Wang. Effects of Se deficiency on serum 
histamine concentration and the expression of histamine H2 receptor in the 
jejunum of chickens. Polish journal of veterinary sciences. 2012, 15 (3), 547-552. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 110PDF page: 110PDF page: 110PDF page: 110

 

  - 105  

 

 

 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 104  

108. Wopereis, H., K. Sim, A. Shaw, J.O. Warner, J. Knol, and J.S. Kroll. Intestinal 
microbiota in infants at high risk for allergy: Effects of prebiotics and role in 
eczema development. J Allergy Clin Immunol. 2018, 141 (4), 1334-1342.e5. 

109. Sudo, N., S.-a. Sawamura, K. Tanaka, Y. Aiba, C. Kubo, and Y. Koga. The 
requirement of intestinal bacterial flora for the development of an IgE production 
system fully susceptible to oral tolerance induction. The Journal of Immunology. 
1997, 159 (4), 1739-1745. 

110. Round, J.L. and S.K. Mazmanian. Inducible Foxp3+ regulatory T-cell 
development by a commensal bacterium of the intestinal microbiota. Proceedings 
of the National Academy of Sciences. 2010, 107 (27), 12204-12209. 

111. Atarashi, K., T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara, Y. Momose, G. 
Cheng, S. Yamasaki, T. Saito, and Y. Ohba. Induction of colonic regulatory T 
cells by indigenous Clostridium species. Science. 2011, 331 (6015), 337-341. 

112. Li, Z., Y. Dong, S. Chen, X. Jia, X. Jiang, L. Che, Y. Lin, J. Li, B. Feng, Z. Fang, 
Y. Zhuo, J. Wang, H. Xu, D. Wu, and S. Xu. Organic Selenium Increased Gilts 
Antioxidant Capacity, Immune Function, and Changed Intestinal Microbiota. 
Frontiers in microbiology. 2021, 12, 723190-723190. 

113. Shida, K., R. Takahashi, E. Iwadate, K. Takamizawa, H. Yasui, T. Sato, S. Habu, 
S. Hachimura, and S. Kaminogawa. Lactobacillus casei strain Shirota suppresses 
serum immunoglobulin E and immunoglobulin G1 responses and systemic 
anaphylaxis in a food allergy model. Clinical & Experimental Allergy. 2002, 32 
(4), 563-570. 

114. Zhao, X., B.R.J. Blokhuis, F.A. Redegeld, I. Chang, D. Dunham, H. Chen, K. 
Nadeau, J. Garssen, L.M.J. Knippels, and A. Hogenkamp. Selenomethionine 
attenuates allergic effector responses in human primary mast cells. Allergy. 2022.



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 111PDF page: 111PDF page: 111PDF page: 111

 

  - 105  

 

 

 

 
Chapter 4 Role of selenium in IgE mediated soybean allergy development 

  - 104  

108. Wopereis, H., K. Sim, A. Shaw, J.O. Warner, J. Knol, and J.S. Kroll. Intestinal 
microbiota in infants at high risk for allergy: Effects of prebiotics and role in 
eczema development. J Allergy Clin Immunol. 2018, 141 (4), 1334-1342.e5. 

109. Sudo, N., S.-a. Sawamura, K. Tanaka, Y. Aiba, C. Kubo, and Y. Koga. The 
requirement of intestinal bacterial flora for the development of an IgE production 
system fully susceptible to oral tolerance induction. The Journal of Immunology. 
1997, 159 (4), 1739-1745. 

110. Round, J.L. and S.K. Mazmanian. Inducible Foxp3+ regulatory T-cell 
development by a commensal bacterium of the intestinal microbiota. Proceedings 
of the National Academy of Sciences. 2010, 107 (27), 12204-12209. 

111. Atarashi, K., T. Tanoue, T. Shima, A. Imaoka, T. Kuwahara, Y. Momose, G. 
Cheng, S. Yamasaki, T. Saito, and Y. Ohba. Induction of colonic regulatory T 
cells by indigenous Clostridium species. Science. 2011, 331 (6015), 337-341. 

112. Li, Z., Y. Dong, S. Chen, X. Jia, X. Jiang, L. Che, Y. Lin, J. Li, B. Feng, Z. Fang, 
Y. Zhuo, J. Wang, H. Xu, D. Wu, and S. Xu. Organic Selenium Increased Gilts 
Antioxidant Capacity, Immune Function, and Changed Intestinal Microbiota. 
Frontiers in microbiology. 2021, 12, 723190-723190. 

113. Shida, K., R. Takahashi, E. Iwadate, K. Takamizawa, H. Yasui, T. Sato, S. Habu, 
S. Hachimura, and S. Kaminogawa. Lactobacillus casei strain Shirota suppresses 
serum immunoglobulin E and immunoglobulin G1 responses and systemic 
anaphylaxis in a food allergy model. Clinical & Experimental Allergy. 2002, 32 
(4), 563-570. 

114. Zhao, X., B.R.J. Blokhuis, F.A. Redegeld, I. Chang, D. Dunham, H. Chen, K. 
Nadeau, J. Garssen, L.M.J. Knippels, and A. Hogenkamp. Selenomethionine 
attenuates allergic effector responses in human primary mast cells. Allergy. 2022.



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 112PDF page: 112PDF page: 112PDF page: 112

 

 - 10 -

Moon 2



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 113PDF page: 113PDF page: 113PDF page: 113

 

 - 10 -

Moon 2



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 114PDF page: 114PDF page: 114PDF page: 114

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 109 - 

1. Introduction 
Cow’s milk allergy (CMA) is one of the most common food allergies, affecting 

2–3% of all infants [1]. In IgE-mediated CMA, about 85% of patients mostly 

experience mild symptoms, while 15% can develop severe allergic responses and 

about 9% develop anaphylaxis within minutes to hours after ingestion of cow’s 

milk [2,3]. Although 60–75% of children with IgE-mediated CMA spontaneously 

develop tolerance to cow’s milk before their fifth year of life, the risk of 

developing other atopic disorders later in life, such as asthma, is increased [4]. At 

the moment, no curative treatment is available for CMA and the only way to 

prevent allergic reactions is to avoid the intake of cow’s milk proteins. Therefore, 

novel approaches to prevent or treat CMA are urgently needed. 

CMA is defined as an immunologically mediated adverse reaction to cow’s milk 

protein [5,6], which can result from a breakdown or a delay in the development of 

oral tolerance [7]. The major DOOHUJHQV�LQ�FRZ¶V�PLON�DUH�Į6�-casein from casein, 

DQG� Į-ODFWDOEXPLQ� DQG� ȕ-lactoglobulin from whey. These proteins can be 

degraded in the intestines and pass through the epithelial barrier, after which they 

are presented to naïve T cells by antigen-presenting cells such as dendritic cells 

(DC). In CMA, these T cells differentiate into T helper 2 cells (Th2) which can 

drive allergic immune responses, including the expansion of eosinophils and mast 

cells, as well as isotype switch in B cells towards IgE production [8]. 

A number of food allergen immunotherapies are under investigation; however, 

these are limited in their ability to restore immune tolerance to food allergens, and 

often result in high rates of allergic side effects [9]. Nutritional interventions 

including omega-3 polyunsaturated fatty acids, prebiotics, probiotics, and symbiotic 

supplementation as well as Vitamin D have gathered more interest in the 
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Abstract 

Cow’s milk allergy is a common food allergy in infants and is associated with an 

increased risk of developing other allergic diseases. Dietary selenium (Se), one of 

the essential micronutrients for humans and animals, is an important bioelement 

which can influence both innate and adaptive immune responses. However, the 

effects of Se on food allergy are still largely unknown. In the current study it was 

investigated whether dietary Se supplementation can inhibit whey-induced food 

allergy in an animal research model. Three-week-old female C3H/HeOuJ mice 

were intragastrically sensitized with whey protein and cholera toxin and randomly 

assigned to receive a control, low, medium or high Se diet. Acute allergic 

symptoms, allergen specific immunoglobulin (Ig) E levels and mast cell 

degranulation were determined upon whey challenge. Body temperature was 

significantly higher in mice that received the medium Se diet 60 min after the oral 

challenge with whey compared to the positive control group, which is indicative 

of impaired anaphylaxis. This was accompanied by reductions in antigen-specific 

immunoglobulins and reduced levels of mouse mast cell protease-1 (mMCP-1). 

This study demonstrates that oral Se supplementation may modulate allergic 

responses to whey by decreasing specific antibody responses and mMCP-1 

release. 

Keywords: Seleno-l-methionine, Selenium, Cow’s milk allergy, Mouse model, 

Dendritic cells, T cells, MMCP-1 
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administration suppressed ovalbumin-induced allergic sensitization in a mouse 

model for active cutaneous anaphylaxis by lowering Th2 cytokine production and 

augmenting Th1 cytokine production [27]. However, it is not known how SeMet 

affects CMA. Since evidence indicates that organic Se, SeMet, is better absorbed 

by humans and animals and has a higher bioavailability than inorganic forms of 

Se [28], it was investigated how CMA is modulated by SeMet-enriched diets. 

2. Materials and Methods 

2.1. Mice 
Four-week-old, specific-pathogen-free female C3H/HeOuJ mice weaned at the 

age of 3 weeks were purchased from Charles River laboratory (Sulzfeld, 

Germany). The animals had been bred for 2 generations on a cow’s milk-free diet. 

Animals were housed in an individually ventilated cage (n = 3–6 mice/cage) at the 

animal facility of Utrecht University (Utrecht, The Netherlands), with a 12 h 

dark/12 h light cycle and ad libitum access to food and sterile water. Upon arrival, 

mice were randomly allocated to a negative control group (n = 4, the PBS group), 

a tolerance group (n = 6), a positive control group or one of the 3 Se intervention 

groups (n = 10/group). In the medium Se intervention group one mice 

unexpectedly died, which was not due to experimental procedures. All 

experiments were approved by the Animal Ethics Committee of Utrecht 

University (approval AVD225002016521). 

2.2. Experimental design 
Figure 1 shows a schematic representation of the experimental design. Depending 

on the experimental group, upon arriving in our animal facility mice received the 

control diet or the diet supplemented with different concentrations of Se. The PBS 

group, tolerance group and positive control group were fed the cow’s milk 
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prevention, secondary prevention and treatment of food allergies [10,11]. With the 

accumulating knowledge of the involvement of micronutrients in immunological 

processes, there is increasing interest in the relationship between minerals and the 

development of immune responses. It is known that deficiencies in several minerals 

such as iron, zinc, copper and selenium (Se) may result in impaired and/or less 

efficient immune function but little is known about their specific role in food 

allergy development [6,12,13]. 

Se is a metalloid mineral which is considered to have significant potential to 

influence the immune system. For example, Se supplementation reduced 

inflammation in a Staphylococcus aureus-infected mouse mastitis model [14,15], 

and an increase in Se intake improved antigen-responsiveness in immune cells 

from adults [16]. Se has been demonstrated to improve the activation of chicken 

DCs in vitro [17], and dietary Se supplementation has been shown to favor 

differentiation of naive cluster of differentiation (CD)4+ T lymphocytes towards 

T helper 1 cells (Th1) [18,19], supporting the acute cellular immune response. In 

addition, dietary Se increased the percentage of splenic regulatory T cells (Treg) 

[20]. Furthermore, in a mouse model for systemic lupus erythematosus, Se 

supplementation inhibited activation, differentiation and maturation of B cells and 

macrophages [21]. Lower serum levels of selenium have also been associated 

with several skin diseases including atopic dermatitis [22]. People suffering from 

allergic asthma have significantly lower Se concentrations in their blood than 

healthy individuals [23]. 

Se status is known to affect the function of the immune cells and their ability to 

respond to antigens [24], which suggests that Se may affect allergic disease. 

Selenomethionine (SeMet) is an organic form of Se, an essential trace element 

that functions in the regulation of the immune response [25,26]. Oral SeMet 
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protein-free control diet (AIN93G, obtained from sniff Spezialdiäten GmbH, 

Soest, Germany) which contained 0.025 mg/kg Se. SeMet (Sigma-Aldrich, St. 

Louis, MO, USA) was added during the manufacturing of the experimental 

AIN93G-based diets to obtain the following concentrations: 0.033 mg/kg Se (low 

Se), 0.066 mg/kg Se (medium Se) and 0.1 mg/kg Se (high Se).  

 

Figure 1. Schematic representation of the experimental model and the experimental groups. 
Challenge at day 35 was given i.d. but also intragastrically by gavage dosing. At day 36, upon 
sacrifice of the mice, blood, spleen and mesenteric lymph nodes (MLN) were collected for 
further analysis. CT: cholera toxin; PBS: phosphate buffered saline. 

'XULQJ�WKH�WROHUDQFH�LQGXFWLRQ�SKDVH��GD\�í��WR�í����PLFH�LQ the tolerance group 

were administered 50 mg whey (aWPC60, Milei, Friesland Campina, Zaltbommel, 

Netherlands) in 0.5 mL phosphate buffered saline (PBS) by daily gavage dosing 

six times. All the other experimental groups were administered 0.5 mL PBS as a 

control.  

In the sensitization phase (day 0–28), mice in the PBS group were administered 

10 µg of cholera toxin as an adjuvant (CT; List Biological Laboratories, 

Campbell, CA, USA) in 0.5 mL PBS via oral gavage. Mice in the other 

e[SHULPHQWDO�JURXSV�ZHUH�DGPLQLVWHUHG����PJ�ZKH\�WRJHWKHU�ZLWK����ȝJ�&7�����

mL PBS.  
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On day 35, the acute allergic skin response was measured. Isoflurane-anesthetized 

mice received an intradermal (L�G���LQMHFWLRQ�RI���ௗ�J�KRPRJHQL]HG�ZKH\�LQ���ௗ�/�

PBS in the pinnae of both ears. Ear thickness was measured in duplicate for each 

ear after i.d. injection with whey, using a digital micrometer (Mitutoyo, 

Kanagawa, Japan). Whey-induced ear swelling, expressed as delta �ǻ���P��ZDV�

calculated by subtracting the mean basal ear thickness before i.d. challenge from 

WKH� HDU� WKLFNQHVV� PHDVXUHG� DW� �ௗK� DIWHU� L�G�� LQMHFWLRQ�� $QDSK\ODFWLF� VKRFN� ZDV�

monitored 15, 30 and 60ௗmin after i.d. challenge. Anaphylactic shock symptoms 

were scored using a validated, previously described 0- to 4-point scoring system 

[29]. 7KH� ERG\� WHPSHUDWXUH� ZDV� PRQLWRUHG� DW� ��� DQG� ��ௗPLQ�� DIWHU� WKH� i.d. 

challenge using a rectal thermometer. On the same day, the mice were orally 

challenged by gavage with 50 mg whey dissolved in 0.5 mL PBS. Eighteen hours 

after the oral challenge (Day 36), the mice were bled by orbital extraction under 

isoflurane anesthesia, followed by cervical dislocation and sectioning. All 

measurements were performed in a blinded manner. 

2.3. Measurement of allergen-specific immunoglobulins and mouse 
PDVW�FHOO�SURWHDVHVí���P0&3-1) in serum 
Whey- DQG� ȕ-lactoglobulin (BLAC)-specific immunoglobulins (Ig) were 

measured in serum as described previously [30]. Briefly, high-binding Costar 

9018 plates were coated with 20 µg/mL whey in a carbonate buffer or 20 µg/mL 

BLAC (Sigma-Aldrich, St. Louis, MO, USA) in a bicarbonate buffer and 

incubated overnight at 4 °C. Plates were then washed and blocked with 

PBS/1%BSA for 1 h. Hereafter, serum samples were incubated for 2 h at room 

temperature, washed, and incubated for 1 h with biotinylated rat anti-mouse IgE, 

IgG1 or IgG2a detection antibody (1 µg/mL; BD Biosciences, San Jose, CA, 

USA). The plates were subsequently washed and incubated in the dark for 45 min 
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Spleen- and MLN-derived single-cell suspensions were incubated with anti-

mouse CD16/CD32 (Mouse BD Fc Block; BD Pharmingen, San Jose, CA, USA) 

for 15 min on ice to block non-specific binding sites. Subsequently, cells were 

extracellularly stained with DC markers CD11c-PerCp-Cy5.5, Major 

Histocompatibility Complex (MHC)II-APC, CD40-FITC and CD86-PE-cy7; Th1 

markers CD4- BV510, CD69-PE and CXCR3-PE-cyc7; Th2 markers CD4-

BV510, CD69-PE and T1/ST2-FITC; Treg markers CD4-BV510, CD25-PerCp-

Cy5.5 and CD127-PE-cyc7; and Th17 markers CD4-BV510 and CD196-PE for 

45 min at 4 °C, and Treg-Foxp3-FITC and Th17-RorgT-Alexa Fluor647 

(eBioscience, Thermo Fisher Scientific, CA,USA) were used for intracellular 

staining. Viable cells were distinguished by a fixable viability dye eFluor® 780 

(eBioscience, Thermo Fisher Scientific, CA, USA) and measured using a BD 

FACSCanto II flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and 

analyzed with FlowLogic software (Inivai Technologies, Mentone, VIC, 

Australia). 

2.5. Cytokine measurement after ex vivo antigen-specific stimulation of 
splenocytes  
For the ex vivo antigen-specific restimulation assay, spleen- and MLN-derived 

single-cell suspensions (5 × 105 cells/well) were cultured in U-bottom culture 

plates (Greiner, Frickenhausen, Germany) with either medium, whey (500 µg/mL) 

or anti-CD3 (1 µg/mL) at 37 °C, 5% CO2. Culture supernatants of anti-CD3 

stimulated cells were collected after 48 h, and supernatants of whey-stimulated 

cells after 5 days. Samples were sWRUHG�DW�í����&�XQWil further analysis. Levels of 

IL-10, IL-17A, IL-13, IL-4, IFN-Ȗ�DQG�71)-Į�were analyzed using a customized 

Luminex kit, according to manufacturer’s instructions. 

2.6. Statistical analysis 
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with streptavidin–horseradish peroxidase (HRP) (0.5 go/mL; Sanquin, 

Amsterdam, Netherlands), washed, and developed using tetramethylbenzidine 

(Sigma-Aldrich, St. Luis, MO, USA). The reaction was stopped with 1 mol/L 

H2SO4 and absorbance was measured at 450 nm using a GloMax® Discover 

microplate reader (GloMax, Veenendaal, The Netherlands). Whey- and BLAC-

specific IgE, IgG1 or IgG2a levels are expressed in arbitrary units, which were 

calculated based on a titration curve of pooled sera serving as an internal standard. 

Concentrations of mMCP-1 in serum were measured using a MCPT-1 (mMCP-1) 

Elisa kit (eBioscience, Breda, The Netherlands) according to the manufacturer’s 

instructions. 

2.4. Flow cytometric analysis of immune cells 
Freshly isolated single cells were obtained from spleen and mesenteric lymph 

nodes (MLN). Briefly, single-cell splenocyte suspensions were obtained by 

passing spleen samples through a 70 µm nylon cell strainer using a syringe. The 

splenocyte suspension was rinsed with a RPMI 1640 medium (Lonza, Basel, 

Switzerland) and incubated with a lysis buffer (eBioscience, Thermo Fisher 

Scientific, CA,USA) to remove red blood cells. The reaction was stopped by 

adding a RPMI 1640 medium supplemented with 10% heat-inactivated fetal 

bovine serum (FBS; Bodinco, Alkmaar, Netherlands), penicillin (100 

U/mL)/streptomycin (100 µg/mL; Sigma-$OGULFK�� DQG� ȕ-mercaptoethanol (20 

µmol/L; Thermo Fisher Scientific, Waltham, MA, USA). Splenocytes were 

subsequently resuspended in this culture medium. MLN single cells were 

obtained by passing spleen samples through a 70 µm nylon cell strainer using a 

syringe and subsequently resuspended in this culture medium. Cells were counted 

by Coulter counter (Beckman Coulter, Beckman Coulter Life Sciences, Brea, CA, 

USA). 
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Figure 2. The acute allergic skin response and body temperature after i.d. challenge in control 
and whey-sensitized mice fed with the control or Se diets (day 35, PBS group n = 4, tolerance 
group n = 6, positive control group or low and high Se intervention groups n = 10/group, 
medium Se intervention group n = 9). Ear swelling was measured before and 1 h after i.d. 
challenge with whey (A). Body temperature (B–D) was measured before and 30 as well as 60 
min after i.d. challenge. Values are expressed as mean ± standard error of the mean (SEM) 
including individual data points. Significant differences between PBS, tolerance and whey-
sensitized mice are indicated by *p<0.05. Differences between whey-sensitized mice fed the 
control diet and those fed the Se diets are indicated by #p<0.05. Differences are analyzed with 
a one-way analysis of variance (ANOVA) followed by a Kruskal–Wallis non-parametric test. 
i.d.: intradermal. 

Similarly, 30 and 60 min after the i.d. challenge in both ears, a drop in mean body 

temperature was observed in the sensitized animals that had not received whey in 
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Data are presented as mean ± standard error of the mean (SEM), including 

individual data points. Data between groups were compared using parametric one-

way analysis of variance (ANOVA) with nonparametric Kruskal–Wallis test with 

Dunn’s post hoc test. All statistical analyses were performed using GraphPad 

Prism software (version 7.03; GraphPad Software, San Diego, CA, USA) and 

results were considered statistically significant when p < 0.05. 

3. Results 

3.1. Acute allergic skin response and body temperature after challenge  
To assess the effect of dietary Se supplementation on the clinical response in the 

allergic animals, the mice were challenged i.d. with whey protein after which the 

acute allergic skin response (ASR), shock score and body temperature were 

measured. No significant difference was observed in shock score (Figure S1). 

Although the ear swelling in the medium Se-VXSSOHPHQWHG�DQLPDOV��ǻ�HDU�VZHOOLQJ�

102 ± 22 µm) was not significantly different from the mice in the tolerance group, 

no significant effects of Se supplementation could be observed when these groups 

were FRPSDUHG�WR�WKH�SRVLWLYH�FRQWURO��ǻ�HDU�VZHOOLQJ�������������P���Figure 2A). 
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intervention groups when compared to the positive control group (Figure 3C and 

F). 

 
Figure 3. Serum levels of whey-specific immunoglobulins (Ig) after the oral challenge with 
whey in control and whey-sensitized mice fed the control or Se-based diets. Serum (PBS 
group n = 4, tolerance group n = 6, positive control group or low and high Se intervention 
groups n = 10/group, medium Se intervention group n = 9) was harvested 18 h after the oral 
challenge with whey. Serum levels (day 36) are shown in arbitrary units (AU) for (A) whey-
specific IgE, (B) whey-specific IgG1, (C) whey-specific IgG2a, (D) BLAC-specific IgE, (E) 
BLAC-specific IgG1 and (F) BLAC-specific IgG2a. Values are expressed as mean ± SEM 
including individual data points. Significant differences between PBS, tolerance and whey-
VHQVLWL]HG� PLFH� DUH� LQGLFDWHG� E\� S��ௗ����� S������ DQG� <0.001. Differences between 
whey-sensitized mice fed the control diet and those fed the Se diets are indicated by #S���ௗ���� 
##p<0ௗ���� DQG� ###p<0.001. Differences are analyzed with a one-way analysis of variance 
(ANOVA) followed by a Kruskal–Wallis non-parametric test. Ig: immunoglobulins, BLAC: 
ȕ-lactoglobulin. 

3.3. Dietary Se supplementation reduces mMCP-1 Production 
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the tolerance induction phase, but only the mice in the positive control group had 

a significantly lower body temperature when compared to the PBS and the 

tolerance group (Figure 2C, D). At 30 min after the i.d. challenge, no significant 

effects of Se supplementation on body temperature could be observed when these 

groups were compared to the positive control (Figure 2C). Interestingly, 60 min 

after the i.d. challenge mean body temperatures in the low and high Se groups 

(36.8 ± 12.5 °C and 36.7 ± 2.0 °C, respectively) were not significantly different 

when compared to the positive control group (35.6 ± 2.9 °C). In contrast, the 

mean body temperature in the medium Se intervention group was significantly 

higher (37.7 ± 0.6 °C) than the allergic positive control group (Figure 2C), 

indicating a protective effect of Se, although not in a dose-dependent fashion. 

3.2. Dietary Se supplementation downregulates whey- and BLAC-
Specific immunoglobulin levels  
To assess whether Se influences allergic sensitization, whey- and BLAC-specific 

IgE, IgG1 and IgG2a were measured in serum. Whey- and BLAC-specific IgE 

and IgG subclasses were significantly increased in the positive control group 

compared to the PBS group (Figure 3). A clear suppression of the specific 

antibody responses was observed in the tolerance group, as none of the allergen-

specific immunoglobulin levels were found to differ from those measured in the 

PBS control group. Whey-specific IgE was significantly lower in the medium Se 

group compared to the positive control group (Figure 3A), and BLAC-specific 

IgE was significantly lower in the high Se group compared to the positive control 

group (Figure 3D). Whey- and BLAC-specific-IgG1 levels were not significantly 

affected by dietary Se supplementation (Figure 3B, E). However, significantly 

lower levels of whey- and BLAC-specific-IgG2a were observed in all Se 
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intervention groups when compared to the positive control group (Figure 3C and 

F). 

 
Figure 3. Serum levels of whey-specific immunoglobulins (Ig) after the oral challenge with 
whey in control and whey-sensitized mice fed the control or Se-based diets. Serum (PBS 
group n = 4, tolerance group n = 6, positive control group or low and high Se intervention 
groups n = 10/group, medium Se intervention group n = 9) was harvested 18 h after the oral 
challenge with whey. Serum levels (day 36) are shown in arbitrary units (AU) for (A) whey-
specific IgE, (B) whey-specific IgG1, (C) whey-specific IgG2a, (D) BLAC-specific IgE, (E) 
BLAC-specific IgG1 and (F) BLAC-specific IgG2a. Values are expressed as mean ± SEM 
including individual data points. Significant differences between PBS, tolerance and whey-
VHQVLWL]HG� PLFH� DUH� LQGLFDWHG� E\� S��ௗ����� S������ DQG� <0.001. Differences between 
whey-sensitized mice fed the control diet and those fed the Se diets are indicated by #S���ௗ���� 
##p<0ௗ���� DQG� ###p<0.001. Differences are analyzed with a one-way analysis of variance 
(ANOVA) followed by a Kruskal–Wallis non-parametric test. Ig: immunoglobulins, BLAC: 
ȕ-lactoglobulin. 
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supplementation did not significantly affect the percentage of 

CD11c+MHCII+DCs when compared to the positive control group. Similarly, 

CD11c+MHCII+DCs in the positive control group were found to have a 

significantly higher expression of CD40 and CD86 when compared to the PBS 

group, but no significant differences in CD40 expression were observed when the 

Se-supplemented groups were compared to the positive control group (Figure 5B 

and C). However, the expression of CD86 in CD11c+MHCII+DCs was 

significantly lower in the medium Se group when compared to positive control 

group (Figure 5C). 

 

Figure 5. Flow cytometric analyses of dendritic cells (DCs) and surface markers expression 
in the spleen at day 36. Spleen DCs were analyzed based on their expression of CD11c and 
MHC-II. Median fluorescence intensity of CD11c+ MHCII+ DCs was under the gate of 
single and live cells in total splenocytes (A), activation status was further distinguished based 
on their MFI of surface markers CD86 (B) and CD40 (C). PBS group n = 4, tolerance group n 
= 6, positive control group or low and high Se intervention groups n = 10/group and medium 
Se intervention group n = 9. Significant differences between PBS, tolerance and whey-
sensitized mice are indicated by *p<0.05 and **p<�ௗ�����'LIIHUHQFHV�EHWZHHQ�ZKH\-sensitized 
mice fed with the control diet and those fed with the Se diets are indicated by #p��ௗ�����
##p<0.01. Differences are analyzed with a one-way analysis of variance (ANOVA) followed 
by a Kruskal–Wallis non-parametric test. 
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To assess the influence of dietary Se supplementation on mast cell degranulation, the 

concentrations of serum mMCP-1 were measured (Figure 4). Compared to the 

tolerance group, the mean serum concentration of mMCP-1 was significantly higher 

in the positive control group. In Se-supplemented groups, mMCP-1 levels appeared 

to follow a concentration-dependent downward trend, although this only reached 

significance in the highest Se group. 

 

Figure 4. Serum levels (day 36) of mouse mast cell protease-1 (mMCP-1) after the oral 
challenge with whey in control and whey-sensitized mice fed the control diet or Se-based 
diets (PBS group n = 4, tolerance group n = 6, positive control group n = 9, low Se 
intervention group n = 10, medium and high Se intervention groups n = 7/group. We were 
unable to collect enough serum from one mouse in the positive control group and two mice in 
the medium and high Se intervention groups). Data are expressed as pg/mL including 
individual data points. Significant differences between PBS, tolerance and whey-sensitized 
mice are indicated by **p<0.01. Differences between whey-sensitized mice fed the control 
diet and those fed the Se diets are indicated by #p��ௗ�����'LIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�RQH-
way analysis of variance (ANOVA) followed by a Kruskal–Wallis non-parametric test. 

3.4. Dietary Se supplementation affects dendritic cell activation  
The effect of Se supplementation on the activation status of splenic DCs was 

assessed in freshly isolated splenocytes by means of flow cytometry. The 

percentage of CD11c+MHCII+DCs was significantly higher in the positive 

control group compared to the PBS and tolerance group (Figure 5A). However, Se 
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by *p������DQG�Sௗ��ௗ�����'LIIHUHQFHV�EHWween whey-sensitized mice fed with the control 
diet and those fed with the Se diets are indicated by #p��ௗ����DQG� ##p<0.01. Differences are 
analyzed with a one-way analysis of variance (ANOVA) followed by a Kruskal–Wallis non-
parametric test. 

3.6. Cytokine production after ex vivo stimulation with whey 
Cytokine production was measured to determine the effect of dietary Se 

supplementation on functional responses of splenocytes and MLN cells upon ex 

vivo exposure to whey and anti-CD3. Overall, no differences in IL-17A, IL-13, 

IFN-g or TNF-a in Se intervention groups were observed compared with the 

positive control group (Figure S5). However, whey-specific IL-4 production was 

significantly higher in the positive control group compared to the PBS and 

tolerance groups, and it was significantly lower in the medium Se intervention 

group when compared to the positive control group (Figure 7A). Similarly, a 

significantly higher whey-specific production of IL-10 was observed in the 

positive control group when compared to the PBS group (Figure 7B). 

Interestingly, when compared to the positive control group, whey-specific IL-10 

production was significantly higher in the medium Se group. In anti-CD3 

stimulated cells, Se supplementation did not affect IL-4 and IL-10 production 

when compared to the positive control group (Figure S5). Ex vivo stimulation of 

MLN cells with either whey or anti-CD3 did not induce detectable cytokine 

production (data not shown). 
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To determine whether specific differentiation of T-cell subsets was modulated by 

Se, freshly isolated splenocytes and MLNs were analyzed by flow cytometry 

(Figure 6). In the spleens of animals in the positive control group, the percentage 

of Th2 was significantly higher when compared to the PBS group, but no 

significant effect of Se supplementation was observed (Figure 6A). In the MLN, 

although the percentage of Th2 cells was higher in the medium Se group 

compared to the low Se group, no difference was detected when the positive 

control group was compared to the PBS and the tolerance group (Figure 6B). In 

addition, we also investigated percentages of activated Th2 cells, activated Th1 

cells, Tregs and Th17 cells. However, because in many cases outcomes in the 

negative control group did not significantly differ from the positive control group, 

it was not possible to assess the influence of dietary Se supplementation on the 

cell populations (data shown in Supplementary Data, Figures S3 and S4). 

 

Figure 6. Flow cytometric analysis of T helper (Th) 2 in Spleen and mesenteric lymph nodes 
(MLN) at day 36. Th2 cells were defined as T1/ST2+ of CD4+ cells. Percentages of splenic 
Th2-cells (A), percentages of MLN Th2-FHOOV��%���'DWD�DUH�SUHVHQWHG�DV�PHDQௗ��6(0�RI�PBS 
group n = 4, tolerance group n = 6, positive control group or low and high Se intervention 
groups n = 10/group and medium Se intervention group n = 9 including individual data 
points; significant differences between PBS, tolerance and whey-sensitized mice are indicated 
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Concentrations of BLAC-specific IgE were significantly affected only in the high 

Se group, and whey-specific IgE levels were observed to be significantly lower in 

the medium Se group. In a murine model for systemic lupus erythematosus, oral 

administration of Se reduced the production of disease-associated autoantibodies 

[18]. Moreover, the latter study demonstrated that Se treatment of activated B-

cells led to a concentration-dependent decrease in the expression of CD69, CD80 

and CD86 on B cells. In the current study, we did not include the measurement of 

B-cell activation markers, but we were able to detect a modest but significant 

reduction in the expression of the costimulatory molecule CD86 in DCs isolated 

from mice in the medium Se group. Se has previously been reported to enhance 

surface molecule expression of DCs and accelerate their differentiation and 

maturation [33,34], but as those observations were shown in in vitro studies it is 

not clear what could account for these conflicting data. DCs can take up, 

transport, process and present antigens to T cells [35], and interaction with highly 

activated DCs will favor priming of the T cells, whereas low activated DCs will 

induce tolerance [36]. CD86 expression is reportedly upregulated in food allergy 

in mice [37] and lowering the expression of this molecule in DCs may thus affect 

allergen specific T cell activation. In turn, this could impair the ability of the T 

cells to activate B cells, leading to lower allergen-specific antibodies. However, 

this remains speculative as we did not measure B cell activation markers. In a 

murine model for atopic dermatitis, oral administration of Se suppressed the 

development of atopic dermatitis-like skin lesions, lowered total IgE levels, 

reduced skin expression of IL-4 and led to a lower number of mast cells in the 

skin [38]. In our current study, we observed a significantly lower expression of 

serum mMCP-1 in mice that were fed the high Se diet, suggesting that mast cells 

may be affected also by this dietary intervention with Se. In line with this result, it 

has previously been shown that mast cell degranulation was significantly 
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Figure 7. Cytokine concentrations (pg/mL) were measured in supernatant of ex vivo 
stimulated splenocytes for 5 days with whey. (A) IL-4, (B) IL-10. Data are presented as mean 
± SEM. Significant differences between PBS, tolerance and whey-sensitized mice are 
indicated by *p������ DQG� Sௗ��ௗ����� 'LIIHUHQFHV� EHWZHHQ� ZKH\-sensitized mice fed the 
control diet and those fed the Se diets are indicated by #Sௗ��ௗ�����'LIIHUHQFHV� DUH� DQDO\]HG�
with a one-way analysis of variance (ANOVA) followed by a Kruskal–Wallis non-parametric 
test. 

4. Discussion 
The present study demonstrates that Se supplementation can affect various 

immune parameters in a murine model for whey-induced food allergy. Although 

most clinical outcomes appeared to be unaffected, a significant effect on body 

temperature (anaphylaxis readout) was observed in the mice receiving the medium 

Se diet. These results may be partially explained by and associated with the effects 

of Se supplementation on antibody responses. 

An increase in allergen-specific IgE, IgG1 and IgG2a, such as those observed in 

the current study, is typical for IgE-mediated CMA [30,32]. Dietary 

supplementation with Se led to lower serum levels of whey- and BLAC-specific 

IgG2a, which appeared to be independent of the concentration of Se. 
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During oral sensitization and challenge with the allergen, the intestinal immune 

cells are the first line to encounter the administered antigen. Food allergy may 

already be initiated in the MLN, as removal of these lymph nodes prior to 

sensitization results in reduced food allergic reactions [48]. In contrast to those 

observations, we observed significantly lower percentages of Th1 cells in the 

MLN of the positive control mice, but percentages of Th2 cells did not differ from 

those found in the PBS group. Although we did find several modest but 

significant effects (e.g., a higher Th1/Th2 ratio and a lower percentage of 

activated Th2 cells) when the positive control group was compared to the medium 

Se group, we cannot draw definite conclusions from these findings with regards to 

the role of Se in food allergy. Similarly, the T-cell populations in the spleens of 

positive control mice were mostly similar to those of the PBS group, the only 

exception being a significantly lower percentage of Th1 cells. Previous studies on 

mice have reported that a high Se diet skewed the Th1/Th2 balance towards a Th1 

phenotype in the spleen [18] but compared to the positive control group in our 

study, Se supplementation appeared to have the opposite effect. Furthermore, Treg 

cells are known to play important roles in modulating immune responses, exerting 

anti-inflammatory effects and inducing oral tolerance [49]. Se suppressed 

inflammation in chronic colitis mice by upregulating CD4+CD25+ Treg cells [50]. 

However, in our experiment there were no differences to be detected in Treg cell 

populations, which might be due to the dose of Se intake as well as Se form. Taken 

together, our data suggest that within the current experiment splenic and MLN-

derived T cell populations remained mostly unaffected by Se intervention in 

allergic sensitization. Whereas in other studies decreasing Th1, Th17 and increasing 

CD4+CD25+Treg cell responses were found [51–53]. 
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decreased by exposure of MC/9 cells, a mast cell line, to Se in vitro [39]. In the 

ODWWHU� VWXG\�� LW� ZDV� IRXQG� WKDW� ȕ-hexosaminidase and histamine release were 

reduced, which is in line with our in vivo observation of reduced mMCP-1 levels. 

In addition, IL-4 expression by splenocytes derived from mice in the medium Se 

group was significantly lower. IL-4 plays a critical role in the development of Th2 

cells and subsequent allergic reactions. IL-4 drives the differentiation of Th2 cells, 

which also secret IL-4, thereby inducing a positive feedback to reinforce Th2 

differentiation [40]. Although we did not observe any prominent effects of dietary 

Se supplementation on Th2 cell populations, the difference in IL-4 expression 

might also be linked to mast cells which can also produce IL-4 upon IgE-

mediated stimulation [41]. A reduction in the expression of IL-4 could potentially 

reinforce anti-allergic effects of Se supplementation, as degranulation of mast 

cells which have been shown to develop from progenitor cells present in spleen 

during an antigen-specific T-cell response may be enhanced by IL-4 [42].  

A decline in IL-4 expression levels may signal an increase in mast cell 

differentiation, as IL-4 is known to induce apoptosis in developing mast cells 

[43]. However, we demonstrated that allergen specific IL-10 expression was 

enhanced in the splenocytes derived from mice in the low and medium Se groups. 

IL-10 can potentially inhibit cell survival of developing mast cells [44] and has 

pleiotropic anti-inflammatory effects [45], such as the downregulation of IL-4 

production by Th2 cells [46]. The exact source of the IL-10 in our in vivo culture 

is not clear, but it could potentially be derived from CD5+ B cells, which have 

been shown to inhibit antigen-mediated activation of mast cells in vitro as well as 

allergic responses in mice in an IL-10-dependent manner [47]. Whether specific 

subsets of B cells are differentially affected by Se remains to be investigated. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 133PDF page: 133PDF page: 133PDF page: 133

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 127 - 

During oral sensitization and challenge with the allergen, the intestinal immune 
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In summary, this current study shows that Se supplementation can affect some 

clinical aspects associated with food allergy. Clear effects on T cell populations 

were not detectable. It might be that Se supplementation modulates allergic 

responses to whey by decreasing the specific antibody responses and mMCP-1 

release. In addition, according to the result of mMCP-1, Se may affect allergic 

responses by affecting mast cell activation and degranulation in a direct way. 

Understanding how Se specifically affects the immune system may lead to better 

use and understanding of Se-containing supplements aimed at allergy 

management. 

Funding: The research was funded by a grant from the China Scholarship 

Council (BF.000464.2), Danone Nutricia Research and Utrecht University, 

Utrecht, The Netherlands. 

Acknowledgments: The authors would like to thank Negisa Seyed Toutounchi 

(Utrecht University, Utrecht, The Netherlands) for her excellent assistance. 

 

 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 135PDF page: 135PDF page: 135PDF page: 135

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 129 - 

References 
1. D’Auria, E.; Salvatore, S.; Pozzi, E.; Mantegazza, C.; Sartorio, M.U.A.; Pensabene, 

L.; Baldassarre, M.E.; Agosti, M.; Vandenplas, Y.; Zuccotti, G. Cow’s milk allergy: 
Immunomodulation by dietary intervention. Nutrients 2019, 11, 1399. 

2. Ludman, S.; Shah, N.; Fox, A.T. Managing cows’ milk allergy in children. BMJ 
2013, 347, f5424. 

3. Mousan, G.; Kamat, D. Cow’s Milk Protein Allergy. Clin Pediatr. (Phila.) 2016, 55, 
1054–1063. 

4. Santos, A.; Dias, A.; Pinheiro, J.A. Predictive factors for the persistence of cow’s 
milk allergy. Pediatr. Allergy Immunol. 2010, 21, 1127–1134. 

5. Savage, J.; Johns, C.B. Food allergy: Epidemiology and natural history. Immunol. 
Allergy Clinics. 2015, 35, 45–59. 

6. Stoffel, N.U.; Uyoga, M.A.; Mutuku, F.M.; Frost, J.N.; Mwasi, E.; Paganini, D.; van 
der Klis, F.R.M.; Malhotra, I.J.; LaBeaud, A.D.; Ricci, C.; et al. Iron deficiency 
anemia at time of vaccination predicts decreased vaccine response and iron 
supplementation at time of vaccination increases humoral vaccine response: A birth 
cohort study and a randomized trial follow-up study in Kenyan infants. Front 
Immunol. 2020, 11, 1313.\ 

7. Jones, S.M.; Burks, A.W. Food Allergy. N. Engl. J. Med. 2017, 377, 1168–1176. 

8. Sicherer, S.H.; Sampson, H.A. Food allergy: A review and update on epidemiology, 
pathogenesis, diagnosis, prevention, and management. J. Allergy Clin. Immunol. 
2018, 141, 41–58. 

9. Virkud, Y.V.; Wang, J.; Shreffler, W.G. Enhancing the Safety and Efficacy of Food 
Allergy Immunotherapy: A Review of Adjunctive Therapies. Clin. Rev. Allergy 
Immunol. 2018, 55, 172–189. 

10. Zhao, W.; Ho, H.E.; Bunyavanich, S. The gut microbiome in food allergy. Ann 
Allergy Asthma Immunol. 2019, 122, 7. 

11. Heine, R.G. Food allergy prevention and treatment by targeted nutrition. Ann. Nutr. 
Metab. 2018, 72, 33–45. 

12. Hawkes, W.C.; Kelley, D.S.; Taylor, P.C. The effects of dietary selenium on the 
immune system in healthy men. Biol. Trace Elem. Res. 2006, 81, 5. 

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 128 - 

In summary, this current study shows that Se supplementation can affect some 

clinical aspects associated with food allergy. Clear effects on T cell populations 

were not detectable. It might be that Se supplementation modulates allergic 

responses to whey by decreasing the specific antibody responses and mMCP-1 

release. In addition, according to the result of mMCP-1, Se may affect allergic 

responses by affecting mast cell activation and degranulation in a direct way. 

Understanding how Se specifically affects the immune system may lead to better 

use and understanding of Se-containing supplements aimed at allergy 

management. 

Funding: The research was funded by a grant from the China Scholarship 

Council (BF.000464.2), Danone Nutricia Research and Utrecht University, 

Utrecht, The Netherlands. 

Acknowledgments: The authors would like to thank Negisa Seyed Toutounchi 

(Utrecht University, Utrecht, The Netherlands) for her excellent assistance. 

 

 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 136PDF page: 136PDF page: 136PDF page: 136

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 131 - 

23. Misso, N.L.; Powers, K.A.; Gillon, R.L.; Stewart, G.A.; Thompson, P.J. Reduced 
platelet glutathione peroxidase activity and serum selenium concentration in atopic 
asthmatic patients. Clin. Exp. Allergy 1996, 26, 838–847. 

24. Spallholz, J.E.; Boylan, L.M.; Larsen, H.S. Advances in understanding selenium’s 
role in the immune system. Ann. N. Y. Acad. Sci. 1990, 587, 123–139. 

25. Chan, Q.; Afton, S.E.; Caruso, J.A. Selenium speciation profiles in selenite-enriched 
soybean (Glycine Max) by HPLC-ICPMS and ESI-ITMS. Metallomics 2010, 2, 
147–153. 

26. Zhang, Y.; Cartland, S.P.; Henriquez, R.; Patel, S.; Gammelgaard, B.; Flouda, K.; 
Hawkins, C.L.; Rayner, B.S. Selenomethionine supplementation reduces lesion 
burden, improves vessel function and modulates the inflammatory response within 
the setting of atherosclerosis. Redox Biol. 2020, 29, 101409. 

27. Arakawa, T.; Deguchi, T.; Sakazaki, F.; Ogino, H.; Okuno, T.; Ueno, H. 
Supplementary seleno-L-methionine suppresses active cutaneous anaphylaxis 
reaction. Biol. Pharm. Bull. 2013, 36, 1969–1974. 

28. Bhatia, P.; Aureli, F.; D’Amato, M.; Prakash, R.; Cameotra, S.S.; Nagaraja, T.P.; 
Cubadda, F. Selenium bioaccessibility and speciation in biofortified Pleurotus 
mushrooms grown on selenium-rich agricultural residues. Food Chem. 2013, 140, 
225–230. 

29. Kerperien, J.; Veening-Griffioen, D.; Oja, A.; Wehkamp, T.; Jeurink, P.V.; Garssen, 
J.; Knippels, L.M.J.; Willemsen, L.E.M. Dietary vitamin D supplementation is 
ineffective in preventing murine cow’s milk allergy, Irrespective of the presence of 
nondigestible oligosaccharides. Int. Arch. Allergy Immunol. 2020, 181, 908–918. 

30. van Sadelhoff, J.H.J.; Hogenkamp, A.; Wiertsema, S.P.; Harthoorn, L.F.; Loonstra, 
R.; Hartog, A.; J Garssen. A free amino acid-based diet partially prevents symptoms 
of cow’s milk allergy in mice after oral sensitization with whey. Immun. Inflamm. 
Disease 2020, 8, 93–105. 

31. Sterndale, S.; Broomfield, S.; Currie, A.; Hancock, S.; Kearney, G.A.; Lei, J.; Liu, 
S.; Lockwood, A.; Scanlan, V.; Smith, G.; Thompson, A.N. Supplementation of 
merino ewes with vitamin E plus selenium increases alpha-tocopherol and selenium 
concentrations in plasma of the lamb but does not improve their immune function. 
Animal 2018, 12, 998–1006. 

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 130 - 

13. Kamer, B.; Wasowicz, W.; Pyziak, K.; Kamer-Bartosinska, A.; Gromadzinska, J.; 
Pasowska, R. Role of selenium and zinc in the pathogenesis of food allergy in 
infants and young children. Arch. Med. Sci. 2012, 8, 1083–1088. 

14. Weijing Sun, Z.; Wang, Q.; Deng, G.; Guo, Y.; Guo, M. Selenium suppresses 
inflammation by inducing microRNA-146a in Staphylococcus aureus-infected 
mouse mastitis model. Oncotarget 2017, 8, 110949. 

15. Guo, Y.; Pan, D.; Li, H.; Sun, Y.; Zeng, X.; Yan, B.Antioxidant and 
immunomodulatory activity of selenium exopolysaccharide produced by 
Lactococcus lactis subsp. lactis. Food Chem 2013, 138, 84–89. 

16. Broome, C.S.; McArdle, F.; Kyle, J.A.; Andrews, F.; Lowe, N.M.; Hart, C.A.; 
Arthur, J.R.; Jackson, M.J. An increase in selenium intake improves immune 
function and poliovirus handling in adults with marginal selenium status. Am. J. 
Clin. Nutr. 2004, 80, 154–162. 

17. Sun, Z.; Liu, C.; Pan, T.; Yao, H.; Li, S. Selenium accelerates chicken dendritic cells 
differentiation and affects selenoproteins expression. Dev. Comp. Immunol. 2017, 
77, 30–37. 

18. Hoffmann, F.W.; Hashimoto, A.C.; Shafer, L.A.; Dow, S.; Berry, M.J.; Hoffmann, 
P.R. Dietary selenium modulates activation and differentiation of CD4+ T cells in 
mice through a mechanism involving cellular free thiols. J. Nutr. 2010, 140, 1155–
1161. 

19. Steinbrenner, H.; Al-Quraishy, S.; Dkhil, M.A.; Wunderlich, F.; Sies, H. Dietary 
selenium in adjuvant therapy of viral and bacterial infections. Adv. Nutr. 2015, 6, 
73–82. 

20. Xue, H.; Wang, W.; Li, Y.; Shan, Z.; Li, Y.; Teng, X.; Gao, Y.; Fan, C.; Teng, W. 
Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocr. J. 2010, 57, 595–601. 

21. Soni, C.; Sinha, I.; Fasnacht, M.J.; Olsen, N.J.; Rahman, Z.S.M.; Sinha, R. Selenium 
supplementation suppresses immunological and serological features of lupus in 
B6.Sle1b mice. Autoimmunity 2019, 52, 57–68. 

22. Lv, J.; Ai, P.; Lei, S.; Zhou, F.; Chen, S.; Y Zhang. Selenium levels and skin 
diseases: Systematic review and meta-analysis. J. Trace Elem. Med. Biol. 2020, 62, 
126548. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 137PDF page: 137PDF page: 137PDF page: 137

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 131 - 

23. Misso, N.L.; Powers, K.A.; Gillon, R.L.; Stewart, G.A.; Thompson, P.J. Reduced 
platelet glutathione peroxidase activity and serum selenium concentration in atopic 
asthmatic patients. Clin. Exp. Allergy 1996, 26, 838–847. 

24. Spallholz, J.E.; Boylan, L.M.; Larsen, H.S. Advances in understanding selenium’s 
role in the immune system. Ann. N. Y. Acad. Sci. 1990, 587, 123–139. 

25. Chan, Q.; Afton, S.E.; Caruso, J.A. Selenium speciation profiles in selenite-enriched 
soybean (Glycine Max) by HPLC-ICPMS and ESI-ITMS. Metallomics 2010, 2, 
147–153. 

26. Zhang, Y.; Cartland, S.P.; Henriquez, R.; Patel, S.; Gammelgaard, B.; Flouda, K.; 
Hawkins, C.L.; Rayner, B.S. Selenomethionine supplementation reduces lesion 
burden, improves vessel function and modulates the inflammatory response within 
the setting of atherosclerosis. Redox Biol. 2020, 29, 101409. 

27. Arakawa, T.; Deguchi, T.; Sakazaki, F.; Ogino, H.; Okuno, T.; Ueno, H. 
Supplementary seleno-L-methionine suppresses active cutaneous anaphylaxis 
reaction. Biol. Pharm. Bull. 2013, 36, 1969–1974. 

28. Bhatia, P.; Aureli, F.; D’Amato, M.; Prakash, R.; Cameotra, S.S.; Nagaraja, T.P.; 
Cubadda, F. Selenium bioaccessibility and speciation in biofortified Pleurotus 
mushrooms grown on selenium-rich agricultural residues. Food Chem. 2013, 140, 
225–230. 

29. Kerperien, J.; Veening-Griffioen, D.; Oja, A.; Wehkamp, T.; Jeurink, P.V.; Garssen, 
J.; Knippels, L.M.J.; Willemsen, L.E.M. Dietary vitamin D supplementation is 
ineffective in preventing murine cow’s milk allergy, Irrespective of the presence of 
nondigestible oligosaccharides. Int. Arch. Allergy Immunol. 2020, 181, 908–918. 

30. van Sadelhoff, J.H.J.; Hogenkamp, A.; Wiertsema, S.P.; Harthoorn, L.F.; Loonstra, 
R.; Hartog, A.; J Garssen. A free amino acid-based diet partially prevents symptoms 
of cow’s milk allergy in mice after oral sensitization with whey. Immun. Inflamm. 
Disease 2020, 8, 93–105. 

31. Sterndale, S.; Broomfield, S.; Currie, A.; Hancock, S.; Kearney, G.A.; Lei, J.; Liu, 
S.; Lockwood, A.; Scanlan, V.; Smith, G.; Thompson, A.N. Supplementation of 
merino ewes with vitamin E plus selenium increases alpha-tocopherol and selenium 
concentrations in plasma of the lamb but does not improve their immune function. 
Animal 2018, 12, 998–1006. 

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 130 - 

13. Kamer, B.; Wasowicz, W.; Pyziak, K.; Kamer-Bartosinska, A.; Gromadzinska, J.; 
Pasowska, R. Role of selenium and zinc in the pathogenesis of food allergy in 
infants and young children. Arch. Med. Sci. 2012, 8, 1083–1088. 

14. Weijing Sun, Z.; Wang, Q.; Deng, G.; Guo, Y.; Guo, M. Selenium suppresses 
inflammation by inducing microRNA-146a in Staphylococcus aureus-infected 
mouse mastitis model. Oncotarget 2017, 8, 110949. 

15. Guo, Y.; Pan, D.; Li, H.; Sun, Y.; Zeng, X.; Yan, B.Antioxidant and 
immunomodulatory activity of selenium exopolysaccharide produced by 
Lactococcus lactis subsp. lactis. Food Chem 2013, 138, 84–89. 

16. Broome, C.S.; McArdle, F.; Kyle, J.A.; Andrews, F.; Lowe, N.M.; Hart, C.A.; 
Arthur, J.R.; Jackson, M.J. An increase in selenium intake improves immune 
function and poliovirus handling in adults with marginal selenium status. Am. J. 
Clin. Nutr. 2004, 80, 154–162. 

17. Sun, Z.; Liu, C.; Pan, T.; Yao, H.; Li, S. Selenium accelerates chicken dendritic cells 
differentiation and affects selenoproteins expression. Dev. Comp. Immunol. 2017, 
77, 30–37. 

18. Hoffmann, F.W.; Hashimoto, A.C.; Shafer, L.A.; Dow, S.; Berry, M.J.; Hoffmann, 
P.R. Dietary selenium modulates activation and differentiation of CD4+ T cells in 
mice through a mechanism involving cellular free thiols. J. Nutr. 2010, 140, 1155–
1161. 

19. Steinbrenner, H.; Al-Quraishy, S.; Dkhil, M.A.; Wunderlich, F.; Sies, H. Dietary 
selenium in adjuvant therapy of viral and bacterial infections. Adv. Nutr. 2015, 6, 
73–82. 

20. Xue, H.; Wang, W.; Li, Y.; Shan, Z.; Li, Y.; Teng, X.; Gao, Y.; Fan, C.; Teng, W. 
Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocr. J. 2010, 57, 595–601. 

21. Soni, C.; Sinha, I.; Fasnacht, M.J.; Olsen, N.J.; Rahman, Z.S.M.; Sinha, R. Selenium 
supplementation suppresses immunological and serological features of lupus in 
B6.Sle1b mice. Autoimmunity 2019, 52, 57–68. 

22. Lv, J.; Ai, P.; Lei, S.; Zhou, F.; Chen, S.; Y Zhang. Selenium levels and skin 
diseases: Systematic review and meta-analysis. J. Trace Elem. Med. Biol. 2020, 62, 
126548. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 138PDF page: 138PDF page: 138PDF page: 138

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 133 - 

44. Bailey, D.P.; Kashyap, M.; Andew Bouton, L.; Murray, P.J.; Ryan, J.J. Interleukin-
10 induces apoptosis in developing mast cells and macrophages. J. Leukoc. Biol. 
2006, 80, 581–589. 

45. Saraiva, M. ; O’Garra, A. The regulation of IL-10 production by immune cells. Nat. 
Rev. Immunol. 2010, 10, 170–181. 

46. Jutel, M.; Akdis, M.; Blaser, K.; Akdis, C. Mechanisms of allergen specific 
immunotherapy—T-cell tolerance and more. Allergy 2006, 61, 796–807. 

47. Kim, H.S.; Kim, A.R.; Kim, D.K.; Kim, H.W.; Park, Y.H.; Jang, G.H.; Kim, B.; 
Park, Y.M.; You, J.S.; Kim, H.S.; et al. Interleukin-10-producing CD5+ B cells 
inhibit mast cells during immunoglobulin E-mediated allergic responses. Sci. Signal. 
2015, 8, ra28. 

48. Nakajima-Adachi, H.; Kikuchi, A.; Fujimura, Y.; Shibahara, K.; Makino, T.; 
Goseki-Sone, M.; Kihara-Fujioka, M.; Nochi, T.; Kurashima, Y.; Igarashi, O.; et al. 
Peyer’s patches and mesenteric lymph nodes cooperatively promote enteropathy in a 
mouse model of food allergy. PLoS ONE. 2014, 9, e107492. 

49. Wawrzyniak, M.; O’mahony, L.; Akdis, M. Role of regulatory cells in oral 
tolerance. Allergy Asthma Immunol. Res. 2017, 9, 107. 

50. Sang, L.X.; Chang, B.; Zhu, J.F.; Yang, F.L.; Li, Y.; Jiang, X.F.; Wang, D.N.; Lu, 
C.L.; Sun, X. Sodium selenite ameliorates dextran sulfate sodium-induced chronic 
colitis in mice by decreasing Th1��7K����DQG�Ȗį7�DQG� LQFUHDVLQJ�&'����&'������
regulatory T-cell responses. World J. Gastroenterol. 2017, 23, 3850–3863. 

51. Xue, H.; Wang, W.; Li, Y.; Hou, X.; Fan, C.; Wang, H.; Zhang, H.; Shan, Z.; Teng, 
W. Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocr. J. 2010, 57, 7. 

52. Peng, X.; Cui, H.-m.; Deng, J.; Zuo, Z.; Cui, W. Low dietary selenium induce 
increased apoptotic thymic cells and alter peripheral blood T cell subsets in chicken. 
Biol. Trace Elem. Res. 2011, 142, 167–173. 

53. Sang, L.X.; Chang, B.; Zhu, J.F.; Yang, F.L.; Li, Y.; Jiang, X.F.; Wang, D.N.; Lu, 
C.L.; Sun, X. Sodium selenite ameliorates dextran sulfate sodium-induced chronic 
FROLWLV� LQ�PLFH�E\�GHFUHDVLQJ�7K���7K����DQG�ȖįT and increasing CD4(+)CD25(+) 
regulatory T-cell responses. World J. Gastroenterol. 2017, 23, 3580. 

 

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 132 - 

32. Liu, L.L.; Yao, H.; Zhang, X.L.; Zhang, H.L.; Chao, P.L.; Tong, M.L.; Liu, G.L.; 
Lin, L.R.; Fan, L.; Zhang, Z.Y.; et al. Characteristics of patients suffering from cow 
milk allergy. Int. Immunopharmacol. 2012, 14, 94–98. 

33. Sun, Z.; Liu, C.; Pan, T.; Yao, H.; Li, S. Selenium accelerates chicken dendritic cells 
differentiation and affects selenoproteins expression. Dev. Comp. Immunol. 2017, 
77, 30–37. 

34. Qin, T.; Ren, Z.; Huang, Y.; Song, Y.; Lin, D.; Li, J.; Ma, Y.; Wu, X.; Qiu, F.; Xiao, 
Q. Selenizing Hericium erinaceus polysaccharides induces dendritic cells maturation 
through MAPK and NF-ț%� VLJQDOLQJ� SDWKZD\V�� ,QW�� -��%LRO��0DFURPRO�� ����������
287–298. 

35. Steinman, R.M. The dendritic cell system and its role in immunogenicity. Annu. 
Rev. Immunol. 1991, 9, 271–296. 

36. Dieli, F. Dendritic cells and the handling of antigen. Clin. Exp. Immunol. 2003, 134, 
178–180. 

37. Frischmeyer-Guerrerio, P.A.; Guerrerio, A.L.; Chichester, K.L.; Bieneman, A.P.; 
Hamilton, R.A.; Wood, R.A.; Schroeder, J.T. Dendritic cell and T cell responses in 
children with food allergy. Clin. Exp. Allergy 2011, 41, 61–71. 

38. Arakawa, T.; Sugiyama, T.; Matsuura, H.; Okuno, T.; Ogino, H.; Sakazaki, F.; 
Ueno, H. Effects of supplementary seleno-L-methionine on atopic dermatitis-like 
skin lesions in mice. Biol. Pharm. Bull. 2018, 41, 1456–1462. 

39. Safaralizadeh, R.; Nourizadeh, M.; Zare, A.; Kardar, G.A.; Pourpak, Z. Influence of 
selenium on mast cell mediator release. Biol. Trace Elem. Res. 2013, 154, 299–303. 

40. Ho, I.C. ; Miaw, S.C. Regulation of IL-4 Expression in Immunity and Diseases. 
Adv. Exp. Med. Biol. 2016, 941, 31–77. 

41. MacNeil, A.J.; Yang, Y.J.; Lin, T.--��0$3.�NLQDVH��� VSHFLILFDOO\� UHJXODWHV�)FİUL-
Mediated IL-4 production by mast cells. J. Immunol. 2011, 187, 3374–3382. 

42. Toyoshima, S.; Wakamatsu, E.; Ishida, Y.; Obata, Y.; Kurashima, Y.; Kiyono, H.; 
Abe, R. The spleen is the site where mast cells are induced in the development of 
food allergy. Int. Immunol. 2017, 29, 6. 

43. McLeod, J.J.A.; Baker, B.; Ryan, J.J. Mast cell production and response to IL-4 and 
IL-13. Cytokine 2015, 75, 57–61. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 139PDF page: 139PDF page: 139PDF page: 139

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 133 - 

44. Bailey, D.P.; Kashyap, M.; Andew Bouton, L.; Murray, P.J.; Ryan, J.J. Interleukin-
10 induces apoptosis in developing mast cells and macrophages. J. Leukoc. Biol. 
2006, 80, 581–589. 

45. Saraiva, M. ; O’Garra, A. The regulation of IL-10 production by immune cells. Nat. 
Rev. Immunol. 2010, 10, 170–181. 

46. Jutel, M.; Akdis, M.; Blaser, K.; Akdis, C. Mechanisms of allergen specific 
immunotherapy—T-cell tolerance and more. Allergy 2006, 61, 796–807. 

47. Kim, H.S.; Kim, A.R.; Kim, D.K.; Kim, H.W.; Park, Y.H.; Jang, G.H.; Kim, B.; 
Park, Y.M.; You, J.S.; Kim, H.S.; et al. Interleukin-10-producing CD5+ B cells 
inhibit mast cells during immunoglobulin E-mediated allergic responses. Sci. Signal. 
2015, 8, ra28. 

48. Nakajima-Adachi, H.; Kikuchi, A.; Fujimura, Y.; Shibahara, K.; Makino, T.; 
Goseki-Sone, M.; Kihara-Fujioka, M.; Nochi, T.; Kurashima, Y.; Igarashi, O.; et al. 
Peyer’s patches and mesenteric lymph nodes cooperatively promote enteropathy in a 
mouse model of food allergy. PLoS ONE. 2014, 9, e107492. 

49. Wawrzyniak, M.; O’mahony, L.; Akdis, M. Role of regulatory cells in oral 
tolerance. Allergy Asthma Immunol. Res. 2017, 9, 107. 

50. Sang, L.X.; Chang, B.; Zhu, J.F.; Yang, F.L.; Li, Y.; Jiang, X.F.; Wang, D.N.; Lu, 
C.L.; Sun, X. Sodium selenite ameliorates dextran sulfate sodium-induced chronic 
colitis in mice by decreasing Th1��7K����DQG�Ȗį7�DQG� LQFUHDVLQJ�&'����&'������
regulatory T-cell responses. World J. Gastroenterol. 2017, 23, 3850–3863. 

51. Xue, H.; Wang, W.; Li, Y.; Hou, X.; Fan, C.; Wang, H.; Zhang, H.; Shan, Z.; Teng, 
W. Selenium upregulates CD4(+)CD25(+) regulatory T cells in iodine-induced 
autoimmune thyroiditis model of NOD.H-2(h4) mice. Endocr. J. 2010, 57, 7. 

52. Peng, X.; Cui, H.-m.; Deng, J.; Zuo, Z.; Cui, W. Low dietary selenium induce 
increased apoptotic thymic cells and alter peripheral blood T cell subsets in chicken. 
Biol. Trace Elem. Res. 2011, 142, 167–173. 

53. Sang, L.X.; Chang, B.; Zhu, J.F.; Yang, F.L.; Li, Y.; Jiang, X.F.; Wang, D.N.; Lu, 
C.L.; Sun, X. Sodium selenite ameliorates dextran sulfate sodium-induced chronic 
FROLWLV� LQ�PLFH�E\�GHFUHDVLQJ�7K���7K����DQG�ȖįT and increasing CD4(+)CD25(+) 
regulatory T-cell responses. World J. Gastroenterol. 2017, 23, 3580. 

 

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 132 - 

32. Liu, L.L.; Yao, H.; Zhang, X.L.; Zhang, H.L.; Chao, P.L.; Tong, M.L.; Liu, G.L.; 
Lin, L.R.; Fan, L.; Zhang, Z.Y.; et al. Characteristics of patients suffering from cow 
milk allergy. Int. Immunopharmacol. 2012, 14, 94–98. 

33. Sun, Z.; Liu, C.; Pan, T.; Yao, H.; Li, S. Selenium accelerates chicken dendritic cells 
differentiation and affects selenoproteins expression. Dev. Comp. Immunol. 2017, 
77, 30–37. 

34. Qin, T.; Ren, Z.; Huang, Y.; Song, Y.; Lin, D.; Li, J.; Ma, Y.; Wu, X.; Qiu, F.; Xiao, 
Q. Selenizing Hericium erinaceus polysaccharides induces dendritic cells maturation 
through MAPK and NF-ț%� VLJQDOLQJ� SDWKZD\V�� ,QW�� -��%LRO��0DFURPRO�� ����������
287–298. 

35. Steinman, R.M. The dendritic cell system and its role in immunogenicity. Annu. 
Rev. Immunol. 1991, 9, 271–296. 

36. Dieli, F. Dendritic cells and the handling of antigen. Clin. Exp. Immunol. 2003, 134, 
178–180. 

37. Frischmeyer-Guerrerio, P.A.; Guerrerio, A.L.; Chichester, K.L.; Bieneman, A.P.; 
Hamilton, R.A.; Wood, R.A.; Schroeder, J.T. Dendritic cell and T cell responses in 
children with food allergy. Clin. Exp. Allergy 2011, 41, 61–71. 

38. Arakawa, T.; Sugiyama, T.; Matsuura, H.; Okuno, T.; Ogino, H.; Sakazaki, F.; 
Ueno, H. Effects of supplementary seleno-L-methionine on atopic dermatitis-like 
skin lesions in mice. Biol. Pharm. Bull. 2018, 41, 1456–1462. 

39. Safaralizadeh, R.; Nourizadeh, M.; Zare, A.; Kardar, G.A.; Pourpak, Z. Influence of 
selenium on mast cell mediator release. Biol. Trace Elem. Res. 2013, 154, 299–303. 

40. Ho, I.C. ; Miaw, S.C. Regulation of IL-4 Expression in Immunity and Diseases. 
Adv. Exp. Med. Biol. 2016, 941, 31–77. 

41. MacNeil, A.J.; Yang, Y.J.; Lin, T.--��0$3.�NLQDVH��� VSHFLILFDOO\� UHJXODWHV�)FİUL-
Mediated IL-4 production by mast cells. J. Immunol. 2011, 187, 3374–3382. 

42. Toyoshima, S.; Wakamatsu, E.; Ishida, Y.; Obata, Y.; Kurashima, Y.; Kiyono, H.; 
Abe, R. The spleen is the site where mast cells are induced in the development of 
food allergy. Int. Immunol. 2017, 29, 6. 

43. McLeod, J.J.A.; Baker, B.; Ryan, J.J. Mast cell production and response to IL-4 and 
IL-13. Cytokine 2015, 75, 57–61. 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 140PDF page: 140PDF page: 140PDF page: 140

Chapter 5 Selenium Modulates the Allergic Response to Whey Protein in a Mouse 
Model for Cow’s Milk Allergy 

 - 135 - 

group and the tolerance group (Figure S3 I). No significant differences in 

activated Th2 cells (Figures S3 G) or Th1/Th2 ratios (Figures S3 J) could be 

detected when the positive control group was compared to the PBS group, 

although these parameters were significantly different when the medium Se group 

was compared to the positive control group.  

In the spleen, the percentages of Tregs and Th17 cells were not significantly 

affected by sensitization as no differences between the negative and positive 

control group were observed although these percentages of the T-cell subsets were 

significantly higher in the positive control animals when compared to the 

tolerance group (Figures S4 B and S4 C), Se-supplementation did not affect Treg 

populations, but when compared to the positive control group the percentage of 

Th17 cells was significantly lower in the medium Se-group (Figures S4 B and S4 

C). In the MLN, no significant differences in percentages of Treg or Th17 cell 

were observed (Figures S4 D and S4 E). 

 

Figure S1. The acute allergic anaphylactic shock score of mice fed the control or the Se diets. 
$QDSK\ODFWLF�VKRFN�VFRUH�ZDV�PRQLWRUHG���������DQG���ௗPLQXWHV�DIWHU�L�G��FKDOOHQJH��'DWD�DUH�
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Supplementary Materials:  

The following are available online at www.mdpi.com/xxx/s1, Figure S1: The 

acute allergic anaphylactic shock score of mice fed the control or the Se diets, 

Figure S2: Gating strategy of splenic dendritic cells (DC), Figure S3: Flow 

cytometric analysis of T helper in Spleen and MLN at day 36, Figure S4: Flow 

cytometric analysis of regulatory T cell (Tregs) populations and T helper (Th) 17 

populations in the spleen and MLN at day 36, Figure S5: Cytokines 

concentrations were measured in supernatant of ex vivo stimulated splenocytes 

with whey or antiCD3. 

1. Dietary Se modestly affects T cell differentiation 

Se-supplementation did not affect Th2 activation status (Figure S3C). The 

percentages of splenic Th1 cells were significantly higher in the positive control 

group when compared to the PBS group and tolerance group (Figure S D), and it 

was significantly lower in medium Se intervention group compared to the positive 

control group (Figure S3 D). However, no differences in percentages of CD69+ 

activated Th1 were detected (Figure S3E). Th1/Th2 ratios did not appear to be 

significantly affected as no significant differences were observed when the PBS 

group, the tolerance group and the positive control group were compared to each 

other. However, compared to positive control group, the Th1/Th2 ratio was 

significantly decreased in the low Se group, and it was significantly increased in 

high Se group compared to the low Se group (Figure S3 F). In contrast to what 

was observed in the spleen, the percentage of Th1 cells was significantly lower in 

the MLNs of mice in the positive control group compared to the PBS and the 

tolerance group (Figure S3 H). Se supplementation did not appear to affect the 

percentage of Th1 cells (Figure S3 F). However, percentages of CD69+ activated 

Th1 cells were higher in in the positive control group when compared to the PBS 
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SUHVHQWHG�DV�PHDQௗ�ௗ6(0�RI�Qௗ ௗ�-10/group including individual data points. Differences are 
DQDO\]HG�ZLWK�D� WZRဨZD\�DQDO\VLV of variance (ANOVA) followed by a Gesser-Greenhouse 
test. 

 

Figure S2. Gating strategy of splenic dendritic cells (DC). Single cells were collected and 
analyzed by flow cytometry. Cells were stained for viability using FVD (APC-Cyc7), 
followed by extracellular staining of CD11c-PerCp-Cy5.5, MHCII-APC, CD40-FITC and 
CD86-PE-cy7. Flow logic was used to analyze the data. In the gating strategy, single cells 
were selected based on FSC-A and FSC-H, prior to selection of live cells. Out the gate of live 
cells, CD11c + MHC-II+ cells were selected by FMO control. Next, CD40+ and CD86+ were 
selected out the gate of CD11c + MHC-II+ using FMO controls. 
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Figure S4. Flow cytometric analysis of regulatory T cell (Tregs) populations and T helper 
(Th) 17 populations in the spleen and MLN at day 36. (A) Gating strategy. Single cells were 
collected and analyzed by flow cytometry. The cells were stained for viability using FVD 
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Figure S3. Flow cytometric analysis of T helper in Spleen and MLN at day 36. Gating 
strategy of Th1 and Th2 cells in the spleen and MLN (A, B). Single cells were collected and 
analyzed by flow cytometry. The cells were stained for viability using FVD (APC-Cyc7), 
followed by exocellular staining of CD4, CD69, CXCR3 and T1/ST2. Flow logic was used to 
analyze the data. In the gating strategy, the single cell was first selected based on FSC-A and 
FSC-H, then live cells were selected. Out the gate of live cell, the CD4+ cell was selected by 
FMO control. Next, CXCR3 or T1/ST2 were selected out the gate of the CD4+ using FMO 
controls. For activated Th1, CD69+ were selected out of the gate of CXCR3+ T1/ST2- of 
CD4+. For activated Th2, CD69+ were selected out of the gate of CXCR3- T1/ST2+of CD4+. 
Th1 cells were defined as CXCR3+ of CD4+ cells. Activation-status was determined by 
CD69 positivity of the cells. Percentages of splenic (C) activated Th2-cells; (D) Th1-cells; (E) 
activated Th1-cells and (F) Ratio of activated Th1/Th2 cells. Percentages of MLN (G) 
activated Th2-cells; (H) Th1-cells; (I) activated Th1-cells and (J) activatedTh1/Th2 ratio. 
'DWD�DUH�SUHVHQWHG�DV�PHDQௗ�ௗ6(0�RI�3%6�JURXS�Q ���WROHUDQFH�JURXS�Q ���SRVLWLYH�FRQWURO�
group or low and high Se intervention groups n=10/group, medium Se intervention group n=9 
including individual data points; Significant differences between PBS, tolerance and 
ZKH\ဨVHQVLWL]HG� PLFH� DUH� LQGLFDWHG� E\� p<0.05 and **p��ௗ����� 'LIIHUHQFHV� EHWZHHQ�
ZKH\ဨVHQVLWL]HG�PLFH�IHG�ZLWK�WKH�FRQWURO�GLHW�DQG�WKRVH�IHG�ZLWK�WKH�6H�GLHWV�DUH�LQGLFDWHG�E\ 

#p<0.05 and ##p<0.01. Differences are analyzed with D� RQHဨZD\� DQDO\VLV� RI� YDULDQFH�
(ANOVA) followed by a Kruskal Wallis’ non-parametric test. 
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ZKH\ဨVHQVLWL]HG� PLFH� DUH� LQGLFDWHG� E\� p<0.05 and **p��ௗ����� 'LIIHUHQFHV� EHWZHHQ�
ZKH\ဨVHQVLWL]HG�PLFH�IHG�ZLWK�WKH�FRQWURO�GLHW�DQG�WKRVH�IHG�ZLWK�WKH�6H�GLHWV�DUH�LQGLFDWHG�E\ 

#p<0.05 and ##p<0.01. Differences are analyzed with D� RQHဨZD\� DQDO\VLV� RI� YDULDQFH�
(ANOVA) followed by a Kruskal Wallis’ non-parametric test. 
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(APC-Cyc7), followed by extracellular staining of CD4, CD127, CD25 and CD196, and 
intracellular staining of Foxp3 and RorgT. Flow logic was used to analyze the data. In gate 
strategy, the single cell was first selected based on FSC-A and FSC-H, then live cell was 
selected. Out the gate of live cell, the CD4+ cell was selected by FMO control. CD127- were 
selected by FMO control out the gate of CD4+. Next, CD25+ Foxp3+ were selected by FMO 
control out the gate of CD127- CD4+ or CD196+ RorgT were selected out the gate of the 
CD4+ using FMO controls. (B) Percentage of splenic Treg (CD25+Foxp3+ of CD127-CD4+ 
cells); (C) Percentage of splenic Th17-cells (CD196+RorgT of CD4+ cells). (D) Percentage 
of MLN Treg (CD25+Foxp3+of CD127-CD4+ cells); (E) Percentage of MLN Th17-cells 
(CD196+RorgT of CD4+ cells). Significant differences between PBS, tolerance and 
ZKH\ဨVHQVLWized mice are indicated by *p<0.05 and **p<0.01. Differences between 
ZKH\ဨVHQVLWL]HG�PLFH fed with the control diet and those fed with the Se diet are indicated by 
#p�������'LIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�RQHဨZD\�DQDO\VLV�RI�YDULDQFH� �$129$��IROORZHG�
by a Kruskal Wallis’ non-parametric test. 
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Figure S5. Cytokines concentrations were measured in supernatant of ex vivo stimulated 
splenocytes with whey or antiCD3. (A) IL-4 production in antiCD3 restimulated splenocytes. 
(B) IL-10 production in antiCD3 restimulated splenocytes. (C) IFN-Ȗ�SURGXFWLRQ�LQ�Zhey or 
antiCD3 restimulated splenocytes. (D) TNF-Į�LQ�ZKH\�RU�DQWL&'��UHVWLPXODWHG�VSOHQRF\WHV��
(E) IL-13 in whey or antiCD3 restimulated splenocytes. (F) IL-17 in whey or antiCD3 
restimulated splenocytes. Data are presented as mean ± SEM. Significant differences between 
3%6��WROHUDQFH�DQG�ZKH\ဨVHQVLWL]HG�PLFH�DUH�LQGLFDWHG�E\�p<0.05 and **p<0.01. Differences 
EHWZHHQ�ZKH\ဨVHQVLWL]HG�PLFH� IHG�ZLWK� WKH� FRQWURO� GLHW� DQG� WKRVH� IHG�ZLWK� WKH� 6H�GLHW� DUH�
indicated by #p<0.05 and ##p<0.01. Differences are analyzed wiWK� D� RQHဨZD\� DQDO\VLV� RI�
variance (ANOVA) followed by a Kruskal Wallis’ non-parametric test. 
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1. Introduction 

Mast cells are granular immune cells which drive IgE-mediated food allergic 

responses. During sensitization to a food allergen, B cells produce food allergen-

specific IgE which bind to high-DIILQLW\�,J(�UHFHSWRUV��)Fİ5,��H[SUHVVHG�RQ�PDVW�

cell surfaces. Upon re-exposure to the same food allergen, allergenic food proteins 

crosslink the food allergen specific IgE bounG�WR�)Fİ5,��DFWLYDWLQJ�VHQVLWL]HG�PDVW�

cells [1]. Upon activation, mast cells release preformed mediators (histamine, 

tryptase and others) and rapidly synthesized lipid mediators into the local 

environment and initiate the transcription of the cytokines e.g. IL-4, IL-6, and IL-

13 [2-�@��0DVW� FHOOV� DOVR� SURGXFH�PDQ\� FKHPRNLQHV�� HVSHFLDOO\� &;&/�� �,/ဨ����

which is important for the recruitment of other immune cells such as neutrophils, 

eosinophils, and basophils to drive the late phase response [5]. During the late 

phase response, mast cells continue to release mediators and activate newly 

arrived leukocytes and tissue-resident cells [6], which induce allergic 

inflammation and its associated symptoms. In food allergy, mast cells also act as 

inducers of Thelper 2 (Th2) expansion, and help to suppress the development and 

function of regulatory T cells (Treg) [7]. Thus, based on the pivotal role of mast 

cells in food allergy, inhibition of IgE-mediated mast cell activation might be an 

effective therapeutic strategy. 

Although a number of food allergen immunotherapies such as oral 

immunotherapy, sublingual immunotherapy are under investigation [8, 9], these 

are limited in their ability to restore immune tolerance to food allergens and often 

result in high rates of allergic side effects [10]. Nutritional 

interventions, including omega-3 polyunsaturated fatty acids, prebiotics, 

probiotics, symbiotic and Vitamin D, play a role in the prevention and treatment 

of food allergies [11, 12]. Nowadays, micronutrients such as minerals and trace 
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Abstract  

Selenium is an essential micronutrient that plays a crucial role in immune 

responses. Selenomethionine (SeMet), an organic form of selenium, is the main 

nutritional source of selenium for animals and humans. We previously 

demonstrated that dietary SeMet supplementation reduced mast cell activation in 

a murine model of whey-induced food allergy. The mechanism underlying this 

finding has not been elucidated yet, but direct effects of SeMet on mast cell 

degranulation may be involved. In this study, we investigated whether SeMet 

could affect human mast cell responses in an in vitro model for soy allergy.Soy 

protein isoODWH� �63,��� ȕ-conglycinin (7S) and glycinin (11S) were isolated from 

soy from the USA and China. Primary human mast cells (HMC) were 

preincubated with SeMet, sensitized with sera from healthy donors or sera from 

soy allergic patients and challenged with SP,��'HJUDQXODWLRQ� �ȕ-hexosaminidase 

�ȕ-hex) release), interleukin 8 (IL-8) production, calcium flux, high-affinity 

LPPXQRJOREXOLQ� �,J�(�UHFHSWRU� �)Fİ5,��H[SUHVVLRQ�DQG� ,J(�ELQGLQJ�DELOLW\�ZHUH�

measured. Soy protein isolated from USA soy induced more mast cell 

degranulation than soy protein isolated from Chinese soy and degranulation was 

greater in cells incubated with SPI compared to 7S and 11S. Preincubation with 

SeMet inhibited soy-elicited mast cell activation. Furthermore, our data suggest 

that SeMet preYHQWHG� ,J(�ELQGLQJ� WR�)Fİ5,� UDWKHU� WKDQ�DIIHFWLQJ�FURVVOLQNLQJ�RI�

IgE by the allergen. 

Conclusion: These results show that selenium can attenuate mast cell activation 

and degranulation, demonstrating that adequate levels of micronutrients should 

not be overlooked in the treatment of allergic disease.  

Key words: Selenomethionine, Food allergy, Primary human mast cell, Soy 

allergy.
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1. Introduction 

Mast cells are granular immune cells which drive IgE-mediated food allergic 

responses. During sensitization to a food allergen, B cells produce food allergen-

specific IgE which bind to high-DIILQLW\�,J(�UHFHSWRUV��)Fİ5,��H[SUHVVHG�RQ�PDVW�
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which is important for the recruitment of other immune cells such as neutrophils, 

eosinophils, and basophils to drive the late phase response [5]. During the late 

phase response, mast cells continue to release mediators and activate newly 

arrived leukocytes and tissue-resident cells [6], which induce allergic 

inflammation and its associated symptoms. In food allergy, mast cells also act as 

inducers of Thelper 2 (Th2) expansion, and help to suppress the development and 

function of regulatory T cells (Treg) [7]. Thus, based on the pivotal role of mast 

cells in food allergy, inhibition of IgE-mediated mast cell activation might be an 

effective therapeutic strategy. 

Although a number of food allergen immunotherapies such as oral 

immunotherapy, sublingual immunotherapy are under investigation [8, 9], these 

are limited in their ability to restore immune tolerance to food allergens and often 

result in high rates of allergic side effects [10]. Nutritional 

interventions, including omega-3 polyunsaturated fatty acids, prebiotics, 

probiotics, symbiotic and Vitamin D, play a role in the prevention and treatment 

of food allergies [11, 12]. Nowadays, micronutrients such as minerals and trace 
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Abstract  

Selenium is an essential micronutrient that plays a crucial role in immune 

responses. Selenomethionine (SeMet), an organic form of selenium, is the main 

nutritional source of selenium for animals and humans. We previously 

demonstrated that dietary SeMet supplementation reduced mast cell activation in 

a murine model of whey-induced food allergy. The mechanism underlying this 

finding has not been elucidated yet, but direct effects of SeMet on mast cell 

degranulation may be involved. In this study, we investigated whether SeMet 

could affect human mast cell responses in an in vitro model for soy allergy.Soy 

protein isoODWH� �63,��� ȕ-conglycinin (7S) and glycinin (11S) were isolated from 

soy from the USA and China. Primary human mast cells (HMC) were 

preincubated with SeMet, sensitized with sera from healthy donors or sera from 

soy allergic patients and challenged with SP,��'HJUDQXODWLRQ� �ȕ-hexosaminidase 

�ȕ-hex) release), interleukin 8 (IL-8) production, calcium flux, high-affinity 

LPPXQRJOREXOLQ� �,J�(�UHFHSWRU� �)Fİ5,��H[SUHVVLRQ�DQG� ,J(�ELQGLQJ�DELOLW\�ZHUH�

measured. Soy protein isolated from USA soy induced more mast cell 

degranulation than soy protein isolated from Chinese soy and degranulation was 

greater in cells incubated with SPI compared to 7S and 11S. Preincubation with 

SeMet inhibited soy-elicited mast cell activation. Furthermore, our data suggest 

that SeMet preYHQWHG� ,J(�ELQGLQJ� WR�)Fİ5,� UDWKHU� WKDQ�DIIHFWLQJ�FURVVOLQNLQJ�RI�

IgE by the allergen. 

Conclusion: These results show that selenium can attenuate mast cell activation 

and degranulation, demonstrating that adequate levels of micronutrients should 

not be overlooked in the treatment of allergic disease.  

Key words: Selenomethionine, Food allergy, Primary human mast cell, Soy 
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Soy protein isolate (SPI) is a mixture of various proteins, which is widely used in 

the food industry. The main ingredients of SPI are classified into four protein 

categories according to their sedimentation coefficients 2S, 7S, 11S and 15S [25]. 

The ȕ-conglycinin (7S) and glycinin (11S) protein fractions are considered two of 

the major allergens in soy protein [26] and soy is one of the most important 

allergenic foods in infancy [27]. Soybean allergy has an estimated prevalence of 

about 0.3% in the general population [28].  

We therefore investigated the effect of SeMet on activation of primary human 

mast cell (HMC) after sensitization with sera from soy allergic patients. In 

addition, we examined whether exposure of sensitized HMC to different soy 

protein sources obtained from the USA or China would lead to differences in 

primary HMC responses. 

2. Materials and methods 

2.1. Isolation of soy protein isolate 
Soy was obtained from the United States of America (Sigma-Aldrich) and China 

(Dong Nong 42). Soy protein isolation was carried out as described in our 

previous work [25].  

2.2. Ethics statement 
Peripheral autologous hematopoietic stem cells derived from patients were used 

after written informed consent as approved by the ethics committee (TCBio 16–

089) of the Utrecht Medical Center, Utrecht, the Netherlands, in accordance with 

the Declaration of Helsinki (59th WMA General Assembly, Seoul, October 2008), 

and in compliance with guidelines from the Ethical Committee and European 

Union legislation. The samples from Stanford (8629 IRB ) were obtained on 
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elements have gathered great interest for their effects on immune functioning, but 

they are not very well studied in the context of allergy [13-15]. Selenium (Se) is 

an essential micronutrient for human and animal health, and is considered to have 

much potential to influence the immune system by affecting various immune cells 

[16]. Interestingly, Se plasma concentrations in children with food allergy have 

been reported to be much lower (54.1mg/L) than in healthy children (71.8 mg/L) 

[17]. In addition, asthma patients also have lower serum Se levels than healthy 

individuals [18]. Thus, allergic diseases may be linked to low Se concentrations in 

blood.  

Selenomethionine (SeMet) is an organic form of Se, which has better 

bioavailability and is therefore more suitable for nutritional supplementation 

when compared to inorganic Se [19, 20]. In vitro treatment of the murine mast 

cell line (MC/9) with SeMet led to significant decreases in the concentrations of 

mast cell mediators including prostaglandin D2 (PGD2�� DQG� ȕ-hexosaminidase 

[21]. Furthermore, we previously demonstrated that dietary SeMet 

supplementation reduced murine mast cell protease-1 (mMCP-1) release in a 

murine model for whey-induced food allergy [22]. However, it is yet unclear 

whether mast cells are directly affected by SeMet supplementation. Since mast 

cell sensitization and activation leading to degranulation and mediator release are 

all part of the final common pathway in food allergy that leads to symptom-

development and anaphylaxis, manipulation of this pathway is an interesting 

target for development of therapies [23].  

In the current study, we investigated whether SeMet could affect mast cell 

activation. We chose soy as our model allergen, as soybean is an important 

nutrient worldwide. Soybean and soy foods are used as nutritional solutions for 

vegetarian diets, due to their high protein content and high-biological value [24]. 
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allergenic foods in infancy [27]. Soybean allergy has an estimated prevalence of 
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elements have gathered great interest for their effects on immune functioning, but 

they are not very well studied in the context of allergy [13-15]. Selenium (Se) is 

an essential micronutrient for human and animal health, and is considered to have 

much potential to influence the immune system by affecting various immune cells 

[16]. Interestingly, Se plasma concentrations in children with food allergy have 

been reported to be much lower (54.1mg/L) than in healthy children (71.8 mg/L) 

[17]. In addition, asthma patients also have lower serum Se levels than healthy 

individuals [18]. Thus, allergic diseases may be linked to low Se concentrations in 

blood.  

Selenomethionine (SeMet) is an organic form of Se, which has better 

bioavailability and is therefore more suitable for nutritional supplementation 

when compared to inorganic Se [19, 20]. In vitro treatment of the murine mast 

cell line (MC/9) with SeMet led to significant decreases in the concentrations of 

mast cell mediators including prostaglandin D2 (PGD2�� DQG� ȕ-hexosaminidase 

[21]. Furthermore, we previously demonstrated that dietary SeMet 

supplementation reduced murine mast cell protease-1 (mMCP-1) release in a 

murine model for whey-induced food allergy [22]. However, it is yet unclear 

whether mast cells are directly affected by SeMet supplementation. Since mast 

cell sensitization and activation leading to degranulation and mediator release are 

all part of the final common pathway in food allergy that leads to symptom-

development and anaphylaxis, manipulation of this pathway is an interesting 

target for development of therapies [23].  

In the current study, we investigated whether SeMet could affect mast cell 

activation. We chose soy as our model allergen, as soybean is an important 

nutrient worldwide. Soybean and soy foods are used as nutritional solutions for 

vegetarian diets, due to their high protein content and high-biological value [24]. 
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pH 4.5 for 1h at 37°C. The reaction was then terminated by adding 0.1 mol/L 

glycine buffer pH 10.7. As a positive control, cells were lysed with 0.5 % Triton 

X-���� WR�TXDQWLI\� WKH� WRWDO�ȕ-KH[� FRQWHQW��7KH�ȕ-hex content was quantified by 

measuring fluorescence at ex360/em460 nm.  

For quantification of IL-8, cell-free supernatants were harvested and analyzed 

using ELISA kits of human IL-8 (Invitrogen, Breda, The Netherlands) according 

to the manufacturer's instruction.  

2.5. Flow cytometry analysis 
HMC were incubated 24 h with SeMet and primed overnight with soy allergic 

patient’s serum or serum from healthy controls. Cells were stained with )Fİ5,-

PE-Cy7, IgE-PE-Cy7 and CD117-APC antibodies (eBioscience, Thermo Fisher 

Scientific, CA, USA) for 60 min on ice. Viable cells were distinguished using the 

dead cell dye YO-PRO®-1 (Thermo Fisher Scientific, CA, USA). Cell viability 

and expression of Fcİ5,��,J(�DQG�&'����ZHUH�PHDVXUHG�E\�IORZ�F\WRPHWU\�RQ�D�

BD FACSCantoII cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) and 

analyzed with FlowLogic Software (Inivai Technologies, Mentone, Australia).  

2.6. Calcium flux analysis 
HMC were incubated for 24h with SeMet, washed, and primed overnight with 

serum from a soy allergic patient or serum from healthy controls. Cells were then 

washed and loaded with the calcium-sensitive dye Fluo-4, AM (4 µmol/L; 

Invitrogen, Thermo Fisher Scientific, CA, USA), followed by a 30 min incubation 

at room temperature in the dark. After Fluo-4, AM loading, cells were washed and 

incubated for 30 min at room temperature with IMDM (with l-glutamine, and 

without phenol red; Lonza, Verviers, Belgium) 0.2% AlbMax (ThermoFisher, CA, 

USA). Baseline fluorescent readings were measured for 30s using a Fluoroskan 
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compliance with the Stanford Institutional Review Board ethics and were 

performed on consented participants. 

2.3. Isolation and culture of primary human mast cells 
HMC were isolated from buffy coat blood (Sanquin, Belgium). CD34+ cells were 

sorted with an EasySep® Magnet (StemCell) according to the manufacturer's 

protocol. Hereafter, the CD34+ cells were cultured at 1.0x106 cells/mLin culture 

medium I (StemSpan medium (StemCell technologies) supplemented with 

cLSURIOR[DFLQ�����ȝJ�P/��6LJPD-Aldrich, St Louis, MO), human IL-6 (50 ng/mL, 

Peprotech, Rocky Hill, NJ), human IL-3 (10 ng/mLPeprotech, Rocky Hill, NJ) 

and human Stem Cell Factor (100 ng/mLPeprotech, Rocky Hill, NJ). Every three 

to four days, half of the culture medium was replaced with fresh medium (200 

ng/mLSCF; 100ng/mLIL-6; 20 ng/mL). Before use for experiments, the cells 

ZHUH� WHVWHG� IRU� SKHQRW\SLFDO� �&'����� )Fİ5,�� DQG� IXQFWLRQDO� �ȕ-hexosaminidase 

UHOHDVH�LQ�UHVSRQVH�WR�)Fİ5,�FURVV-linking) maturation at 8-12 weeks. 

2.4. Mast cell activation assay 
HMC (5x106 cells/mL) were pre-incubated with SeMet (5, 10, 20 ȝg/mL) for 24 h 

and primed with human IgE (huIgE, Myeloma (AG30P) Sigma-Aldrich, St. Louis, 

MO, USA) or serum from soy allergic patients or serum from healthy donors 

overnight at 37°C. After washing, cells were challenged with a range of anti-

human IgE (ahuIgE; eBioscience, Thermo Fisher Scientific, CA, USA) 

concentrations (25–0 µg/mL) or soy proteins (167-0.25 ug/mL) for 2 h at 37°C. 

The extent of masW�FHOO� DFWLYDWLRQ�ZDV�GHWHUPLQHG�E\�PHDVXULQJ�ȕ-hex and IL-8 

release. 

)RU�WKH�ȕ-hex assay, cell-free supernatants were collected and incubated with 200 

ȝPRO�/��-methylumbelliferyl-ȕ-d-glucoaminide (4-MUG) in 0.1 mol/L citric acid 
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compliance with the Stanford Institutional Review Board ethics and were 

performed on consented participants. 

2.3. Isolation and culture of primary human mast cells 
HMC were isolated from buffy coat blood (Sanquin, Belgium). CD34+ cells were 

sorted with an EasySep® Magnet (StemCell) according to the manufacturer's 

protocol. Hereafter, the CD34+ cells were cultured at 1.0x106 cells/mLin culture 

medium I (StemSpan medium (StemCell technologies) supplemented with 

cLSURIOR[DFLQ�����ȝJ�P/��6LJPD-Aldrich, St Louis, MO), human IL-6 (50 ng/mL, 

Peprotech, Rocky Hill, NJ), human IL-3 (10 ng/mLPeprotech, Rocky Hill, NJ) 

and human Stem Cell Factor (100 ng/mLPeprotech, Rocky Hill, NJ). Every three 

to four days, half of the culture medium was replaced with fresh medium (200 

ng/mLSCF; 100ng/mLIL-6; 20 ng/mL). Before use for experiments, the cells 
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human IgE (ahuIgE; eBioscience, Thermo Fisher Scientific, CA, USA) 

concentrations (25–0 µg/mL) or soy proteins (167-0.25 ug/mL) for 2 h at 37°C. 
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release. 

)RU�WKH�ȕ-hex assay, cell-free supernatants were collected and incubated with 200 
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remaining 13 sera obtained from soy allergic patients for their ability to induce 

HMC activation after challenge with U-SPI and C-SPI. 

 

Figure 1. U-63,� HOLFLWV� PRUH� ȕ-hex release by HMC than other proteins. HMC were 
stimulated by soy allergic sera overnight and challenged with different soy protein for 2 h. (A) 
HMC stimulated by soy allergic sera number 3; (B) HMC stimulated by soy allergic sera 
number 1 Values are expressed as mean ± standard error of the mean (SEM) of two 
independent experiments. Significant differences between different protein under same 
concentration are indicated by***p<0.001 and ****p<0.0001, compared with control group. 
Differences are analyzed with two-way analysis of variance (ANOVA) followed by a Tukey 
test. HMC: primary human mast cell. 

3.2. Activation of HMC sensitized with sera from soy allergic patients  
Patient sera were obtained from the Sean Parker Center for Allergy & Asthma 

Research at Stanford University, USA. The patients were diagnosed to be allergic 

to soybean and multiple other food allergens (Table S1) via a validated, staged 

double blind food challenge. 

To assess the ability of sera to sensitize HMC, cells were incubated with sera 

from soy allergic patients or healthy controls and challenged with either anti-
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Ascent® Microplate Fluorometer, with 492 nm excitation and 518 nm emission 

filters (GloMax, Veenendaal, The Netherlands). Cells were then activated with 

aHu IgE or SPI and fluorescence was measured for 300 s. 

2.7. Statistical analysis 
Results are expressed as mean ± SEM and differences compared to each group 

were statistically determined, using parametric two-way analysis of variance 

(ANOVA) followed by Dunnett’s multiple comparisons test. To analyze the 

calcium flux, the area under the curve (AUC) was calculated. Results were 

considered statistically significant when p<0.05. All statistical analyses were 

performed using GraphPad Prism software (version 7.03; GraphPad Software, 

San Diego, CA, USA). 

3. Results 

3.1. U-63,�HOLFLWV�PRUH�ȕ-hex release by HMC than other proteins 
SPI, 7S and 11S were isolated from USA (U) and Chinese (C) soybean. To 

determine whether these soy proteins could induce allergic responses, we 

randomly picked sera from 2 soy allergic patients to stimulate HMC, which were 

subsequently challenged with soy proteins. As shown in Figure 1A, soy protein 

induced a dose-GHSHQGHQW� LQFUHDVH� LQ� ȕ-hex release when HMC had been 

VHQVLWL]HG�ZLWK�VHUXP�IURP�SDWLHQW����7KH�ȕ-hex release of HMC challenged with 

soy proteins from the USA was higher than of HMC challenged with Chinese soy 

SURWHLQV�� )XUWKHUPRUH�� WKH� ȕ-hex release was higher after challenge with U-SPI 

compared to other proteins. U-SPI and C-SPI were therefore selected to be used 

as an allergen in subsequent experiments. However, for patient 1 (Figure 1B), soy 

protein challenge didn’t induce HMC activation. Therefore, we first screened the 
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human IgE (ahuIgE) or SPI. When HMC were sensitized with control sera and 

challenged wiWK�DKX,J(��ȕ-hex release was observed for control serum No.1, 3, 4 

and 6 but not control serum 2 and 5 (Figure S1), indicating the presence of low 

levels of IgE in some control sera. When sensitized with sera from soy allergic 

patients, all HMC were activated when challenged with ahuIgE.  

$V� H[SHFWHG�� QR� ȕ-hex release was detected from HMC sensitized with control 

sera and subsequently challenged with SPI (Figure S1). In contrast, high levels of 

ȕ-hex release were detected from HMC sensitized with allergic serum No 2, 3, 4, 

11 and 15 and challenged with U-SPI or C-SPI (Figure 2). Sera from patients 3 

and 11 elicited the highest allergen-specific response. In correspondence, soy-

specific IgE higher than 100 IU was detected in serum No 3 and 11 and those sera 

were used for subsequent experiments.  



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 159PDF page: 159PDF page: 159PDF page: 159

Chapter 6 Selenomethionine attenuates human primary mast cells responses in soy 
allergy 

 - 153 - 

 

Figure 2��ȕ-hex release by HMC sensitized with sera from soy allergic patients. HMC were 
stimulated by soy allergic sera overnight and challenged with (A) U-SPI, and (B) C-SPI for  2 
h. Anti-human IgE (ahuIgE, 20 µg/mL) was used as positive control. Values are expressed as 
mean ± standard error of the mean (SEM) of two independent experiments. SPI: Soy protein 
isolate; U: USA; C: China. 

3.3. Preincubation of SeMet partially inhibits mast cell response  
To determine the effect of SeMet on mast cell activation, we investigated whether 

SeMet could inhibit IgE-mediated mast cell activation by inhibiting IgE binding 

to the IgE receptor or by inhibition of events after IgE sensitization. For this 
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purpose, HMC were 1) first preincubated with SeMet, sensitized with HuIgE and 

then challenged with ahuIgE, or 2) first sensitized using huIgE, incubated with 

SeMet and subsequently challenged with ahuIgE. As expected, ahuIgE 

concentrations ranging from 0 to 5 ng/mL induced a dose-dependent increase in 

ȕ-hex release (Figure 3A). Preincubating HMC overnight with SeMet reduced the 

ȕ-hex release compared to the negative control, although there were no significant 

differences between the different concentrations of SeMet. IL-8 release increased 

with the increase of ahuIgE concentration. At these concentrations of ahuIgE, IL-

8 release was significantly reduced when HMC were preincubated with 10 or 20 

�J�P/�6H0HW�FRPSDUHG�WR�WKH�QHJDWLYH�FRQWURO��+RZHYHU��ȕ-hex release was not 

affected when HMC were first sensitized with huIgE and incubated with SeMet 

prior to challenging the cells with ahuIgE (Figure 3B). No differences in IL-8 

release were observed in HMC which were incubated in the presence of SeMet 

after sensitization with huIgE (Figure 3B). These results suggested that SeMet 

may interfere with the IgE sensitization of mast cells.   
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Figure 3. Preincubation of SeMet partially inhibits mast cell response.(A) degranulation and 
IL-8 production by HMC which were preincubated with SeMet (0, 5, 10, 20 µg/mL) for 24 h, 
sensitized with huIgE (20 µg/mL) overnight and subsequently activated with anti-huIgE (0-5 
µg/mL) for h; (B) first sensitized with huIgE for 24 h followed by an overnight incubation 
with SeMet and subsequently activated with anti-huIgE for 2 h. Values are expressed as mean 
± standard error of the mean (SEM) of two independent experiments. Significant differences 
between different SeMet concentrations are indicated by *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001, compared with control group. Differences are analyzed with two-way analysis 
of variance (ANOVA) followed by a Tukey test. SeMet: Selenomethionine. 

����� 6H0HW� LQKLELWV� ȕ-hex and IL-8 release after soy specific IgE 
mediated mast cell activation 
Next, we investigated whether SeMet could also affect soy-specific IgE-mediated 

mast cell activation. For this purpose, HMC were preincubated with SeMet, 

sensitized with serum from a soy allergic patient and subsequently challenged 

with SPI. Activation of HMC sensitized with serum from a soy allergic patient 

was significantly reduced after ahuIgE and U-SPI challenge when the cells had 

been preincubated with 10 or 20 µg SeMet/mL (Figure 4A and 4B). This effect 

was even more prominent in cells stimulated with C-SPI, where preincubation 
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)Fİ5,� E\� +0&� ZHUH� DQDO\]HG� E\� IORZ� F\WRPHWU\� �)LJXUH� ���� ,QGHHG�� 6H0HW�

SUHLQFXEDWLRQ� UHGXFHG� WKH� H[SUHVVLRQ� RI� )Fİ5,� H[SUHVVLRQ� LQ� D� GRVH� GHSHQGHQW�

manner (Figure 5A and 5B). In HMC sensitized with sera from soy-allergic 

patients, IgE binding was significantly lower when the cells had been 

preincubated with 20 µg SeMet/mL (Figure 5C and 5D). Similarly, in HMC 

sensitized with healthy sera, 10 and 20 µg SeMet/mL SeMet preincubation 

reduced )Fİ5,�H[SUHVVLRQ��DQG�,J(�ELQGLQJ�ZDV�VLJQLILFDQtly lower when the cells 

had been preincubated with 20 µg SeMet/mL (Figure S3). 

 

Figure 5. 6H0HW� UHGXFHG� )Fİ5,� H[SUHVVLRQ� DQG� PRGHUDWHO\� DIIHFWV� ,J(� UHFHSWRU-binding. 
HMC were preincubated with SeMet for 24h, stimulated with healthy or soy allergic sera 
overnight and stained by extracellular staining of CD117-$3&��)Fİ5,�- PE-Cyc7 and IgE-PE-
&\F���)LJXUHV�$�DQG�%�UHSUHVHQW� WKH�JDWLQJ�VWUDWHJ\�DSSOLHG�IRU��$��)Fİ5,� �DQG��%��,J(�RQ�
mast cell surface. Figures C and D represent the median fluorescence intensity (MFI) of (C) 
)Fİ5,�DQG��'� IgE. Values are expressed as mean ± standard error of the mean (SEM) of two 
independent experiments. Significant differences between different SeMet concentrations are 
indicated b\� S��ௗ����� S������� DQG� S��������� FRPSDUHG with control group. 
Differences are analyzed with one-way analysis of variance (ANOVA) followed by a Tukey 
test. 
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with 5 µg SeMet/mL resulted in a significant reductLRQ�LQ�ȕ-hex release compared 

to the negative control (Figure 4C). In addition, HMC preincubated with SeMet 

prior to sensitization with serum from a soy allergic patient, showed a significant 

reduction of IL-8 production when stimulated with ahuIgE, U-SPI or C-SPI 

(Figure 4 D-F). However,no difference was abserved in healthy serum sesitized 

HMC (Figure S2).  

 

Figure 4. 6H0HW� LQKLELWV� ȕ-hex and IL-8 release after soy specific IgE mediated mast cell 
activation. HMC were preincubated with SeMet for 24 h, stimulated with soy allergic sera 
overnight and challenged with soy protein for 2 h. HMC which were challenged with ahuIgE 
were used as a comparison. Figures A-&�UHSUHVHQW�PHDQ�ȕ�-hex release by HMC which were 
stimulated with soy allergic sera and challenged with either (A) ahuIgE ; (B) U-SPI or (C) C-
SPI. Figures D-F represent mean IL-8 release by HMC which were stimulated with soy 
allergic sera and challenged with either (D) ahuIgE or (E) U-SPI or (F) C-SPI. Values are 
expressed as mean ± standard error of the mean (SEM) of two independent experiments. 
6LJQLILFDQW� GLIIHUHQFHV� EHWZHHQ� GLIIHUHQW� 6H0HW� FRQFHQWUDWLRQV� DUH� LQGLFDWHG� E\� S��ௗ�����
**p<0.01, ***p<0.001 and ****p<0.0001, compared with control group. Differences  are 
analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test. 

3���� 6H0HW� UHGXFHG� )Fİ5,� H[SUHVVLRQ� DQG� PRGHUDWHO\� DIIHFWV� ,J(�
receptor-binding 
To assess whether the inhibition of the IgE-mediated mast cell activation by 

SeMet may be due to an effect on the IgE receptor expression, the expression of 
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Figure 6. SeMet decreased calcium flux upon allergen challenge. Changes in Fluo-4 
fluorescence were measured at baseline for 30s and after challenge for 300s, representing 
changes in intracellular calcium levels. Figures represent changes in Fluo-4 fluorescence in 
HMC which were stimulated with soy allergic sera for overnight , and subsequently 
challenged with (A) ahuIgE, (B) U-SPI, or C-SPI; Values are expressed as mean ± standard 
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3.6. SeMet decreased calcium flux in activated HMC 
To assess the effect of SeMet on the regulation of HMC degranulation, we 

measured calcium mobilization. Cells were preincubated with or without SeMet 

and sensitized with sera from soy-allergic patients. The cells were then treated 

with Fluo-4, a fluorescent calcium probe, and surface IgE was crosslinked with 

anti-huIgE, U-SPI or C-SPI. Upon stimulation with ahuIgE, U-SPI or C-SPI, a 

rapid rise in intracellular calcium levels was observed in all HMC. This increase 

peaked at about 30s for cells sensitized with sera from soy-allergic patients, and 

gradually decreased thereafter. As shown in figure 6, SeMet reduced calcium flux 

of HMC sensitized with sera from soy-allergic patients prior to stimulation with 

either ahuIgE, U-SPI or C-SPI (0-20s) (Figure 6). This inhibitory effect of SeMet 

was most prominent when cells were stimulated by U-SPI and C-SPI (Figure 6 B 

and 6C). This effect was not observed in cells sensitized with sera from healthy 

donors (Figure S4). 
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among 93 allergic patients, only 34.4% of them had elevated serum IgE levels; 

most of the patients had normal serum IgE levels [31]. This might be caused by 

the fact that most IgE is bound to cells such as mast cells and basophils through 

IgE receptors leaving only a small proportion of free IgE in the plasma [32]. 

Another explanation may be that high levels of IgE specific for other allergens 

were present in the serum, which competed with IgE-receptor binding and 

prevented optimal sensitization with soy-specific IgE. 

Based on our initial experiments, we selected sera from the two most responsive 

patients to further assess mast cell responses after sensitization, and to determine 

whether SeMet could modulate mast cell responses. Our results show that HMC, 

sensitized with sera from soy allergic patients and subsequently challenged with 

VR\�SURWHLQV��ZHUH�DFWLYDWHG�WR�D�KLJKHU�GHJUHH�DV�HYLGHQFHG�E\�ȕ-hex release and 

IL-8 production when compared to stimulated HMC sensitized with sera from 

healthy controls. In addition, these HMC also had a higher surface expression of 

)Fİ5,�� 

IgE-mediated HMC activation was significantly inhibited by SeMet, as illustrated 

E\�D�UHGXFHG�ȕ-hex release and reduced IL-8 production. Our results indicate that 

SeMet preincubation effectively inhibited mast cell activation. SeMet 

preinFXEDWLRQ�ZDV� IRXQG� WR� GHFUHDVH� )Fİ5,� H[SUHVVLRQ� RQ�PDVW� FHOOV� LQ� D� GRVH�

dependent manner. Thus, Se treatment may lead to a lower degree of sensitization 

of mast cells. The mechanism by which SeMet reduces the expression of the 

)Fİ5,�QHHGV�IXUWKHU�LQYHVWLJation. 

7KH� UHGXFHG� )Fİ5,� H[SUHVVLRQ� FRLQFLGHG� ZLWK� UHGXFHG� GRZQVWUHDP� VLJQDOLQJ�

HYHQWV�RI�)Fİ5,� DFWLYDWLRQ� OHDGLQJ� WR� D� UHGXFHG� FDOFLXP� IOX[��&DOFLXP� IOX[� LV� D�

crucial process for mast cell degranulation [33], which is generated within 
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error of the mean (SEM) of two independent experiments. Significant differences between 
different SeMet concentrations are indicated by *p<0.05, **p<0.01, ***p<0.001 and 
****p<0.0001, compared with control group. Differences  are analyzed with two-way 
analysis of variance (ANOVA) followed by a Tukey test 

4. Discussion and conclusion 
Mast cells are tissue resident allergic effector cells that drive IgE-mediated food 

allergies. In our previous in vivo study [22] we observed that dietary 

supplementation with SeMet led to lower levels of mucosal mast cell protease-1 

(mMCP-1) release after allergen-challenge in a murine model of whey induced 

food allergy, suggesting that dietary SeMet reduced mast cell responses. In the 

current study, we used HMC to further explore the putative influence of SeMet on 

soy protein-specific mast cell responses. In addition, we assessed whether the 

ability to activate mast cells differs between soy protein from different sources  

In our experiments, soy protein from the USA was more potent in eliciting IgE-

mediated mast cell activation than soy protein from China in HMC sensitized with 

sera from soy allergic patients. This maybe because, the patient’s sera were taken 

from American patients, which implies these patients were likely sensitized to soy 

protein from the USA and therefore may be more sensitive to USA soy protein 

compared to the soy obtained from China. 

Interestingly, there was a high degree of variability in the responses which could 

not be explained by low levels of soy-specific IgE in the sera (Table S1); out of 

15 patient sera, only two elicited a high level of mast cell activation after 

challenge with either U-SPI or C-SPI. This indicates that specific IgE 

concentrations in serum do not correlate directly to clinical responses, as the 

patients from whom the ‘unresponsive’ sera were derived did have clinical 

symptoms when exposed to soy (Table S1). Similarly, Qiu et al. indicated that 
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seconds of receptor stimulation in mast cells and generally precedes any 

measurable oxidative burst. Blockade of ROS generation, as well as scavenging 

ROS has been shown to impair Ca2+ mobilization which inhibited mast cell 

degranulation [34, 35]. Se and selenoproteins are required for an optimal 

oxidative burst and calcium flux [36] and it has been previously demonstrated that 

Se plays an essential role in ROS scavenging [37]. Thus, the observed inhibition 

of degranulation and cytokine production may be due to possible additional 

effects of Se on the balance of ROS, which was not assessed in this study. 

In conclusion, this is the first report on the effects of SeMet on HMC. We 

demonstrated a direct inhibition of the allergic effector response by SeMet. After 

the previously described capacity to modulate in vivo responses, the present study 

shows that SeMet is also able to directly influence mast cell activation. In addition, 

we show that SeMet potentially affects mast cell activatiRQ� E\� UHGXFLQJ� )Fİ5,�

H[SUHVVLRQ� DQG� )Fİ5,� GRZQVWUHDP� VLJQDOLQJ� HYHQWV�� ,QKLELWLRQ� RI� )Fİ5,� FRXOG�

serve as a pharmaceutical target to prevent mast cell activation and degranulation 

in the context of food allergy. The evidence for a direct inhibition of mast cell 

activation by SeMet, provided in this study, extends the current knowledge of Se 

on mechanisms underlying its allergy-protective effects. Together, SeMet may be 

considered as a supplementary nutrient to prevent inflammatory and allergic 

responses. 

Funding: The research was funded by a grant of the China Scholarship Council 

(BF.000464.2), Danone Nutricia Research and Utrecht University Utrecht, The 

Netherlands.  
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Supplementary Materials 

Table S1. Food allergens that a doctor has diagnosed the participant allergic to and soy 
specific IgE level in sera. 

Patient 
number 

Allergens 
Soy IgE 
˄AU˅ 

NO_1 Almond, Cashew, Egg, Hazelnut, Milk, Peanut, Pecan, 
Pistachio, Soy, Walnut, Wheat 

15.2 

NO_2 Almond, Cashew, Peanut, Pistachio, Sesame, Soy 31 
NO_3 Almond, Cashew, Hazelnut, Peanut, Pecan, Pistachio, Soy >100 
NO_4 Milk, Peanut, Soy, Wheat, Corn 34.75 

NO_5 Cashew, Hazelnut, Milk, Peanut, Pecan, Pistachio, Soy, 
Walnut, Wheat, Brazil nut 

77.1 

NO_6 
Almond, Cashew, Egg, Hazelnut, Peanut, Pecan, Pistachio, 
Walnut 7.28 

NO_7 Cashew, Hazelnut, Milk, Peanut, Wheat 10.3 
NO_8 Cashew, Peanut, Pecan, Pistachio, Walnut 10 

NO_9 Almond, Cashew, Egg, Hazelnut, Milk, Oat, Peanut, Pecan, 
Pistachio, Sesame, Walnut, Wheat 

101 

NO_10 
Cashew, Egg, Hazelnut, Milk, Peanut, Pecan, Pistachio, 
Shellfish, Soy, Walnut 8.96 

NO_11 

Almond, Cashew, Chickpeas, Hazelnut, Lentils, Peanut, 
Pistachio, Sesame, Soy, Walnut, Wheat, Coconut, Barley, Rye, 
Millet, Teff, Quinoa, Kidney bean, Black Beans, Green Bean, 
Green Peas, Moong Daal, Apple, Nectarine, Apricots 

>100 

NO_12 Almond, Cashew, Hazelnut, Peanut, Pecan, Sesame, Soy, 
Walnut 

26.8 

NO_13 Peanut, Walnut, Pecan, Soy 13.59 
NO_14 Cashew, Hazelnut, Peanut, Pistachio, Sesame, Soy 73.35 

NO_15 
Almond, Cashew, Egg, Hazelnut, Milk, Peanut, Pecan, 
Pistachio, Sesame, Shellfish, Soy, Walnut 1.73 
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hydrogen peroxide: role in the regulation of calcium signals. J Immunol. 2003, 
171 (11), 6119-27. 

35. Swindle, E.J. and D.D. Metcalfe. The role of reactive oxygen species and nitric 
R[LGH� LQ�PDVW� FHOOဨGHSHQGHQW� LQIODPPDWRU\� SURFHVVHV�� ,PPXQRORJLFDO� UHYLHZV��
2007, 217 (1), 186-205. 

36. Huang, Z., A.H. Rose, and P.R. Hoffmann. The role of selenium in inflammation 
and immunity: from molecular mechanisms to therapeutic opportunities. Antioxid 
Redox Signal. 2012, 16 (7), 705-43. 

37. Zeng, H. Selenium as an essential micronutrient: roles in cell cycle and apoptosis. 
Molecules. 2009, 14 (3), 1263-78. 
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which was sensitized with healthy sera, challenged with ahuIgE (A) or U-SPI (B) or C-SPI 
(C). IL-8 release by HMC which was sensitized with healthy sera, challenged with ahuIgE (D) 
or U-SPI (E) or C-SPI (F). Values are expressed as mean ± standard error of the mean (SEM) 
of two independent experiments. Significant differences between different SeMet 
concentrations are indicated by *p<0.05, **p<0.01, compared with control group. Differences 
of are analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test.  

 

Figure S3. 6H0HW� UHGXFHG� )Fİ5,� H[SUHVVLRQ� DQG�PRGHUDWHO\� DIIHFWV� ,J(� UHFHSWRU-binding. 
HMC was preincubated with SeMet, sensitized with healthy sera and stained by extracellular 
staining of CD117-APC, Fcİ5,�- PE-Cyc7 and IgE-PE-Cyc7, flow logic was used to analyze 
tKH� GDWD�� 7KH� PHGLDQ� IOXRUHVFHQFH� LQWHQVLW\� �0),�� RI� )Fİ5,� �$�� Dnd IgE (B). Values are 
expressed as mean ± standard error of the mean (SEM) of two independent experiments. 
Significant differences between different SeMet concentrations are indicated by *p<0.05, 
**p<0.01, compared with control group. Differences of are analyzed with one-way analysis 
of variance (ANOVA) followed by a Tukey test. 
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Figure S1�� ȕ-hex release by HMC sensitized with healthy sera. Degranulation of HMC 
sensitized with soy allergic sera overnight and challenged with U-SPI (A) and C-SPI (B) or 
anti-human IgE (ahuIgE, 20 µg/mL) as positive control. Values are expressed as mean ± 
standard error of the mean (SEM) of two independent experiments. HMC: primary human 
mast cell; SPI: Soy protein isolate; U: USA; C: China. 

 
 Figure S2. 6H0HW�GRVHQ
W�DIIHFW�ȕ-hex and IL-8 release of healthy sera sensitized mast cell. 
HMC was preincubated with SeMet, stimulated healthy sera and challenged with soy protein. 
HMC which was challenged with ahuIgE was used as a comparison��ȕ�-hex release by HMC 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 175PDF page: 175PDF page: 175PDF page: 175

Chapter 6 Selenomethionine attenuates human primary mast cells responses in soy 
allergy 

 - 169 - 

which was sensitized with healthy sera, challenged with ahuIgE (A) or U-SPI (B) or C-SPI 
(C). IL-8 release by HMC which was sensitized with healthy sera, challenged with ahuIgE (D) 
or U-SPI (E) or C-SPI (F). Values are expressed as mean ± standard error of the mean (SEM) 
of two independent experiments. Significant differences between different SeMet 
concentrations are indicated by *p<0.05, **p<0.01, compared with control group. Differences 
of are analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test.  

 

Figure S3. 6H0HW� UHGXFHG� )Fİ5,� H[SUHVVLRQ� DQG�PRGHUDWHO\� DIIHFWV� ,J(� UHFHSWRU-binding. 
HMC was preincubated with SeMet, sensitized with healthy sera and stained by extracellular 
staining of CD117-APC, Fcİ5,�- PE-Cyc7 and IgE-PE-Cyc7, flow logic was used to analyze 
tKH� GDWD�� 7KH� PHGLDQ� IOXRUHVFHQFH� LQWHQVLW\� �0),�� RI� )Fİ5,� �$�� Dnd IgE (B). Values are 
expressed as mean ± standard error of the mean (SEM) of two independent experiments. 
Significant differences between different SeMet concentrations are indicated by *p<0.05, 
**p<0.01, compared with control group. Differences of are analyzed with one-way analysis 
of variance (ANOVA) followed by a Tukey test. 

 

 

 

 

Chapter 6 Selenomethionine attenuates human primary mast cells responses in soy 
allergy 

 - 168 - 

 

Figure S1�� ȕ-hex release by HMC sensitized with healthy sera. Degranulation of HMC 
sensitized with soy allergic sera overnight and challenged with U-SPI (A) and C-SPI (B) or 
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***p<0.001 and ****p<0.0001, compared with control group. Differences  are analyzed with 
two-way analysis of variance (ANOVA) followed by a Tukey test. SeMet: Selenomethionine; 
HMC: primary human mast cell; SPI: Soy protein isolate; U: USA; C: China
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Figure S 4. SeMet decreased calcium flux upon allergen challenge. Changes in Fluo-4 
fluorescence measured at baseline for 30s and after challenge for 300s. Fluo-4 fluorescence 
changes represent changes in intracellular calcium levels. HMC sensitized with healthy sera 
overnight, challenged with ahuIgE (A) or U-SPI (B) or C-SPI (C); Values are expressed as 
mean ± standard error of the mean (SEM) of two independent experiments. Significant 
differences between different SeMet concentrations are indicated by *p<0.05, **p<0.01, 
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***p<0.001 and ****p<0.0001, compared with control group. Differences  are analyzed with 
two-way analysis of variance (ANOVA) followed by a Tukey test. SeMet: Selenomethionine; 
HMC: primary human mast cell; SPI: Soy protein isolate; U: USA; C: China
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pretreated with SeMet, were exposed to SPI or had been stimulated with LPS 

before co-culturing. Pretreating BMDCs with SeMet decreased percentages of 

Th2 cells, but this did not appear to be an antigen-specific response. However, 

cytokine analysis revealed that pretreating BMDCs with SeMet may interfere in 

the production of IL-4 and IL-10 in an antigen-specific manner. Taken together, 

our results suggest that SeMet is able to affect several markers related to BMDC 

activation, as well as influencing the interaction of BMDCs with T cells. 

Although several observations in this study may be indicative of the potential of 

SeMet to steer immune responses in a favorable manner, further studies 

investigating the role of SeMet in allergic disease are warranted. 

Keywords: Selenomethionine, DC activation, Soy allergy, T cell. 
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Abstract 

Selenium affects the functioning of many immune cells and may therefore play an 

important role in allergic sensitization. We previously demonstrated that dietary 

supplementation with a specific dose of Selenomethionine (SeMet) reduced the 

expression of co-stimulatory CD86 in DCs in a murine model of whey-induced 

food allergy. However, information regarding the effect of SeMet on DCs or on 

their interaction with T cells is scarce. In the present study, we investigated 

whether pretreating murine bone marrow derived DCs (BMDC) with SeMet prior 

to exposure to soy protein isolates (SPI) and/or stimulation with LPS would alter 

the phenotype of these cells. Soy protein isolates (SPI) were obtained from soy 

beans from China (C) and the USA (U) to investigate the potential impact of 

geographical origin of the soy proteins on DC activation. We observed an 

increase in several markers of activation in BMDCs exposed to SPI and/or 

stimulated with LPS. Overall, C-SPI appeared to induce more BMDC activation 

than did U-SPI. When C-SPI-exposed, LPS-stimulated BMDCs had been 

pretreated with SeMet the increase in the expression of CD86  as well as the 

production of interleukin (IL)-12p70, IL-6 and TNF-Į appeared to be dampened. 

Interestingly, pretreatment of BMDC with SeMet also led to a significant increase 

in IL-10 production after C-SPI exposure and LPS stimulation.  

In our co-culture model, SeMet preincubation of BMDCs increased the 

percentage of live cells after coculture. However, pretreatment of BMDC with 

SeMet led to a decrease in the percentage of CD4+ T cells, regardless of soy 

protein exposure or LPS stimulation of BMDCs. In contrast, pretreating BMDCs 

with SeMet increased percentages of CD8+ T cells after coculture, but only when 

splenocytes were co-cultured with C-SPI exposed and/or LPS stimulated BMDCs. 

Percentages of Th1 cells were significantly lower when BMDCs had either been 
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IL-4 plays a major role in inducing allergen-specific B cells to produce IgE which 

can bind to the high-DIILQLW\� ,J(� UHFHSWRU� �)Fİ5,�� RQ�PDVW� FHOOV� DQG� EDVRSKLOV��

Soybean allergy is one of the most common IgE-mediated food allergies and has 

an estimated prevalence of about 0.3% in the general population [7]. In soybean at 

least 16 IgE-reactive proteins were suggested as allergens [8]. Soybean protein 

isolate (SPI) is a mixture of varLRXV� SURWHLQV�� WKH� PDLQ� FRPSRQHQWV� EHLQJ� � ȕ-

conglycinin (7S) and globulin (11S) [9] which are also major allergenic proteins 

in soybean seeds. Currently, the strategy for managing food allergy is strict 

avoidance of the offending food but since SPI is widely used in the food industry 

this is difficult to achieve for many soybeans allergic patients. Therefore, new 

preventive and therapeutic approaches for the management of food allergy are 

urgently needed. With the accumulating knowledge of the involvement of 

micronutrients in immunological processes there is increasing interest in the 

relationship between minerals and the development of immune responses which 

include allergic conditions [10]. 

An adequate and balanced supply of nutrients is essential for maintenance and 

constant replacement of the large population of immune cells [11] and 

malnutrition reduces resistance against infections [12]. Micronutrients such as 

vitamins and trace elements modulate immune cell function through regulation of 

redox-sensitive transcription factors and affect production of cytokines and 

prostaglandins [13]. Selenium (Se) as one of the essential micronutrients has been 

demonstrated to affect the functioning of various immune cells. Dietary Se 

supplementation resulted in a significant increase in the lytic activity of activated 

NK cells from C57B1/6J male mice [14]. Se supplementation skewed the 

Th1/Th2 balance toward a Th1 phenotype in peptide/adjuvant challenged mice 

[15]. Se decreased degranulation and the release of mediators after stimulation 
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1. Introduction  
Dendritic cells (DCs) play a central role in the immune system. They interact with 

other innate immune cells such as macrophages and natural killer (NK) cells and 

influence their responses of inflammation or infection [1]. Importantly, DCs play 

a key role in the maintenance of (self-) tolerance at the interphase of innate and 

adaptive immunity. DCs present antigen to naïve T cells to induce their 

proliferation and differentiation towards cytotoxic T cells or different subsets of T 

helper (Th) cells such as Th1, Th2, Th17 or regulatory T cells (Treg). During the 

initiation of the adaptive immune response, DCs encounter antigens and after 

uptake degrade them into small molecules. These molecules are expressed on the 

cellular surface in the context of either class I major histocompatibility molecules 

(MHC-I) to present them to CD8+ T cells, or class II MHC (MHC-II) to present 

to CD4+ T cells by interaction with the T cell receptor [2]. Next to antigen 

processing and presentation, DCs can express CD80 or CD86 molecules which 

upon binding to CD28 molecules on T cells provide costimulatory signals 

necessary for the activation of the T cells. In addition, binding of the 

costimulatory molecule CD40 on the DCs to CD40L on the T cells amplifies 

antigen presentation and CD80/CD86-CD28 signaling, which further enhances T 

cell activation. Furthermore, the differentiation of T cells is also influenced by the 

dose of antigen these cells are exposed to, the expression levels of co-stimulatory 

molecules and the secretion of cytokines by DCs [3]. High levels of antigen 

exposure and IL-12p70 and IFN-Ȗ production induce naïve T cells to differentiate 

into Th1 cell [4] whereas IL-6 and TGF-ȕ induce Th17 differentiation [5] and 

TGF-ȕ and IL-10 induce Treg differentiation [6].  

In food allergy, exposure to food antigens initiates and promotes skewing towards 

differentiation of Th2 cells which produce cytokines such as IL-4, IL-5, and IL-13. 
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IL-4 plays a major role in inducing allergen-specific B cells to produce IgE which 

can bind to the high-DIILQLW\� ,J(� UHFHSWRU� �)Fİ5,�� RQ�PDVW� FHOOV� DQG� EDVRSKLOV��

Soybean allergy is one of the most common IgE-mediated food allergies and has 

an estimated prevalence of about 0.3% in the general population [7]. In soybean at 

least 16 IgE-reactive proteins were suggested as allergens [8]. Soybean protein 

isolate (SPI) is a mixture of varLRXV� SURWHLQV�� WKH� PDLQ� FRPSRQHQWV� EHLQJ� � ȕ-

conglycinin (7S) and globulin (11S) [9] which are also major allergenic proteins 

in soybean seeds. Currently, the strategy for managing food allergy is strict 

avoidance of the offending food but since SPI is widely used in the food industry 

this is difficult to achieve for many soybeans allergic patients. Therefore, new 

preventive and therapeutic approaches for the management of food allergy are 

urgently needed. With the accumulating knowledge of the involvement of 

micronutrients in immunological processes there is increasing interest in the 

relationship between minerals and the development of immune responses which 

include allergic conditions [10]. 

An adequate and balanced supply of nutrients is essential for maintenance and 

constant replacement of the large population of immune cells [11] and 

malnutrition reduces resistance against infections [12]. Micronutrients such as 

vitamins and trace elements modulate immune cell function through regulation of 

redox-sensitive transcription factors and affect production of cytokines and 

prostaglandins [13]. Selenium (Se) as one of the essential micronutrients has been 

demonstrated to affect the functioning of various immune cells. Dietary Se 

supplementation resulted in a significant increase in the lytic activity of activated 

NK cells from C57B1/6J male mice [14]. Se supplementation skewed the 

Th1/Th2 balance toward a Th1 phenotype in peptide/adjuvant challenged mice 

[15]. Se decreased degranulation and the release of mediators after stimulation 
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1. Introduction  
Dendritic cells (DCs) play a central role in the immune system. They interact with 

other innate immune cells such as macrophages and natural killer (NK) cells and 
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a key role in the maintenance of (self-) tolerance at the interphase of innate and 
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uptake degrade them into small molecules. These molecules are expressed on the 

cellular surface in the context of either class I major histocompatibility molecules 

(MHC-I) to present them to CD8+ T cells, or class II MHC (MHC-II) to present 

to CD4+ T cells by interaction with the T cell receptor [2]. Next to antigen 
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upon binding to CD28 molecules on T cells provide costimulatory signals 

necessary for the activation of the T cells. In addition, binding of the 

costimulatory molecule CD40 on the DCs to CD40L on the T cells amplifies 

antigen presentation and CD80/CD86-CD28 signaling, which further enhances T 

cell activation. Furthermore, the differentiation of T cells is also influenced by the 

dose of antigen these cells are exposed to, the expression levels of co-stimulatory 

molecules and the secretion of cytokines by DCs [3]. High levels of antigen 

exposure and IL-12p70 and IFN-Ȗ production induce naïve T cells to differentiate 

into Th1 cell [4] whereas IL-6 and TGF-ȕ induce Th17 differentiation [5] and 

TGF-ȕ and IL-10 induce Treg differentiation [6].  

In food allergy, exposure to food antigens initiates and promotes skewing towards 

differentiation of Th2 cells which produce cytokines such as IL-4, IL-5, and IL-13. 
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Netherlands) to obtain immature BMDCs. BMDCs were stimulated with soy 

protein isolate (SPI) (32 µg/mL), 7S, 11S for 12h followed by LPS treatment (100 

ng/mL) (eBioscience, The Netherlands) or medium overnight. To investigate the 

effect of SeMet (Sigma-Aldrich, St. Louis, MO, USA) on BMDCs activation, the 

cells were pretreated with SeMet (0, 2, 4, 8 µg/mL) overnight, and then primed 

with SPI, 7S, 11S for 12h, followed by overnight stimulation with LPS (100 

ng/mL; eBioscience, The Netherlands). In all assays, BMDCs treated with 

medium were used as control.  

2.3. Co-culture of stimulated DCs with splenocytes 
To obtain splenocytes for the co-culture assays, surplus female Balb/c mice were 

sacrificed by cervical dislocation and spleen cells were isolated as described 

previously [21]. After removal of red blood cells by incubating cell suspensions in 

lysis buffer (8.3 g NH4Cl, 1 g KHC3O, and 37.2 mg EDTA dissolved in 1 L demi 

water and filter sterilized), splenocytes were counted and resuspended in RPMI 

1640 medium containing 10% fetal bovine serum and penicillin (100 

U/ml)/streptomycin (100 µg/mL). BMDCs were pretreated with medium or 

SeMet for 12 h, washed and primed with SPI (32 ug/mL) for 12 h followed by 

overnight stimulation with LPS treatment (100 ng/mL) (eBioscience, The 

Netherlands). BMDCs treated with medium were used as controls. After 

VWLPXODWLRQ�ZLWK�/36��%0'&V�ZHUH�ZDVKHG�DQG�D�WRWDO�RI��ௗîௗ��5 freshly isolated 

splenocytes were cocultured with BMDCs at a 10:1 ratio, in 96-well U-bottom 

culture plates for 5 days at 37°C, 5% CO2, with supplemented RPMI 1640 

medium (Gibco).  Splenocytes were co-cultured with BMDCs at a 1:10 ratio with 

2 µg/mLanti-CD3 antibody (eBioscience, The Netherlands) in a 96-well U-bottom 

culture plate for 6 days.  
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with anti-dinitrophenyl (DNP) IgE and challenged with DNP/HSA in a murine 

mast cell line [16]  In a recent study using human mast cells we were able to 

demonstrate an attenuation of the allergic effector response by Se following 

allergen-specific sensitization [17]. In addition, Se can affect immune function of 

DCs by inhibiting MHC-II surface localization, regulating ERK, Akt and 

RhoA/ROCK pathways and levels of reactive oxygen species in mice, chicken 

and humans [18-20]. However, it is yet unclear whether these effects of Se 

supplementation would translate into different adaptive immune responses. In the 

current study, we investigated whether organic Selenomethionine (SeMet) could 

affect DC activation and subsequently affect T cell activation and differentiation 

using soy protein as a model antigen. Additionally, we assessed whether soy 

proteins isolated from soybeans originating from different geographic locations 

(USA and China) differed in their capacity to induce DC activation. 

2. Materials and Methods 

2.1. Isolation of soy protein isolate 
Soy flour was obtained from the United States of America (Sigma-Aldrich) and 

China (Dong Nong 42). Isolation of Soy protein isolate (SPI), 7S and 11S from 

the USA (U) and Chinese (C) soybean was carried out as described previously [9]. 

2.2. Isolating, culturing and stimulating bone-marrow derived 
dendritic cells (BMDC) 
Female Balb/c surplus mice (6–10 weeks old) were provided by our animal 

facility at the Central Animal Laboratory (GDL), Utrecht University, The 

Netherlands. Animals were sacrificed by cervical dislocation and bone marrow 

cells were isolated and cultured in RPMI 1640 medium (Gibco, The Netherlands) 

supplemented with 10% FBS for 6 days with 10 ng/mLGM-CSF (Prosepec, The 
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Data are presented as mean ± standard error of the means (SEM). Data between 

groups were compared using parametric one-way ANOVA followed by a Tukey 

test or two-way ANOVA followed by a Tukey test. Data are presented as means ± 

SEM, and p<0.05 was considered statistically significant. All statistical analyses 

were performed using GraphPad Prism software (version 7.03; GraphPad 

Software, San Diego, CA, USA) and differences between means were considered 

statistically significant when p<0.05. 

3. Results  

3.1. Stimulation of DCs by soy proteins  
To determine whether treatment with soy proteins could affect expression of co-

stimulatory markers by DCs, SPI, 7S and 11S were used to treat BMDCs prior to 

stimulating the cells with LPS. Hereafter the cells were analyzed for their 

expression of co-stimulatory markers CD86 and CD40 using flow cytometry for 

which the gating strategy is shown in Figure 1A. The expression of CD86 was 

significantly higher in cells exposed to C-SPI, C-7S and C-11S compared to the 

non-exposed control cells (Figure 1B). A significant difference in the expression 

of CD86 were observed when comparing cells exposed to C-SPI and C-11S to 

cells exposed to U-SPI and U-11S, respectively. Significant difference expression 

of CD86 was observed between cells exposed to C-11S and U-11S prior to LPS-

stimulation.  However, the relevance of this latter observation is questionable as 

no significant differences in CD86 expression were observed when non-exposed 

control cells were compared to LPS-stimulated BMDCs. Similarly, the expression 

of CD40 was significantly higher in cells exposed to C-SPI, C-7S and C-11S 

compared to the non-exposed control cells (Figure 1C). When comparing the soy 

proteins based on their origin, the overall expression of CD40 appeared to be 
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2.4. Flow cytometric analysis  
Phenotypes of BMDCs after stimulation, and of T cells after co-culture were 

analyzed by flow cytometry, using selected antibodies (Supp table 1). BMDCs 

were incubated with anti-mouse CD16/CD32 (Mouse BD Fc Block; BD 

Pharmingen, San Jose, CA, USA) for 15 min on ice to block non-specific binding 

sites. Subsequently, cells were extracellularly stained with surface markers. For 

detection of intracellular markers, the cells were fixed and permeabilized with 

Foxp3 Staining Buffer Set (eBioscience) according to the manufacturer’s protocol. 

All incubations were performed on ice and protected from light. Viable cells were 

distinguished by a fixable viability dye eFluor® 780 (eBioscience, Thermo Fisher 

Scientific, CA, USA) and measured using a BD FACSCanto II flow cytometer 

(Becton Dickinson, Franklin Lakes, NJ, USA) and analyzed with FlowLogic 

software (Inivai Technologies, Mentone, VIC, Australia). 

2.5. Cytokine production by DCs and co-cultured cells 
The concentrations of interleukin (IL)-6, IL-10, IL-12p70 and Tumor Necrosis 

Factor (TNF)-Į� ZHUH� GHtermined in BMDC cell culture supernatants after 

stimulation using commercially available enzyme-linked immunosorbent assay 

(ELISA) kits (Bioscience, Thermo Fisher Scientific, CA, USA) following the 

guidelines provided by the manufacturer’s protocol. To assess the production of T 

cell related cytokines by splenocytes after co-culture with BMDCs, co-culture 

supernatants were collected after 6 days of culturing and the concentrations of IL-

10, IL-17A, IL-13, IL-4, IFN-Ȗ� DQG�TNF-Į� ZHUH� DQDO\]HG� XVLQJ� a customized 

Luminex kit (eBioscience, The Netherlands) according to the manufacturer’s 

instructions. 

2.6. Statistical analysis 
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(ANOVA) followed by a Tukey test. DCs: dendritic cells, MFI: mean fluorescence intensity, 
63,��VR\�SURWHLQ�LVRODWH���6��ȕ-conglycinin, 11 S: glycinin 

3.2. Preincubation with SeMet reduces markers of BMDC activation 
To investigate if SeMet could affect DC activation, DCs were pretreated with 

SeMet prior to being treated with soy proteins with or without an additional 

stimulation with LPS. Hereafter, the expression of co-stimulatory molecules 

CD86 and CD40 were analyzed and the concentrations of IL-12p70, IL-6, TNF-Į, 

and IL-10 were measured. Compared to the non-exposed control cells, exposure 

to U-SPI did not affect expression of CD86 and CD40, or cytokine production by 

BMDCs but exposure to C-SPI led to a significant increase in CD86 and CD40, 

and IL-12p70, IL-6, TNF-Į, and IL-10 (Figure 2). Stimulating BMDCs with LPS 

led to increase in CD86 and CD40 expression, and the production of IL-12p70, 

IL-6, TNF-Į, and IL-10 were significantly increased compared to the non-

stimulated control cells (Figure 2). The LPS-induced increase in cytokine 

expression was significantly enhanced when cells had been exposed to either C-

SPI or U-SPI prior to LPS-stimulation. Preincubating BMDCs with SeMet did not 

induce any changes in expression CD86 or CD40 and cytokine release was not 

altered by SeMet treatment compared to non-treated control cells. However, the 

expression of CD86 was significantly decreased by 8 µg/mL SeMet pretreatment 

compared to non SeMet pretreated cells (Figure 2A) and the production of IL-

12p70 was significantly decreased by 8 µg/mLSeMet pretreatment compared to 2 

µg/mL SeMet treatment in U-SPI exposed BMDCs (Figure 2C). In LPS-

stimulated BMDCs, SeMet treatment led to a slight reduction of IL-12p70 

production but none of the other parameters were affected. Further, in C-SPI-

exposed LPS-stimulated BMDCs SeMet pretreatment decreased expression of 

CD86 and production of IL12p70, IL-6, TNF-a, and increased IL-10 production 

(Figure 2B-F). In addition, although SeMet pretreatment did not affect CD86 and 
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higher in cells exposed to with C-SPI, C-7S and C-11S but a significant difference 

was only observed when cells exposed to C-SPI were compared to cells exposed 

to U-SPI. Compared to their non-stimulated counterparts, stimulation with LPS 

significantly increased the expression of CD40 in all the cells. However, 

compared to LPS-stimulated control cells, the expression of CD40 was observed 

to be significantly higher only in cells exposed to C-SPI prior to LPS-stimulation 

(Figure 1C). Based on these findings, C-SPI was selected as a model allergen in 

our subsequent experiments and exposure to U-SPI was taken along as a control.  

 

Figure 1. Surface markers expression by murine BMDCs treated with SPI, 7S, 11S (32 
µg/mL) for 12h and subsequently stimulated with LPS (100 ng/mL) overnight. BMDCs were 
analyzed based on their expression of CD11c and MHC-II. Gating strategy of BMDCs (A). 
Median fluorescence intensity (MFI) of CD11c+ MHCII+ DCs was under the gate of single 
and live cells in total lymphocytes and activation status was further distinguished based on 
their MFI of surface markers CD86 (B) and CD40 (C). Significant differences are indicated 
by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 compared with the control group. 
Values are expressed as mean ± standard error of the mean (SEM) and are representative of 
WKUHH�LQGHSHQGHQW�H[SHULPHQWV��'LIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�RQHဨZD\�DQDO\VLV�RI�YDULance 
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(ANOVA) followed by a Tukey test. DCs: dendritic cells, MFI: mean fluorescence intensity, 
63,��VR\�SURWHLQ�LVRODWH���6��ȕ-conglycinin, 11 S: glycinin 
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their MFI of surface markers CD86 (B) and CD40 (C). Significant differences are indicated 
by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 compared with the control group. 
Values are expressed as mean ± standard error of the mean (SEM) and are representative of 
WKUHH�LQGHSHQGHQW�H[SHULPHQWV��'LIIHUHQFHV�DUH�DQDO\]HG�ZLWK�D�RQHဨZD\�DQDO\VLV�RI�YDULance 
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based on their MFI of surface markers CD86 (A) and CD40 (B). Production of IL-12p70 
(pg/mL; C), IL-6 (ng/mL; D), TNF-Į� �SJ�P/�� (�� DQG� ,/-10 (pg/mL; F) by BMDCs was 
measured in cell cultured supernatant. Significant differences between the non-stimulated 
control cells and SPI stimulated cells or LPS stimulated cells and SPI prior to LPS-stimulated 
cells are indicated by #p<0.05, ##Sௗ�������###p<0.001 and ####p<0.0001, significant differences 
between 0 µg/mLSeMet and other SeMet concentrations pretreated groups under the same 
antigen stimulation are indicated by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
Values are expressed as mean ± standard error of the mean (SEM) and are representative of 
three independent experiments. Differences are analyzed with two-way analysis of variance 
(ANOVA) followed by a Tukey test. BMDCs: bone marrow dendritic cells, MFI: 
mean fluorescence intensity, SPI: soy protein isolate, SeMet: Selenomethionine. 

3.3. Preincubating BMDCs with SeMet prior to co-culturing affects 
lymphocyte proliferation 
To investigate the effect of SeMet on lymphocyte proliferation BMDCs were 

pretreated with SeMet and exposed to SPI or SPI prior to LPS-stimulation and 

subsequently co-cultured with splenocytes for 6 days. Hereafter, the cells were 

analyzed by flow cytometry for which the gating strategies are depicted in 

Supplementary Figure 1. Percentages of live cells and percentages of CD4+ and 

CD8+ T cell populations were analyzed (Figure 3). Generally, the percentages of 

live cells were higher in U-SPI or C-SPI exposed cells compared to the non- 

exposed control cells. The percentage of live cells and CD8+ cells decreased in 

co-cultures with LPS-stimulated BMDCs compared to non-stimulated control 

cells, but no difference was detected in CD4+ cells. Compared to LPS-stimulated 

cells, C-SPI exposure prior to LPS-stimulation led to a significant increase in the 

percentages of live cells and significant decrease in the percentages of CD4+ cells, 

but no difference was observed in percentage of CD8+ cells in co-cultures (Figure 

3A-C). Further, compared to non SeMet treated cells, the percentages of live cells 

were significantly increased in co-cultures with BMDCs pretreated with SeMet 

(Figure 3A), the percentages of CD4+ cells were decreased in co-cultures with 

BMDCs treated with 8 µg/mL SeMet (Figure 3B), while no difference was 

observed in percentage of CD8+ cells in co-cultures with BMDCs treated with 
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CD40 expression in U-SPI-exposed LPS-stimulated BMDCs but the production 

of IL12p70, IL-6 and TNF-Į was significantly decreased compared to non-SeMet 

treated BMDCs. 

 

Figure 2. Flow cytometric analysis of surface markers expression and cytokine production 
measured by ELISA by murine bone marrow derived BMDCs pretreated with SeMet (0, 2, 4, 
8 µg/mL) overnight followed by a treatment with SPI (32 µg/mL) for 12 h and subsequent 
stimulation with LPS (100 ng/mL) overnight. Activation status of BMDCs was assessed 
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based on their MFI of surface markers CD86 (A) and CD40 (B). Production of IL-12p70 
(pg/mL; C), IL-6 (ng/mL; D), TNF-Į� �SJ�P/�� (�� DQG� ,/-10 (pg/mL; F) by BMDCs was 
measured in cell cultured supernatant. Significant differences between the non-stimulated 
control cells and SPI stimulated cells or LPS stimulated cells and SPI prior to LPS-stimulated 
cells are indicated by #p<0.05, ##Sௗ�������###p<0.001 and ####p<0.0001, significant differences 
between 0 µg/mLSeMet and other SeMet concentrations pretreated groups under the same 
antigen stimulation are indicated by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. 
Values are expressed as mean ± standard error of the mean (SEM) and are representative of 
three independent experiments. Differences are analyzed with two-way analysis of variance 
(ANOVA) followed by a Tukey test. BMDCs: bone marrow dendritic cells, MFI: 
mean fluorescence intensity, SPI: soy protein isolate, SeMet: Selenomethionine. 

3.3. Preincubating BMDCs with SeMet prior to co-culturing affects 
lymphocyte proliferation 
To investigate the effect of SeMet on lymphocyte proliferation BMDCs were 

pretreated with SeMet and exposed to SPI or SPI prior to LPS-stimulation and 

subsequently co-cultured with splenocytes for 6 days. Hereafter, the cells were 

analyzed by flow cytometry for which the gating strategies are depicted in 

Supplementary Figure 1. Percentages of live cells and percentages of CD4+ and 

CD8+ T cell populations were analyzed (Figure 3). Generally, the percentages of 

live cells were higher in U-SPI or C-SPI exposed cells compared to the non- 

exposed control cells. The percentage of live cells and CD8+ cells decreased in 

co-cultures with LPS-stimulated BMDCs compared to non-stimulated control 

cells, but no difference was detected in CD4+ cells. Compared to LPS-stimulated 

cells, C-SPI exposure prior to LPS-stimulation led to a significant increase in the 

percentages of live cells and significant decrease in the percentages of CD4+ cells, 

but no difference was observed in percentage of CD8+ cells in co-cultures (Figure 

3A-C). Further, compared to non SeMet treated cells, the percentages of live cells 

were significantly increased in co-cultures with BMDCs pretreated with SeMet 

(Figure 3A), the percentages of CD4+ cells were decreased in co-cultures with 

BMDCs treated with 8 µg/mL SeMet (Figure 3B), while no difference was 

observed in percentage of CD8+ cells in co-cultures with BMDCs treated with 
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CD40 expression in U-SPI-exposed LPS-stimulated BMDCs but the production 

of IL12p70, IL-6 and TNF-Į was significantly decreased compared to non-SeMet 

treated BMDCs. 

 

Figure 2. Flow cytometric analysis of surface markers expression and cytokine production 
measured by ELISA by murine bone marrow derived BMDCs pretreated with SeMet (0, 2, 4, 
8 µg/mL) overnight followed by a treatment with SPI (32 µg/mL) for 12 h and subsequent 
stimulation with LPS (100 ng/mL) overnight. Activation status of BMDCs was assessed 
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expressed as mean ± standard error of the mean (SEM) and are representative of three 
independent experiments. Differences are analyzed with two-way analysis of variance 
(ANOVA) followed by a Tukey test. SPI: soy protein isolate, SeMet: Selenomethionine. 

3.4. Preincubating BMDCs with SeMet prior to co-culturing affects 
differentiation of Th cells  
To determine whether differentiation of Th-cell subsets was modulated by SeMet, 

BMDCs pretreated with SeMet were co-cultured with splenocytes and T cell 

populations were analyzed by flow cytometry (Figure 4). Gating strategies are 

depicted in Supplementary Figure 2. Compared to non-exposed control cells, SPI 

exposure significantly decreased the percentages of Th1 cells (Figure 4A) and no 

differences were observed in percentages of Th2 cells (Figure 4B) in co-cultures, 

however, the Th1/Th2 ratio was significantly decreased (Figure 4C). Compared to 

the non-stimulated control cells, LPS stimulation led to a decrease in percentages 

of Th1 cells (Figure 4A) and an increase in percentages of Th2 cells (Figure 4B), 

whereas a decrease in Th1/Th2 ratio in co-cultures was observed (Figure 4C). 

Further, compared to LPS-stimulated cells, a significant decrease was observed in 

percentages of Th2 cells in co-cultures with BMDCs exposed to SPI and 

stimulated with LPS (Figure 4B). However, no difference was observed in 

percentages of Th1 cells (Figure 4A) and Th1/Th2 ratio (Figure 4C). In addition, 

compared to non SeMet treated control cells, SeMet pretreatment significantly 

decreased the percentages of Th1 and Th2 cells but no difference was observed in 

Th1/Th2 ratio in co-cultures (Figure 4A-C).  Although compared to LPS-

stimulated cells no significant difference was observed in percentages of Th1 in 

co-cultures with BMDC pretreated with SeMet stimulated with LPS, a significant 

decrease in percentages of Th2 and a significant increase in Th1/Th2 ratio was 

observed (Figure 4A-C). Moreover, compared to non SeMet-treated cells 4 µg/mL 

SeMet pretreatment significantly decreased the percentages of Th1 cells in co-

cultures with BMDCs exposed to SPI prior to LPS-stimulation (Figure 4A). 
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SeMet (Figure 3C). In addition, in co-cultures with LPS stimulated BMDCs 

SeMet pretreatment significantly increased percentages of live cells (Figure 3A), 

decreased the percentages of CD4+ cells (Figure 3B) and increased the 

percentages of CD8+ cells (Figure 3C) compared to non SeMet-treated cells. 

Although, no difference was observed in the percentages of live cells in co-

cultures with BMDCs exposed to C-SPI by SeMet pretreatment, but it was 

increased by 8 µg/mL SeMet pretreatment in other groups (Figure 3A). Except in 

the co-culture with BMDCs exposed to C-SPI stimulated with LPS, the 

percentages of CD4+ cells were significantly decreased in co-cultures with 

BMDCs pretreated with 4 µg/mL and 8 µg/mL SeMet compared to non-treated 

cells (Figure 3B). However, the percentages of CD8+ cells were significantly 

increased in co-cultures with BMDCs with 4 µg/mL and 8 µg/mL SeMet 

pretreatment of LPS-stimulated or C-SPI-exposed LPS-stimulated, as well as with 

4 µg/mL SeMet pretreatment of C-SPI exposed BMDCs (Figure 3C).  

 

Figure 3. Flow cytometric analysis of CD4+ and CD8+ cells responses in co-cultures of DCs 
and splenocytes. DCs pretreated with medium or SeMet (0, 4, 8 µg/mL) overnight followed 
SPI exposure (32 µg/mL) for 12 h and subsequent stimulation with LPS (100 ng/mL) 
overnight were co-cultured with mouse splenocytes for 6 days. Percentages of live 
lymphocytes (A), percentages of CD4+ lymphocytes (B) and percentages of CD8+ 
lymphocytes (C). Significant differences between the non-stimulated control cells and SPI 
stimulated cells or between LPS stimulated cells and SPI prior to LPS-stimulated cells are 
indicated by ##p<0.01, ###p<0.001 and ####p<0.0001, significant differences between 0 
µg/mLSeMet and other SeMet concentrations pretreated groups under the same antigen 
stimulation are indicated by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Values are 
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expressed as mean ± standard error of the mean (SEM) and are representative of three 
independent experiments. Differences are analyzed with two-way analysis of variance 
(ANOVA) followed by a Tukey test. SPI: soy protein isolate, SeMet: Selenomethionine. 

3.4. Preincubating BMDCs with SeMet prior to co-culturing affects 
differentiation of Th cells  
To determine whether differentiation of Th-cell subsets was modulated by SeMet, 

BMDCs pretreated with SeMet were co-cultured with splenocytes and T cell 

populations were analyzed by flow cytometry (Figure 4). Gating strategies are 

depicted in Supplementary Figure 2. Compared to non-exposed control cells, SPI 

exposure significantly decreased the percentages of Th1 cells (Figure 4A) and no 

differences were observed in percentages of Th2 cells (Figure 4B) in co-cultures, 

however, the Th1/Th2 ratio was significantly decreased (Figure 4C). Compared to 

the non-stimulated control cells, LPS stimulation led to a decrease in percentages 

of Th1 cells (Figure 4A) and an increase in percentages of Th2 cells (Figure 4B), 

whereas a decrease in Th1/Th2 ratio in co-cultures was observed (Figure 4C). 

Further, compared to LPS-stimulated cells, a significant decrease was observed in 

percentages of Th2 cells in co-cultures with BMDCs exposed to SPI and 

stimulated with LPS (Figure 4B). However, no difference was observed in 

percentages of Th1 cells (Figure 4A) and Th1/Th2 ratio (Figure 4C). In addition, 

compared to non SeMet treated control cells, SeMet pretreatment significantly 

decreased the percentages of Th1 and Th2 cells but no difference was observed in 

Th1/Th2 ratio in co-cultures (Figure 4A-C).  Although compared to LPS-

stimulated cells no significant difference was observed in percentages of Th1 in 

co-cultures with BMDC pretreated with SeMet stimulated with LPS, a significant 

decrease in percentages of Th2 and a significant increase in Th1/Th2 ratio was 

observed (Figure 4A-C). Moreover, compared to non SeMet-treated cells 4 µg/mL 

SeMet pretreatment significantly decreased the percentages of Th1 cells in co-

cultures with BMDCs exposed to SPI prior to LPS-stimulation (Figure 4A). 
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SeMet (Figure 3C). In addition, in co-cultures with LPS stimulated BMDCs 

SeMet pretreatment significantly increased percentages of live cells (Figure 3A), 

decreased the percentages of CD4+ cells (Figure 3B) and increased the 

percentages of CD8+ cells (Figure 3C) compared to non SeMet-treated cells. 

Although, no difference was observed in the percentages of live cells in co-

cultures with BMDCs exposed to C-SPI by SeMet pretreatment, but it was 

increased by 8 µg/mL SeMet pretreatment in other groups (Figure 3A). Except in 

the co-culture with BMDCs exposed to C-SPI stimulated with LPS, the 

percentages of CD4+ cells were significantly decreased in co-cultures with 

BMDCs pretreated with 4 µg/mL and 8 µg/mL SeMet compared to non-treated 

cells (Figure 3B). However, the percentages of CD8+ cells were significantly 

increased in co-cultures with BMDCs with 4 µg/mL and 8 µg/mL SeMet 

pretreatment of LPS-stimulated or C-SPI-exposed LPS-stimulated, as well as with 

4 µg/mL SeMet pretreatment of C-SPI exposed BMDCs (Figure 3C).  

 

Figure 3. Flow cytometric analysis of CD4+ and CD8+ cells responses in co-cultures of DCs 
and splenocytes. DCs pretreated with medium or SeMet (0, 4, 8 µg/mL) overnight followed 
SPI exposure (32 µg/mL) for 12 h and subsequent stimulation with LPS (100 ng/mL) 
overnight were co-cultured with mouse splenocytes for 6 days. Percentages of live 
lymphocytes (A), percentages of CD4+ lymphocytes (B) and percentages of CD8+ 
lymphocytes (C). Significant differences between the non-stimulated control cells and SPI 
stimulated cells or between LPS stimulated cells and SPI prior to LPS-stimulated cells are 
indicated by ##p<0.01, ###p<0.001 and ####p<0.0001, significant differences between 0 
µg/mLSeMet and other SeMet concentrations pretreated groups under the same antigen 
stimulation are indicated by *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001. Values are 
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production was significantly decreased in co-cultures with C-SPI or U-SPI-

exposed LPS-stimulated BMDCs, but no difference was observed in IL-10 

production in co-cultures (Figures 5A and 5B). In addition, SeMet pretreatment 

did not significantly affect IL-4 and IL-10 production in co-cultures compared to 

non-treated cells (Figures 5A and 5B). Compared to non SeMet-treated, 4 µg/mL 

and 8 µg/mL SeMet pretreatment significantly decreased IL-4 production in co-

cultures with BMDCs stimulated with LPS (Figure 5A). Furthermore, compared 

to non SeMet treated cell, 4 µg/mL SeMet pretreatment decreased IL-4 production 

in co-culture with BMDCs exposed to C-SPI, and 4 µg/mL and 8 µg/mL SeMet 

treatment decreased IL-4 production in co-cultures with BMDCs exposed SPI 

prior to LPS-stimulation (Figure 5A). In addition, compared to non SeMet 

pretreated cells, 8 µg/mL SeMet pretreatment significantly increased IL-10 

production in co-cultures with BMDCs exposed to U-SPI or exposed U-SPI prior 

to LPS-stimulated (Figure 5B).  

 
Figure 5. Cytokine concentrations (pg/mL) were measured by Luminex in supernatants of co-
cultured BMDCs and splenocytes. BMDCs pretreated with SeMet (0, 4, 8 µg/mL) overnight 
followed by treatment with SPI (38 µg/mL) for 12 h and subsequent stimulation with LPS 
(100 ng/mL) overnight were co-cultured with mouse splenocytes for 6 days. Production of IL-
4 (A) and IL-10 (B). Significant differences between the non-stimulated control cells and SPI 
stimulated cells or between LPS stimulated cells and SPI prior to LPS-stimulated cells are 
indicated by #p<0.05, ##p<0.01, ###p<0.001 and ####p<0.0001, and between 0 µg/mLSeMet and 
other SeMet concentrations pretreated groups under the same antigen stimulation are 
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Meanwhile, SeMet pretreatment significantly decreased the percentages of Th2 

cells and increased Th1/Th2 ratio in co-cultures with BMDC exposed to SPI or 

SPI prior to LPS-stimulatio 

 

Figure 4. Flow cytometric analysis of T helper (Th) 1 and Th2 cells in co-cultures of DCs 
and splenocytes. Th1 cells were defined as CXCR3+ of CD4+ cells and Th2 as T1/ST2+ of 
CD4+ cells. BMDCs pretreated with SeMet (0, 4, 8 µg/mL) overnight followed by SPI 
exposure (38 µg/mL) for 12 h and LPS stimulation (100 ng/mL) overnight were co-cultured 
with mouse splenocytes for 6 days. Single cells were collected and analyzed by flow 
cytometry. Percentages of Th1 cells (A), percentages of Th2 cells (B) and Th1/Th2 ratio (C). 
Significant differences between the non-stimulated control cells and SPI stimulated cells or 
between LPS stimulated cells and SPI prior to LPS-stimulated cells are indicated by #p<0.05, 
##p<0.01, ###Sௗ������� DQG� ####p<0.0001, and between 0 µg/mLSeMet and other SeMet 
concentrations pretreated groups under the same antigen stimulation are indicated by *p<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001. Values are expressed as mean ± standard error of 
the mean (SEM) and are representative of three independent experiments. Differences are 
analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test. SPI: soy 
protein isolate, SeMet: Selenomethionine. 

3.5. Preincubating BMDCs with SeMet prior to co-culturing affects 
production of IL-4 and IL-10 
To determine the effect of SeMet on functional responses of T cells, cytokines 

production was measured in supernatants of co-cultured splenocytes with BMDCs 

which were pretreated with SeMet and exposed to SPI or SPI prior to LPS-

stimulation. Overall, no differences in IL-17A, IL-13, IFN-Ȗ and TNF-Į�

production were observed compared to the control cells (Figure S3). Compared to 

the control cells, SPI exposure and/or LPS stimulation significantly increased the 

production of IL-4 and IL-10 in co-cultures. The LPS-induced increase in IL-4 
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production was significantly decreased in co-cultures with C-SPI or U-SPI-
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prior to LPS-stimulation (Figure 5A). In addition, compared to non SeMet 

pretreated cells, 8 µg/mL SeMet pretreatment significantly increased IL-10 

production in co-cultures with BMDCs exposed to U-SPI or exposed U-SPI prior 

to LPS-stimulated (Figure 5B).  
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cultured BMDCs and splenocytes. BMDCs pretreated with SeMet (0, 4, 8 µg/mL) overnight 
followed by treatment with SPI (38 µg/mL) for 12 h and subsequent stimulation with LPS 
(100 ng/mL) overnight were co-cultured with mouse splenocytes for 6 days. Production of IL-
4 (A) and IL-10 (B). Significant differences between the non-stimulated control cells and SPI 
stimulated cells or between LPS stimulated cells and SPI prior to LPS-stimulated cells are 
indicated by #p<0.05, ##p<0.01, ###p<0.001 and ####p<0.0001, and between 0 µg/mLSeMet and 
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Meanwhile, SeMet pretreatment significantly decreased the percentages of Th2 

cells and increased Th1/Th2 ratio in co-cultures with BMDC exposed to SPI or 
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To determine the effect of SeMet on functional responses of T cells, cytokines 
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which were pretreated with SeMet and exposed to SPI or SPI prior to LPS-

stimulation. Overall, no differences in IL-17A, IL-13, IFN-Ȗ and TNF-Į�

production were observed compared to the control cells (Figure S3). Compared to 

the control cells, SPI exposure and/or LPS stimulation significantly increased the 
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Using C-SPI and U-SPI activated BMDCs pretreated with SeMet we observed a 

reduced expression of CD86, IL-12, IL-6 and TNF-Į production and an increased 

IL-10 production. Similarly, Yi et.al indicated that Se impaired immune function 

of DCs by down-regulation of CD80, CD86, IL12-p35 and IL12-p40 in DCs [27]. 

In contrast to that, Qin et al. showed that selenized polysaccharide treatment 

increased the antigen presentation ability of mice DCs in vitro by increasing the 

expression of surface molecules MHC-II and CD86 [28]. Sun et al. demonstrated 

that selenized polysaccharides supplementation expedited and increased the 

expression of chicken DCs surface markers including CD11c, CD40, CD86, and 

MHC II and significantly enhanced IL-12 and IFN-Į production [29]. These 

opposite results might be due to the selenized form of Se that induced different 

responses of DCs.  In addition, in the present study SeMet preincubation partly 

reduced CD86 expression on BMDCs but CD4+ T cell proliferation was 

significantly decreased in DC-T cell co-culture experiments (Figure 3B). The 

decrease of CD4+ T cells might be caused by the decreased IL-12 production 

from BMDCs as IL-12 is known to enhance CD4+ T cell differentiation, cytokine 

production and survival [30]. On the contrary, SeMet pretreated BMDCs which 

were stimulated by LPS increased the percentage of CD8+ T cells (Figure 3B). 

Similarly, Li et al. showed that Se-containing polysaccharides boosted host CD4+ 

T cell apoptosis and enhanced cytotoxic activities of CD8+ T cells in mice [31]. 

Thus, SeMet pretreated DCs may partly inhibit CD4+ T helper cell differentiation, 

favoring cytotoxic T lymphocytes differentiation.  

In the current study, the percentages of live lymphocytes appeared unaffected 

when BMDCs had been stimulated with LPS prior to co-culturing (Figure 3). 

However, exposing the cells to SPI before LPS-stimulation increased the 

percentage of live lymphocytes after co-culture. This may be explained by the fact 
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indicated by *p<0.05, **p<0.01, and ***p<0.001. Values are expressed as mean ± standard 
error of the mean (SEM) and are representative of three independent experiments. Differences 
are analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test. SPI: soy 
protein isolate, SeMet: Selenomethionine. 

4. Discussion 
Under normal circumstances oral administration of food proteins leads to state of 

systemic immunologic unresponsiveness, known as oral tolerance. Impaired oral 

tolerance induction or a failure to maintain oral tolerance may result in the 

development of hypersensitivity responses to food antigens. DC-T cell 

interactions, leading to either activation or suppression of T cells, represent an 

important event in controlling the delicate balance between sensitization and 

tolerance. In the current study, we used murine BMDCs to explore the putative 

modulatory capacity of SeMet on soy protein activated BMDCs and their 

influence on T cell differentiation. In addition, we assessed whether the ability to 

activate DCs differs between soy proteins obtained from different geographical 

sources. 

The present study demonstrates that soy proteins from China, especially C-SPI 

induced more BMDCs activation than other soy proteins as shown by an 

upregulation of the co-stimulatory molecules CD40 and CD80 on BMDCs after 

exposure to C-SPI. Soy contains many different proteins and the main soy 

allergens are Gly m 3 (14kDa), Gly m 4 (17 -71kDa) and 11S (Gly m 6, 50-

60kDa), which are low molecular weight soy proteins [22-25]. Gly m 7 (76 kDa) 

in soybean has been shown to be able to  induce IgE mediated allergic responses   

[26]. The relative content of the 70-150 kDa subunits from C-SPI were 

remarkably higher compared to U-SPI, based on SDS-PAGE analysis (Figure S1) 

suggesting a higher content of Gly m 7 in C-SPI which might explain the 

observed increased capacity of C-SPI to activate DCs compared to U-SPI  
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Using C-SPI and U-SPI activated BMDCs pretreated with SeMet we observed a 

reduced expression of CD86, IL-12, IL-6 and TNF-Į production and an increased 

IL-10 production. Similarly, Yi et.al indicated that Se impaired immune function 

of DCs by down-regulation of CD80, CD86, IL12-p35 and IL12-p40 in DCs [27]. 

In contrast to that, Qin et al. showed that selenized polysaccharide treatment 

increased the antigen presentation ability of mice DCs in vitro by increasing the 

expression of surface molecules MHC-II and CD86 [28]. Sun et al. demonstrated 

that selenized polysaccharides supplementation expedited and increased the 

expression of chicken DCs surface markers including CD11c, CD40, CD86, and 

MHC II and significantly enhanced IL-12 and IFN-Į production [29]. These 

opposite results might be due to the selenized form of Se that induced different 

responses of DCs.  In addition, in the present study SeMet preincubation partly 

reduced CD86 expression on BMDCs but CD4+ T cell proliferation was 

significantly decreased in DC-T cell co-culture experiments (Figure 3B). The 

decrease of CD4+ T cells might be caused by the decreased IL-12 production 

from BMDCs as IL-12 is known to enhance CD4+ T cell differentiation, cytokine 

production and survival [30]. On the contrary, SeMet pretreated BMDCs which 

were stimulated by LPS increased the percentage of CD8+ T cells (Figure 3B). 

Similarly, Li et al. showed that Se-containing polysaccharides boosted host CD4+ 

T cell apoptosis and enhanced cytotoxic activities of CD8+ T cells in mice [31]. 

Thus, SeMet pretreated DCs may partly inhibit CD4+ T helper cell differentiation, 

favoring cytotoxic T lymphocytes differentiation.  

In the current study, the percentages of live lymphocytes appeared unaffected 

when BMDCs had been stimulated with LPS prior to co-culturing (Figure 3). 

However, exposing the cells to SPI before LPS-stimulation increased the 

percentage of live lymphocytes after co-culture. This may be explained by the fact 
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indicated by *p<0.05, **p<0.01, and ***p<0.001. Values are expressed as mean ± standard 
error of the mean (SEM) and are representative of three independent experiments. Differences 
are analyzed with two-way analysis of variance (ANOVA) followed by a Tukey test. SPI: soy 
protein isolate, SeMet: Selenomethionine. 

4. Discussion 
Under normal circumstances oral administration of food proteins leads to state of 

systemic immunologic unresponsiveness, known as oral tolerance. Impaired oral 

tolerance induction or a failure to maintain oral tolerance may result in the 

development of hypersensitivity responses to food antigens. DC-T cell 

interactions, leading to either activation or suppression of T cells, represent an 

important event in controlling the delicate balance between sensitization and 

tolerance. In the current study, we used murine BMDCs to explore the putative 

modulatory capacity of SeMet on soy protein activated BMDCs and their 

influence on T cell differentiation. In addition, we assessed whether the ability to 

activate DCs differs between soy proteins obtained from different geographical 

sources. 

The present study demonstrates that soy proteins from China, especially C-SPI 

induced more BMDCs activation than other soy proteins as shown by an 

upregulation of the co-stimulatory molecules CD40 and CD80 on BMDCs after 

exposure to C-SPI. Soy contains many different proteins and the main soy 

allergens are Gly m 3 (14kDa), Gly m 4 (17 -71kDa) and 11S (Gly m 6, 50-

60kDa), which are low molecular weight soy proteins [22-25]. Gly m 7 (76 kDa) 

in soybean has been shown to be able to  induce IgE mediated allergic responses   

[26]. The relative content of the 70-150 kDa subunits from C-SPI were 

remarkably higher compared to U-SPI, based on SDS-PAGE analysis (Figure S1) 

suggesting a higher content of Gly m 7 in C-SPI which might explain the 

observed increased capacity of C-SPI to activate DCs compared to U-SPI  
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proliferation of CD4+ T cells while simultaneously stimulating CD8+ T cell 

proliferation. In this context, it should be pointed out that on their own, exposure 

to either U-SPI or C-SPI did not significantly affect CD4+ proliferation. 

Therefore, the decrease that is observed for co-cultures in which BMDCs had 

been pretreated with 8 µg SeMet/mLcannot be directly tied to either SPI-exposure 

or LPS-stimulation. However, as non-exposed, non-stimulated BMDCs pretreated 

with 8 µg SeMet/mLdid affect CD4+ T cell populations, it is possible that the 

reduction in the CD4+ T cell population does indeed reflect that SeMet is capable 

of interfering with CD4+ lymphocyte activation by BMDCs. In addition, in line 

with the differential activation of BMDCs by either C-SPI or U-SPI, SeMet 

treatment did lead to further enhancement CD8+ cell proliferation when BMDCs 

had been exposed to C-SPI, but not U-SPI. This outcome suggests that although 

pretreating BMDCs with SeMet in the absence of antigens or stimuli also leads to 

changes in lymphocyte populations, the role of SeMet in antigen-specific 

responses should not be overlooked.  

We next studied different subsets of CD4+ T helper cells (Figure 4) and found 

that no clear differences could be observed when analyzing Treg cells or Th17 

cells. Compared to control cultures, percentages of Th1 cells were found to be 

significantly lower when BMDCs had either been pretreated with SeMet, were 

exposed to SPI or had been stimulated with LPS before co-culturing. Similar to 

what was described above for CD4+ cells and CD8+ cells (Figure 2), the origin of 

SPI did not affect the percentage of Th1 cells after co-culture (Figure 4). In 

contrast to what was observed for CD4+ T cells, pretreatment with SeMet did not 

further reduce the percentages of Th1 cells, with two exceptions; in co-cultures 

using SPI-exposed, LPS-stimulated BMDCs, SeMet was shown to lower 

percentages of Th1 cells at 4 µg SeMet/mL, but not at 8 µg SeMet/mL. As of yet, 
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that BMDCs present soy protein to T cells which may enhance T cells 

proliferation. 

Interestingly, treating BMDCs with SeMet prior to co-culturing increased the 

percentage of live lymphocytes substantially. Surprisingly, the origin of SPI did 

not affect T cell proliferation although compared to U-SPI, C-SPI exposure of 

BMDCs led to higher expression levels of CD40 and CD86 (Figure 2). Although 

the increases in live cells could be observed irrespective of SPI-exposure or LPS-

stimulation, there appeared to be a dose-dependent increase in the percentage of 

live lymphocytes when BMDCs had been stimulated with LPS and/or exposed to 

SPI. Since we did not observe any differences in the activation status of the 

BMDCs after treatment with SeMet (Figure 2), the mechanism underlying this 

effect is currently not clear.  

Further analysis of the lymphocyte population after co-culture revealed 

differential effects for CD4+ and CD8+ T cells. With the exception of co-cultures 

in which BMDCs had been treated only with 4 µg SeMet/mL, the percentage of 

CD4+ T cells was significantly reduced in all conditions when compared to the 

untreated controls. This decrease in CD4+ T cells was similar when BMDCs had 

been pretreated with 4 or 8 µg SeMet/mLand no significant differences were 

found when comparing co-cultures with SPI-exposed with or without LPS-

stimulation to the untreated controls.  

In contrast, the percentages of CD8+ cells remained the same after SeMet 

pretreatment of the BMDCs and a clear increase in the percentage of CD8+ cells 

could be observed in co-cultures with LPS-stimulated BMDCs, C-SPI exposed 

BMDCs, and C-SPI exposed BMDCs that had also been stimulated with LPS.  

At first glance these data suggest that SeMet may be capable of decreasing the 

capacity of SPI-exposed, LPS-stimulated BMDCs to induce activation and 
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proliferation of CD4+ T cells while simultaneously stimulating CD8+ T cell 

proliferation. In this context, it should be pointed out that on their own, exposure 

to either U-SPI or C-SPI did not significantly affect CD4+ proliferation. 

Therefore, the decrease that is observed for co-cultures in which BMDCs had 

been pretreated with 8 µg SeMet/mLcannot be directly tied to either SPI-exposure 

or LPS-stimulation. However, as non-exposed, non-stimulated BMDCs pretreated 

with 8 µg SeMet/mLdid affect CD4+ T cell populations, it is possible that the 

reduction in the CD4+ T cell population does indeed reflect that SeMet is capable 

of interfering with CD4+ lymphocyte activation by BMDCs. In addition, in line 

with the differential activation of BMDCs by either C-SPI or U-SPI, SeMet 

treatment did lead to further enhancement CD8+ cell proliferation when BMDCs 

had been exposed to C-SPI, but not U-SPI. This outcome suggests that although 

pretreating BMDCs with SeMet in the absence of antigens or stimuli also leads to 

changes in lymphocyte populations, the role of SeMet in antigen-specific 

responses should not be overlooked.  

We next studied different subsets of CD4+ T helper cells (Figure 4) and found 

that no clear differences could be observed when analyzing Treg cells or Th17 

cells. Compared to control cultures, percentages of Th1 cells were found to be 

significantly lower when BMDCs had either been pretreated with SeMet, were 

exposed to SPI or had been stimulated with LPS before co-culturing. Similar to 

what was described above for CD4+ cells and CD8+ cells (Figure 2), the origin of 

SPI did not affect the percentage of Th1 cells after co-culture (Figure 4). In 

contrast to what was observed for CD4+ T cells, pretreatment with SeMet did not 

further reduce the percentages of Th1 cells, with two exceptions; in co-cultures 

using SPI-exposed, LPS-stimulated BMDCs, SeMet was shown to lower 

percentages of Th1 cells at 4 µg SeMet/mL, but not at 8 µg SeMet/mL. As of yet, 
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that BMDCs present soy protein to T cells which may enhance T cells 

proliferation. 

Interestingly, treating BMDCs with SeMet prior to co-culturing increased the 

percentage of live lymphocytes substantially. Surprisingly, the origin of SPI did 

not affect T cell proliferation although compared to U-SPI, C-SPI exposure of 

BMDCs led to higher expression levels of CD40 and CD86 (Figure 2). Although 

the increases in live cells could be observed irrespective of SPI-exposure or LPS-

stimulation, there appeared to be a dose-dependent increase in the percentage of 

live lymphocytes when BMDCs had been stimulated with LPS and/or exposed to 

SPI. Since we did not observe any differences in the activation status of the 

BMDCs after treatment with SeMet (Figure 2), the mechanism underlying this 

effect is currently not clear.  

Further analysis of the lymphocyte population after co-culture revealed 

differential effects for CD4+ and CD8+ T cells. With the exception of co-cultures 

in which BMDCs had been treated only with 4 µg SeMet/mL, the percentage of 

CD4+ T cells was significantly reduced in all conditions when compared to the 

untreated controls. This decrease in CD4+ T cells was similar when BMDCs had 

been pretreated with 4 or 8 µg SeMet/mLand no significant differences were 

found when comparing co-cultures with SPI-exposed with or without LPS-

stimulation to the untreated controls.  

In contrast, the percentages of CD8+ cells remained the same after SeMet 

pretreatment of the BMDCs and a clear increase in the percentage of CD8+ cells 

could be observed in co-cultures with LPS-stimulated BMDCs, C-SPI exposed 

BMDCs, and C-SPI exposed BMDCs that had also been stimulated with LPS.  

At first glance these data suggest that SeMet may be capable of decreasing the 

capacity of SPI-exposed, LPS-stimulated BMDCs to induce activation and 
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specific concentrations of Se led to a lower antigen-specific production of IL-4 by 

splenocytes stimulated with whey ex vivo, while whey-specific IL-10 production 

was increased [21]. In contrast to the results in the present study, dietary 

intervention with Se did not reduce splenic Th2 in vivo. However, we were able to 

demonstrate that mice fed diets supplemented with specific concentrations of 

dietary Se had lower percentages of activated Th2 cells in their mesenteric lymph 

nodes. These findings are also in correspondence with a previous study 

Steinbrenner et al. where it was demonstrated that Se could promote T cell 

proliferation and favored the differentiation of naive CD4+ T lymphocytes toward 

Th 1 cells [32].  

A limitation to the current study is that there was a high degree of variability 

when the effects of lower and higher concentrations of SeMet were compared to 

each other. Our data do however suggest that the origin of SPI exerts an effect on 

the outcome of the immune response. Furthermore, it can be suggested that at 

specific concentrations, SeMet can elicit changes in the immune response, 

perhaps even skewing the immune response away from a Th2-dominated profile. 

Of note, in our in vivo study we were also not able to clearly connect the clinical 

outcomes to T cell responses but the observed decreases in IL-4 production could 

be tied to mast cell functioning as mMCP-1 levels were significantly lowered by 

dietary Se intervention. In a recent study from our laboratory [17] we were able to 

show that SeMet induced a reduction of mast cell activation and decrease in 

)Fİ5,�H[SUHVVLRQ�DQG� ,J(�ELQGLQJ in primary human mast cells. Taken together 

with the data presented in the current study, it is clear that the role of SeMet in 

immunity should not be overlooked, particularly in Th2 dominated allergic 

diseases. 
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we are not exactly sure whether this dose-dependent effect signifies a biologically 

relevant mechanism. 

Analysis of the percentages of Th2 cells revealed a pattern which was fairly 

similar to what was observed for CD4+ T cells; stimulation of BMDCs with either 

LPS or SPI led to increases in Th2 cells, LPS-stimulation did not further enhance 

SPI-induced changes and the origin of SPI did not affect the outcome. 

Furthermore, pretreating BMDCs with SeMet also decreased percentages of Th2 

cells. Again, although the differences between non-treated and SeMet-treated cells 

appear to be striking, LPS-stimulation or exposure to either U-SPI or C-SPI did 

not significantly affect Th2 proliferation. Therefore, the differences in Th2 

percentages may only be attributable to SeMet treatment itself.  

However, when assessing the cytokine production after co-culturing, some 

interesting differences became apparent. When BMDCs were exposed to SPI or 

stimulated with LPS, the production of IL-4 is significantly increased. This 

increase was more prominent for C-SPI than for U-SPI, which again points 

towards differential, antigen-specific responses. Moreover, when cells had been 

pretreated with SeMet only an increase in IL-4 could be shown, but whereas 

pretreatment with SeMet in U-SPI exposed cells did not alter IL-4 production, in 

C-SPI exposed cells pretreatment with SeMet did significantly decrease IL-4. A 

similar result was seen for LPS-stimulated BMDCs. Interestingly, when BMDCs 

were exposed to U-SPI and stimulated with LPS, SeMet pretreatment 

significantly lowered IL-4 production, an effect which was not observed for C-

SPI+LPS. Furthermore, we were able to demonstrate a significant, apparently 

dose dependent upregulation of IL-10 in co-cultures with U-SPI exposed BMDCs. 

These latter findings are in line with our previous in vivo mouse model for whey-

induced cow’s milk allergy, where we observed that dietary intervention with 
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specific concentrations of Se led to a lower antigen-specific production of IL-4 by 

splenocytes stimulated with whey ex vivo, while whey-specific IL-10 production 

was increased [21]. In contrast to the results in the present study, dietary 

intervention with Se did not reduce splenic Th2 in vivo. However, we were able to 

demonstrate that mice fed diets supplemented with specific concentrations of 

dietary Se had lower percentages of activated Th2 cells in their mesenteric lymph 

nodes. These findings are also in correspondence with a previous study 

Steinbrenner et al. where it was demonstrated that Se could promote T cell 

proliferation and favored the differentiation of naive CD4+ T lymphocytes toward 

Th 1 cells [32].  

A limitation to the current study is that there was a high degree of variability 

when the effects of lower and higher concentrations of SeMet were compared to 

each other. Our data do however suggest that the origin of SPI exerts an effect on 

the outcome of the immune response. Furthermore, it can be suggested that at 

specific concentrations, SeMet can elicit changes in the immune response, 

perhaps even skewing the immune response away from a Th2-dominated profile. 

Of note, in our in vivo study we were also not able to clearly connect the clinical 

outcomes to T cell responses but the observed decreases in IL-4 production could 

be tied to mast cell functioning as mMCP-1 levels were significantly lowered by 

dietary Se intervention. In a recent study from our laboratory [17] we were able to 

show that SeMet induced a reduction of mast cell activation and decrease in 

)Fİ5,�H[SUHVVLRQ�DQG� ,J(�ELQGLQJ in primary human mast cells. Taken together 

with the data presented in the current study, it is clear that the role of SeMet in 

immunity should not be overlooked, particularly in Th2 dominated allergic 

diseases. 
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we are not exactly sure whether this dose-dependent effect signifies a biologically 

relevant mechanism. 

Analysis of the percentages of Th2 cells revealed a pattern which was fairly 

similar to what was observed for CD4+ T cells; stimulation of BMDCs with either 

LPS or SPI led to increases in Th2 cells, LPS-stimulation did not further enhance 

SPI-induced changes and the origin of SPI did not affect the outcome. 

Furthermore, pretreating BMDCs with SeMet also decreased percentages of Th2 

cells. Again, although the differences between non-treated and SeMet-treated cells 

appear to be striking, LPS-stimulation or exposure to either U-SPI or C-SPI did 

not significantly affect Th2 proliferation. Therefore, the differences in Th2 

percentages may only be attributable to SeMet treatment itself.  

However, when assessing the cytokine production after co-culturing, some 

interesting differences became apparent. When BMDCs were exposed to SPI or 

stimulated with LPS, the production of IL-4 is significantly increased. This 

increase was more prominent for C-SPI than for U-SPI, which again points 

towards differential, antigen-specific responses. Moreover, when cells had been 

pretreated with SeMet only an increase in IL-4 could be shown, but whereas 

pretreatment with SeMet in U-SPI exposed cells did not alter IL-4 production, in 

C-SPI exposed cells pretreatment with SeMet did significantly decrease IL-4. A 

similar result was seen for LPS-stimulated BMDCs. Interestingly, when BMDCs 

were exposed to U-SPI and stimulated with LPS, SeMet pretreatment 

significantly lowered IL-4 production, an effect which was not observed for C-

SPI+LPS. Furthermore, we were able to demonstrate a significant, apparently 

dose dependent upregulation of IL-10 in co-cultures with U-SPI exposed BMDCs. 

These latter findings are in line with our previous in vivo mouse model for whey-

induced cow’s milk allergy, where we observed that dietary intervention with 
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In conclusion, this is the first report on the effects of SeMet on soy protein-treated 

DC and T cell co-culture. After its previously described capacity to modulate in 

vivo responses [21] and potential to directly influence mast cell activation [17], 

the present study shows that SeMet may be able to influence DC and T cell 

communication, providing further insight into the relationship between SeMet and 

immune functioning. Although further studies are warranted to elucidate the role 

of SeMet in immune diseases such as allergies, our results suggest that the 

influence of SeMet on DC activity and subsequent T cell responses might be 

antigen-specific, which highlights the potential of this this micronutrient for its 

possible use in future treatment. 
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In conclusion, this is the first report on the effects of SeMet on soy protein-treated 

DC and T cell co-culture. After its previously described capacity to modulate in 

vivo responses [21] and potential to directly influence mast cell activation [17], 

the present study shows that SeMet may be able to influence DC and T cell 

communication, providing further insight into the relationship between SeMet and 

immune functioning. Although further studies are warranted to elucidate the role 

of SeMet in immune diseases such as allergies, our results suggest that the 

influence of SeMet on DC activity and subsequent T cell responses might be 

antigen-specific, which highlights the potential of this this micronutrient for its 

possible use in future treatment. 
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Figure S1. Gating strategy. Single cells were collected and analyzed by flow cytometry. The 
cells were stained for viability using FVD (APC-Cyc7), followed by extracellular staining of 
CD3, CD4 and CD8. Flow logic was used to analyze the data. In the gating strategy, the 
single cell was first selected based on FSC-A and FSC-H, then live cells were selected. Out 
the gate of live cell, the CD3+ cell was selected by FMO control. Next, CD4+ or CD8+ were 
selected out the gate of the CD3+ using FMO controls. 

 

 
Figure S2. Gating strategy. Single cells were collected and analyzed by flow cytometry. The 
cells were stained for viability using FVD (APC-Cyc7), followed by extracellular staining of 
CD4, CXCR3 and T1/ST2. Flow logic was used to analyze the data. In the gating strategy, the 
single cell was first selected based on FSC-A and FSC-H, then live cells were selected. Out 
the gate of live cell, the CD4+ cell was selected by FMO control. Next, CXCR3 or T1/ST2 
were selected out the gate of the CD4+ using FMO controls. 
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Supplementary Meterials 

Table S1. Antibody overview used for flow cytometry. All monoclonal antibodies 
were obtained from eBioscience 

 

Cell 

population 
Antibody Dye Identifier 

 Anti-CD11c PerCp-Cy5.5 AB_465552 

DCs Anti-MHCII APC AB_10718531 

 Anti-CD40 FITC AB_465029 

 Anti-CD86 PE-cy7 AB_2573372 

 Anti-CD3 APC AB_10597589 

 Anti-CD4 BV510 AB_2637459 

 Anti-CD8 PE AB_657771 

T cells anti-CD25 PerCp-Cy5.5 AB_914324 

 Anti-CD127 PE-cyc7 AB_1659672 

 Anti-CD196 PE AB_1272087 

 T1/ST2 FITC AB_2572708 

 CXCR3 PE AB_1210734 

 Treg-Foxp3 FITC AB_2535451 

 RorgT Alexa Fluor 647 AB_2687546 
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Figure S3. Cytokines concentrations were measured in supernatant after 6 Days co-culture. 
(A) IL-5. (B) IL-13. (C) TNF-Į�� �'�� ,/-2. Data are presented as mean ± SEM. Significant 
differences between the non-stimulated control cells and SPI stimulated cells or between LPS 
stimulated cells and SPI prior to LPS-stimulated cells are indicated by #p<0.05, ##p<0.01, 
###p<0.001 and ####p<0.0001, and between 0 µg/mLSeMet and other SeMet concentrations 
pretreated groups under the same antigen stimulation are indicated by *p<0.05, and **p<0.01. 
Values are expressed as mean ± standard error of the mean (SEM) and are representative of 
three independent experiments. Differences are analyzed with two-way analysis of variance 
(ANOVA) followed by a Tukey test. SPI: soy protein isolate, SeMet: Selenomethionine. 
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aimed to evaluate the potential of dietary SeMet supplementation as a new 

findings, in this thesis we aimed to evaluate the potential of dietary SeMet 

supplementation as a new strategy for the management of allergic diseases by 

investigating the effects of SeMet on different immune processes. Thus, this 

thesis includes two parts. In the first part we assessed the effects of Se-enrichment 

in soybean proteins, we studied the accumulation and distribution of Se in 

soybean and investigated whether the incorporation of Se into soybean would 

affect the antioxidant properties of soybean proteins. We evaluated the effects of 

Se on the protein content, amino acid profile, secondary structure and subunit 

composition of soybean proteins. In addition, the effect of peroxyl radicals 

produced by thermal decomposition of AAPH on the conformational changes of 

Se-HQULFKHG�ȕ-conglycinin (S-7S) was investigated. The antioxidant ability of Se-

enriched soybean protein was assessed in H2O2 stimulated Caco-2 cells, and the 

activity of antioxidant enzymes was measured in mice supplemented with Se-

enriched soybean protein. In the second part of the thesis, we investigated the 

effects of Se on the immune system to assess its putative role in the treatment of 

allergic disease. To this end, we studied whether dietary SeMet supplementation 

could attenuate whey-induced food allergy in a murine research model for food 

allergy. To more closely study the mechanisms underlying the effects observed in 

our in vivo model, we used several in vitro models to assess the effects of SeMet 

on mast cell responses, DC functioning as well as DC- T cell interactions using 

soybean protein as a model antigen. In this final chapter, we summarized the main 

findings of this thesis and discuss how these results might promote better use of 

Se-enriched protein and SeMet as dietary Se supplementation. Furthermore, 

future perspectives based on our results are discussed. 

Chapter 8 General discussion 

Selenium (Se) is an essential micronutrient for many living organisms, including 

soil microorganisms, plants and animals. It functions as an antioxidant and plays a 

crucial role in development but also several physiological processes including 

immune responses. After its uptake by plants, Se is ultimately incorporated in 

proteins leading to Se-enriched proteins thereby improving the nutritional benefit 

of these proteins by increasing the total amino acid and protein content. Se-

enriched proteins, the macronutrients in Se-enriched food stuffs, present an 

essential potential of antioxidant activity in the agricultural food industry as an 

alternative source of Se supplementation [1]. Se-enriched proteins can exert 

antioxidant function as well as improve immune functions which makes them a 

promising Se source [2].  

Soybeans are widely used as a protein source, and they can effectively accumulate 

large amounts of Se [3]. The Se content in soybean protein isolate has been 

intensively studied. However, to the best of our knowledge only a few 

publications have discussed the distribution of Se in soybean protein fractions, the 

effects of Se on soybean protein oxidation and the antioxidant ability of the Se-

enriched soybean proteins [4-6]. Evaluating such effects may provide useful 

information regarding their potential applications, which is part of the studies 

described in this thesis. 

Next to the antioxidant properties of Se, adequate intake of this micronutrient is 

important for the functioning of the immune system. Se deficiency has been 

shown to hamper many important processes such as T cell proliferation, mast cell 

activation, natural killer cell activity and antibody responses [7-9]. The main 

organic form of Se in soybean proteins is selenomethionine (SeMet) [4], which 

previously has been demonstrated to suppress mast cell degranulation and 

increase T cell proliferation [7, 8]. Based on these findings, in this thesis we 
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organic form of Se in soybean proteins is selenomethionine (SeMet) [4], which 

previously has been demonstrated to suppress mast cell degranulation and 

increase T cell proliferation [7, 8]. Based on these findings, in this thesis we 

 -�20� -



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 214PDF page: 214PDF page: 214PDF page: 214

 
Chapter 8 General discussion 

 - 209 - 

candidate as a Se supplement (Chapter 2). In summary, the ability of soybean to 

produce high protein levels and to accumulate high levels of Se indicates that Se-

enriched soybean may be an ideal source for dietary Se supplementation. 

2. Antioxidant ability of Se and Se-enriched soybean protein 
Reactive oxygen species (ROS) play a crucial role in the regulation of critical 

physiological processes and the development of pathological conditions [12]. 

Increased ROS levels occur in aging and age-related disorders [13], cancer [14], 

and liver disease [15]. Antioxidants are known to delay or prevent the oxidation 

by regulating ROS production. Therefore, dietary intake of antioxidants might be 

one of the therapeutic strategies to treat diseases which are associated with 

oxidative stress [16]. Se as a cofactor of a large number of antioxidants enzymes 

such as glutathione peroxidases (GPx), thioredoxin reductase (TrxR), and 

iodothyronine deiodinases (IDD), prevents oxidative damage and disease [17, 18]. 

Many studies have indicated that selenomethionine, methylselenocysteine, and 

selenocysteine have strong ROS scavenging abilities, and methylselenocysteine 

has also been demonstrated to exhibit antioxidant activity in lung cancer cell lines 

[19, 20]. Elemental Se can effectively scavenge superoxide and singlet oxygen in 

vitro [21] but also generates apoptosis-inducing ROS in melanoma cells [22]. 

Thus, it is critical to explore the antioxidant ability of different forms of Se to 

identify effective Se supplements for preventing and treating diseases caused by 

oxidative stress. 

In Chapter 3, we demonstrated that S-SPI exhibits stronger antioxidant activities 

than ordinary SPI (O-SPI) in vitro and in vivo. Compared to O-SPI, S-SPI 

preincubation enhanced phase II enzyme SOD and GPx activity which improved 

the antioxidant ability of Caco-2 cells during H2O2 stimulation (Chapter 3). 
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1. The characteristics of Se-enriched protein 
Soybean contains high quality proteins and high levels of dietary fiber [9] and can 

effectively accumulate up to 1��� ȝJ�NJ� RI� 6H� IURP� WKH� VRLO� (Chapter 2). 

Accumulated Se interacts with different protein fractions. Previous studies 

investigating Se-enriched rice protein have shown that its glutelin fraction 

accumulates the highest amount of Se compared to albumin, globulin, and 

prolamin [1], and that in buckwheat proteins, the albumin and globulin fraction 

accumulate the highest amounts of Se [10]. In Chapter 2 of this thesis, we 

demonstrate that in soybean, the highest level of Se could be found in the globulin 

fraction. In Se-enriched soybean, accumulated Se did not affect the distribution of 

amino acids compared with ordinary soybean proteins but the content of cysteine 

and methionine in Se-enriched proteins was decreased. Since Se-enriched proteins 

can incorporate seleno-amino acids in their peptide chains through the metabolic 

pathway of their sulfur analogs [1], and SeMet and SeCys are the main seleno-

amino acids in plant sources, it is possible that these seleno-amino acids are able 

to compete with and replace Cys and Met, respectively. This change in amino 

acid composition of Se-enriched proteins may further improve the nutritional 

characteristics of Se-enriched protein [11]. Furthermore, the seleno-amino acids 

present in Se-enriched protein could provide health benefits as these Se-enriched 

proteins are known to exhibit ability of superoxide scavenging activity. The 

reducing power of Se-enriched protein was two times higher than those of the 

non-enriched soybean proteins (Chapter 2). These results indicate that Se is an 

effectual ‘protector’ that plays an important role in maintaining the conformation 

(aggregation and partial unfolding) of soybean protein under oxidative stress. In 

addition, soybean protein isolate (SPI) represented the main water-soluble and 

alkali-soluble storage protein in Se-enriched soybean and absorbed a large amount 

of Se, which suggested that Se-enriched-SPI (S-SPI) could be a good protein 
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Soybean, as a source for Se-enriched protein, effectively accumulates Se and can 

be produced at a large scale. As previously mentioned, the role of Se and 

selenoproteins in human and animals is not limited to their antioxidant properties 

but also includes modulation of immune responses [11, 32]. Soybean may 

therefore be a good source for Se-enriched proteins to be used in dietary Se-

supplementation strategies to support the treatment of immune related disorders 

such as allergies. However, the exact effects of Se on immune functioning have 

not been elucidated yet to the extent that such strategies can already be 

implemented and need to be studied in more detail. To this end, we investigated 

the effects of supplementation with SeMet in a murine model for cow's milk 

allergy (Chapter 5). Hereafter, using soybean as a model antigen/allergen, we 

studied the effects of SeMet on mast cells, (Chapter 6); and assessed the effects 

of SeMet on DCs/DC-T cell coculture (Chapter 7). 

Soy is one of the most common food allergens. The prevalence of soy allergy in 

infant varies geographically [28], and in that context we opted for soybean from 

China and USA as the model allergen for our in vitro studies. We had the 

opportunity to combine the in vitro work with soybean-allergic serum-samples 

from the clinic of our collaborates in Stanford University which would add to 

translating the data to the in vivo situation. 

As plasma Se concentrations in food allergic children have been found to be 

significantly lower than in healthy children [29], we hypothesized Se may inhibit 

food allergy. In Chapter 4, we describe the mechanism of IgE mediated soybean 

allergy, the main allergens in soybean and discuss the possible effects of Se on 

soybean allergy.  

To investigate the underlying mechanisms of how Se may affect food allergy, in 

Chapter 5 we used a murine model for whey-induced food allergy to investigate 
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Although the difference in enzymatic activity was significant, this may also be 

explained by the fact that the cell viability was significantly increased as a result 

of S-SPI treatment. Unfortunately, the assessment of the cell viability does not 

allow for determination of cell numbers, which limits the interpretation of the 

difference in enzymatic activity. In addition, S-SPI preincubation up-regulated 

intracellular Nrf2, HO-1 and NQO1 of Caco-2 cells during H2O2 stimulation 

compared to O-SPI (Chapter 3). Nrf2 is an important regulator of the antioxidant 

cell defense system. Antioxidant genes regulated by Nrf2 such as NADPH 

dehydrogenase quinone 1(NQO1) and HO-1, are known to be upregulated to 

improve antioxidant activity [23]. Se is thought to affect the Nrf2 signaling 

pathway, which is evidenced by the finding that Se triggers Nrf2-mediated 

protection in Cd-induced chicken and rabbit cerebrum [24, 25]. Thus, Se 

enrichment of soybean protein enhanced antioxidant ability by increasing 

antioxidant enzymes. This conclusion was strengthened by our in vivo results, as 

we were able to demonstrate that the activity of GPx and SOD in the livers of S-

SPI treated mice was higher than in those of O-SPI treated mice (Chapter 3). 

Further supporting evidence is provided by the finding that Se-enriched protein 

diet significantly enhanced the enzymatic activity (total antioxidant capacity, GPx 

and SOD) in liver and serum in ageing model mice [26]. Similarly, pretreatment 

of alcohol-induced liver injury with Se-enriched spirulina platensis exhibited 

obvious inhibition of the liver function index and enhanced the activity of GPx 

and SOD in mice [27]. Taken together, S-SPI may prevent oxidative damage by 

scavenging free radicals and aiding the NRF2 signaling pathway by upregulating 

downstream antioxidant enzymes. 

3. Can Se modulate food allergy?  
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FcİRI expression and IgE binding (Chapter 6). Once soy protein bound to the 

FcİRI-IgE on the mast cell surface, mast cell receptor (FcİRI)-induced Ca2+ 

signaling pathway was immediately activated. The effect of Se occurs early in the 

signaling cascade, by decreasing the calcium flux (Chapter 6). The impact of the 

inhibitory effects of Se on mast cell function were clearly evidenced in RBL-2H3 

mast cells as well [32]. Thus, the decreased mMCP-1 in plasma by dietary Se 

supplementation in allergic mice together with decreased mast cell activation and 

degranulation indicate that Se may affect the food allergic acute phase by 

affecting mast cell activity/degranulation. 

In addition to investigating the effects of Se on the acute phase of the allergic 

response, we also studied its potential effects in the sensitization phase. Se has 

previously been reported to enhance surface molecule expression of DCs and 

accelerate their differentiation and maturation [33]. However, in our in vivo study 

(Chapter 5), we detected a significant reduction in the expression of the 

costimulatory molecule CD86 in DCs isolated from mice in the medium Se-group. 

CD86 expression is reportedly upregulated in food allergy in mice and lowering 

the expression of this molecule in DCs may thus affect allergen specific T-cell 

activation [33]. We further investigated the role of Se in DC activation and 

subsequent T cell activation and differentiation in an in vitro co-culture model 

(Chapter 7). Murine bone marrow derived dendritic cells (BMDCs) were isolated 

and cultured with GM-CSF for 6 days, preincubated with SeMet, exposed to 

Chinese and USA soybean protein and stimulated with LPS (Chapter 7). The 

results indicated that overall expression of costimulatory molecule CD40 and 

CD86 appeared to be higher in cells exposed to C-SPI, C-7S and C-11S but a 

significant difference was only observed when cells exposed to C-SPI were 

compared to cells exposed to U-SPI. Using SDS-PAGE, we could observe that C-
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whether dietary SeMet supplementation can affect food allergic responses in vivo. 

In whey-sensitized allergic mice, body temperature was higher in mice fed the 

diet supplemented with a medium concentration of SeMet 60 min after oral 

challenge with whey compared to the positive control group, which is indicative 

for attenuated anaphylaxis. In addition, dietary SeMet supplementation led to 

reductions in antigen-specific immunoglobulins and mouse mast cell protease-1 

(mMCP-1) which is one of the key mast cell-derived proteases in the mouse [31]. 

Since acute allergic responses are largely dependent on mast cell activation, IgE 

binding and high-affinity IgE receptor (FcİRI) expression [30] and inhibition of 

mast cell activation may thus greatly benefit patients suffering from allergic 

inflammation. We therefore investigated the potential of SeMet to affect mast cell 

responses in an in vitro human primary mast cell model for soybean allergy in 

Chapter 6.  

In Chapter 6, we demonstrated for the first time that soybean protein isolated 

from soybean from the USA (U-SPI) induced more mast cell degranulation than 

soybean protein isolated from Chinese soybean (C-SPI). Independent of the origin 

of the protein, the degranulation was greater in cells incubated with SPI compared 

to glycinin (11S) and ȕ-conglycinin (7S). As the sera used in these studies were 

obtained from American patients, it is likely that these patients were sensitized to 

soybean protein from the USA and therefore may be more sensitive to USA 

soybean protein compared to the soybean obtained from China. Furthermore, we 

demonstrated that SeMet preincubation effectively reduced activation and 

degranulation of primary human mast cells which were stimulated with soybean 

allergic serum and challenged with soybean protein. In order to understand how 

Se preincubation modulates this reaction, we analyzed FcİRI expression and IgE 

binding after soybean allergic serum stimulation. SeMet preincubation reduced 
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Interestingly, we observed that in cocultures with BMDCs had not been exposed 

to soy protein or stimulated with LPS but had been pretreated with 8 µg 

SeMet/mL the percentage of CD4+ T cells was significantly reduced, which may 

reflect that SeMet is capable of interfering with CD4+ lymphocyte activation by 

BMDCs. In addition, our results indicated that SeMet preincubation effectively 

decreased Th2 percentage and increased Th1/Th2 ratio (Chapter 7). This is in 

line with another study showing that dietary supplementation with Se skewed the 

Th1/Th2 balance toward a Th1 phenotype in mice [36]. These outcomes suggest 

that dietary Se-supplementation may affect the development of allergic disease by 

modulating the Th2 cell population. However, in our in vivo study we did not 

observe any changes in the size of the Th2 cell population as a result of dietary 

Se-supplementation (Chapter 5). As clinical effects of Se-supplementation could 

be observed in this study, it could be suggested that the functionality of the Th2 

cells had somehow been affected by Se-supplementation. Our observation that 

splenocytes isolated from Se-supplemented mice produced significantly less IL-4 

would support that hypothesis, although it should be noted that in our ex vivo 

cultures, we could not precisely determine the source of the IL-4 (Chapter 5). In 

our in vitro coculture study (Chapter 7) we isolated splenocytes from healthy, 

non-sensitized mice and found that IL-4 production was not affected after 

coculture with BMDCs which had been pretreated with SeMet. However, IL-4 

production was significantly increased when BMDCs had been exposed to C-SPI, 

U-SPI or stimulated with LPS, and this increase was not observed when BMDCs 

were also pretreated with SeMet. When cells had been exposed to antigen and 

stimulated with LPS, the IL-4 production appeared less prominent and the 

dampening effect of SeMet pretreatment was only observed in cells exposed to U-

SPI and stimulated with LPS, suggesting an antigen-specific response. 

Furthermore, we were able to measure a significant increase in the production of 
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SPI contained remarkably more 70-150 kDa subunits compared to U-SPI 

(Chapter 7), however, whether those subunits affect allergenicity of SPI need to 

be further studied. Furthermore, our results indicated that preincubation with a 

high concentration of Se (8 µg/mL) significantly decreased MHCII and CD86 

expression and IL-12p70 production, and increased IL-10 production in soybean 

protein stimulated BMDCs. However, previous studies have demonstrated that 

selenized Hericium erinaceus polysaccharides increased expression of cell surface 

markers including CD11c, CD40, CD86, and MHC II in murine bone marrow-

derived [33]. The observed differences in the response of DCs may be due to the 

use of a different form of Se and it medium.  

Alteration of DC activation markers may result in changes in T cell activation and 

differentiation. Although dietary Se supplementation led to a higher Th1/Th2 ratio 

and a lower percentage of activated Th2 cells in the MLN in our in vivo 

experiment, percentages of Th2 cells were not affected (Chapter 5). Furthermore, 

T-cell populations in the spleens of positive control mice were mostly similar to 

those the PBS group, the only exception being a significantly lower percentage of 

Th1 cells (Chapter 5). Our results did not allow for a clear conclusion with 

regards to the effect of Se supplementation on allergen-specific T cell responses, 

whereas other studies in mice have reported that a high Se diet skewed the 

Th1/Th2 balance towards a Th1 phenotype in spleen [34, 35]. Thus, to study this 

mechanism in closer detail, we co-cultured splenic T cell with BMDCs which had 

been preincubated with Se, exposed to soybean protein and stimulated with LPS. 

Our in vitro results suggest that Se may be capable of decreasing the capacity of 

SPI-exposed LPS-stimulated BMDCs to induce activation and proliferation of 

CD4+ T cells while simultaneously stimulating CD8+ T cell proliferation 

(Chapter 7).  
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U-SPI or stimulated with LPS, and this increase was not observed when BMDCs 

were also pretreated with SeMet. When cells had been exposed to antigen and 

stimulated with LPS, the IL-4 production appeared less prominent and the 

dampening effect of SeMet pretreatment was only observed in cells exposed to U-

SPI and stimulated with LPS, suggesting an antigen-specific response. 

Furthermore, we were able to measure a significant increase in the production of 
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SPI contained remarkably more 70-150 kDa subunits compared to U-SPI 

(Chapter 7), however, whether those subunits affect allergenicity of SPI need to 

be further studied. Furthermore, our results indicated that preincubation with a 

high concentration of Se (8 µg/mL) significantly decreased MHCII and CD86 

expression and IL-12p70 production, and increased IL-10 production in soybean 

protein stimulated BMDCs. However, previous studies have demonstrated that 

selenized Hericium erinaceus polysaccharides increased expression of cell surface 

markers including CD11c, CD40, CD86, and MHC II in murine bone marrow-

derived [33]. The observed differences in the response of DCs may be due to the 

use of a different form of Se and it medium.  

Alteration of DC activation markers may result in changes in T cell activation and 

differentiation. Although dietary Se supplementation led to a higher Th1/Th2 ratio 

and a lower percentage of activated Th2 cells in the MLN in our in vivo 

experiment, percentages of Th2 cells were not affected (Chapter 5). Furthermore, 

T-cell populations in the spleens of positive control mice were mostly similar to 

those the PBS group, the only exception being a significantly lower percentage of 

Th1 cells (Chapter 5). Our results did not allow for a clear conclusion with 

regards to the effect of Se supplementation on allergen-specific T cell responses, 

whereas other studies in mice have reported that a high Se diet skewed the 

Th1/Th2 balance towards a Th1 phenotype in spleen [34, 35]. Thus, to study this 

mechanism in closer detail, we co-cultured splenic T cell with BMDCs which had 

been preincubated with Se, exposed to soybean protein and stimulated with LPS. 

Our in vitro results suggest that Se may be capable of decreasing the capacity of 

SPI-exposed LPS-stimulated BMDCs to induce activation and proliferation of 

CD4+ T cells while simultaneously stimulating CD8+ T cell proliferation 

(Chapter 7).  
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understand the role of Se in allergic patients, more studies on the role of Se in 

mast cell activation are warranted. 

Besides investigating the broad applicability of Se, future studies should 

investigate the effect of Se on intestinal flora, considering the fact that intestinal 

flora play an important role in susceptibility to food allergy [42]. For instance, a 

study assessing the effects of inorganic Se vs organic Se on fecal end-

fermentation products and gut microbiome in puppies demonstrated that organic 

Se associated with a higher number of DNA copies of Lactobacillus, and a trend 

to lower DNA copies of Escherichia coli [43]. Since Lactobacillus promotes 

tolerance in infants with cow's milk allergy by influencing tolerogenic DC and T 

cell development and strain-level bacterial community structure of the infant gut 

[44, 45], Se may affect food allergy development by modulation of the 

microbiome as well.  

Overall conclusion 

This thesis has demonstrated that soybean can effectively accumulate Se from soil, 

which improved the nutritional value of the soybean by improving the protein 

content and increasing the total amount amino acid. In addition, Se was shown to 

play an important role in the maintenance of the structural conformation of natural 

Se-enriched proteins during oxidative stress. Moreover, Se-enriched soybean 

proteins were shown to have strong free radical scavenging abilities and 

demonstrated to reduce oxidation via activation of the NRF2 pathway, leading to 

increased levels of SOD and GPX, which are crucial for the reduction of oxidative 

stress. Next to the potential role of Se in oxidative stress, this thesis evaluated the 

effect of Se on immune modulation. We were able to demonstrate that Se dose-

dependently affected several parameters associated with immune activation and 

that supplementation with Se attenuated allergic effector responses, highlighted 
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IL-10 in most of the cocultures, and pretreatment of the BMDCs with SeMet 

enhanced this production, in particular in cocultures using U-SPI exposed 

BMDCs. These findings are in line with the results we found in Chapter 5, where 

we observed that dietary intervention with specific concentrations of Se led to a 

lower antigen-specific production of IL-4 by splenocytes stimulated with whey ex 

vivo, while whey-specific IL-10 production was increased. In our study, the 

increase in IL-10 production appeared to be dependent on the concentration of 

SeMet for U-SPI-exposed BMDCs (Chapter 7) and in our in vivo study the ex 

vivo IL-10 production was similarly dependent on the concentration of dietary Se.  

Future perspectives 

The therapeutic strategy to manage food allergies has been changed profoundly in 

recent years. For a long time, avoidance of common food allergens was advocated 

[38]. Evidence now suggests that early exposure to potential food allergens may 

decrease the risk of developing food allergic responses [39]. However, the 

required dose and frequency of food antigen exposure is highly dependent on the 

type of allergen, which complicates the development of suitable food formats for 

young infants at risk [40, 41]. Nutritional interventions with micronutrients such 

as Se aimed at beneficial immune modulation may therefore play an important 

role in risk reduction as well. The findings presented in this thesis show that Se 

intervention can reduce the costimulatory capacity of DCs in vivo and in vitro, 

affect Th2 cells and Th2-related cytokine production, altogether suggesting that 

adequate levels of Se are of importance during sensitization. However, the exact 

effects of Se on DC functioning are not clear and its role in T cell activation and 

differentiation should be investigated in further detail. In addition, Se intervention 

was shown to affect mast cell responses both in vitro and in vivo, showing this 

micronutrient also affects effector responses in allergic disease. To better 
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by the findings that Se supplementation could attenuate some clinical aspects 

associated with food allergy. This suggests that Se may be considered as a 

beneficial supplementary nutrient for (food) allergic patients. However, its role in 

the prevention of allergic disease is less clear and may be antigen dependent. This 

warrants more investigation into the use of Se-enriched soy as a source for dietary 

Se, as soy proteins constitute one of the main food allergens. 

Overall, the findings in this thesis broadened the knowledge of the composition 

and function of Se-enriched soybean protein and its role in oxidative stress and 

expanded the understanding of the effects of Se on immune responses, in 

particular in the context of (food) allergies. This thesis thereby contributes to a 

better understanding of the potential use of Se and Se-enriched proteins to 

improve health and quality of life. 

 

Summarizing Figure 1: In red panel (Chapter 2, 3) the characterization and antioxidant 
activity of Se-enriched soybean protein was studied. Soybean can effectively accumulate 
reasonable amounts of Se from soil, this accumulation effectively improved nutritional value 
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of the soybean protein (Chapter 2). Se-enriched soybean protein has strong free radical 
scavenging ability and antioxidation ability (Chapter 3). In green panel (Chapter 5-7) the 
effect of Se on food allergy was investigated. Se supplementation affected some clinical 
aspects associated with food allergy by decreasing specific antibody responses and mMCP-1 
release (Chapter 5). Reduced levels of mMCP-1 in vivo together with decreased mast cell 
degranulation in vitro by Se modulate indicate that Se affect food allergic by affect acute 
phase (Chapter 6). In vitro DC-T cell co-culturing results indicate that Se can modulate DC-
T cell communication (Chapter 7). Se-enriched protein and SeMet could be used as dietary 
supplement of Se for potential health benefits. 
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ability of soybean to accumulate Se. Further, in Chapter 2 we investigated if Se 

enrichment could affect soybean proteins. We evaluated the distribution and 

effects of natural Se on soybean proteins structure and function. It was shown that 

Se could promote protein synthesis and improved the protein content, increased 

the total amino acid content, and influenced the secondary structure of soybean 

proteins. More importantly, Se was confirmed to be an effectual “protector” that 

played an important role in maintaining the conformation of soybean proteins 

under oxidative stress. Thus, Se enrichment can improve the nutritional value of 

soybean.  

The use of molecular oxygen by aerobic organisms inevitably leads to the 

formation of many oxygen-containing reactive substances, which lead to 

oxidative damage to biomolecules such as nucleic acids, lipids, and proteins and 

are associated with cell death and diseases. Antioxidant enzymes including GPx, 

SOD, CAT and T-AOC play an important role in defending tissue and organs 

against oxidative damage. In Chapter 3, we tested the potential antioxidant 

activity of Se-enriched soybean protein using an in vitro (Caco-2 cell line) and in 

vivo mouse model. Se-enriched soybean protein not only improved cell viability 

but also activated the NRF2-HO1 signaling pathway and upregulated downstream 

antioxidant enzymes. The increased concentration of the enzymes GPx and SOD 

in the liver of mice further supported these in vitro results. Thus, these data 

suggest that Se-enriched soybean proteins potentially can be used as a dietary 

supplement for people with oxidative damage-related diseases, including 

atherosclerosis, chronic obstructive pulmonary disease, Alzheimer’s disease and 

cancer to support their health.  

Dietary Se can influence both innate and adaptive immune responses. However, 

the effects of Se on the development of food allergy are still largely unknown. 
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English summary 

Selenium (Se) is an essential and one of the most important micronutrients for 

humans and animals. An adequate intake of Se is a pivotal key to good health and 

plays a crucial role in development and physiological processes including immune 

responses. In humans Se is mainly obtained through the diet from animal products, 

vegetables, and fruits. The Se levels in animals and humans reflect the Se levels in 

their consumed diet, whereas the Se content of plants reflects the Se levels in the 

soil where they are grown. Thus, soil Se levels indirectly determine the Se levels 

of animals and humans. However, there are geographical zones where Se levels in 

soil are very low (70% of the regions worldwide and 72% in China), which may 

be a causative factor in the development of diseases in livestock and humans. 

Therefore, Se supplementation is sometimes necessary for people to maintain 

their health, especially for those who live in low Se regions which can result in an 

inadequate Se intake. Thus, studying Se-enriched foods and other Se supplements 

is of great importance. 

Various plant species have been recognized to effectively accumulate Se. Soybean 

is one of the most important protein sources in the world and it has a strong ability 

to accumulate Se. Soybean protein as an economical and quality protein source is 

extensively used in infant formula and food supplements because of its high 

protein levels and nutritional value. Despite the importance of both Se and 

soybean, information regarding the distribution of Se in different soybean protein 

fractions is scarce and publications related to either the effects of Se on proteins 

or the potential application of Se-enriched protein components as a Se-supplement 

are very limited, especially for soybean planted in natural Se-enriched soils. 

Therefore, we planted ordinary soybean in Se enriched soil to investigate the 
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and extends the current mechanistic knowledge on the allergy-protective effects 

of Se. 

Dendritic cells (DCs) play a key role in the maintenance of (self-) tolerance at the 

interphase of innate and adaptive immunity. In Chapter 5, next to the effects of 

Se on the clinical allergic responses in the allergic mice we also observed a 

significant decrease in the expression of DCs co-stimulatory molecule CD86 in 

whey-allergic mice supplemented with Se. This is indicative that Se might also 

influence the sensitization phase of the allergic response. However, information 

regarding the effect of Se on DCs or on their interaction with T cells is scarce. 

Therefore, in Chapter 7, we investigated the effect of Se on murine bone marrow 

derived DCs (BMDC) activation and subsequent T cell responses. Se treatment 

could affect DCs activation which further affected T cell proliferation and 

differentiation. Thus, Se may modulate the immune response to soybean protein 

by affecting DC/T cell communication, which could potentially attenuate 

subsequent allergic sensitization. 

Finally, in Chapter 8 we discussed the main findings in this thesis, which 

contribute to a better understanding of the potential use of Se and Se-enriched 

proteins to improve health and quality of life. Moreover, future perspectives are 

provided on research regarding the role of Se in food allergy management 

potentially through modulating mast cell activation and the composition of the 

intestinal flora.  
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Chapter 4 provides a review of the current evidence regarding the effects of Se 

on immune responses and its potential modulatory effects on food allergies, 

especially soy allergy. Se is involved in various processes, including maintaining 

immune homeostasis, preventing free radical damage, and modulating the gut 

microbiome, all of which may contribute to the management of food allergy both 

in prevention and treatment. Thus, further investigation is needed to understand 

the exact mechanisms.  

Therefore, as described in Chapter 5, we investigated whether dietary Se 

supplementation can inhibit whey-induced food allergy in a mouse model. Se 

supplementation could reduce several clinical aspects associated with food allergy. 

Although no clear effects on T cell populations were detectable, a significant 

decrease in specific antibody production and mMCP-1 release were found. 

Decreased mMCP-1 release indicated that Se may reduce allergic responses by 

affecting mast cell activation and degranulation in a direct way.  

To approve our hypothesis that Se may affect mast cell activation, in Chapter 6, 

we investigated if Se could modulate human primary mast cell activation. Primary 

human mast cells were preincubated with Se, sensitized with sera from healthy 

donors or from soy allergic patients (obtained from Stanford University) and 

challenged with soybean protein isolate from USA or from China. Soybean 

protein isolated from USA soybean induced more mast cell degranulation than 

soybean protein isolated from Chinese soybean. Further experiments are needed 

to analyse the observed difference between the two soybean protein isolates. 

Furthermore, preincubation with Se inhibited soy protein-elicited mast cell 

activation by reducing FcİRI expression and FcİRI downstream signaling events. 

This study provides evidence for a direct inhibition of mast cell activation by Se 
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䟺᭮߿ቁ㺘᰾⺂ਟ㜭䙊䗷ⴤ᧕ᖡ૽㛕བྷ㓶㜎⍫ॆ઼㝡㋂ᶕᖡ૽䗷৽ᓄǄ 

ѪҶ䇱ᇎ⺂ਟ㜭ᖡ૽㛕བྷ㓶㜎⍫ॆⲴٷ䇮ˈ൘ㅜㅜ 6 ㄐㄐѝˈᡁԜ⹄ウҶ⺂

ᱟՊᖡ૽Ӫ㊫ԓ㛕བྷ㓶㜎⍫ॆǄӪԓ㛕བྷ㓶㜎о Se а䎧亴ᆥ㛢ˈ❦

ਾ⭘ᶕ㠚ڕᓧփᡆབྷ䉶䗷ᛓ㘵Ⲵ㹰䘋㹼㠤ˈᒦ⭘ᶕ㠚㖾ഭᡆѝഭⲴ

བྷ䉶࠶㳻ⲭ䘋㹼◰ਁǄ㔃᷌ᱮ⽪Ӿ㖾ഭབྷ䉶ѝ࠶Ⲵབྷ䉶㳻ⲭ∄Ӿѝഭབྷ

䉶ѝ࠶Ⲵབྷ䉶㳻ⲭ䈡ሬᴤཊⲴ㛕བྷ㓶㜎㝡㋂Ǆ䴰㾱䘋а↕Ⲵᇎ傼ᶕ᷀࠶є

࠶Ⲵབྷ䉶㳻ⲭѻ䰤ⲴᐞᔲǄ↔ཆˈо Se 亴ᆥ㛢䙊䗷߿ቁ )Fİ5,�㺘䗮઼ 

)Fİ5,�л⑨ؑਧՐሬᶕᣁࡦབྷ䉶ᕅਁⲴ㛕བྷ㓶㜎⍫ॆǄ䈕⹄ウѪ⺂ⴤ᧕ᣁࡦ

㛕བྷ㓶㜎⍫ॆᨀҶ䇱ᦞˈᢙኅҶⴞ⺂ሩަ䗷؍ᣔ⭘ᵪࡦⲴ䇔䇶Ǆ 

ṁケ⣦㓶㜎 (DC) ൘㔤ᤱݸཙݽ⯛઼䘲ᓄᙗݽ⯛䰤ᵏⲴ˄㠚䓛˅㙀ਇѝ

ਁᥕ⵰ޣ䭞⭘Ǆ൘ㅜㅜ 5 ㄐㄐѝˈᡁԜ䘈ⴻࡠ൘ң䈡ሬⲴ伏⢙䗷ሿ啐ѝˈ

ѝㅹ⺂㺕ݵ㓴ѝ DCs ࡪޡ◰ ഐᆀ CD86 Ⲵ㺘䗮ᱮ⵰䱽վǄ❦㘼ˈޣҾ⺂ሩ 

DCs ᡆᆳԜо T 㓶㜎ӂ⭘Ⲵᖡ૽ⲴؑᖸቁǄ൘ㅜㅜ 7 ㄐㄐѝˈᡁԜ⹄ウ
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⺂˄Se˅ᱟӪ㊫઼ࣘ⢙ڕᓧᴰ䟽㾱Ⲵᗞ䟿㩕ޫ㍐ѻаǄӪ઼ࣘ⢙Ӿ侞伏

ѝ੨᭦⺂ˈ㘼侞伏ѝⲴ⺂ቔަᱟἽ⢙㟣伏ѝⲴ⺂ਜ਼䟿䎆Ҿ⭏䮯൏༔ѝⲴ⺂

ਜ਼䟿Ǆ❦㘼ˈޘ⨳ 70%Ⲵൠ४㕪⺂ˈѝഭᴹ 72%Ⲵൠ४㕪⺂Ǆഐ↔ˈਁ⧠

઼⹄ウᇼ⺂伏૱઼ަԆ⺂㺕ާݵᴹ䟽㾱ѹǄ 

ᖸཊἽ⢙㜭ᴹ᭸ൠᇼ䳶⺂Ǆབྷ䉶Ѫа㓿⍾фՈ䍘Ⲵ㳻ⲭ䍘ᶕⓀˈ

ഐަ儈㳻ⲭ䍘≤ᒣ઼㩕ޫԧ٬㘼㻛ᒯ⌋⭘ҾႤݯ䝽ᯩྦ㊹઼伏૱㺕ݵѝǄ

൘ᵜ⹄ウѝᡁԜሶᲞ䙊བྷ䉶ἽҾᇼ⺂൏༔ѝˈԕ㘳ሏབྷ䉶Ⲵ⺂〟㍟㜭Ǆ

൘ㅜㅜ 2 ㄐㄐѝˈᡁԜ⹄ウҶᇼ⺂ᱟՊᖡ૽བྷ䉶㳻ⲭⲴ㔃ᶴ઼ᙗ䍘Ǆഐ↔ˈᡁ

Ԝ䇴ՠҶཙ❦ᇼ⺂ሩ㳻ⲭ䍘㔃ᶴ઼ᣇ≗ॆ㜭Ⲵ઼ᖡ૽Ǆ㔃᷌ᱮ⽪⺂㜭׳䘋

㳻ⲭ䍘ਸᡀˈᨀ儈㳻ⲭ䍘ਜ਼䟿ˈᙫ≘ส䞨ਜ਼䟿ˈᖡ૽བྷ䉶㳻ⲭ䍘ⲴҼ㓗

㔃ᶴǄᴤ䟽㾱Ⲵᱟˈ⺂㻛䇱ᇎᱟаᴹ᭸Ⲵ“؍ᣔ”ˈ൘㔤ᤱ≗ॆᓄ◰лབྷ

䉶㳻ⲭⲴᶴ䊑˄㚊䳶઼䜘࠶ኅᔰ˅ᯩ䶒ਁᥕ⵰䟽㾱⭘Ǆഐ↔ˈᇼ⺂ਟԕᨀ

儈བྷ䉶Ⲵ㩕ޫԧ٬Ǆ 

ྭ≗⭏⢙ሩ࠶ᆀ≗Ⲵ࡙⭘ᗵ❦ሬ㠤䇨ཊਜ਼≗⍫ᙗ⢙䍘ⲴᖒᡀˈӾ㘼ሬ㠤

Ṩ䞨ǃ㜲䍘ǃ㳻ⲭ䍘ㅹ⭏⢙࠶ᆀਁ⭏≗ॆᦏՔˈᒦо㓶㜎↫ӑ઼⯮⯵ᴹޣǄ 

GPxǃSODǃCAT ઼ T-AOC ㅹᣇ≗ॆ䞦൘؍ᣔ㓴㓷઼ಘᇈݽਇץᇣᯩ䶒ਁ

ᥕ⵰䟽㾱⭘Ǆ൘ㅜㅜ 3 ㄐㄐѝˈᡁԜ䙊䗷 Caco-2 㓶㜎㌫઼ሿ啐⁑ර⍻䈅Ҷᇼ

⺂བྷ䉶㳻ⲭⲴ▌൘ᣇ≗ॆ⍫ᙗǄᇼ⺂བྷ䉶㳻ⲭнӵਟԕᨀ儈㓶㜎⍫ˈ䘈ਟ

ԕ◰⍫ NRF2-HO1 ؑਧ䙊䐟ᒦк䈳л⑨ᣇ≗ॆ䞦Ǆሿ啐㛍㜿ѝ䞦 GPx ઼ 

SOD ⎃ᓖⲴ䘋а↕᭟ᤱҶփཆᇎ傼㔃᷌Ǆഐ↔ˈᇼ⺂བྷ䉶㳻ⲭਟ⭘

≗ॆᦏՔӻሬ⯮⯵ᛓ㘵Ⲵ㟣伏㺕ݵˈԕ᭟ᤱڕᓧǄ 
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㟣伏⺂ਟԕᖡ૽ݸཙᙗ઼䘲ᓄᙗݽ⯛৽ᓄǄ❦㘼ˈ⺂ሩ伏⢙䗷Ⲵᖡ૽

ӽ❦ᖸབྷ〻ᓖкᵚ⸕Ǆㅜㅜ 4 ㄐㄐഎ亮ҶⴞޣҾ⺂ሩݽ⯛৽ᓄⲴᖡ૽৺ަሩ伏

⢙䗷ˈቔަᱟབྷ䉶䗷Ⲵ▌൘䈳㢲⭘Ⲵ䇱ᦞǄ⺂৲о䗷৽ᓄ䗷〻ˈव

ᤜ㔤ᤱݽ⯛っᘱǃ䱢→㠚⭡สᦏՔ઼䈳㢲㛐䚃ᗞ⭏⢙㓴ˈ䘉Ӌ䜭ਟ㜭ᴹࣙҾ

亴䱢઼⋫⯇伏⢙䗷Ǆഐ↔ˈ䴰㾱䘋а↕⹄ウԕҶ䀓⺞࠷ⲴᵪࡦǄ 

བྷ䉶ѝ⺂Ⲵѫ㾱ᖒᔿᱟᴹᵪ⺂㳻≘䞨˄SeMet˅ǄᴹᵪᖒᔿⲴ⺂ᴤᇩ᱃

൘㛐䚃ѝ㻛੨᭦ˈᒦ䙊䗷㹰⏢䗃䘱ࡠಘᇈѝˈԕਁᥕ⭏⨶㜭Ǆ൘ㅜㅜ 5 ㄐㄐ

ѝˈᡁԜ൘ࣘ⢙⹄ウ⁑රѝ⹄ウҶ㟣伏⺂㺕ݵᱟਟԕᣁࡦ⢋ྦ䗷Ǆ⺂

㺕ݵՊᖡ૽о伏⢙䗷ޣⲴаӋѤᒺ⯷⣦Ǆ㲭❦ᵚỰ⍻ࡠሩ T 㓶㜎㗔

Ⲵ᰾ᱮᖡ૽ˈնỰ⍻ࡠ⢩ᔲᙗᣇփӗ⭏઼ mMCP-1 䟺᭮ᱮ⵰߿ቁǄmMCP-1 

䟺᭮߿ቁ㺘᰾⺂ਟ㜭䙊䗷ⴤ᧕ᖡ૽㛕བྷ㓶㜎⍫ॆ઼㝡㋂ᶕᖡ૽䗷৽ᓄǄ 

ѪҶ䇱ᇎ⺂ਟ㜭ᖡ૽㛕བྷ㓶㜎⍫ॆⲴٷ䇮ˈ൘ㅜㅜ 6 ㄐㄐѝˈᡁԜ⹄ウҶ⺂

ᱟՊᖡ૽Ӫ㊫ԓ㛕བྷ㓶㜎⍫ॆǄӪԓ㛕བྷ㓶㜎о Se а䎧亴ᆥ㛢ˈ❦

ਾ⭘ᶕ㠚ڕᓧփᡆབྷ䉶䗷ᛓ㘵Ⲵ㹰䘋㹼㠤ˈᒦ⭘ᶕ㠚㖾ഭᡆѝഭⲴ

བྷ䉶࠶㳻ⲭ䘋㹼◰ਁǄ㔃᷌ᱮ⽪Ӿ㖾ഭབྷ䉶ѝ࠶Ⲵབྷ䉶㳻ⲭ∄Ӿѝഭབྷ

䉶ѝ࠶Ⲵབྷ䉶㳻ⲭ䈡ሬᴤཊⲴ㛕བྷ㓶㜎㝡㋂Ǆ䴰㾱䘋а↕Ⲵᇎ傼ᶕ᷀࠶є

࠶Ⲵབྷ䉶㳻ⲭѻ䰤ⲴᐞᔲǄ↔ཆˈо Se 亴ᆥ㛢䙊䗷߿ቁ )Fİ5,�㺘䗮઼ 

)Fİ5,�л⑨ؑਧՐሬᶕᣁࡦབྷ䉶ᕅਁⲴ㛕བྷ㓶㜎⍫ॆǄ䈕⹄ウѪ⺂ⴤ᧕ᣁࡦ

㛕བྷ㓶㜎⍫ॆᨀҶ䇱ᦞˈᢙኅҶⴞ⺂ሩަ䗷؍ᣔ⭘ᵪࡦⲴ䇔䇶Ǆ 

ṁケ⣦㓶㜎 (DC) ൘㔤ᤱݸཙݽ⯛઼䘲ᓄᙗݽ⯛䰤ᵏⲴ˄㠚䓛˅㙀ਇѝ

ਁᥕ⵰ޣ䭞⭘Ǆ൘ㅜㅜ 5 ㄐㄐѝˈᡁԜ䘈ⴻࡠ൘ң䈡ሬⲴ伏⢙䗷ሿ啐ѝˈ

ѝㅹ⺂㺕ݵ㓴ѝ DCs ࡪޡ◰ ഐᆀ CD86 Ⲵ㺘䗮ᱮ⵰䱽վǄ❦㘼ˈޣҾ⺂ሩ 

DCs ᡆᆳԜо T 㓶㜎ӂ⭘Ⲵᖡ૽ⲴؑᖸቁǄ൘ㅜㅜ 7 ㄐㄐѝˈᡁԜ⹄ウ
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⺂˄Se˅ᱟӪ㊫઼ࣘ⢙ڕᓧᴰ䟽㾱Ⲵᗞ䟿㩕ޫ㍐ѻаǄӪ઼ࣘ⢙Ӿ侞伏

ѝ੨᭦⺂ˈ㘼侞伏ѝⲴ⺂ቔަᱟἽ⢙㟣伏ѝⲴ⺂ਜ਼䟿䎆Ҿ⭏䮯൏༔ѝⲴ⺂

ਜ਼䟿Ǆ❦㘼ˈޘ⨳ 70%Ⲵൠ४㕪⺂ˈѝഭᴹ 72%Ⲵൠ४㕪⺂Ǆഐ↔ˈਁ⧠

઼⹄ウᇼ⺂伏૱઼ަԆ⺂㺕ާݵᴹ䟽㾱ѹǄ 

ᖸཊἽ⢙㜭ᴹ᭸ൠᇼ䳶⺂Ǆབྷ䉶Ѫа㓿⍾фՈ䍘Ⲵ㳻ⲭ䍘ᶕⓀˈ

ഐަ儈㳻ⲭ䍘≤ᒣ઼㩕ޫԧ٬㘼㻛ᒯ⌋⭘ҾႤݯ䝽ᯩྦ㊹઼伏૱㺕ݵѝǄ

൘ᵜ⹄ウѝᡁԜሶᲞ䙊བྷ䉶ἽҾᇼ⺂൏༔ѝˈԕ㘳ሏབྷ䉶Ⲵ⺂〟㍟㜭Ǆ
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㳻ⲭ䍘ਸᡀˈᨀ儈㳻ⲭ䍘ਜ਼䟿ˈᙫ≘ส䞨ਜ਼䟿ˈᖡ૽བྷ䉶㳻ⲭ䍘ⲴҼ㓗
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儈བྷ䉶Ⲵ㩕ޫԧ٬Ǆ 

ྭ≗⭏⢙ሩ࠶ᆀ≗Ⲵ࡙⭘ᗵ❦ሬ㠤䇨ཊਜ਼≗⍫ᙗ⢙䍘ⲴᖒᡀˈӾ㘼ሬ㠤
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GPxǃSODǃCAT ઼ T-AOC ㅹᣇ≗ॆ䞦൘؍ᣔ㓴㓷઼ಘᇈݽਇץᇣᯩ䶒ਁ

ᥕ⵰䟽㾱⭘Ǆ൘ㅜㅜ 3 ㄐㄐѝˈᡁԜ䙊䗷 Caco-2 㓶㜎㌫઼ሿ啐⁑ර⍻䈅Ҷᇼ

⺂བྷ䉶㳻ⲭⲴ▌൘ᣇ≗ॆ⍫ᙗǄᇼ⺂བྷ䉶㳻ⲭнӵਟԕᨀ儈㓶㜎⍫ˈ䘈ਟ

ԕ◰⍫ NRF2-HO1 ؑਧ䙊䐟ᒦк䈳л⑨ᣇ≗ॆ䞦Ǆሿ啐㛍㜿ѝ䞦 GPx ઼ 

SOD ⎃ᓖⲴ䘋а↕᭟ᤱҶփཆᇎ傼㔃᷌Ǆഐ↔ˈᇼ⺂བྷ䉶㳻ⲭਟ⭘

≗ॆᦏՔӻሬ⯮⯵ᛓ㘵Ⲵ㟣伏㺕ݵˈԕ᭟ᤱڕᓧǄ 



586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao586084-L-bw-Zhao
Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022Processed on: 17-11-2022 PDF page: 238PDF page: 238PDF page: 238PDF page: 238

 
Nederlandse Samenvatting 

 - 233 - 

Nederlandse samenvatting 

Selenium (Se) is een van de meest essentiële en belangrijkste micronutriënten 

voor mens en dier. Een adequate inname van Se is van cruciaal belang voor een 

goede gezondheid en speelt een essentiële rol in de ontwikkeling en fysiologische 

processen zoals die van het immuunsysteem. Door mensen wordt Se voornamelijk 

verkregen door het consumeren van dierlijke producten, groenten en fruit. Het 

gehalte van Se in mens en dier wordt bepaald door het niveau van Se in het dieet, 

en het Se-gehalte van planten weerspiegelt het Se-gehalte van de bodem waar 

deze planten groeien. Hierdoor is het Se niveau in de bodem direct te linken aan 

de Se niveau in mens en dier. Echter, er zijn geografische zones waarin Se 

niveaus in de bodem zeer laag zijn (70% van regio’s wereldwijd en 72% in China), 

wat een oorzaak kan zijn voor de ontwikkeling van diverse ziekten en 

aandoeningen in mens en dier. Daarom is toevoeging van Se soms noodzakelijk 

voor mensen woonachtig in deze geografische gebieden. Dit onderstreept het 

belang van voortschrijdend onderzoek naar Se verrijkt voedsel en andere vormen 

van Se suppletie. 

Diverse plantensoorten zijn bekend als effectief in het opnemen van Se uit de 

bodem. De sojaboon is als een van deze plantensoorten bekend, die naast een van 

de belangrijkste bronnen van eiwitten wereldwijd, ook effectief is in het opnemen 

en vasthouden van Se. Soja-eiwit is een economische en hoge kwaliteit eiwitbron 

die vaak gebruikt wordt in babyvoeding en voedingssupplementen vanwege dit 

hoge eiwitgehalte en de voedingswaarde. Ondanks het belang van Se en de 

sojaboon, ontbreekt er nog veel informatie aangaande de distributie van Se in 

verschillende soja-eiwit fracties, en publicaties gerelateerd aan de effecten van Se 

op eiwitten of de potentie van de toepassingen van Se verrijkte eiwit componenten 

zijn zeer beperkt, dit in bijzonder voor sojabonen die groeien in natuurlijk Se 
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Ҷ⺂ሩሿ啐僘儃㹽⭏ DCs (BMDC) ◰⍫Ⲵᖡ૽ԕ৺ަሩ T 㓶㜎৽ᓄⲴᖡ

૽ǄSe 亴ᆥ㛢ਟԕᖡ૽ DCs Ⲵ◰⍫ˈӾ㘼䘋а↕ᖡ૽ T 㓶㜎Ⲵ⇆઼࠶

ॆǄഐ↔ˈ⺂ਟ㜭䙊䗷ᖡ૽ DC/T 㓶㜎ѻ䰤ⲴӔ⍱ᶕ䈳㢲ሩབྷ䉶㳻ⲭⲴݽ⯛

৽ᓄӾ㘼ᖡ૽䗷৽ᓄⲴ㠤⭘Ǆ 

ᴰਾˈ൘ㅜㅜ 8 ㄐㄐѝˈᡁԜ䇘䇪Ҷᵜ᮷Ⲵѫ㾱ਁ⧠ˈ䘉ᴹࣙҾᴤྭൠҶ䀓

⺂઼ᇼ⺂㳻ⲭ䍘൘᭩ழڕᓧᯩ䶒Ⲵ▌൘⭘䙄Ǆ↔ཆˈሩ⺂൘㛕བྷ㓶㜎⍫ॆѝ

Ⲵ⭘ԕ৺⺂䙊䗷ᖡ૽㛐䚃㧼㗔䈳㢲伏⢙䗷Ⲵਟ㜭ᙗⲴ⹄ウᨀҶᯠⲴⲴ

㿲⛩Ǆ 
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Nederlandse samenvatting 

Selenium (Se) is een van de meest essentiële en belangrijkste micronutriënten 

voor mens en dier. Een adequate inname van Se is van cruciaal belang voor een 
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gerelateerde aandoeningen, zoals atherosclerose, chronische obstructieve 

longziekten, Alzheimer en kanker voor een verbetering van hun gezondheid.  

Se verkregen vanuit voeding kan de aangeboren en verworven immuunrespons 

beïnvloeden. De effecten van Se op de ontwikkeling van voedselallergie zijn 

echter nog grotendeels onbekend. Hoofdstuk 4 geeft een overzicht van de huidige 

gegevens over de effecten van Se op de immuunrespons en de mogelijke 

modulerende effecten op voedselallergieën, met name soja-allergie.   

Se is betrokken bij verschillende processen, waaronder het handhaven van de 

immuun homeostase, het voorkomen van schade door vrije zuurstofradicalen en 

het moduleren van de darmflora, die alle kunnen bijdragen aan de preventie en 

behandeling van voedselallergie. Om deze mechanismen beter in kaart te kunnen 

brengen is verder onderzoek noodzakelijk.  

Daarom is er, zoals beschreven in Hoofdstuk 5, onderzocht of Se-suppletie wei-

geïnduceerde voedselallergie in een muismodel kon onderdrukken.  Se-suppletie 

zou verschillende symptomen die worden gerelateerd aan voedselallergie kunnen 

verminderen. Hoewel duidelijke effecten op T-celpopulaties niet detecteerbaar 

waren, werd er een significante afname in specifieke antilichaamproductie en 

mMCP-1 afgifte gedetecteerd. De verminderde mMCP-1-afgifte wijst erop dat Se 

allergische reacties kan verminderen door activering en degranulatie van 

mestcellen rechtstreeks te beïnvloeden. 

Ter bevestiging van onze hypothese dat Se de activering van mestcellen kan 

beïnvloeden, hebben we in Hoofdstuk 6 onderzocht of Se de activatie van 

menselijke primaire mestcellen kon moduleren. Primaire menselijke mestcellen 

werden voorbehandeld met Se, gesensibiliseerd met sera van gezonde donoren of 

van soja-allergische patiënten en getest met een soja-eiwitisolaat uit de VS of uit 

China. 
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verrijkte bodems. Daarom zijn we gestart met het planten van een normale 

sojaboon in een met Se verrijkte bodem om zo te kunnen onderzoeken in welke 

mate deze boon het Se kan opnemen. Daarnaast is er in Hoofdstuk 2 gekeken 

naar de vraag of Se verrijking de natuurlijke soja-eiwitten kan beïnvloeden. De 

distributie en de effecten van Se op soja-eiwitten en hun functies werden 

geëvalueerd en hieruit is gebleken dat Se de eiwitsynthese kan versterken, de 

secundaire structuur van het eiwit kan beïnvloeden, de eiwitconcentratie en ook 

de hoeveelheid aminozuren kan verhogen. Van Se is bewezen dat het een 

effectieve “beschermer” is die een belangrijke rol speelt in het behouden van de 

structuur van eiwitten onder oxiderende omstandigheden. Hieruit kan worden 

geconcludeerd dat verrijking met Se de voedingswaarde van de sojaboon kan 

verbeteren.  

Het gebruik van moleculair zuurstof door aerobe organismen leidt uiteindelijk tot 

de vorming van vele reactieve zuurstofhoudende stoffen, die vervolgens leiden tot 

oxidatieve schade aan biomoleculen, zoals nucleïnezuren, vetzuren en eiwitten en 

in verband worden gebracht met celdood en diverse ziekten. 

Antioxidantenzymen waaronder GPx, SOD, CAT en T-AOC, spelen een 

belangrijke rol in het beschermen van weefsels en organen tegen oxidatieve 

schade. In Hoofdstuk 3 is de potentiële antioxidant activiteit van Se-verrijkt soja-

eiwit getest met behulp van een in vitro (Caco-2 cellijn) en een in vivo muismodel. 

Se-verrijkt soja-eiwit verbeterde niet alleen de levensvatbaarheid van de cellen, 

maar activeerde ook de NRF2-HO1 signaalroutes en verhoogde de downstream 

antioxidant enzymen. De verhoogde concentraties van de enzymen GPx en SOD 

in de lever van muizen onderbouwt verder de resultaten verkregen van het in vitro 

onderzoek. Deze data duiden aan dat met Se verrijkt soja-eiwit mogelijk gebruikt 

kan worden als een voedingssupplement voor mensen met oxidatieve schade 
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eiwitten die zijn verrijkt met Se om de gezondheid en kwaliteit van leven te 

verbeteren. Bovendien worden ideeën voor vervolgonderzoek beschreven naar de 

mogelijke rol van Se in de behandeling van voedselallergie, mogelijk via 

modulering van de activering van mestcellen en de samenstelling van de 

darmflora.
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Het soja-eiwit dat werd geïsoleerd uit de Amerikaanse sojaboon gaf meer 

degranulatie van de mestcellen dan het soja-eiwit geïsoleerd uit de Chinese 

sojaboon. Verder onderzoek is nodig om het waargenomen verschil tussen de 

twee soja-eiwitisolaten te kunnen analyseren en verklaren. Bovendien remde 

preïncubatie met Se de door soja-eiwit veroorzaakte mestcelactivatie door de 

)Fİ5,-H[SUHVVLH�HQ�GH�)Fİ5,�GRZQVWUHDP�VLJQDOHULQJ�WH�YHUPLQGHUHQ��'H]H�studie 

levert bewijs voor een directe remming van mestcelactivering door Se en breidt de 

huidige mechanistische kennis over de beschermende effecten van Se op 

allergische reacties uit. 

Dendritische cellen (DC's) spelen een sleutelrol in het in stand houden van 

(zelf)tolerantie in de interfase van de aangeboren en verworven immuniteit. Naast 

de effecten van Se op de klinisch allergische reacties in de allergische muizen 

werd er in Hoofdstuk 5 ook een significante afname waargenomen in de 

expressie van ’het co-stimulerende molecuul CD86 van DC's in wei-allergische 

muizen die extra Se hadden ontvangen. Dit wijst erop dat Se ook de 

sensibilisatiefase van de allergische reactie zou kunnen beïnvloeden. Informatie 

over het effect van Se op DC's of op hun interactie met T-cellen is echter schaars. 

Daarom onderzochten we in Hoofdstuk 7 het effect van Se op de activering van 

uit muisbeenmerg afkomstige DC's (BMDC) en daaropvolgende T-cel reacties. 

Behandeling met Se zou de activering van DC's kunnen beïnvloeden, wat op zijn 

beurt weer de proliferatie en differentiatie van T-cellen kan beïnvloedden. Se kan 

dus de immuunrespons op soja-eiwit moduleren door de DC/T-celcommunicatie 

te beïnvloeden, wat de daaropvolgende allergische sensibilisatie mogelijk zou 

kunnen verminderen. 

Ten slotte worden in Hoofdstuk 8 de belangrijkste bevindingen in dit proefschrift 

besproken die bijdragen aan een beter begrip van het mogelijke gebruik van Se en 
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spring rolls were the best in the world. Thank you for feeding me. Dear Devon, it 
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Dear Lucía, without you I would still be a shy and quiet person in the corner.  
You broke my shell, took me out, and let me see a different world. I enjoyed the 
time we went to sports, different restaurants, and Barcelona. Oh, talking about 
Barcelona, it was a super exciting experience. We (also Naika) had so much nice 
food, listened to a lady’s life story in the bar, laughed with strangers on the street, 
and had so funny beauty mask story. Thank you for all the precious memories. 
You are a very caring person. When I went back to China for my Chinese defense, 
you worried I would be bored and get crazy during my quarantine, you called me 
many times and kept me updated on the official information. Thank you for your 
friendship and for being by my side.  

Dear José. I remember when Ling left, I felt my safety net was gone, I was 
extremely sad. My English was so broken, I was scared to talk with other 
colleagues, and I closed myself off. Then somehow, we started our first 
conversation, I managed to chat with you a couple of hours without feeling any 
pressure. Since then, I started trying to use my rusty English. You helped me to 
check my manuscript and improve my English. During the lockdown, you 
checked in on me, and had many video calls, thank you for brightening my life 
during that dark time. You always excited about my ideas, supported me, and 
encouraged me. You are such a humble, trustworthy, and kind friend. I feel so 
lucky to have you by my side. 

Dear Ling, we talked a lot when you were here, we had so many things to share. 
Although we only had nine months together, it felt like we already know each 
other for a long time. Thank you for all the tips for having a happy life in the 
Netherlands and in the office. Thank you for teaching me DCs culture skills. Most 
importantly, thank you for always supporting me and believing in me. You gave 
me a lot of strength to pursue my dream. You told me that most people are in our 
life just for a short stop and then they just move on with different people. I am so 
lucky to have you stopped by me and color my life. You are my model. I admire 
your courage and bravery. I believe you will have a bright future and I wish you 
all the best. 
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My dear culo people Paula, Paul, Charlotte, Naika, Hamed, Lucia, João, and 
Josh. You guys are amazing. My life in the Netherlands is wonderful because I 
have you guys. I had so many precious memories with you guys. Scary Efteling, 
hilarious Halloween party, culo game coffee break, and so many food and drink 
parties. Thank you guys for calling me to cheer me up during my quarantine when 
I went back to China. Thank you guys for all the sweet moments. Without you 
guys, my PhD journey would be boring. Dear Paula, you are like a sister to me, 
thank you for bringing me in and opening me up. You lifted me up when I told 
you I submitted my thesis, thank you for being excited for me when I made any 
achievements. Dear Paul, you do seem not a serious person, but you did a lot of 
serious things. You seem not to care about things but deep down you are an 
emotional and caring person. Thank you for bringing culo to us, I love it. Dear 
Charlotte, you are such a sweet person. You remember everyone’s birthday and 
you arranged birthday gifts for us. Thank you for being so kind to me. I loved the 
time we went shopping in Germany. I am so happy about your achievements this 
year. I wish you all the best in your future adventures. Dear Naika, before we 
went to Barcelona, I worried a lot because I have never been on holiday with girls. 
But our holiday was excellent, we had so much nice food, and we laughed a lot. 
Thank you for the precious memory. Thank you for your warm hugs, it was never 
enough for me. Dear Hamed, since you left, I have had to start visiting IT when I 
have computer problems. Thank you for always helping me. Dear João, party 
organizer, the humblest person. I loved our food and drink parties. Thank you for 
making my PhD life exciting. Dear Josh, the only person on earth who eats kiwi‘s 
skin. If your English was better, we could be closer. I wish you all the success in 
your PhD journey. Dear Elisa, thank you for listening to my complaints and all 
stories. It was always very comforting talking to you. Dear Lousanne, you are 
always happy and energetic. Thank you for bringing me in a happy mood. Thank 
you for teaching me Dutch, tot ziens. Dear Natasia, I loved your party styles. It 
was fun to talk to you. Dear Irene, you are such a sweet girl. We had so much to 
talk about and share, I enjoyed all our chats. We both chickened out most of time 
when we were in the Efteling, thank you for keeping this chicken company. Your 
spring rolls were the best in the world. Thank you for feeding me. Dear Devon, it 
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Dear Lucía, without you I would still be a shy and quiet person in the corner.  
You broke my shell, took me out, and let me see a different world. I enjoyed the 
time we went to sports, different restaurants, and Barcelona. Oh, talking about 
Barcelona, it was a super exciting experience. We (also Naika) had so much nice 
food, listened to a lady’s life story in the bar, laughed with strangers on the street, 
and had so funny beauty mask story. Thank you for all the precious memories. 
You are a very caring person. When I went back to China for my Chinese defense, 
you worried I would be bored and get crazy during my quarantine, you called me 
many times and kept me updated on the official information. Thank you for your 
friendship and for being by my side.  

Dear José. I remember when Ling left, I felt my safety net was gone, I was 
extremely sad. My English was so broken, I was scared to talk with other 
colleagues, and I closed myself off. Then somehow, we started our first 
conversation, I managed to chat with you a couple of hours without feeling any 
pressure. Since then, I started trying to use my rusty English. You helped me to 
check my manuscript and improve my English. During the lockdown, you 
checked in on me, and had many video calls, thank you for brightening my life 
during that dark time. You always excited about my ideas, supported me, and 
encouraged me. You are such a humble, trustworthy, and kind friend. I feel so 
lucky to have you by my side. 

Dear Ling, we talked a lot when you were here, we had so many things to share. 
Although we only had nine months together, it felt like we already know each 
other for a long time. Thank you for all the tips for having a happy life in the 
Netherlands and in the office. Thank you for teaching me DCs culture skills. Most 
importantly, thank you for always supporting me and believing in me. You gave 
me a lot of strength to pursue my dream. You told me that most people are in our 
life just for a short stop and then they just move on with different people. I am so 
lucky to have you stopped by me and color my life. You are my model. I admire 
your courage and bravery. I believe you will have a bright future and I wish you 
all the best. 
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Thank you for organizing so many nice parties and delicious food. I wish you all 
big success in your future.  

Dear Adel, my first neighbor. You were so kind to me when I was here in the first 
month. You told me I can ask for your help whenever I need it. Thank you for 
your patience with my so broken English. Your positive attitude was encouraging, 
I loved talking to you. Dear Amir and Ali, thank you for your cookies and nice 
chats.  

Dear Karin, you are the best. You never forget anyone. Our group is much 
warmer and more energetic since you became  secretary. I loved your spirit for 
borrels and parties. Thank you for bringing us so much happiness and being so 
kind to me. Dear Paul (Henricks), you are such a kind person, thank you for all 
your help with my thesis. Dear Veronica, the modest person. I still remember 
when I had animal sectioning, you were helping me. When I went to ML-1 after I 
finished in the GDL, you were still there counting the cells, it was a rainy and 
cold afternoon, but you warmed me. Thank you for all your help and for being 
kind to me. Dear Maria  Eleni, Mara, Gemma, Pieter, Koen, Monica, Ingrid, 
Aletta, Gert, Roos, Betty, Milos, Alejandro, David, Mirelle, Sabbir, Marit, 
Saskia, Sandra, Silvia, Anne Metje, Luara, Robbine and other FFF family 
thank you for all your help and support during my time at UU.  

Special gratitude to my colleagues from the Chinese group. Ӣ⡡Ⲵ᱕᱕㢣㢣ᐸကˈ 
䘈ᱟ൘ഭབྷကကаṧˈᑞࣙᡁˈ➗亮ᡁˈᤷሬᡁǄᰐ䇪ᱟᡁԜ൘ഭۿቡ

ཆˈаⴤ䜭㙀ᗳٮੜᡁⲴ࠶ӛˈᑞᡁᧂᘗ䀓䳮,䉒䉒䇙ᡁᡀѪањࣷ

ᮒˈ䱣ݹⲴӪǄӢ⡡Ⲵ㖾㖾֣֣ˈаⴤ䜭䛓Ѹழ㢟ˈᔰᵇǄᝏ䉒ᑞᡁᢃ⨶

㔝ˈഐѪⲴᑞࣙᡁ㜭൘ഭཆᆹᗳڊᡁⲴ䈮仈ᆼᡀᡁⲴ∅ъ䇪᮷Ǆ㖾

ঊ༛、⹄亪࡙ˈ⭏⍫ᔰᔰᗳᗳǄ਼ᰦҏᝏ䉒ᇎ傼ᇔⲴަԆ㘱ᐸԕ৺⾍ˈ֣

ᐸݴᐸကᐸᕏᐸԜⲴᑞࣙǄ 

My gratitude to my dear friend Shigui. Ӣ⡡Ⲵ㘱㘱ԈԈ਼ᆖˈᡁԜӾᡁ䈫⹄ᰦى

䇶ˈࡠਾᶕ⸕ǄⲴ啃઼࣡ሩᡁⲴؑԫ㔉Ҷᡁᰐ䲀Ⲵ㠚઼ؑࣘˈ䇙ᡁ㜭

ཏᴤྭൠ৫ڊᡁ㠚ᐡˈ৫䘭䙀㠚ᐡⲴỖᜣǄᱟᡁӪ䱵ӔᖰⲴߋᐸˈҏᱟᢺ

ᡁ઼⧠ᇎ⽮Պ䘎᧕䎧ᶕⲴ䟽㾱㓭ᑖǄᴹѪᡁⲴᴻ৻ᡁᝏࡠᰐ∄ᒨ䘀Ǆ䶎
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was fun to talk to you. Your cocktail was the best. Dear Quentin and Roos, it was 
nice to have you as our new culo member. I enjoyed my time with you during 
lunch, coffee breaks, and parties. Thank you for all the happy memories.  

Dear MMM people, Suzan, Negisa, Joris, Bart, Mehrdad, Deguang. Dear 
Suzan, thank you for your help with my animal experiment, it wouldn’t be 
possible without your help. Thank you for your patience and time to answer my 
questions and solve my problems during evenings, weekends and even during 
your holiday. Dear Negisa, I enjoyed our long chats, we have so many things in 
common. Thank you for your support and encouragement. You were so patient to 
teach me tennis. I will try to improve my tennis skills and hope we can play 
together. Dear Joris, you are such a humble person. You were always smiling. I 
can’t control myself to smile when I talk to you. Thank you for bringing me a 
happy mood and thank you for all your help. Dear Bart, I enjoyed our chats about 
everything. Working with you was always fun. I was so surprised when you told 
me you were renovating your house by yourself. How is it possible that a person 
can be a teacher, a PhD, a house worker, and someone’s boyfriend at the same 
time?  Dear Mehrdad, talking to you was always very comforting. We talked a 
lot about everything, and every time when we start talking, we couldn’t stop. 
Thank you for your friendship. Dear Deguang, we are from the same university 
and the same faculty in China, it was super nice to talk to you about the past. I 
wish you all the success in your PhD.  

Dear Frank and Bart, thank you for your collaboration. I learned a lot of mast 
cell knowledge from you. Without you, I would not be able to finish my project in 
such a short time. Dear Bart, thank you for scaring me so many times in the lab, 
without you my heart wouldn’t be strong enough to go through my PhD. Thank 
you for cheering me up with your bad jokes. You are such a trustworthy person, 
sometimes you were more motivated than me. I really enjoyed to work with you. 

Dear Jing, Yang, Puqiao. Without you, I wouldn’t be able to adapt to a new 
environment that fast. Thank you all for teaching me the techniques and skills. 
Because of you guys, I did not feel lonely during all kinds of Chinese festivals. 
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month. You told me I can ask for your help whenever I need it. Thank you for 
your patience with my so broken English. Your positive attitude was encouraging, 
I loved talking to you. Dear Amir and Ali, thank you for your cookies and nice 
chats.  

Dear Karin, you are the best. You never forget anyone. Our group is much 
warmer and more energetic since you became  secretary. I loved your spirit for 
borrels and parties. Thank you for bringing us so much happiness and being so 
kind to me. Dear Paul (Henricks), you are such a kind person, thank you for all 
your help with my thesis. Dear Veronica, the modest person. I still remember 
when I had animal sectioning, you were helping me. When I went to ML-1 after I 
finished in the GDL, you were still there counting the cells, it was a rainy and 
cold afternoon, but you warmed me. Thank you for all your help and for being 
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Aletta, Gert, Roos, Betty, Milos, Alejandro, David, Mirelle, Sabbir, Marit, 
Saskia, Sandra, Silvia, Anne Metje, Luara, Robbine and other FFF family 
thank you for all your help and support during my time at UU.  
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䘈ᱟ൘ഭབྷကကаṧˈᑞࣙᡁˈ➗亮ᡁˈᤷሬᡁǄᰐ䇪ᱟᡁԜ൘ഭۿቡ

ཆˈаⴤ䜭㙀ᗳٮੜᡁⲴ࠶ӛˈᑞᡁᧂᘗ䀓䳮,䉒䉒䇙ᡁᡀѪањࣷ

ᮒˈ䱣ݹⲴӪǄӢ⡡Ⲵ㖾㖾֣֣ˈаⴤ䜭䛓Ѹழ㢟ˈᔰᵇǄᝏ䉒ᑞᡁᢃ⨶

㔝ˈഐѪⲴᑞࣙᡁ㜭൘ഭཆᆹᗳڊᡁⲴ䈮仈ᆼᡀᡁⲴ∅ъ䇪᮷Ǆ㖾

ঊ༛、⹄亪࡙ˈ⭏⍫ᔰᔰᗳᗳǄ਼ᰦҏᝏ䉒ᇎ傼ᇔⲴަԆ㘱ᐸԕ৺⾍ˈ֣

ᐸݴᐸကᐸᕏᐸԜⲴᑞࣙǄ 

My gratitude to my dear friend Shigui. Ӣ⡡Ⲵ㘱㘱ԈԈ਼ᆖˈᡁԜӾᡁ䈫⹄ᰦى

䇶ˈࡠਾᶕ⸕ǄⲴ啃઼࣡ሩᡁⲴؑԫ㔉Ҷᡁᰐ䲀Ⲵ㠚઼ؑࣘˈ䇙ᡁ㜭

ཏᴤྭൠ৫ڊᡁ㠚ᐡˈ৫䘭䙀㠚ᐡⲴỖᜣǄᱟᡁӪ䱵ӔᖰⲴߋᐸˈҏᱟᢺ

ᡁ઼⧠ᇎ⽮Պ䘎᧕䎧ᶕⲴ䟽㾱㓭ᑖǄᴹѪᡁⲴᴻ৻ᡁᝏࡠᰐ∄ᒨ䘀Ǆ䶎

ᑨᝏ䉒а䐟ⲴᑞࣙǄ 

 
Acknowledgement 

 - 242 - 

was fun to talk to you. Your cocktail was the best. Dear Quentin and Roos, it was 
nice to have you as our new culo member. I enjoyed my time with you during 
lunch, coffee breaks, and parties. Thank you for all the happy memories.  

Dear MMM people, Suzan, Negisa, Joris, Bart, Mehrdad, Deguang. Dear 
Suzan, thank you for your help with my animal experiment, it wouldn’t be 
possible without your help. Thank you for your patience and time to answer my 
questions and solve my problems during evenings, weekends and even during 
your holiday. Dear Negisa, I enjoyed our long chats, we have so many things in 
common. Thank you for your support and encouragement. You were so patient to 
teach me tennis. I will try to improve my tennis skills and hope we can play 
together. Dear Joris, you are such a humble person. You were always smiling. I 
can’t control myself to smile when I talk to you. Thank you for bringing me a 
happy mood and thank you for all your help. Dear Bart, I enjoyed our chats about 
everything. Working with you was always fun. I was so surprised when you told 
me you were renovating your house by yourself. How is it possible that a person 
can be a teacher, a PhD, a house worker, and someone’s boyfriend at the same 
time?  Dear Mehrdad, talking to you was always very comforting. We talked a 
lot about everything, and every time when we start talking, we couldn’t stop. 
Thank you for your friendship. Dear Deguang, we are from the same university 
and the same faculty in China, it was super nice to talk to you about the past. I 
wish you all the success in your PhD.  

Dear Frank and Bart, thank you for your collaboration. I learned a lot of mast 
cell knowledge from you. Without you, I would not be able to finish my project in 
such a short time. Dear Bart, thank you for scaring me so many times in the lab, 
without you my heart wouldn’t be strong enough to go through my PhD. Thank 
you for cheering me up with your bad jokes. You are such a trustworthy person, 
sometimes you were more motivated than me. I really enjoyed to work with you. 

Dear Jing, Yang, Puqiao. Without you, I wouldn’t be able to adapt to a new 
environment that fast. Thank you all for teaching me the techniques and skills. 
Because of you guys, I did not feel lonely during all kinds of Chinese festivals. 
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We played either ping-pong or basketball almost every day with Xiaoyi during 
the lockdown. Thank you for help me keep in shape. Dear Yi, member of the “go 
to museum” group, it was nice to go to the museum together. You always see 
things from different angles, it was fun to talk to you. Thank you for your 
company. Good luck with everything. Dear Yuanpeng, you were the best cook 
when we lived in Cambridgelaan. Your room was always full of people for lunch 
or dinner. We had one year of luxurious life because of you. Thank you for taking 
care of us. I wish you all the best. Dear Shicheng, you are a very brave and 
principled person who is not influenced by the people around you. Talking to you 
was really inspiring and encouraging. Good luck with your new role as a husband 
and a father. 

Dear Badminton people, Lesly, Wally, Noud, Humphry, Sony, Phonsin, Calvin, 
Yongliang, Weichao, and Xiaobing. You guys are wonderful. Thank you for 
taking me in and teaching me badminton. I am so happy I joined the team, I had a 
super nice time with you guys. Thank you for your patience and jokes. 

There were so many strangers who helped me and cheered me up within these 4 
years. They truly warmed me. Thanks, the guy who sent me to the hospital when I 
had a bike accident. It was rush hour, and he stopped when he saw I fell, he sent 
me to emergency and made sure I was taken care of properly. Thanks to the girl in 
Keramus who brought me medicine and fruit when I had a fever. Thanks to the 
guy who fixed my bike on the road. Thanks to the guy who talked to me and 
shared his life story when I was struggling with my life direction, he told me “Lily 
everything will be fine, believe me”. It was a simple word but gave me just 
enough strength to face the challenges. I appreciate all the kindness from strangers, 
which made me feel like I am not alone in this country.  

My deepset gratitude to my family. 䶎ᑨᝏ䉒⡦⇽઼ᇦӪⲴ⨶䀓઼᭟ᤱǄᝏ䉒

ᡁӢ⡡Ⲵကက䎥䎥ሿሿẵẵ઼䎥䎥ሿሿ၏၏ሩ⡦⇽Ⲵ➗亮ˈԜⲴ᭟ᤱ䇙ᡁᴹ䏣ཏ

Ⲵࣷ≄а䐟㹼䘭䙀㠚ᐡⲴỖᜣǄᰐ䇪ᡁ䓛൘օᯩˈԜ䜭ᱟᡁᴰඊᇎⲴਾ

ˈᴰ␡Ⲵ㖱㓺Ǆ⢩࡛ᝏ䉒ᡁӢ⡡ⲴˈᡁᴰӢᇶⲴᴻ৻Ǆ䉒䉒∛ᰐ؍

⮉Ⲵᑞࣙᡁˈ᭟ᤱᡁˈ啃࣡ᡁǄഐѪӾሿࡠབྷⲴ䲚դᡁ㜭ᡀѪањ䱣ݹ
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Dear Lei, although we started to talk to each other quite late, we connected really 
fast. We have so many things in common. We both like same kind of sports, kind 
of crazy in same way, and have the same taste for most stuff. I loved our girls’ 
chats. You are such a caring person; it was always comfortable to be with you. 
Thank you for your friendship. Dear Xiaoyi, I am so happy to have you live in the 
same building in Keramus. I did not feel sad or lonely during the lockdown 
because I had you. We went out to do sports, drink, cooked, or gossip together, it 
was comforting to discuss anything with you. You were always there for me on 
short notice when I wanted to go somewhere or do something. Thank you for your 
friendship. Dear Jan and Boaz, it was super nice we spent time together. Thank 
you for taking care of my girls, you guys are doing a very good job, keep going.  

Dear Fahui, thank you for introducing me to Johan, what a nice journey, without 
you none of this would have happened. I still remember the first day I came to the 
Netherlands, I freaked out when I saw so many foreigners in Schiphol. It felt like 
I was drowning in the sea. It felt that I grabbed a life jacket when I saw you. 
Thank you for picking me up and helping me with all the registration things. 
Thank you and your family for letting me stay at your house for the first month. 
Dear Lijiao and Zhijun, we were classmates in college, we went to the same 
faculty for our master, then you guys came to the Netherlands to do your PhD, I 
stayed in the same university to do my PhD, then out of blue I came to the 
Netherlands, what a life. I am so happy to see you build up your life step by step. 
I hope we all will have bright futures and a happy life in the Netherlands. 

Dear Cambrigelaan people, Jun, Taozi, Zhenguo, Yi, Yuanpeng, Shicheng. 
Dear Jun, thank you for bringing me into the “go to museum” group, we had so 
many nice trips. It was super funny that we joined the Chinese student Ping-Pong 
competition, although we were the most suck players, our courage and confidence 
were encouraging. Thank you for your encouragement of all my ideas. I wish you 
all the best in China, ⊏⒆㿱. Dear Taozi, you are like my big brother, you 
always picked us up, and bring our “go to museum” group to museums and 
restaurants. I enjoyed having a hotpot and playing mahjong at your place. Thank 
you very much for your friendship. Dear Zhenguo, you were always a hot topic 
whenever we had a bunch of people together, thank you for your entertainment. 
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company. Good luck with everything. Dear Yuanpeng, you were the best cook 
when we lived in Cambridgelaan. Your room was always full of people for lunch 
or dinner. We had one year of luxurious life because of you. Thank you for taking 
care of us. I wish you all the best. Dear Shicheng, you are a very brave and 
principled person who is not influenced by the people around you. Talking to you 
was really inspiring and encouraging. Good luck with your new role as a husband 
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Dear Badminton people, Lesly, Wally, Noud, Humphry, Sony, Phonsin, Calvin, 
Yongliang, Weichao, and Xiaobing. You guys are wonderful. Thank you for 
taking me in and teaching me badminton. I am so happy I joined the team, I had a 
super nice time with you guys. Thank you for your patience and jokes. 

There were so many strangers who helped me and cheered me up within these 4 
years. They truly warmed me. Thanks, the guy who sent me to the hospital when I 
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