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Abstract

Se is a potent nutritional antioxidant important for various aspects of human health. Because
asthma has been demonstrated to involve increased oxidative stress, levels of Se intake have been
hypothesized to play an important role in the pathogenesis of asthma. However, significant
associations between Se status and prevalence or severity of asthma have not been consistently
demonstrated in human studies. This highlights both the complex etiology of human asthma and
the inherent problems with correlative nutritional studies. In this review, the different findings in
human studies are discussed along with results from limited intervention studies. Mouse models of
asthma have provided more definitive results suggesting that the benefits of Se supplementation
may depend on an individual's initial Se status. This likely involves T helper cell differentiation
and the mechanistic studies that have provided important insight into the effects of Se levels on
immune cell function are summarized. Importantly, the benefits and adverse effects of Se
supplementation must both be considered in using this nutritional supplement for treating asthma.
With this in mind new approaches are discussed that may provide more safe and effective means
for using Se supplementation for asthma or other disorders involving inflammation or immunity.
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1. Introduction

Selenium (Se) is an essential micronutrient that is important for various aspects of human
health including proper thyroid hormone metabolism, cardiovascular health, prevention of
neurodegeneration and cancer, and optimal immune responses. Most populations worldwide
acquire dietary Se at levels that do not result in severe deficiency or toxicity, but there are
important exceptions. For example, regions in China and New Zealand have low Se content
in the soil, which may lead to insufficient Se in plants and livestock that results in low Se
foods (Thomson, 2004). Other studies have shown that Se intake and serum Se
concentrations in parts of Europe have recently declined, likely due to decreased use of
North American grain (Rayman, 1997). This is particularly evident in the United Kingdom
where there is evidence that Se intake has been declining and is now well below the levels
required for optimal biological activity (Johnson et al., 2010). Thus, there is growing interest
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in determining whether decreases in Se intake may impact certain health conditions for these
populations. The U.S. generally has high Se content in the soil and high Se intake compared
to other nations, and this is reflected in relatively high average serum Se levels of 125-137
Hg/L in the U.S. population (Bleys et al., 2009; Niskar et al., 2003). However, deficient Se
intake may still be found within certain individuals and moderately low Se status may
dramatically affect inflammation and immune responses. Also, the use of Se
supplementation to increase Se status to supraphysiological levels may be exploited to
modulate immune processes that drive certain health disorders, such as the T helper 2 (Th2)
responses that drive allergic asthma.

Asthma is a multi-factorial inflammatory syndrome characterized by airway hyper-
responsiveness, wheezing, coughing, and shortness of breath (Locksley, 2010; Miller, 2001).
The complex etiology of asthma involves genetic, allergic, environmental, infectious,
emotional, and nutritional factors (Maddox and Schwartz, 2002). Among these nutritional
factors, Se has been hypothesized to play a particularly important role. This is largely based
on the premise that oxidative stress significantly contributes to the pathogenesis of asthma
and, as a potent nutritional antioxidant, dietary Se can serve to ameliorate oxidative stress
and reduce asthma. Oxidative stress has indeed been detected in lower airways of asthmatic
individuals and genetic polymorphisms in humans and studies in animals suggest that
oxidative stress is a contributing factor in the development and severity of asthma (Riedl and
Nel, 2008). Allergic asthma is characterized by a pro-oxidant pulmonary environment and
allergen challenge in the lung induces rapid increases in the oxidized to reduced glutathione
ratio as well as ROS levels that precede inflammatory cell infiltration (Park et al., 2009).
Moreover, environmental factors such as diesel exhaust particles can have adjuvant effects
that promote allergic airway inflammation in a manner that involves oxidative stress (Li et
al., 2009).

Given that levels of dietary Se intake can modulate oxidative stress in various tissues
including the lung, it would certainly make sense that increased intake of Se could
potentially decrease asthma pathology. However, correlative or intervention studies in
humans have produced conflicting data and Se supplementation is generally not
recommended for asthma patients. It may be that Se levels have more influence over certain
types of asthma, such as those with strong allergic components driven by Th2 immunity.
This has led our laboratory to focus on the effects of dietary Se intake on the differentiation
of T helper cells, and these findings are discussed in the context of other studies in the
following sections. Also discussed are the various data regarding the relationship between
dietary Se and asthma, potential mechanisms by which Se affects asthma, and potential uses
of Se supplementation for preventing or treating asthma.

ism of Se and biosynthesis of selenoproteins

The major form of Se ingested by humans is selenomethionine, although other forms of Se
are present in foods. The biological effects of Se are mainly exerted through its
incorporation into the amino acid, selenocysteine, which is co-translationally inserted into
selenoproteins. The synthesis of selenoproteins requires dedicated protein factors, a
specialized t-RNA (Sec-tRNASE®) and mRNA cis-acting elements, and the translational
processes involved in selenoprotein synthesis have been fully described elsewhere (Papp et
al., 2007; Squires and Berry, 2008). Selenoprotein expression is essential for life as
demonstrated by the generation of mice lacking Sec-tRNASEC required for translation of all
selenoproteins, which was embryonic lethal (Bosl et al., 1997). While complete dietary
depletion of selenoproteins is physiologically improbable even under conditions of very low
Se intake, less overt decreases in selenoprotein expression may still strongly influence
inflammation and immune responses such as those involved in asthma. Also, Se
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supplementation may be used to elevate selenoprotein expression to above-adequate levels,
which may impinge upon the immune system and this may also affect the development or
severity of asthma.

There are 25 human selenoproteins, all but one of which exist as selenoproteins in rodents
(Kryukov et al., 2003). A list of the selenoproteins and their functions is presented in Table
1. While broadly classified as antioxidants, selenoproteins actually exhibit a wide range of
tissue distribution, cellular locations, and functions (Reeves and Hoffmann, 2009). The
antioxidant properties of selenoproteins are exemplified by the glutathione peroxidase (GPx)
enzymes, which utilize Se at their active sites to detoxify reactive oxygen species including
hydrogen peroxide and phospholipid hydroperoxide. Thioredoxin reductase 1 and 2 (Txnrd1
and 2) perform an essential role in the regeneration of reduced thioredoxin (Trx), which
provides reducing capacity for maintaining balanced redox tone within cells (Lu et al.,
2009). Selenoprotein P (SelP) also has antioxidant properties, but is also crucial for the
transport of Se throughout the body (Schweizer et al., 2005). Biological roles for other
selenoproteins have more recently emerged, and particularly important functions for
selenoproteins K and S (SelK and SelS) have been described for regulating inflammation
and immunity (Curran et al., 2005; Verma et al., 2011). There is a paucity of data regarding
polymorphic mutations in selenoprotein genes related to asthma, but some animal model
data have provided insight on potential roles for selenoproteins in asthma as discussed in
more detail below.

3. Epidemiological and intervention studies in humans

There have been many epidemiological studies providing evidence that Se status is related to
asthma, typically associating lower Se status in asthma patients compared to controls. For
example, a small study involving 25 each of adult asthmatic patients and healthy subjects
found that the asthma group had lower serum Se concentrations and higher indicators of
oxidative stress such as thiobarbituric acid reactive substances (TBARS) (Guo et al., 2011).
Also, lung function (FEV1/FVC%) was higher in subjects with higher Se status. Consistent
with these findings, a number of epidemiological studies in adults have reported that asthma
incidence, prevalence, or severity is associated with reduced Se status (de Luis et al., 2003;
Flatt et al., 1990; Hasselmark et al., 1990; Kadrabova et al., 1996; Misso et al., 1996;
Omland et al., 2002; Qujeq et al., 2003; Shaw et al., 1994; Stone et al., 1989). Studies in
children have also identified associated risks with low Se status. For example, blood Se
levels and GPx activity were found to be reduced in children with asthma (Kocyigit et al.,
2004). In a larger study (N = 165), asthma was examined in relation to both Se and zinc (Zn)
concentration in fingernails (Carneiro et al., 2011). Those children included in the highest
quartile of Se and Zn concentration presented a 5-fold decrease in the prevalence ratio of
asthma while children in the lowest Se range presented an almost 2.5-fold increase in the
asthma prevalence ratio.

Some of the results from the above studies describe strong correlations between Se status on
asthma, but several studies have failed to confirm any association (Ford et al., 2004;
McKenzie et al., 1998). A large, multi-regional study conducted under the Global Allergy
and Asthma European Network (GAZLEN) examined asthma prevalence/severity data from
14 centers in Europe and found no significant association between Se status and asthma
levels (Burney et al., 2008). Another study even suggested that Se levels or GPx activities
were positively associated with severity of bronchial responsiveness (Garcia-Larsen et al.,
2007). Similarly, Se was positively correlated with lymphoproliferative response to house
dust mite antigen in adult allergic asthma (Dunstan et al., 2006). Recently a systematic
review and meta-analysis of nutrients related to asthma and allergy found no beneficial
association between Se and disease outcome (Nurmatov et al., 2011). Altogether, these
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findings indicate that the relationship between dietary Se intake and asthma is not simple
and approaches other than correlative investigations need to be taken.

Given the mixed results, there appears to be insufficient evidence to support the use of
nutrient supplements like Se to prevent or limit asthma in children or adults. However, there
is an emerging interest in the potential of dietary intervention during pregnancy to reduce
the likelihood of childhood asthma. A small number of cohort studies have found
associations between childhood asthma and reduced maternal intake of some nutrients
(vitamin E, vitamin D, Se, Zn, and polyunsaturated fats) during pregnancy (Allan and
Devereux, 2011). One large pregnancy cohort study reported that Se levels in umbilical cord
were negatively associated with persistent wheeze in early children (Shaheen et al., 2004).
Another birth cohort study found that maternal plasma Se concentration during early
pregnancy was inversely associated with wheezing and with consulting a doctor because of
wheeze in the second year of life (Devereux et al., 2007). Cord plasma Se was also inversely
associated with wheezing, and consulting a doctor because of wheeze in the second year of
life. The biological mechanisms by which antioxidants like Se may influence the
development of childhood asthma are likely to be independent of their antioxidant properties
because the associations appear limited to certain nutrients (with and without antioxidant
properties) and not with all antioxidants (Allan and Devereux, 2011). Se and other nutrients
affect physiological or pathophysiological conditions in addition to oxidative stress in the
lung. In particular, dietary antioxidants can be very important for influencing the
inflammatory conditions and immune responses underlying asthma pathology, and this has
been supported by animal studies described in more detail below.

Similar to the epidemiological data described above, results from intervention studies aimed
at determining the effectiveness of Se supplementation for reducing the incidence or severity
of asthma have not been entirely clear or consistent. For example, one study reported
significantly decreased consumption of corticosteroids after Se supplementation with 200
pg/day for 96 weeks in corticoid-dependent asthmatics (Gazdik et al., 2002). However, other
studies failed to confirm any benefit from Se supplementation for asthmatic adults (Dunstan
et al., 2007; Shaheen et al., 2007). Based on these findings, Se supplementation has not
generally been recommended as a therapeutic modality for reducing asthma burden.

In an attempt to reconcile the different epidemiological findings there are several potential
issues to consider. First, not all of these studies took into consideration the multi-factorial
etiology of this disease, particularly separating atopic vs. nonatopic asthma. Because Se
levels may affect components of the immune system that drive allergic responses, it is
crucial to distinguish between asthma cases involving allergic etiology from those with no
allergic component. Also, the study populations involved in these different studies were
quite varied and may have had important differences regarding age of allergen exposure. It
is quite possible that fluctuations in Se status may have occurred in individuals over the
course of disease progression and this may have contributed to disparate findings. This
highlights perhaps the most important issue in using the case-control approach for
nutritional studies in that it does not take into consideration potential fluctuations in
nutrients like Se over time. It is impossible to determine the Se status of the individual at the
time of initial exposure to allergens or asthma-triggering event, and the studies are often
measuring Se status long after asthma has been established. Another major issue is the bi-
directional relationship between inflammation and serum Se concentration that can greatly
complicate correlative studies seeking associations between Se status and asthma. As
discuss in more detail below, certain inflammatory conditions can actually lead to decreased
serum Se levels. Thus, low Se status may be a result instead of a cause of airway
inflammation. Overall, it is not currently possible to draw any definitive conclusions about
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epidemiological links between Se and asthma, and this has led us and others to utilize mouse
models of allergic asthma to further study this issue.

4. Mouse models of allergic asthma

A mouse model of allergic asthma has been developed for investigating mechanisms driving
the immune responses and airway inflammation associated with the human disease. This
model has been well used with some variations in methodology, but the overall approach
involves intraperitoneal sensitization of mice to ovalbumin (OVA) adsorbed onto aluminum
hydroxide (alum), followed by intranasal challenges with OVA suspended in PBS (Grunig et
al., 1998; Ikeda et al., 2003; Won et al., 2010). This process leads to airway inflammation
with the hallmark features of human asthma including infiltration of inflammatory
leukocytes into the lung tissue, airway hyperreactivity (AHR), epithelial damage, and tissue
remodeling. Our laboratory used this model to show that dietary Se levels influenced the
development of OVA-induced allergic asthma in mice (Hoffmann et al., 2007). In particular,
mice were fed defined diets with low (0.08 ppm), adequate (0.25 ppm), or supplemented
(1.0 or 2.7 ppm) Se that reflect moderately low, adequate, and above-adequate levels of Se
intake in humans. Allergic asthma was then induced in these mice and levels of allergic
airway inflammation and AHR were evaluated. Interestingly, low Se status resulted in lower
asthma compared to adequate Se. The adequate Se group exhibited robust allergic asthma
responses, but increasing the diets to supplemented Se levels attenuated asthma. These
results may help explain some of the conflicting findings involving Se-supplementation in
humans. In particular, asthma and Se intake may not be related in a simple dose-response
manner and this may complicate case-control studies attempting to associate lower Se status
to higher asthma prevalence. Perhaps the most interesting results from these mouse
experiments were those showing that Se supplementation to induce above-adequate levels
decreased Th2 cell frequency in the lung. The Th2 marker, phosphorylated-STAT6, was
significantly reduced in the lung of OVVA-challenged mice fed supplemented Se compared to
those fed adequate levels of Se. This skewing of CD4* T cells away from Th2-type was
further supported by later studies as described in the following section.

Questions remain as to whether individual selenoproteins play a protective role in reducing
oxidative stress or a more detrimental role in promoting the immune responses that drive the
asthma process. Data from mouse studies have suggested that expression of certain
selenoproteins may be increased during asthma. For example, lung GPx1 and liver SelP
were increased in OVA-challenged mice compared with controls (Hoffmann et al., 2007). In
a subsequent study, attenuation of allergen-induced eosinophilic infiltration and airway
hyper-responsiveness was observed in GPx1-deficient mice compared with wild-type mice
(Won et al., 2010). This suggests the upregulated expression of GPx1 in asthmatic lungs of
wild-type mice described above may reflect more of a pathogenic than protective role. In
another study, GPx2 expression was found to be increased in lungs of mice after induction
of allergic airway disease (Dittrich et al., 2010). Furthermore, mice with targeted disruption
of the GPx2 gene showed significantly enhanced airway inflammation compared to wild-
type mice, suggesting its induced expression protects from disease. This is surprising, given
that GPx2 expression is typically associated with the epithelium of the gastrointestinal tract
(Wingler and Brigelius-Flohe, 1999). Thus, different GPx enzymes may have opposing
effects on asthma (Meyer et al., 2010), and this could be due to their multiple roles in
regulating both oxidative stress and immunity during the development of allergic asthma in
mice. It would be of interest to include other selenoprotein knockout models to determine
roles of other members of this family. While knockout models help to clarify roles for
individual selenoproteins in asthma, it should be kept in mind that they do not necessarily
reflect how changes in dietary Se may influence the disease.
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5. T helper cell activation and differentiation

The extent and nature of naive T cell differentiation are determined by the quantity and
quality of stimulation, including antigen concentration, co-stimulatory molecules, and
cytokines, as well as the frequency of responding T cells and density of antigen-presenting
cells (Gett et al., 2003). Dendritic cells (DCs) provide critical signals via cell-to-cell contact
and cytokines to naive CD4* T helper cells that influence the type of effector cells into
which they develop (Kapsenberg, 2003). In this sense, factors such as oxidative stress and
redox status of both the DCs and naive CD4* T cells may play key roles in the types of
signals initiated in naive CD4* T cells during their activation. The number and type of T
helper cells that are generated during the first encounter with antigen substantially contribute
to the outcome of the immune response. In particular, CD4* T cells become polarized during
activation into Thl, Th2, Th17, Ty, or other T helper subtypes (Murphy and Reiner, 2002;
Sakaguchi and Powrie, 2007; Stockinger and Veldhoen, 2007). Known transcriptional
regulators of CD4* T cell differentiation include T-bet and IL12RB2 (pro-Th1l), GATA3
(pro-Th2), FoxP3 (pro-Tyeg), and RORYy(t) (pro-Th17), and signaling pathways that induce
GATA3 and T-bet have been shown to be negatively regulated by each other (Hwang et al.,
2005; Usui et al., 2003; Usui et al., 2006). Th2 cells produce IL-4, IL-5, and IL-13 that
promote allergic asthma, so stimuli or conditions that skew naive CD4" T cells toward Th1
differentiation through increased T-bet would likely decrease Th2 responses through
inhibition of GATAS.

As a potent antioxidant, Se has a particularly strong influence on the activation,
proliferation, and differentiation of naive T cells during the initiation of immune responses.
Studies in our laboratory have shown that CD4* T cells from mice fed the low, adequate,
and supplemented Se diets described above displayed differences in T cell receptor (TCR)
signaling. In particular, higher Se intake significantly increased T cell proliferative capacity,
with concomitant increases in CaZ* mobilization, oxidative burst, and translocation of
nuclear factor of activated T cells (NFAT) (Hoffmann et al., 2010). This enhanced TCR
signaling affected CD4* T cell differentiation, with higher Se intake skewing differentiation
toward Th1/T,eq and away from Th2 phenotypes. When the CD4* T cells from mice fed
different Se diets were analyzed for ROS using fluorescent indicators such as
dihydrochlorofluorescein, no differences were detected. However, increased levels of free
thiols were found with increasing dietary Se, which indicated a shift in redox tone toward a
reduced state. The differences in TCR-induced Ca2* flux and proliferative capacity caused
by dietary Se were eliminated when cells were treated with an exogenous source of free
thiols in the form of either N-acetylcysteine (NAC) or B-mercaptoethanol, further supporting
the notion that free thiols are a mechanism by which Se levels affect T cells (Hoffmann et
al., 2010).

Consistent with our findings, in vivo NAC-treatment has been shown to decrease levels of
allergic asthma. In particular, a mouse model involving OVA-challenges was combined with
diesel exhaust particle exposure to generate allergic asthma in mice, which was inhibited by
intraperitoneal injection of NAC (Li et al., 2009). Interestingly, the NAC was administered
during the sensitization phase and not during the OVA-challenges in the lung. This suggests
the addition of this reducing compound attenuated the initiation of Th2 responses, not the
oxidative stress in the lungs. In a related study, T cells lacking selenoproteins exhibited
increased levels of oxidative stress and decreased proliferative capacity, and addition of
NAC restored their proliferative capacity (Shrimali et al., 2008). Studies utilizing human T
cells from an individual with genetically impaired selenoprotein expression exhibited
decreased proliferation when TCR-stimulated (Schoenmakers et al., 2010). The lymphocytes
from this individual also had very low Txnrd activity and were unable to reduce exogenous
H»0,, suggesting reduced antioxidant capacity.
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T cells have a high requirement for reducing equivalents, and several lines of evidence
suggest the reductive state of CD4" T cells influences polarization during activation into
different effector cell-types. For example, CD4* T cells from mice deficient in the NADPH
oxidase (NOX2~/~ mice) exhibit increased Th1 cytokines upon activation compared to wild-
type controls (Jackson et al., 2004). This suggests that a higher reductive state favors Thl
differentiation, which is consistent with our data involving higher Se leading to stronger Thl
differentiation. This is further supported by studies showing glutathione depletion in mice
reduces Th1 responses, which also showed that antigen-presenting cells were important for
this effect (Peterson et al., 1998). The reductive state of naive CD4* T cells may affect thiol-
based signals that are transmitted through redoxsensitive signaling molecules (Huang et al.,
2011). There may also be effects of the redox tone on enzymes that influence the epigenetic
state of the cells, which has been shown to strongly influence the polarization of T helper
cells during activation and differentiation (Rothenberg and Zhang, 2011).

The poising of gene regions for rapid transcription is carried out by various epigenetic
enzymes, which catalyze histone methylation, acetylation, and ADP-ribosylation, as well as
DNA methylation. Importantly, the rate-limiting steps of several of these epigenetic
enzymes are redox-dependent (Cyr and Domann, 2010). Some of these redox-sensitive
enzymes have been shown to be affected by Se supplementation. For example, the enzyme
responsible for catalyzing DNA methylation (DNA methylase) is sensitive to inhibition by
Se supplementation (Cox and Goorha, 1986). Because inhibition of DNA methylation leads
to a more permissive state for transcription, this suggests that increasing Se intake may lead
to increased permissiveness of certain gene regions. A key selenoenzyme in mediating these
effects may be Txnrd1, which produces higher levels of reduced Txn-1 in CD4* T cells from
Se supplemented mice (Hoffmann et al., 2010). Txnrd1 converts oxidized Txn-1 to reduced
Txn-1 in the cytoplasm and nucleus. This is important because Txn-1 has been linked to
regulation of H3K9 tri-methylation and -acetylation and to production of the cytokine, IL-2,
which is involved in T cell proliferation and Th1 differentiation (Ahsan et al., 2006; Perrone
etal., 2009). Thus, levels of free thiols and Txn-1 as well as other redox intermediates may
represent important mechanisms by which Se supplementation affects epigenetic events in
naive CD4" T cells. Consistent with this notion, Se supplementation regulates the earliest
detectable gene transcription events triggered by CD4* T cell activation through redox
intermediates (Hoffmann et al., 2010). A recent study in rats demonstrated that increasing
dietary Se decreased global genomic DNA methylation in liver and colon mucosa, with
specific genes particularly sensitive to this effect (Zeng and Combs, 2007). Furthermore, Se
and other dietary factors have been shown to affect epigenetic mechanisms related to cancer
(Barnett et al., 2010). Preliminary studies in our laboratory suggest that increasing dietary Se
leads to a more permissive state in the Th1l master regulator, T-bet, but it has not yet been
determined how specific this effect is for Th1l gene regions. We are currently investigating
whether these epigenetic effects are a major mechanism by which dietary Se influences T
cell activation and differentiation. The overall relationship between Se levels and T cell
differentiation leading to different asthma outcomes is illustrated in Fig. 1.

7. Conclusions and future directions

Does Se intake affect asthma? The studies in mice suggest that dietary Se can dramatically
influence allergic asthma, but studies in humans have been inconclusive. This speaks to the
complexity of asthma in humans as well as the inherent problems involved in measuring
cause-and-effect relationships between bioactive nutrients and multi-factorial diseases like
asthma. Based on the findings to date, Se supplementation has not generally been
recommended as a preventive or therapeutic modality for reducing asthma burden. Se
supplementation may be better utilized to enhance the effects of other treatment methods.
For example, allergen-specific immunotherapy (IT) is the only current immune-modulating

Mol Aspects Med. Author manuscript; available in PMC 2013 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Norton and Hoffmann

Page 8

treatment for asthma. The goal of IT is to divert T helper responses away from the Th2
responses that drive the disease process and enhance Th1/Teq responses (Hawrylowicz and
O'Garra, 2005). While IT has proven effective for allergic conditions such as rhinitis and
conjunctivitis, the efficacy of IT for treating allergic asthma has been less impressive
(Bousquet, 1999). Thus, improving the immune-modulating effects of IT for asthma may
require modifying or enhancing its ability to skew responses away from Th2 and toward
Th1/Teq responses. Given the effects of Se supplementation on skewed T helper responses,
it may provide the ideal means to augment IT therapy.

Before Se supplementation can be fully considered for treating asthma or other health
disorders, issues must be addressed regarding the safety of long-term Se supplementation.
Se supplementation has traditionally been carried out using oral ingestion of either sodium
selenite, L-selenomethionine, or Se-enriched baker’s yeast. The form of Se that is used for
supplementing human diets can be important not only for its effectiveness in enhancing Se
status, but for inducing potentially adverse side-effects (Hatfield and Gladyshev, 2009).
Results from the Selenium and Vitamin E Cancer Prevention Trial (SELECT) and other
studies have suggested that Se supplementation may lead to increased risk for type-2
diabetes (Chen et al., 2003; Labunskyy et al., 2011; Lippman et al., 2009; McClung et al.,
2004). Therefore, novel delivery systems that more selectively target the immune system
could allow administration of a lower dosage of Se and decrease the associated risks. One
approach may involve targeting the intestinal lymphatic regions, which have been routinely
explored and used for site-specific lymphatic delivery of orally administered proteins, drugs,
and vaccines (Aldwell et al., 2005; Ge et al., 2009; Xie et al., 2009). Given that the
gastrointestinal tract is richly supplied with lymphoid tissues, formulations targeting these
tissues may provide an effective means of delivering Se to the immune system (Fig. 2). Our
laboratory is currently developing formulations to more selectively exert the immune-
deviating effects of Se in order to safely reduce Th2-driven disorders like allergic asthma.
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Figure 1.

Effects of dietary Se levels on T helper cells and asthma. Low, adequate, or high dietary Se
can poise naive CD4* T helper cells toward a Th2-bais (low Se), a flexible differentiation
state (adequate Se), or a Thl-bias (high Se). Upon allergen challenge, the strongest asthma
response arises in adequate Se conditions.
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Figure 2.

Theoretical targeted delivery of Se to the immune system using novel approaches. Lipid
vesicles may be constructed that contain Se in the core and immune-targeting ligands on the
surface. When ingested, these lipid carriers may be taken up preferentially by M-cells and
enterocytes. Once endocytosed by these cells, the Se is released from the core. Because M-
cells and lymph pools lie above lymphatic vessels, Se will be shunted to lymphatic tissues
and reach immune cells at higher levels compared to non-immune cells. This targeting of Se
into lymphatics may allow lower overall Se concentration to be used for Se
supplementation.
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Selenoprotein

Abbreviation

Function

Cytosolic glutathione peroxidase GPx1 Peroxide reduction in the cytoplasm

Gastrointestinal glutathione peroxidase GPx2 Peroxide reduction, mainly in the gastrointestinal tract

Plasma glutathione peroxidase GPx3 Peroxide reduction in plasma and other extracellular fluids

Phosholipid hydroperoxide glutathione GPx4 Reduction of phospholipid hydroperoxides

peroxidase

Olfactory glutathione peroxidase GPx6 Peroxide reduction, found in embryos and in the olfactory
epithelium

Thioredoxin reductase Type | Trxrdl, TR1 Cytoplasmic thioredoxin reductase, involved in many biological
pathways

Thioredoxin reductase Type Il Trxrd2, TR3 Mitocondrial thioredoxin reductase, involved in many

biological pathways

Thioredoxin reductase Type Il

Trxrd3, TR2, TGR

Thioredoxin/glutathione reductase found in mainly in testes

Deiodinase Type | D1, DIO1 Important for systemic active tyroid hormone levels.

Deiodinase Type Il D2, DIO2 Important for local active tyroid hormone levels.

Deiodinase Type Il D3, DIO3 Inactivates thyroid hormone

Selenoprotein H SelH Binds DNA and is involved in transcription

Selenoprotein | Sell, hEPT1 Possibly involved in phospholipid biosynthesis

Selenoprotein K SelK Transmembrane protein localized to endoplasmic reticulum,
involved in calcium mobilization

Selenoprotein M SelM Possibly involved in protein-folding in the ER

Selenoprotein 15 Sepl5 Possibly involved in protein-folding in the ER

Selenoprotein N

SelN, SEPN1, SepN

Involved in RyR-related calcium mobiliation from ER and
potential role in early muscle formation

Selenoprotein O SelO Unknown

Selenoprotein P SelP, SePP Selenium transport and also functions as intracellular
antioxidant in phagocytes

Selenoprotein R SelR, MsrB1 Functions as a methionine sulfoxide reductase

Selenoprotein S

SelS, SEPS1, SELENOS,
VIMP

Transmembrane protein involved in ER stress

Selenoprotein T SelT ER protein involved in calcium mobilization

Selenoprotein V Selv Testes-specific selenoprotein of unknown function
Selenoprotein W Selw, SEPW1 Putative antioxidant role, perhaps important in muscle growth
Selenophosphate synthetase SPS2 Involved in synthesis of all selenoproteins, including itself
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