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(Sel). Sel include but not limited to glutathione peroxidases (GPx1-GPx6), thioredoxin reductases (TrxR1-
TrxR3), iodothyronine deiodinases (ID1-ID3), selenophosphate synthetase 2 (SPS2), 15-kDa Sel (Sel15), SelH,
Sell, SelK, SelM, SelN, SelO, SelP, SelR, SelS, SelT, SelV, SelW, as well as the 15-kDa Sel (Fep15), Sel] and SelU
found in fish. In this review, we describe some of the recent progress in our understanding of the

ﬁi};‘i/giqgints mechanisms of Sel synthesis. The impact of maternal Se intake on offspring is also discussed. The key
Gene expression regulatory point of Sel synthesis is Se itself, which acts predominantly at post-transcriptional levels, although
Maternal nutrition recent findings indicate transcriptional and redox regulation. Maternal nutrition affects the performance and
Progeny health of the progeny. Both maternal and offspring Se supplementations are essential for the antioxidant
Selenium protection of the offspring. Prenatal Se supplementation provides an effective antioxidant system that is
Selenoproteins already in place at the time of birth while, postnatal Se supplementation becomes the main determinant of
progeny Se status after the first few days of progeny life.

© 2008 Elsevier Inc. All rights reserved.
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1. Selenoproteins
Abbreviations: Se, Selenium; Sel, Selenoproteins; GPx, Glutathione peroxidase;
TrxR, Thioredoxin reductase; DIO, lodothyronine deiodinase family; ID, Type of Maternal nutrition affects performance and health of the progeny
lodothyronine deiodinase; SPS2, Selenophosphate synthetase 2; Sel15, 15-kDa because all nutrients required by the developing offspring are

selenoprotein; Fep15, 15-kDa selenoprotein found in fish; ROS, Reactive oxygen species; f d fi he d ia eith he pl h I d
Sec, Selenocysteine; H,0,, Hydrogen peroxide; dNTP, Deoxynucleotides; SeMet, transterred from the dam via either the placenta, the colostrum an

Selenomethionine; H,Se, Hydrogen selenide; SECIS, Selenocysteine insertion sequence; the milk or the egg (Hamal et al., 2006). Environmental stress factors,
SBP2, Selenocysteine insertion sequence binding protein 2; EFSec, Selenocysteine such as undernourishment appearing prenatally in the dam can affect
spec@ﬁc elongation factor; ARE, Antioxﬁdfmt .response element; NMD, ansense— the developing fetus postnatally (Merlot et al., 2008). In this context,
:;iil;astiet: decay pathway; elF2, Global initiation factor 2; IRES, Internal ribosomal the hypothesis of “fetal programming" was described (Jones et al.,
* Corre'spondmg author. Tel.: +30 210 5294415 fax: +30 210 5294413 _2007). Thi§ hypothesis asserts that disordgrs_ of adult life may originate
E-mail address: apappas@aua.gr (A.C. Pappas). in adaptations that the fetus makes when it is undernourished (Barker
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et al., 1993; Fowden and Forhead, 2004). This is the reason why
maternal nutrition has received substantial attention in the recent
years. In avian species, maternal nutrition is of importance because all
the nutrients required by the developing embryo are pre-deposited
inside the egg by the hen. Maternal nutrition affects the offspring
short-termly during embryonic development and long-termly during
development either postnatal (Dunstan et al., 2007) or posthatch
(Pappas et al., 2006b).

The neonate is exposed to oxidative stress conditions because the
extrauterine environment has much more oxygen than the intrauter-
ine one (Przybylska et al., 2007). Similarly, in avian species, hatching is
a time of stress because the bird is exposed in the oxygen of the air and
the swift from the chorioallantoic respiration (respiration with the
extraembryonic membranes) to pulmonary appears. Furthermore, the
rate of aerobic metabolism accelerates dramatically to meet the needs
of locomotion and endothermy (Hohtola and Visser, 1998). All the
aforementioned stress conditions stimulate reactive oxygen species
(ROS) generation by a decrease of coupling of oxidation and
phosphorylation in the mitochondria that results in an increased
electron leakage and overproduction of superoxide radicals. Living
cells permanently balance the process of formation and inactivation of
ROS and as a result ROS level remains low but still above zero. Once
ROS production exceeds the ability of antioxidant system to neutralize
them, lipid peroxidation develops and causes damage to unsaturated
lipids in cell membrane and cell integrity is disrupted. Membrane
damage of cells in gastrointestinal tract is associated with a decreased
efficiency of absorption of different nutrients and leads to an

Table 1
Selenoproteins and brief description of their functions

imbalance of vitamins, amino acids, inorganic elements and other
nutrients in the organism. All these events result in decreased
productive and reproductive performance of animals. Free radical
overproduction and oxidative stress are considered as a pathobio-
chemical mechanism involved in the initiation or progression phase of
various diseases. The first postnatal hours are crucial for the neonate
because if an insufficient colostrum intake appears or if there is a
disturbance in the intestinal permeability then low concentration of
maternal immunoglobulins may be transferred and this may lead to
poor immunity (Przybylska et al., 2007). In other animal species,
maternal exposure to stress conditions during the end of gestation
may affect the active transplacental transfer of I[gG (primates) or lower
the IgG content of maternal colostrum (ungulates) or affect intestinal
absorption in neonates (Merlot et al., 2008). In the newly hatched
chick, the immune system is immature and not fully functional
(Apanius, 1998; Hamal et al., 2006). Indeed, for the first days posthatch
the chick is poorly protected from various infections, since the
immune system is based mainly on maternal antibodies transferred
from the parent bird via the egg. Maternal antibodies are comprised of
many different types of immunoglobulins, but the three major classes
are IgG (in avian species IgG is also called IgY), IgM and IgA (Lundqvist
et al., 2006). Immunoglobulins are deposited mainly in the yolk and
absorbed into the circulatory system by the chick. It has been reported
that the amount of IgY transferred to the egg yolk is proportional to
the maternal serum IgY concentration (Hamal et al., 2006).
Selenium (Se) is an essential trace mineral of fundamental
importance to health. It is known primarily for its antioxidant activity

Selenoprotein

Abbreviation Cellular distribution/tissues/species

Function

Cytosolic glutathione peroxidase GPx1 Cytosol Antioxidant protection
Gastrointestinal glutathione peroxidase GPx2 Gastrointestinal tract Antioxidant protection
Plasma glutathione peroxidase GPx3 Extracellular space and plasma Maintenance of cellular redox status
Phosholipid hydroperoxide glutathione GPx4 Cell membrane, many other tissues Detoxification of lipid hydroperoxides
peroxidase
Epididymal glutathione peroxidase GPx5 Restricted expression to epididymis Antioxidant protection during spermiogenesis and sperm maturation
Olfactory glutathione peroxidase GPx6 Olfactory epithelium, embryonic tissues Antioxidant protection
Non-selenocysteine containing phospholipid GPx7 Many tissues Unknown, possible role in alleviating oxidative stress in breast cancer
glutathione peroxidase (NPGPx) cells
Thioredoxin reductase Type | TRXR1 Cytosol, liver, kidney, heart Part of the thioredoxin system. Antioxidant defense, redox regulation,
cell signaling
Thioredoxin reductase Type II TRXR2 Mitochondria, liver kidney Part of the thioredoxin system. Antioxidant defense, redox regulation,
cell signaling
Thioredoxin reductase Type III TRxR3 Testes Part of the thioredoxin system. Antioxidant defense, redox regulation,
cell signaling
Iodothyronine deiodinase Type I ID1 Many tissues like liver, kidney, thyroid Conversion of T4 to T3 and T4 to reverse T3
lodothyronine deiodinase Type II D2 Liver, kidney, thyroid, brown adipose tissue ~ Conversion of T4 to T3
lodothyronine deiodinase Type III ID3 Placenta, brain, skin, (not in pituitary, Conversion T4 to reverse T3
thyroid, adult liver)
Selenophosphate synthetase SPS2 Testes, many other tissues Synthesis of selenophosphate
15-kDa selenoprotein Sel15 Endoplasmatic reticulum, T cells, many other Role in cell apoptosis and mediation of chemopreventive effects of Se
tissues
Selenoprotein H SelH Not fully known, possible upregulation of genes involved in
glutathione synthesis
Selenoprotein I Sell Studies with Escherichia coli showed specific ethanolamine-
phosphotransferase activity
Selenoprotein K SelK Cardiomyocytes Possible antioxidant protection in cardiomyocytes
Selenoprotein M SelM Brain and other tissues Distantly related to Sel15. May be involved in cancer etiology
Selenoprotein N SelN Endoplasmatic reticulum It is linked with rigid spine syndrome
Selenoprotein O SelO Widely distributed Unknown
Selenoprotein P SelP Plasma, other tissues Involved in Se transport, antioxidant defense
Selenoprotein R SelR Cytosol, nucleus Reduction of oxidized methionine residues in damaged proteins
Selenoprotein S SelS Endoplasmatic reticulum Cellular redox balance. Possible influence of inflammatory response
Selenoprotein T SelT Ubiquitous Role in regulation of Ca®* homeostasis and neuroendocrine secretion
Selenoprotein V Selv Testes Unknown, possible role in redox regulation
Selenoprotein W SelwW Heart and other tissues Antioxidant protection
Fish 15-kDa Selenoprotein Fep 15 Endoplasmatic reticulum Fish homologue of Sep15
Selenoprotein ] Sel] Restricted to actinopterygian fishes and sea  Structural role
urchin
Selenoprotein U SelU Fish and chicken but not higher eukaryotes Unknown
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and for its anti-inflammatory, chemopreventive and antiviral proper-
ties (Rayman, 2000). Unlike metals that interact with proteins in form
of cofactors, Se as metalloid becomes cotranslationally incorporated
into the polypeptide chain as part of the amino acid selenocysteine
(Sec). Proteins that contain Sec as an integral part of their polypeptide
chain are defined as selenoproteins (Sel) (Table 1). Sel are present in all
lineages of life (ie., bacteria, archaea and eukarya). Much of Se
beneficial influence on health is attributed to its presence within at
least 25 Sel (Kryukov et al., 2003; Kryukov and Gladyshev, 2004;
Castellano et al., 2005; Zhang et al., 2005).

In recent years, several families of mammalian and human Sel have
been cloned and partially characterized with respect to their function
(Gladyshev and Hatfield, 1999; Kohrle et al., 2000; Birringer et al.,
2002; Kryukov et al., 2003). In detail, glutathione peroxidase family
(GPx) which is comprised of at least 6 members (GPx1-GPx6) has a
strong antioxidant role in cell cytosol (GPx1), gastrointestinal tract
(GPx2), extracellular space and plasma (GPx3) and in cell membrane
and sperm (GPx4). The latter one is also known as phosholipid
hydroperoxide GPx due to its role in detoxification of lipid peroxides
inside the membrane of the cell. GPX5 is called epididymal GPx due to
its restricted expression in the epididymis (Surai, 2006). The newly
discovered GPx6 is located in olfactory epithelium and embryonic
tissues with unknown function (Vaishnav et al., 2008). Recently, the
expression of the non-Sec (no selenocysteine) containing phospholi-
pids hydroperoxide glutathione peroxidase (NPGPx or GPx7) in breast
cancer cells has been reported (Utomo et al., 2004). The major
function of these peroxidases is considered to be the removal and
detoxification of hydrogen peroxide (H,0,) and lipid hydroperoxides.
Maintenance of cellular redox state is another important function. In
addition, GPx are involved in such physiological events as differentia-
tion, signal transduction and regulation of pro-inflammatory cytokine
production (Moghadaszadeh and Beggs, 2006). Another role of these
enzymes is the antioxidant defense during spermiogenesis, matura-
tion of spermatozoa and embryonic development (Ursini, 2000). The
thioredoxin reductase (TrxR) family has at least 3 members (TrxR1,
TrxR2 and TrxR3). All of them are involved in the thioredoxin system,
which also involves other non-Sec containing proteins like thior-
edoxin and thioredoxin peroxidase. The biological role of the system is
to provide antioxidant defense, regulate other antioxidant enzymes,
modulate several transcription factors, regulate apoptosis and
modulate protein phosphorylation (Surai, 2006). lodothyronine
deiodinase (DIO) family is comprised of 3 types, namely the ID1, ID2
and ID3 with several defined roles in thyroid metabolism. Types ID1
and ID2 convert thyroxin (T4) to bioactive 3,5,3'-tri-iodothyronine
(T3) while types ID1 and ID3 convert T4 to 3’,3',5' reverse T3, which is
a less bioactive form than T3.

Other Sel that may not be part of a family have been annotated in
alphabetic order and include, but not limited to, the selenophosphate
synthetase 2 (SPS2), 15-kDa selenoprotein (Sel15), SelH, Sell, SelK,
SelM, SelN, SelO, SelP, SelR, SelS, SelT, SelV, and SelW. Furthermore, in
fish the 15-kDa selenoprotein (Fep15), Sel] and SelU have been
identified. While the role of them is largely unknown, SPS2 is involved
in the synthesis of selenophosphate for Sel synthesis (Beckett and
Arthur, 2005). Sell5 seems to play a role in cell apoptosis and
mediation of chemopreventive effects of Se (Papp et al., 2007). SelH
regulates the expression levels of genes involved in de novo
glutathione synthesis and phase II detoxification in response to
redox status (Panee et al., 2007). Sell function is still elusive with
current research pointing that its expression in Escherichia coli shows
cytidine diphosphate ethanolamine-specific phosphatidyltransferase
activity (Horibata and Hirabayashi, 2007). SelK is a newly identified
Sel with potent antioxidant properties in cardiomyocytes (Lu et al.,
2006). SelM is distantly related to Sel15. It may be involved in the
early-onset of Alzheimer's disease and play a role in cancer etiology
(Kumaraswamy et al., 2000; Korotkov et al., 2002). SelN is a
glycoprotein localized within the endoplasmic reticulum. It is directly

linked to the rigid spine muscular dystrophy and the classical form of
multiminicore disease (Petit et al., 2003). SelO is a widely distributed
protein that has homologs in animals, bacteria, yeast and plants, but
its function is unknown (Gladyshev, 2006). SelP is an abundant
extracellular glycoprotein that is rich in Sec. It is involved in Se
transport and antioxidant actions on endothelium. Evidence supports
functions of the protein in Se homeostasis, antioxidant defense and
transport and delivery of Se to remote tissues (Burk and Hill, 2005).
Furthermore, plasma SelP seems to be a better indicator of Se
nutritional status than the previously used GPx3 (Papp et al., 2007)
because full expression of SelP requires a greater Se intake than does
full expression of GPx3 (Xia et al., 2005). SelR contains also zinc and
catalyzes the stereospecific reduction of oxidized methionine residues
in damaged proteins with thioredoxin as reductant showing antiaging
and neurologic properties (Kryukov et al., 2002; Kim and Gladyshev,
2004). SelS may be implicated in the retrotranslocation of misfolded
proteins from the endoplasmic reticulum of mammalian cells to the
cytosol where these proteins are further degraded. SelS is related to
the regulation of cellular redox balance and may be implicated in the
control of inflammation response (Kryukov et al., 2003; Curran et al.,
2005). SelT has recently been found to play a role in the regulation of
Ca®" homeostasis and neuroendocrine secretion in response to a
cAMP-stimulating trophic factor (K6hrle et al., 2005; Grumolato et al.,
2008). SelV has a homology to SelW. It is expressed exclusively in
testes. The protein contains specific amino acid sequence motives that
predict a role in redox regulation. Its function is still unknown
(Kryukov et al., 2003). Finally, SelW seems to be implicated in
antioxidant protection of cardiac and skeletal muscle (Whanger,
2000).

Recent research has revealed the existence of few more proteins
that share the features of Sel namely, SelX, SelZf1, SelZf2 (Lescure et al.,
1999) 18 kDa Sel (Kyriakopoulos et al., 2002) and several other Sel of
low molecular weight ranging from 3 to 7 kDa (Kyriakopoulos et al.,
2000). The physiological function of the aforementioned ones has not
yet been identified. Regarding the Sel found in fish, the Fep15 is
homologous to the mammalian Sel15 and is present in the
endoplasmic reticulum and possibly in Golgi. Its role is still elusive
(Gladyshev, 2006). Sel] has unknown functional role but has structural
role in contrast to the majority of known selenoenzymes (Castellano
et al,, 2005) SelU is found in fish, chickens, sea urchins, a green alga
and a diatom but not in higher eukaryotes. Its function is not known
(Castellano et al., 2004). It seems that most of these Sel exhibit redox
functions like biosynthesis of desoxynucleotides (ANTP) for nucleic
acids, removal of damaging or signaling peroxides, reduction of
oxidized proteins and membranes, regulation of redox signaling,
thyroid hormone metabolism, selenium transport and storage and
potentially protein folding.

2. Synthesis of selenoproteins from dietary Se

Selenomethionine (SeMet) and the 21st amino acid, Sec, are
identical to methionine and cysteine except that the sulphur (S) atom
is replaced by Se (Combs and Combs, 1984; Whanger, 2000). SeMet is
an essential amino acid synthesized only by plants, yeast and some
bacteria. Plants absorb Se from the soil in the form of selenite or
selenate and synthesize SeMet (Rayman, 2004). That means that Se in
natural feed ingredients is mainly in the form of SeMet (Combs, 2001).
Vertebrates receive dietary Se in the forms of SeMet and other Se-
amino acids including Se-cysteine and its methylated forms depend-
ing on their contents in feed/food components. In addition, currently
the feeds for farm animals are widely supplemented with inorganic Se
sources like sodium selenite and sodium selenate as well as with
organic form of Se, e.g. selenized yeast. There are principal differences
in absorption and metabolism of these forms of selenium. Sodium
selenite is passively absorbed in the intestine and more efficiently in
the ileum segment of the intestine (Pesti and Combs, 1976; Wolffram
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etal.,1985; Shennan, 1988; Wiirmli et al., 1989; Huang et al., 1994; Park
and Whanger, 1995). SeMet is the primary organic Se in plant material
and it is actively absorbed via methionine transport mechanisms
(Vendeland et al., 1994). Since it is actively absorbed in the intestine, it
requires a transport mechanism to actually move the molecules
through the enterocyte cell membrane, by all segments of the
intestine (Wolffram, 1999). In the chicken jejunum, L-methionine is
transported by four transport systems, the two of them are specific for
neutral amino acids (L- and B-like) and the other two systems can also
transport cationic amino acids (y'm and b%*-like) (Soriano-Garcia
et al.,, 1998, 1999). Regarding the SeMet synthesis, Se may compete
with S for methionine. Increasing consumption of Se leads to higher S
replacement by Se thus higher SeMet content could be expected
(Kohrle et al., 2005). However, it is not clear whether there is a
saturation of this process. Kohrle et al. (2005) reported that there is no
evidence for either saturation or a significant altered function of
metabolism of SeMet containing proteins compared to the Met ones.
On the contrary, an excessive substitution of S by Se in amino acid
residues may lead to a progressive inactivation of proteins/enzymes
(Mikkelsen et al., 1989).

The oxidized forms of inorganic Se (selenite or selenate) undergo
reductive metabolism yielding hydrogen selenide (H,Se) which is
converted to Sel. Organic sources of Se can also be used for the
production of HpSe. SeMet can be trans-selenated into SeCys, similarly to
the trans-sulfuration pathway for methionine to cysteine, before lysis by
[-lyase to H,Se. In order for H,Se to be converted to Sel, it has first to be
transformed to Sec. This means that H,Se has to be metabolized into
selenophosphate which then reacts with the tRNA specific for serine
(tRNASe"5€9) yig the enzyme Sec tRNA synthase to give Sec bound tRNA
from which Sec is inserted into Sel by the codon specific to Sec the UGA
(Bock, 2000; Combs, 2001; Lacourciere and Stadtmanm, 2001; Rayman,
2004). The unique feature of the Sec incorporation into proteins is that it
uses the UGA codon for translation. This was originally believed to
function as a stop codon, a codon that terminates the process of
translation. This incorporation occurs when the mRNA contains a
distinct hairpin mRNA sequence downstream of the UGA codon in its 3'-
untranslated region (3’-UTR) called Sec insertion sequence (SECIS) or
Sec translation element. SECIS prevents termination of the translation by
competing for release factors that would otherwise lead to disassembly
of the mRNA-ribosomal complex (Chambers et al, 1986; Bock et al.,
1991; Shen et al,, 1995; Low and Berry, 1996). The high regulation of this
process is further achieved by the binding of several specific proteins by
SECIS. Namely, SECIS recruits SECIS-binding protein 2 (SBP2) (Copeland
and Driscoll, 1999) and binds the Sec-specific elongation factor (EFSec)
loaded with its tRNAS®, Several other proteins that bind to SECIS are
currently being investigated (Fujiwara et al., 1999; Copeland et al., 2000;
Copeland and Driscoll, 2001; Schomburg et al., 2004). As reported
recently by Dumitrescu et al. (2005) mutations in SBP2 lead to impaired
Se status and reduced expression of several Sel, including GPx3, ID2 and
SelP, resulting in abnormal thyroid hormone metabolism.

3. Selenoproteins and health

Se is essential for life and adequate amounts of this element are
required for optimal animal and human health. Se content of plant is
affected by the Se content of the soil and its availability for the plants
(e.g. acidic soils contain Se in elemental form, which is not available
for plants). Furthermore, the Se content of animal products reflects the
Se content and availability in the diet consumed by the animal
(Barclay et al., 1995). The Se content of foods that comprise the diet
varies geographically and this variation is reflected in the dietary
intake of Se in each country. Se bioavailability is affected by its
chemical form (part of organic molecule vs. inorganic) and other
dietary factors such as total protein, fat and the presence of heavy
metals content (Surai, 2006). According to recent studies, human
population of many countries in Europe and other parts of the world

still have a dietary Se intake below of that of 55 pg/day recommended
by health regulatory bodies such as the Institute of Medicine in USA
(Combs, 2001; Rayman, 2005). Most notably, in the UK the daily Se
intake is 34 pg/day (Barclay et al, 1995), in Austria is 48 pg/day
(Wilplinger et al., 1998), in Switzerland is 70 pg/day (Foster and Sumar,
1997), in the Netherlands is 67 pg/day (Foster and Sumar, 1997) and in
Greece is 39.3 ug/day (Pappa et al., 2006). In the UK, the recommended
dose is 75 pg/day for men and 60 pg/day for women (Committee on
Medical Aspects of Food Policy, 1991). These recommendations were
based on the GPx3 optimal enzyme activity (Thomson et al., 1993;
Duffield et al., 1999). A recent study indicated that higher Se intake is
required to obtain full expression of SelP. It was suggested that SelP
may be a better indicator of Se nutritional status than GPx3 and that
the recommended dietary intake may need to be revised (Xia et al.,
2005).

The precise molecular mechanisms behind the effects of Se in
physiologic and in pathologic conditions remain unknown. Many of its
physiologic roles are directly attributed to its presence within Sel.
Moderate Se deficiency has been linked to many conditions, such as
increased cancer and infection risk, male infertility, decrease in
immune and thyroid function, and several neurologic conditions,
including Alzheimer's and Parkinson's disease (Rayman, 2000). For
some of these conditions, the evidence is rather scant, lacks consensus
and must be further demonstrated. Keshan disease is a potentially
fatal form of cardiomyopathy, prevalent in children and endemic in
parts of China with extremely low levels of Se in the soil (intake,
<10 pg/day). Infection by Coxsackie B virus is believed to trigger the
onset of this disease (Li et al, 1985; Levander and Beck, 1997).
Remarkably, the condition is preventable or completely reversible by
Se supplementation (Reeves et al., 1989; Xia et al., 2005). The actual
mechanism for this protective effect is currently unknown. Further-
more, myxedematous cretinism, which is a condition, characterized
by mental and growth retardation is attributed to a combined Se and
iodine deficiency (Vanderpas et al., 1990). It is believed that Se
deficiency causes a reduction in GPx and DIO enzymes activity
resulting in accumulation of H,O, causing damage to the thyroid
gland, and impaired thyroid hormone metabolism (Contempre et al.,
1995; Zimmermann and Kéhrle, 2002). Se supplementation during
this condition must be administered after iodide levels have been
restored, as Se increases the activity of DIO, leading to a further loss of
iodide from the damaged thyroid (Zimmermann and Kéhrle, 2002).

At times of low-Se intake, the reserves built up in the tissues start
to diminish. The rate of depletion is different among different tissues.
Brain, endocrine and reproductive organs maintain the Se levels for
longer period compared to liver, muscle and skin that rapidly lose
their Se content (Behne et al., 1988). The hierarchy of Se retention
during Se depletion exists not only among organs but also among Sel.
During depletion, Se is rapidly mobilized from GPx1 stores, whereas
expression of other Sel such as GPx4, GPx2, ID2, ID3 and TrxR is hardly
affected or may even be increased, like in case of ID1. This hierarchy is
reflected and in the level of mRNA with some mRNAs to be
preferentially translated into Sel (Grundner-Culeman et al., 1999;
Low et al., 2000). It should be mentioned that those proteins residing
high in the hierarchy of Se retention during Se depletion also appear to
lead in the priority for repletion (Hill et al., 1992; Bermano et al., 1995;
Gross et al., 1995; Lei et al., 1995; Mitchell et al., 1998; Driscoll and
Copeland, 2003).

4. Selenoproteins and lactation

The lactating mammary gland is an essential source of trace
elements for the suckling newborn. Se is present in breast milk at
concentrations, which depend on the concentration and form of Se in
dam's food. In turn, the Se concentrations in natural foods consumed
by the dam reflect the Se content of the soils where these plants are
grown. In humans, the median Se concentration from studies at
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different parts of the world is 26 pg/l in colostrum (0-5 days), 18 pg/l
in transitional milk (6-21 days), 15 pg/l in mature milk (1-3 months)
and 17 pg/l in late lactation milk (5 months) (Dorea, 2002). Se is
incorporated in milk proteins as a component of specific selenoamino
acids such as selenocystamine, Sec, selenocystine and SeMet (Milner
et al, 1987). The mammary gland regulates the synthesis and
secretion of selenocompounds throughout lactation. Dorea (2002)
reported that the Se level in the colostrum is initially high and
decreases as lactation progresses. The same author attributed this
decline to the reduction of milk protein content, which is higher in the
colostrum compared to the late lactation milk.

Although the Se content of breast milk is influenced by maternal Se
intake, mechanisms of Se complexation with S-containing amino acids
modulate Se incorporation into milk proteins (Dorea, 2002). Organic
Se will be incorporated into milk proteins while inorganic will not do
so until incorporated into Sec. In dairy animals and sows, selenite and
selenate supplements were only as half as effective as Se yeast in
raising total colostrum and milk Se content (Ortman and Pehrson,
1999; Surai, 2006). Se supplementation of cows feed during the last
60 days of gestation not only greatly increased endogenous Se
reserves of newborn calves but also resulted in an improved Se status
that still was present in calves at 42 days of age. The mechanisms that
control nutrient utilization during pregnancy are not well defined.

Mammalian milk is fundamental for an infant's optimum Se status
(Ortman and Pehrson, 1999). Maternal Se deficiency induces oxidative
stress in the fetus, as measured by increased generation of lipid
peroxides in the fetal liver, and impairs the development of the
neonatal immune system. It has been shown that formula-fed human
babies may exhibit lower Se and GPx blood levels compared to breast
fed ones (Fraga et al., 1988; Trafikowska et al., 1998). Mothers deficient
in selenium, even if they were breast feeding could improve milk Se
status if they were to eat foods rich in Se. Fish and meat products are
considered as good sources of Se although its bioavailability can vary
(Pappa et al., 2006). Premature babies and extremely low-birth weight
infants exhibit Se and GPx blood level deficiencies that were not
associated with specific deficits such as hypothyroidism (Klinger et al.,
1999; Sievers et al., 2001).

Not only Se but iodine as well is present in milk and actively
concentrated and secreted by the mammary gland (Thomson et al.,
2001). There is indication of cell-, proliferation- and differentiation-
specific distribution of the Sel ID1 and ID2 in the lactating mammary
gland of rats. During lactation, ID1 expression is increased in the
lactating gland and decreased in liver (Valverde and Aceves, 1989).
Expression of ID1 is restricted to the differentiated alveolar epithelium
in the gland and stimulated by suckling (Aceves et al., 1995, 1999). GH
and oxytocin have no effect on ID1 expression levels whereas
norepinephrine enhances both mRNA levels and enzyme activity. In
addition, prolactin increases ID1 activity but not transcript levels
(Aceves et al., 1999). Constitutive expression of ID2 is confined to the
nonepithelial cells, fibroblasts and fat pads in the mammary gland.
Breast ID2 activity varies along the estrous cycle, with the lowest
activity in diestrus (Capuco et al., 1989; Fujimoto et al., 1998).

Expression of proteins that reversibly bind Se and do not contain
Sec, in contrast to Sel, has been linked to inhibition of mammary
tumor cell growth (Morrison et al., 1988; Hwang and Milner, 1996).
Such kind of proteins include, but not limited to, the 56-kDa and 58-
kDa proteins (Morrison and Medina, 1989; Bansal et al., 1991; Bansal
and Medina, 1993). In mice, an inhibition of mammary tumor cell
growth has been linked to the expression of 56-, 58-kDa protein
(Morrison et al., 1988). The 56-kDa protein, also present in human
tissues, was found to exert prostate tumor cell growth inhibitory
properties; this may be of importance regarding the antiproliferative
actions of Se compounds (Yang and Sytkowski, 1998). Regulation of
normal and tumor cell growth has been linked to TrxR, which has
recently been identified in mammary tumor cell line. TrxR expression
is stimulated (37-fold) by selenite treatment (Gallegos et al., 1997).

The functional relevance of these findings for tumor cell growth and
gene expression is of interest firstly because not all tumor cells express
TrxR and secondly because Se-dependent apoptosis, cell and tumor
growth, and stimulation of TrxR activity differ significantly between
cell lines and among various tumors. Recent studies found inhibitory
effects of both low (<0.1 ppm) and high (2.25 ppm) selenite supply on
tumor development (Novoselov et al., 2005). Expression of several Sel
was altered, and 3B3-hydroxysteroid dehydrogenase as well as other
enzymes involved in detoxification reactions were expressed at higher
levels. These observations warn against indiscriminate Se adminis-
tration for prevention or treatment of all tumor forms.

5. Selenoproteins in female reproduction

Se is transported with the action of SelP which contains Se in the
form of Sec and is the major Se transporting protein (Burk and Hill,
2005; Surai, 2006). Placental transfer is bi-directional and this may
affect the net retention of Se in maternal, fetal and neonatal tissues
(Lee et al., 1995). It is still elusive whether Se rapidly passes the human
placenta or is actually concentrated in placental tissues (Eisenmann
and Miller, 1994). Both inorganic and organic Se regulate the
expression of SelP. Feeding sodium selenite to sows did not change
total Se reserves of newly born piglet indicating that Se supplemented
in this form, although undergoes reductive metabolism yielding
hydrogen selenide, is not efficiently transferred via placenta. On the
other hand, inclusion into the sow's diet organic selenium in the form
of Se-yeast doubled total Se reserves in the piglet showing Se transfer
via placenta (Surai, 2006). It seems that the transport process may be a
more complex action than a simple passive transport mechanism
(Korpela et al., 1984).

Rat placental Se content and expression of Sel concomitantly
increase during gestation. Uterus is a tissue where many Sel such as
SelP, ID3 and TrxR are expressed (Bou-Resli et al., 2001). SelP
expression in mouse uterus and placenta alters as gestation progresses
with elevated expression levels appearing 4 days before birth and
maximal expression levels at term. Preterm SelP expression is also
observed in fetal mouse liver (Kasik and Rice, 1995). The uterus of the
rat, where the embryo is embedded, expresses extremely high levels
of ID3 mRNA. The ID3 expression is time (by gestational day 9) and
region (epithelial lining cells of the uterine lumen) specific, which
suggests an important role in the control of thyroid hormone
availability to the embryo (Galton et al., 1999). This high expression
of ID3 at the implantation site is assumed to prevent exposure of the
developing fetus to excess thyromimetic T3. Similarly, in human
placental cell, ID3 activity increases with gestational age (Koopdonk
Kool et al., 1996).

There are a lot of factors that are in play in the placenta and the
uterus. In human and rodent placenta, Trx and TrxR have region
specific expression. In detail, they are localized histochemically in
cytotrophoblasts, decidua and stromal cells in the stem villi. Their role
is protective for the placental tissues during inflammation (Ejima et al.,
1999a,b). There are interactions between Sel and hormonal events. In
the uterus, but not in the liver, of ovariectomized rats, expression of Trx
mRNA is stimulated by estradiol, androgen and 5a-dihydrotestoster-
one, but not progesterone. The combined treatment by estradiol and
the antiestrogen (ICI 182780) or by testosterone together with the
antiandrogen flutamid attenuated the stimulatory effect of the
hormones alone (Sahlin et al., 1999; Yin et al., 1999). These findings
indicate that Trx regulation is mediated via steroid hormone receptors
possibly coupled to growth-promoting effects of steroids in this tissue.
In human endometrial stromal cells, rapid Trx expression at the mRNA
and protein level is induced by estradiol, augmented by progesterone
and inhibited by tamoxifen. Although Trx itself did not promote
endometrial cell growth, it enhanced the epidermal growth factor
induced mitogenic effect (Maruyama et al., 1999). Se not only
stimulates proliferation of bovine granulosa cells from small follicles,
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but also potentiates the stimulatory action of gonadotropins on
estradiol secretion. Bovine FSH stimulates estradiol production in
cells from large follicles in the absence of Se. Its action on cells from
small follicles requires addition of Se. In rat cultured ovarian follicles,
GPx mimics the ability of FSH to suppress apoptosis (Tilly and Tilly,
1995).

6. Se levels and regulation of mammalian Sel expression

Se has a narrow window between deficiency and excess and its
essentiality and toxicity are well described. Highly controlled
mechanisms must be in place to sustain optimal concentrations of
Se within cells. Sel expression is regulated by Se itself. It is not
surprising the finding that Se is a key regulator of its incorporation
into Sel and acts predominantly at post-transcriptional levels, with
recent findings indicating that Se may also act at transcriptional levels
(Brigelius-Flohe and Banning, 2006).

Several experimental data denote that the expression of certain Sel
depends on the level of Se. For example, using a polarized pig
thyrocyte culture-system, the role of Se-dependent expression of GPx
activity for thyrocyte integrity and protein iodination was demon-
strated. H,0, exposure of Se-depleted thyrocytes with low GPx
activity presented cytoplasmatic iodination of proteins whereas, in Se-
adequate thyrocytes with sufficient GPx activity iodination of proteins
was restricted to the apical surface irrespective of exogenous H,0,
(Ekholm and Bjérkman, 1997). This finding indicates that Se-depleted
cells, devoid of sufficient antioxidative defense capacity, may
experience aberrant intracellular iodination of proteins, leading to
deleterious events such as apoptosis, exposure of unusual epitopes,
misrecognition by the immune system, or aberrant targeting and
processing of iodinated proteins. Se also has a protective role against
cytotoxic H,0, effects mediated by caspase-3-dependent apoptosis in
primary culture pig thyrocytes (Demelash et al., 2004). These
observations may provide an experimental biochemical basis for the
pathogenesis of myxedematous endemic cretinism and a rationale for
beneficial effects of Se supplementation reported in studies with
patients suffering from Hashimoto's autoimmune thyroid disease
(Gartner et al.,, 2002; Duntas et al., 2003).

Both excess and deficiency of Se supply lead to impaired growth.
Most notably, Se intake (5.0 mg/kg feed) in the form of sodium selenite
causes growth retardation, accumulation of Se in somatotrophs, lack
of growth hormone response to GHRH and an 80% reduction in serum
IGF-I (somatomedin C) in infant rats. In addition, it induces a slight
reduction in serum albumin and occasionally slight centrolobular liver
necrosis (Thorlacius-Ussing et al., 1988a). The exact mechanisms
involved are not fully elucidated, but inhibition of GH secretion might
be caused by Se accumulation in secretory vesicles (Thorlacius-Ussing
et al.,, 1987). In rats, three weeks after withdrawal of selenite excess
the growth was restored and GH response to GHRH was normalized,
but IGF-I production remained decreased, and signs of liver damage
also persisted, including elevated serum alanine aminotransferase and
albumin (Thorlacius-Ussing et al., 1988b). High doses of GH adminis-
tered to rats during excess selenite exposure also restored growth,
indicating that circulating levels of IGF-I do not reflect local events at
the growth plates and suggesting direct action of GH or paracrine GH-
dependent mechanisms (Thorlacius-Ussing et al., 1988a). Long-term
treatment of rats with sodium selenite in drinking water (3.3 mg/L
water) decreased serum GH, IGF-1, and IGF binding protein-1,-2, and -3
levels and resulted in growth retardation (Thorlacius-Ussing et al.,
1988a; Gronbaek et al., 1995). However, recent studies with ruminants
fed at least 10 times the maximum permitted European Union (EU) Se
dietary inclusion rate in the form of Se-enriched yeast derived from a
specific strain of Saccharomyces cerevisiae revealed no adverse effects
on animal health, performance, and feed intake (Juniper et al., 2008). In
EU, the maximum authorized total Se contents in feeds, background Se
plus supplemented one, for farm animals is 0.5 mg/kg of complete

feeding stuffs with a moisture content of 12% (European Union
Commission, 2004). It seems that the form of Se added to the diet
(i.e. sodium selenite or organo-Se compounds) plays an important role
on the appearance or not of adverse toxicological effects on animal
growth and that is well documented in several recent reviews
(Letavayova et al., 2006; Schrauzer, 2000).

Regulation of deiodinase enzymes and conversion of thyroid
hormones is affected by Se levels. lodine deficiency increases the
activity of ID2, whereas it is decreased by selenium deficiency. The
stimulation of ID2 activity under iodine-deficient conditions is a
compensatory mechanism that maintains local T3 homeostasis to
some extent (Moreno-Reyes et al., 2006). Se deficiency inhibits growth
response in animals and Se deficiency can result in elevated T4 levels
and decreased T3 levels. In experiments with Se-deficient rats T4
increased T4 by 67% compared to control treatment and T3 decreased
by 23% compared to control treatment (Thompson et al., 1995). In the
same study, repletion of Se in second-generation Se-deficient male
and female weanling rats normalized serum thyroid hormones, liver
Se content and GPx activity. Injection of T3 to these animals restored
normal thyroid hormone levels but did not restore growth. The fact
that selenium supplementation improved growth in selenium-
deficient rats, whereas T3 infusion did not, indicates that restoration
of ID2 activity may have a greater effect on bone metabolism than
increased circulating T3 (Moreno-Reyes et al., 2006).

7. Transcriptional regulation

Transcriptional regulation provides another regulatory point of Sel
expression. The Nrf2/Keap1 system is one of the major cellular defense
mechanisms against oxidative stress (Motohashi and Yamamoto,
2004). NF-E2-related factor 2 (Nrf2) is the most effective transcription
factor that acts through “antioxidant response element” (ARE), a
member of the NF-E2 family of basic leucine zipper transcription
factors (Itoh et al., 1997). Kelch-like ECH-associated protein-1 (Keap1)
is a cysteine-rich actin associated protein that keeps Nrf2 complexed
in the cytosol (Kang et al., 2004). Nrf2/Keap1 regulates the expression
of phase 2 detoxification enzymes and redox active proteins, including
TrxR1 (Motohashi and Yamamoto, 2004). It was recently demon-
strated that GPX2 is a target of this transcriptional system and may be
up-regulated (Banning et al., 2005). The Nrf2/Keap1 system is
important due to its activation by electrophilic compounds, metals,
thiol modifiers, and other potential anticarcinogenic compounds
derived from dietary sources (Brigelius-Flohe and Banning, 2006).
Whether Se or Se metabolites also act as an activator of this system,
thus controlling global or specific Sel synthesis at a transcriptional
level remains an exciting area for future investigation. Transcriptional
regulation of additional GPx family members extends beyond the
Nrf2/Keap1 system and has been recently reviewed (Brigelius-Flohe,
2006). A complex transcriptional regulation pattern involving inter-
play between several transcription factors, such as Oct-1, Sp1, Sp3 and
multiple transcription start sites in a cell has been reported for the
TrxR1 gene (Rundlof and Arner, 2004). Characterization of the
promoter region and transcriptional regulation of the GPx4 gene
also has been reported (Maiorino et al., 2003; Imai et al., 2006). An
interesting, speculative question is whether all or some Sel genes
contain potential Se-response elements. Such Se-response elements
may allow a more efficient regulation of their synthesis at the
transcriptional level in response to alterations in Se supplies.

8. Post-transcriptional regulation

Recent reviews have indicated that Sel synthesis is regulated at
post-transcriptional level (Behne and Kyriakopoulos, 2001; Hatfield
and Gladyshev, 2002; Driscoll and Copeland, 2003; Schomburg et al.,
2004; Caban and Copeland, 2006). Behne and Kyriakopoulos (2001)
working with cell-culture models found a hierarchy in Sel expression
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during Se deprivation and repletion. The same authors showed that
some tissues and organs are more efficient in maintaining Se levels
and the production of certain Sel during Se deprivation compared to
other ones. This is indicative of differences in the requirements and
biologic roles of Sel in different tissues (Brigelius-Flohe, 1999; Behne
and Kyriakopoulos, 2001).

Se exerts its regulatory action on mRNA stability since in cases of Se
deficiency an increased susceptibility to the nonsense-mediated decay
pathway (NMD) and consequently decay of mRNA have been noted
(Moriarty et al., 1998; Maquat, 2001; Weiss Sachdev and Sunde, 2001).
Efficiency control of UGA-Sec codon translation (Fletcher et al., 2000;
Martin and Berry, 2001), regulation of total Sec tRNAS®"¢9) Jevels and
regulation of the ratio between the methylated and unmethylated Sec
tRNAS®"5e9 jsoforms are influenced by Se (Hatfield et al., 1991; Chittum
et al., 1997; Jameson et al., 2002; Carlson et al., 2005). Recent data
demonstrated that the methylated isoform of tRNAS®1¢¢ js transla-
tionally active and that Se-induced tRNA methylation is a mechanism
of regulation of the synthesis of Sel (Jameson and Diamond, 2004).
Evidence demonstrating that the two Sec tRNAIe"5¢¢ jsoforms control
the expression of distinct Sel was provided in transgenic mice rescued
with either a wild-type trsp, or a methylation mutant trsp transgene
(Carlson et al., 2005). It was discovered that the methylated isoform
controls the synthesis of Sel involved in the oxidative stress response
such as GPx1 and GPx3, whereas the unmethylated form governs
synthesis of housekeeping Sel such as TrxR1 and TrxR3. Another
regulatory point of Sel synthesis is provided through availability of
essential trans-acting factors (Driscoll and Copeland, 2003). In
HEK293T cells, endogenous SBP2 levels appear to be sufficient for
maximal Sel synthesis whereas, in human embryonic kidney cells
(HEK293), SBP2 overexression is necessary for a significant increase of
Sel synthesis (de Jesus et al., 2006). Papp et al. (2006), using (small
interfering) siRNA technology demonstrated that depletion of SBP2
leads to a general decrease in Sel synthesis indicating that trans-acting
factors are necessary for Sel synthesis regulation.

9. Redox regulation

Redox regulation has emerged as an essential regulatory process of
many pathways in cell biology (Linke and Jakob, 2003; Ghezzi, 2005).
Disruption of the intracellular redo