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Abstract

:

Unlike other essential trace elements that interact with proteins in the form of cofactors, selenium (Se) becomes co-translationally incorporated into the polypeptide chain as part of 21st naturally occurring amino acid, selenocysteine (Sec), encoded by the UGA codon. Any protein that includes Sec in its polypeptide chain is defined as selenoprotein. Members of the selenoproteins family exert various functions and their synthesis depends on specific cofactors and on dietary Se. The Se intake in productive animals such as chickens affect nutrient utilization, production performances, antioxidative status and responses of the immune system. Although several functions of selenoproteins are unknown, many disorders are related to alterations in selenoprotein expression or activity. Selenium insufficiency and polymorphisms or mutations in selenoproteins’ genes and synthesis cofactors are involved in the pathophysiology of many diseases, including cardiovascular disorders, immune dysfunctions, cancer, muscle and bone disorders, endocrine functions and neurological disorders. Finally, heavy metal poisoning decreases mRNA levels of selenoproteins and increases mRNA levels of inflammatory factors, underlying the antagonistic effect of Se. This review is an update on Se dependent antioxidant enzymes, presenting the current state of the art and is focusing on results obtained mainly in chicken.
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1. Introduction


Selenium (Se) is an essential trace element which is co-translationally incorporated into the polypeptide chain as part of the amino acid selenocysteine (Sec). Proteins that include Sec in their polypeptide chain are defined as selenoproteins and exist in all lineages of life (archaea, bacteria and eukarya) [1,2,3,4,5,6], however, some organisms do not have the ability to synthesize selenoproteins [7]. Selenoproteins have pivotal significance for optimal human and animal health mainly due to their antioxidant activity [8]. They have anti-inflammatory, chemo preventive and antiviral properties and are related with the improvement of immune responses [9,10]. The health-related properties of selenoproteins include among others protection against cancer [11,12], proper thyroid function [13] and protection against cardiovascular [14] and muscle disorders; however, the role of selenium supplementation in diseases of the thyroid gland is still subject to discussion [15,16,17,18,19,20,21].



There are 25 genes encoding for selenoproteins [22,23]. Selenoprotein family, in human, includes the following members: glutathione peroxidases (GPX1–GPX4 and GPX6), thioredoxin reductases (TXNRD1–2), thioredoxin-glutathione reductase (TXNRD3), iodothyronine deiodinases (DIO1–3), selenophosphate synthetase (SEPHS2), 15-kDa selenoprotein (SELENOF), selenoprotein H (SELENOH), selenoprotein I (SELENOI), selenoprotein K (SELENOK), selenoprotein M (SELENOM), selenoprotein N (SELENON), selenoprotein O (SELENOO), selenoprotein P (SELENOP), methionine sulfoxide reductase B1 (MSRB1), selenoprotein S (SELENOS), selenoprotein T (SELENOT), selenoprotein V (SELENOV) and selenoprotein W (SELENOW) [24,25]. Low dietary Se may result in selenoproteins deficiency leading to such human diseases as Keshan disease [26,27,28], Kashin-Beck disease [29], myxedematous endemic cretinism [30] and male infertility [31].



According to the Office of Dietary Supplements (ODS) of the National Institutes of Health (NIH, Bethesda, MD, USA), Recommended Daily Allowance (RDA) of Se is 55 μg/day for men of 31–50 years old up to 70 μg/day for women on lactation. Even though globally dietary Se intake is usually below 55 μg/day [8], European countries such as Greece [32], Poland [33], UK [34] and Spain [35] have an average Se intake below 40 μg/day and this appears to be the situation also for other parts of the world. For example, it has been estimated that the average Se intake for adult men and women in Argentina is 32 and 24 μg/day, respectively [36]. Further, a recent study carried out from German, Austrian and Swiss nutrition societies resulted in values of 70 μg/day for men and 60 μg/day for women using the reference body weights [37]. To help meeting the RDA, consumers could benefit from the use of Se-enriched functional foods. Production technology of Se-enriched eggs, milk and meat has been developed and successfully introduced. Actually, Se-enriched eggs can be obtained in more than 25 countries worldwide [36,38].




2. Synthesis of Selenoproteins from Dietary Selenium


Selenocysteine and selenomethionine (SeMet) are similar to cysteine and methionine except that the sulfur (S) atom is substituted by Se [39]. Yeast and plants do not incorporate Sec and, therefore, do not possess selenoproteins [40]. However, in a recent study, the analysis of cranberry mitochondrial genome revealed the presence of two copies of selenocysteine insertion sequence element (SECIS) and tRNA-Sec [41]. Plants absorb Se from the soil in the form of selenate or selenite and synthesize SeMet [42], which implies that in natural feed ingredients Se can be primarily found in the form of SeMet [43]. Vertebrates get dietary Se as SeMet and other Se-amino acids, including Sec and its methylated forms, depending on their contents in feed/food components. Moreover, presently, farm animal feeds are broadly supplemented with inorganic Se such as sodium-selenate and selenite as well as with organic sources of Se such as selenized yeast. There are major differences in the metabolism and absorption of these forms of Se. For example, sodium selenite is passively absorbed in the intestine and more efficiently in the ileum segment [44], while SeMet is actively absorbed and thus requires a transport mechanism to actually shift the molecules through the enterocyte cell membrane, by all segments of the intestine [45]. Absorption of Se compounds into cells is considered to occur via anion transporters [46,47,48]. Irrespective of the form that Se is received from the diet, it has to be metabolized into Sec to be incorporated into selenoproteins.



The incorporation of Se as Sec into a selenoprotein requires a specific mechanism to decode the UGA codon in mRNA, which normally operates in translation termination [49]. Initially, the oxidized forms of inorganic Se undergo reductive metabolism yielding hydrogen selenide (H2Se) which is converted to Sec [50]. Organic sources of Se can also produce H2Se. Selenomethionine can be trans-selenated into Sec, similarly to the trans-sulfuration pathway for methionine to cysteine, before lysis by β-lyase to H2Se. Hydrogen selenide must be first transformed to Sec, which means that H2Se has to be metabolized into selenophosphate after catalysis by the SEPHS2 [50]. Selenophosphate reacts with the tRNA specific for serine Ser-tRNASec via the enzyme Sec-tRNA synthase to give Sec bound tRNA (Sec-tRNASec), from which Sec is incorporated into selenoproteins by the Sec specific UGA codon [42,51,52,53,54]. Specific mutations in the coding sequence of the Sec-tRNA play a key role in the expression of particular selenoproteins but also in the progression and symptomatology of some diseases [55]. This incorporation of Sec into selenoproteins 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) [56]. Sec insertion sequence prevents the termination of translation by competing for release factors that would otherwise lead to disassembly of the mRNA-ribosomal complex [53,57,58,59,60]. Biosynthesis of selenoproteins requires binding of SBP2 (SECIS-binding protein 2) to the SECIS element and recruitment of the Sec tRNA-specific elongation factor (EFsec), connected to tRNASec [61]. Namely, SECIS recruits SBP2 and binds the tRNASec-loaded EFSec, while several additional proteins bind to SECIS [62,63,64].



Selenium may also efficiently control UGA-Sec codon translation [65,66], regulate levels of Sec tRNASer(Sec) and control the ratio of the methylated and unmethylated Sec tRNA(Ser)Sec isoforms [67,68,69,70]. The methylated isoform is translationally active and Se-induced tRNA methylation is a mechanism of selenoprotein synthesis regulation. The methylated isoform has been shown to govern the synthesis of selenoproteins involved in the oxidative stress response such as GPX1 and GPX3, whereas the unmethylated form controls synthesis of housekeeping selenoproteins i.e., TXNRD1 and TXNRD3 [71].



It seems that all selenoproteins of eukaryotes require a form of the SECIS element for recoding UGA to the Sec codon [61]. However, there may be a SBP2 independent binding affinity for the Sec-tRNA. This must be clarified by further research [72]. Most of the selenoproteins can be classified into two groups according to the position of the Sec in the polypeptide chain. In the first group, Sec is located on the N-terminal while in the second group Sec is present on the C-terminal position of the function domain [73]. The first group includes all glutathione peroxidases and iodothyronine deiodinases, SEPHS2, SELENOF, SELENOH, SELENOM, SELENON, SELENOP, SELENOT, SELENOV, and SELENOW, while the second one includes thioredoxin reductases, SELENOS, MSRB1, SELENOO, SELENOI and SELENOK [50].



The first selenoenzyme identified—glutathione peroxidase (GPX)—catalyzes the oxidation of cytosolic glutathione (GSH) by H2O2 (Table 1). GPX1 was discovered in erythrocytes [74], where it removes H2O2 formed by dissociation of oxyhemoglobin into O2 and methemoglobin [75]. The GPX1 gene codes for both the cytosolic and mitochondrial forms of the enzyme, which exist as a tetramer of four identical subunits, each containing a single Sec residue.




3. Selenoproteins and the Antioxidant System


The lack of balance between generation of reactive oxygen/nitrogen species (ROS/RNS) and the action of protective antioxidant systems is defined as oxidative stress [76,77]. In normal conditions, a balance between generation of free radicals and antioxidant protection exists in the cell. However, increased ROS/RNS generation or impairment of the antioxidant protective ability leads to oxidative stress. Generation of ROS by a reduced coupling of oxidation and phosphorylation in the inner mitochondrial membrane results in an enhanced electron leakage and overproduction of superoxide radicals (Table 1).



Many pollutants, such as heavy metals (e.g., Cd and Pb), certain drugs and various radiations (ultra violet and γ rays), can induce high production of free radicals. When the generation of ROS surpasses the capacity of the antioxidant system to neutralize them, extensive peroxidation of lipids occurs and causes damage to the unsaturated lipids of the cellular membrane. As a result, the integrity of the cell is disturbed. In addition, disturbances of natural antioxidant and/or metallothionein (MT) levels may cause peroxidation of lipids, which may result in ROS attacking and cleaving of double bonds. It is generally accepted that the susceptibility of polyunsaturated fatty acids (PUFA) to peroxidation corresponds to the number of double bounds in these molecules. In fact, arachidonic acid (AA, 20:4n-6) and docosahexaenoic acid (DHA, 22:6n-3) constitute the primary substrates of the peroxidation in the membrane. The same PUFA are mainly responsible for maintenance of physiologically crucial properties of the membrane including permeability and fluidity. In other words, both function and structure of biological membranes are compromised through lipid peroxidation [78]. This is correlated with reduced absorption of various nutrients and causes an imbalance of inorganic elements, amino acids, vitamins and other nutrients in the organism [79]. Thus, oxidative stress decreases productive and reproductive performances of organisms [80]. About 100,000 ROS hit rat cellular DNA each day [81,82,83]. DNA damage may occur via oxidation, methylation, deamination and depurination. Reactive oxygen species interaction with DNA is very complex and includes strand break, base modification, DNA-protein cross links and lesions in chromatin and sugars [84,85,86]. Organisms have evolutionary developed specific protective antioxidant mechanisms to defend against ROS/RNS. Consequently, it is the presence of natural antioxidants in living organisms that enables them to survive in an oxygen-rich environment [87].



Other major targets of two-electron oxidants and radicals in biological systems are proteins due to their rapid rates constants and abundance for reaction [88,89]. Protein oxidation by free radicals can occur in the protein backbone or at amino acid side chains [90]. Peroxides (protein peroxidation) and peroxyl radicals are formed under oxygen presence. They can oxidize both proteins and other targets. Protein modifications by oxidation, can include unstable intermediates formation, loss of the parent amino acid residue and also generation of stable products. Protein oxidation is linked with multiple human pathologies and aging [88,91,92,93,94]. Selenoproteins as wide range antioxidants also protect cell from damages caused by cellular proteins oxidation [95]. Further, selenium-containing compounds such as selenides (RSeR’), selenols (RSeH) and diselenides (RSeSeR’) react with peroxynitrite under raised rate constants [96].



The antioxidant system is mainly comprised of water-soluble antioxidants (uric acid, ascorbic acid, and taurine); natural fat-soluble antioxidants (carotenoids, vitamins A and E, and ubiquinones); antioxidant enzymes; the thioredoxin system (thioredoxin/thioredoxin peroxidase/thioredoxin reductases (TXNRDs)); and the thiol redox system (GSH/GSH reductase/glutaredoxin/GPXs) [97]. For maximum protection, the antioxidant system is located in various organelles, subcellular compartments as well as the extracellular space.



In vertebrates, GPXs have a single redox center and as redox-active residue the selenocystein. In contrast, non-vertebrate GPXs replace peroxidatic Sec by a cysteine (peroxidatic Cys) and work with a second redox center that contains a resolving cysteine [98].



Among the components of the thioredoxin and thiol redox systems, several enzymes contain Sec residues that are essential for enzyme function [99]. Nonetheless, most, if not all, of the currently known selenoproteins are also found as Cys-containing non-selenoprotein orthologs in other organisms, wherefore any potentially unique properties of selenoproteins are yet a matter of debate. The chemical rate enhancement obtained with Sec can have other consequences than those arising from a low redox potential of some Cys-dependent proteins, typically aiming at maintaining redox equilibria. Another unique aspect of Sec compared to Cys seems to be its efficient potency to support one-electron transfer reactions, which, however, has not yet been unequivocally shown as a Sec-dependent step during the natural catalysis of any known selenoprotein enzyme [100].



The antioxidant system of the cell includes three major levels of defense [101]. The first level (prevention) prevents the formation of free radical. It inactivates catalysts or removes precursors of free radicals and includes three antioxidant enzymes namely GPX, superoxide dismutase (SOD) and catalase (CAT) and metal-binding proteins such as transferrin, lactoferrin, haptoglobin, hemopexin, metallothionein, ceruloplasmin, ferritin, albumin and myoglobin. Thus, metal sequestration is an important part of extracellular antioxidant defense [80,102,103]. This first level of antioxidant defense is insufficient to fully impede generation of free radical in the cell. As a result, some radicals escape, initiating peroxidation of lipids and causing protein and DNA damages. However, lipids peroxidation can only be stopped by GPX4 and no other selenoprotein. Thus, a second level (interception) of antioxidant defense exists. It consists of chain-breaking antioxidants (vitamins A and E, ascorbic acid, uric acid, carotenoids, and ubiquinol) as well as other antioxidants. Thioredoxin and thiol redox systems play also an essential role in this second level of defense. Thioredoxin reductases use nicotinamide adenine dinucleotide phosphate to reduce oxidized thioredoxin and its homologs, which regulate many redox signaling events. Vitamin E cannot do the whole work in preventing peroxidation of lipids by scavenging free radicals and forming hydroperoxides [103]. Together with Se, they act in tandem; and even very high doses of dietary vitamin E cannot replace Se, which is indispensable to complete the second part of antioxidant defense. Thus, Se as an integral part of selenoproteins contribute both to the first and the second level of antioxidant defense [97].



Elemental Se and more often its compounds have been successfully used as stoichiometric reagents and catalysts for oxidation of different organic substrates. Selenium(IV) oxide, areneseleninic acids and their anhydrides are widely used as stoichiometric oxidants or as oxygen-transfer agents for oxygen donors, particularly hydrogen peroxide and tert-butyl hydroperoxide. The oxidation mechanisms depend on the substrate and oxidant or catalyst used. The electrophilic center localized on the selenium atom or the nucleophilic center localized on the oxygen atom of the selenahydroperoxide group are involved in the reaction mechanism [104].



While ROS are largely involved in causing cell damage, they also possess significant roles in several physiological aspects such as regulation of protein phosphorylation, intracellular signal transduction, regulation of the cytosolic Ca concentration, regulation of gene expression, intracellular killing of bacteria by neutrophils and macrophages and activation of certain transcription factors, such as nuclear factor-kappa B (NF-κB) and the activator protein 1 (AP-1) family factors [105,106,107,108,109,110,111]. Free radical reactions are part of normal human metabolism and can be induced by environmental sources [87,112].



Glutathione is the most abundant non-protein thiol in mammalian and avian cells, providing them with their reducing milieu [113,114]. Cellular GSH has an essential role in various biological processes including: synthesis of proteins and DNA [115,116], cell proliferation and growth [117], regulation of apoptosis and cancer growth [118], immune regulation (T cell growth and metabolic reprogramming) [119,120], xenobiotic metabolism, transport of amino acids and redox-sensitive signal transduction [121]. Moreover, GSH thiolic group may directly react with several ROS including hydroxyl radicals, hydroperoxides, alkoxyl radicals and superoxide anion (Table 1) [80,122,123]. Most importantly, GSH acts as scavenger of free radical, especially efficient against the hydroxyl radical, since there are no enzymatic defenses against this radical species [124]. Generally, reduced concentration of GSH in tissues is connected with increased peroxidation of lipids [101,125]. Moreover, in stress conditions, GSH prevents the loss of vitamin E and protein thiols [126] and acts as a key modulator of cell signaling [127]. Humans as well as animals can synthesize GSH. In this respect, eight GPX members have been discovered [97,128]. Apart from their specific functions, all of them exert antioxidant tasks, protecting cells against oxidation damage from free radicals and ROS [129].



Selenoproteins have the unique ability to trap H2O2 and use the resulting selenenic acid to form specific disulfide bonds in the presence of 10–20 mM GSH and are thus well suited for controlling the formation of disulfide bonds with specific Cys residues. Because of the rapid oxidation kinetics of selenols, H2O2 in the cytosol reacts completely with Sec-containing proteins to produce Sec selenenic acid before it can react with other potential targets. Thus, rapid consumption of H2O2 by selenoproteins acts to limit the duration of H2O2 signals and the distance over which those signals are transmitted by diffusion [130].



Nevertheless, even this second level of cell antioxidant defense (interception) is unable to hinder the deteriorating effects of ROS/RNS on DNA and proteins. In this case, the third level of antioxidant defense depends on systems that repair damaged molecules or eliminate them [131]. This level of defense consists of proteolytic (peptidases or proteases), lipolytic (lipases) and other enzymes (proteinases, phospholipases, nucleases, DNA repair enzymes, polymerases, ligases and diverse transferases). However, the enzymes of the third level of antioxidant defense cannot achieve total removal or repair of damaged DNA molecules and this may result to arrest of cell cycle and cell death [132]. In fact, the process of apoptosis (programmed cell death in multicellular organisms) is involved in maintenance of the genetic integrity by eliminating genetically altered cells [78].




4. Effects of Selenium Supplementation in Chicken


As already stated, the major role of Se is the protection against free radical detrimental effects via the action of selenoproteins. Many studies have shown that Se/vitamin E dietary deficiencies are related to presumed oxidative cell damage. It has been shown that selenoproteins impede nutritional muscular dystrophy (NMD) initiation in chicks via metabolism of peroxides and redox regulation mechanisms [133]. In addition, dietary Se deficiency has a negative impact in the mRNA expression of 23 selenoproteins in broiler immune organs (thymus, spleen and bursa). Additionally, at Se super-nutritional status, most selenoproteins were upregulated in chicken kidney [134,135,136]. Moreover, 24 selenoproteins and associated transcription factors were influenced by Se intake in chickens’ pancreas. Selenium contributions to chicken development and regulation of blood sugar were associated with pancreatic redox homeostasis via a modulated selenotranscriptome [137]. Selenoprotein genes in spleen and thymus were down-regulated, inflammation-related genes were up-regulated due to supranutritional dietary Se status. Further, chickens’ growth performances were depressed. Over high ambient temperature, Se enriched probiotics reduced the effects of Se deficiency on heart lesion. In addition, in chicken heart, upregulation of mRNA expression of GPX1 and GPX4 and downregulation of heat shock protein genes (HSP90, HSP70 and HSP60) were induced with Se enriched probiotics [138] and, similarly, in broilers exposed at high ambient temperature, prebiotics enriched with Se improved meat quality [139]. Notably, investigations have reported the protective role of selenoprotein W against H2O2 which means that an association of selenoprotein W mRNA expression, oxidative stress and metabolic status may exist. Moreover, selenoprotein W expression could be regulated by metabolic factors and Cd in fish [140].



Improved action of Se containing antioxidant enzymes, for instance TXNRD and GPX, decreased free radical-mediated peroxidation and regeneration of GSH was observed due to Se supplementation [141]. Thus, Se levels above nutritional requirements may be capable of maintaining optimal TXNRD and GPX activities and detoxifying Cd [142,143,144].



Many studies highlight the effectiveness of Se in preventing heavy metal poisoning. A recent study revealed Se-Cr (VI) interaction and other trace elements accumulation in chicken serum and brain. The results demonstrated that Se supplementation decreased accumulation of Cr both in chicken brain and serum and this interaction regulated the correlation and contents of Ca, Cu, Mn, Fe, Zn, and Mg in these tissues [145]. Another study investigated the effects of Se on the toxicity of Pb and the expressions of selenoproteins mRNA in chicken cartilage tissue. The results showed that reduced expression of GPX4, GPX2, GPX1, DIO1–2, TXNRD2–3, selenoprotein U, selenoprotein I, Sepx1, selenoprotein O, selenoprotein M, selenoprotein K, selenoprotein W, selenoprotein 15, Sepn1, selenoprotein T, and selenoprotein S in the meniscus cartilage, triggered by Pb exposure, might be alleviated by Se. In addition, in cartilage of sword fish, the reduction in the mRNA expression levels of GPX2–4, TXNRD1–2, DIO2–3, selenoprotein H, selenoprotein I, SEPHS2, MSRB1, selenoprotein W, selenoprotein K, selenoprotein M, selenoprotein O, selenoprotein 15, selenoprotein T, Sepn1 and selenoprotein Pb due to Pb exposure could be mitigated by Se [146].



Lead toxicity mitigative effect by Se has been investigated via expression analysis of 25 selenoproteins and 5 HSPs. The results indicated that Se declined the increase of HSPs mRNA expression and enhanced the diminished mRNA expression levels of all selenoproteins caused by Pb in chicken testes, pointing that HSP70 could be an indicator of Pb poisoning in this tissue [147]. Moreover, Pb exposure increased Pb content in serum, activated the NF-κB pathway, and increased the expression of selenoproteins in chicken neutrophils. Selenium supplements could reduce Pb concentration in serum, had a mitigative effect on the activation of the NF-κB pathway and further enhanced the upward trend of selenoproteins expression induced by Pb exposure [148]. Further studies investigated the antagonistic effect of Se on Pb-induced inflammation injury and the results showed that Pb poisoning enhanced mRNA levels of inflammation, reduced mRNA levels of selenoproteins, and induced histological modifications in chicken hearts. Except Pb, toxicity was also induced by Cd. Thus, studies aimed to evaluate potential cytoprotective mechanisms of Se and to examine the actions of Se in mitigating Cd induced toxicity in chicken heart. It seems that Cd can cause serious myocardial damage by inducing the necroptosis route, while Se could act in the prevention of Cd-induced myocardial damage via the activation of the adiponectin pathway [149]. In addition, Se supplementation in laying chickens seems to change pancreatic ions and profile decreasing Cd accumulation in chicken pancreas [150].



Furthermore, enhanced incorporation of Sec after Se treatment led to increased TXNRD and GPX activities [151]. DNA repair and integrity can be affected by organic forms of Se. For instance, diets supplemented with SeMet at 3 or 6 μg/kg body weight per day for seven months were provided to elderly male dogs and the results were compared to untreated controls. Dogs supplemented with Se presented lower expansion of DNA damage in peripheral blood lymphocytes and in prostate cells compared to controls [152]. Moreover, supplementation of supranutritional organic Se to chicken nutrition, at safe subtoxic levels, prevented the peroxidation of health-promoting long-chain PUFA, like eicosapentaenoic acid (EPA) and DHA, and protected meat quality from oxidation [153]. Another study [154] revealed that SeMet stimulated cell protection against DNA damage and DNA repair. The increased repair complex formation in SeMet-treated cells was indicated as a feasible mechanism for the DNA repair response. Kibriya et al. [155] found that many genes, after Se supplementation, were upregulated. Further, Whanger et al. [156] stated that Se counteracts the neurotoxicity of Cd, Hg, V and Pb through a mechanism that induces their accumulation in brain, probably via a non-toxic complex. Selenium preventing action against DNA damage is affected by the used dose. For instance, a study on exocrine pancreas cells proposed a faster repair of DNA single-strand breaks in hamsters fed with 2.5 ppm Se than those fed with 0.1 ppm Se [157]. Selenomethionine could initiate the p53 tumor suppressor protein via a redox mode of action which needs the redox factor Ref1 [158]. Further, SeMet could protect against biological effects caused by radiation, via enhancement of DNA repair mechanisms in radiated cells. Consequently, SeMet may exert a particular action on the DNA repair machinery preventing DNA damage. Interestingly, this outcome is not the case or may be even opposite if selenite is used instead [159,160].




5. Actions and Properties of Selenoproteins


The mechanism of Se insertion into cysteine and further to selenoproteins has been extensively studied [161,162]. Similarly, many homologs of selenoproteins are not considered as such since they contain cysteine and not Sec [163]. Presently, the essentiality of Se is undoubted and its effects on the development of several diseases have been extensively reviewed in the literature [25,164,165]. Selenoproteins are essential for life and several selenoproteins have been characterized as antioxidant enzymes, protecting from damage caused by free radicals as already stated.



Functions of endoplasmic reticulum (ER) such as protein folding, post-translational modification, and transport are assisted by selenoproteins located in ER [166]. Further, the abundant 15 kDa SELENOF protein seems to control the quality of glycoprotein folding by improving glucosyltransferase activity of UDP-glucose: glycoprotein glucosyltransferase via formation of stable heterodimeric complexes [167]. Selenoprotein F may also function as oxidoreductase due to its thioredoxin-like folding which is mediated by CGU redox motif [168]. In addition, SELENOM, which shares a 31% sequence identity with SELENOF, enhances the formation of disulfide bond in proteins [168]. On the other hand, SELENOS and SELENOK participate in the machinery of the ER-associated protein degradation (ERAD) [166]. They are upregulated under conditions promoting protein misfolding. Furthermore, they are both single membrane-spanning parts of multi-protein complexes that transport misfolded proteins from the ER to the cytosol for degradation. Their exact way of action is elusive, though they probably act as chaperones for some ERAD substrates.



Identification of more than 50 selenoproteins has been performed since the discovery of Se incorporation in GPX [169]. Isolation and biochemical characterization of several of these proteins such as thioredoxin reductase, selenophosphate synthase, methionine-sulfoxide reductase and iodothyronine deiodinase has been achieved. Their significance for human health and physiology can be generally attributed to the special redox characteristics of the highly conserved active site Sec [170,171]. However, their mode of action is not known in detail. Localization of selenoproteins in various subcellular compartments is evidence of their critical function. For instance, almost one third of total human selenoproteins are located in the ER [166]. These include SELENOF, DIO2, SELENOM, SELENOK, SELENOS, SELENON and SELENOT. Type 2 deiodinase is important for thyroid hormone signaling [172] while redox regulation of calcium metabolism is connected with SELENOT and SELENON. Selenoprotein N is an in integral ER membrane protein that interacts with RyR an intracellular ryanodine receptor of Ca channel [173] and mutations that decrease the efficiency of selenocysteine-insertion lead to various muscle disorders.




6. Effects of Se Deficiency on mRNA Expression of Selenoproteins and Non-Selenoproteins


Selenium metabolism has been discussed in the literature with specific regard to the role of Se within the central nervous system [174]. There are also reviews on the action of Se on productive characteristics, antioxidative status, immune responses and nutrient utilization of poultry [175,176]. Members of this selenoproteome take part in diverse biological pathways and processes in chicken, such as in maintenance of the redox balance; interactions with metals and transport of Se. Six membrane-bound selenoproteins (selenoprotein I, selenoprotein K, selenoprotein S, selenoprotein T, DIO1 and DIO3) had pivotal roles in maintaining the membrane integrity. According to their ligand binding sites, chicken selenoproteins were classified as zinc-containing matrix metalloselenoproteins (selenoprotein 15, MSRB1, selenoprotein W and selenoprotein M), FAD-interacting selenoproteins (TXNRD1–3), prolyl oligopeptidase activity (POP)-containing selenoproteins (GPX1–4), secretory transport selenoproteins (GPX3 and selenoprotein Pa) and other selenoproteins [177].



The effects of Se deficiency on the induction of inflammation injury and oxidative damage to [178] chicken aorta vessels as well as on the deficiency of mRNA expression levels of selenoproteins, HSPs and immune functions in chicken have also been investigated. The results were linked with a downregulation of mRNA expression levels of 25 selenoproteins, upregulation of the mRNA expression of HSPs and immunosuppression [179,180]. Selenium deficiency can also lead to marked loss of selenoproteins activity, including GPXs, DIOs and TXNRDs [73].



The correlation of selenoproteins and Se deficiency causing apoptosis of chick embryonic vascular smooth muscle cells (VSMCs) has been examined [181]. Selenium deficiency led to higher cell apoptosis and decrease of cell viability. Selenium supplementation may mitigate these alterations. Moreover, at every level of Se supplementation, selenoprotein W1, selenoprotein 15, GPX1, GPX3, and GPX4 mRNAs were highly expressed in VSMCs [181]. An interesting work conducted in 55 days broilers with a Se-deficient diet (0.033 mg Se/kg) and a normal diet (0.2 mg/kg) showed that Se deficiency reduced HSP (HSP40, HSP60, and HSP90) and selenoprotein (selenoprotein K, GPX1, and selenoprotein H) mRNA expression, although the expression levels of selenoprotein Pb, selenoprotein I, selenoprotein N, MSRB1, HSP27, GPX2 and inflammatory factors (TNF-α, COX-2, HO-1 and iNOS) were upregulated. These results also indicated that selenoproteins play different roles in chicken testes [182]. Huang et al. [183] studied the effect of Se deficiency on selenoprotein expression levels in chicken muscular stomach and a correlation of muscular stomach injuries and selenoproteins was found. Selenium deficiency decreased the expression of 25 selenoprotein genes but raised the levels of mRNA expression of NF-κB, iNOS, TNF-α, COX-2, HO-1 and HSP27, HSP40, HSP60, HSP70 and HSP90. In other words, selenoproteins showed negative correlation with inflammation factors and HSPs. Therefore, the results showed that Se deficiency induced injuries in muscular stomach by reducing the levels of selenoproteins mRNA expression [183]. Selenium supplementation expedited and increased cell surface markers expression such as CD11c, CD40, CD86, and MHC II in a study investigating the impact of Se on chicken dendritic cells (DCs). Principal component analysis showed that the expression of selenoprotein W, selenoprotein K, DIO3, GPX1, GPX2, selenoprotein N, selenoprotein S, and selenoprotein H in chicken DCs was highly correlated, and selenoprotein W had highest correlation with the cell surface markers MHC II and CD11c [184]. Furthermore, Se-deficient, high energy diet in swine could cause oxidative stress, and downregulated the phagocytic dysfunction and the Nrf2 pathway in neutrophils.



The effect of Se deficiency on inflammatory factors and selenoprotein gene transcription in broiler kidneys was also studied. In the low Se diet group the expression of inflammation factors (TNF-α, COX-2, iNOS, and NF-κB) was raised, the mRNA expression level of 14 selenoprotein genes (GPX3, selenoprotein K, selenoprotein O, selenoprotein 15, selenoprotein H, selenoprotein P1, selenoprotein I, selenoprotein n1, selenoprotein W, selenoprotein T, selenoprotein U, selenoprotein S, DIO1 and DIO2) was reduced while the expression level of nine selenoprotein genes (selenoprotein M, selenoprotein SPS2, selenoprotein Pb, TXNRD1–3, and GPX1, GPX2, and GPX4) was elevated. The results indicated that Se deficiency caused changes in the expression of selenoprotein genes, kidney dysfunction and activation of the NF-κB pathway. In addition, Se supplementation can mitigate Pb toxicity effects via attenuation of apoptosis caused by Pb [185]. Finally, Se deficiency in chicken caused reduced tissue Se content as well as GPX and catalase activities, decreased the mRNA and protein expression of selenoprotein M and increased malondialdehyde (MDA) content in brain [186]. Under this contexts, recent transcriptional studies in chicken revealed that some selenoproteins, such as GPX4, are regulated at transcriptional level by high dietary Se. Supranutritional Se levels seem to down-regulate liver GPX4 mRNA levels, which means that reserves built by excess of Se may meet antioxidant requirements and no extra GPX4 transcription is required [187].



Other studies aimed to prove if chicken selenoprotein W has similar functions as mammal selenoprotein W and to examine its preventive action against H2O2 by affecting the expression of apoptosis and inflammation via developing a model of over-expressed or/and knocked down selenoprotein W in cultured chicken liver cells. Results revealed that after cell exposure to H2O2, levels of caspase-3, p53, Bak, Bax, prostaglandin E synthase (PTGEs, COX-2, TNF-α, NF-κB and iNOS were reduced in the selenoprotein W overexpressed cells but increased in the selenoprotein W knockdown cells in comparison to the H2O2-only treatment group. Levels of Bax, Bak, p53, COX-2, PTGEs, TNF-α, iNOS and NF-κB in the liver of Se-deficient chickens were highly increased compared to the control group [188]. Next, positive correlation has been reported in GPX1-4, DIO1, DIO3, selenoprotein S, selenoprotein N, selenoprotein T, selenoprotein W, selenoprotein 15, selenoprotein H, selenoprotein U and selenoprotein I with selenoprotein K, whereas selenoprotein P and DIO2 presented negative correlation with selenoprotein K. The above study was demonstrated by silencing selenoprotein K in chickens myoblasts [189].



In addition, studies have shown positive correlations between the mRNA expression of selenoprotein W and selenoprotein N genes and the quality (pH and muscle fiber diameter) of chicken muscle [190]. Cultured chicken liver cells exposed to H2O2 had lower levels of interleukin (IL)-1, IL-4, IL-6, IL-8, IL-10, IL-17 and interferon gamma (IFN-γ) in the selenoprotein W over-expressing cells but higher levels in the selenoprotein W knockdown cells compared to the H2O2 only control group. Besides, IL-1, IL-4, IL-6, IL-8, IL-10, IL-17 and IFN-γ in Se-deficient chicken serum and liver were much higher compared to the control group. Similar results have been shown in a study examining the effect of Se deficiency on the expression of selenoproteins and cytokines. The mRNA expression of 24 selenoproteins and seven cytokines (IL-2, IL-4, IL-8, IL-10, IL-12β, transforming growth factor (TGF)-β4, and IFN-γ) decreased, and the expression of three cytokines (IL-1γ, IL-6 and IL-7) increased in the Se-deficient group [191]. Selenoprotein W not only seemed to interfere with the destruction of H2O2 pathways, but also had a role in the immune system function. Studies have shown that inflammatory injury in immune tissues and cultured splenic lymphocytes can be influenced by Se in chicken, because it interacts with the expression levels of inflammatory factors (TNF-α, iNOS, NF-κB, COX-2 and PTGEs) and selenoprotein W. Further studies in selenoproteins’ gene expression and cytokine content in the chicken thymus have shown that, significant decrease in the expression levels of selenoproteins could result in oxidative stress in chicken thymus [192].



Studies with Chinese egg-laying ducks have shown that Se requirement for daily egg production is 0.18 mg Se/kg for early-laying birds, 0.24 mg Se/kg for peak-laying birds while for optimal GPX unction in peak-laying ducks it is 0.37 mg Se/kg [193]. Similarly, today’s minimum Se requirement in broilers is 0.15 μg Se/g diet and pancreas data indicate that the Se requirement should be raised to 0.2 μg Se/g diet [194]. Likewise, Turkey’s dietary Se requirement today is 0.2 μg Se/g and should be raised to 0.3 μg Se/g [195].



Concerns about the impact of inorganic and different organic Se sources on tissues and serum Se content, antioxidant capacity, performance, and liver mRNA expression of selenoproteins in broilers were also examined. The results suggested that Se sources did not affect broiler growth performance and organic Se exhibited highest Se concentration in serum, liver, and kidney [196]. Zhao et al. [197] examined the regulation of Se speciation, selenoproteins and degradation-related genes expression and Sec biosynthesis, by three forms of Se in broiler tissues. It has been shown that SeO further raised concentrations of total Se and SeMet in the liver, pectoral muscle, and thigh by 13–37% and 43–87%, respectively, compared with Se-yeast. Compared with inorganic Se or Se-yeast, SeO showed the ability to enrich SeMet and total Se accumulation, to induce the early mRNA expression of selenoprotein S and MSRB1, and to enhance protein expression of GPX4, selenoprotein P, and selenoprotein U in broiler tissues [197].



Molecular biomarkers in contrast to conventional ones seem to be better predictors of physiological effects connected with high Se intake. Investigations regarding super-nutritional Se effects on transcription did not identify well-regulated molecular biomarkers of high Se status. Microarray studies in rodents identified 14–242 genes altered by a Se intake of 1.0 μg Se/g as compared to Se deficient diets. From all these genes, the ones that were consistently regulated were the selenoprotein genes. Furthermore, the Se-specific effects noted were caused primarily by Se deficiency and not high Se [198].




7. Ranking in the Hierarchy of Selenoproteins


Selenoprotein synthesis is regulated [199,200,201,202] and a hierarchy in the expression of selenoproteins during Se deprivation and repletion has been reported [199]. The lowest ranking selenoprotein in the hierarchy is GPX1. Hierarchy of selenoproteins denotes that selenoproteins are not evenly supplied with Se, specifically not when Se gets limiting. Some selenoproteins disappear rapidly while others remain stable until deficiency becomes more serious. Therefore, rapidly disappearing selenoproteins, rank low in the hierarchy, while those remaining stable rank high. Instability is usually caused by the degradation of respective mRNAs [128].



It has been shown that some tissues and organs are more effective in maintaining Se levels and in synthesizing certain selenoproteins during Se deprivation compared to others. This is indicatory of differences in the biologic roles and in the selenoproteins requirements in different tissues [199,203]. The hierarchy during Se deprivation and repletion reveals the importance of particular selenoproteins and in turn determines the priority of the mRNA level and protein expression [50]. In Se-deficient states, the activities of most selenoproteins in the kidney, liver and lung decrease while in the brain remain at levels similar to those during normal Se intake levels [50]. Furthermore, stability of mRNA may be regulated by Se level since in Se deficiency cases excessive susceptibility to the nonsense-mediated decay pathway (NMD) and consequently mRNA decay has been observed [204,205,206].



Selenium may also efficiently control UGA-Sec codon translation [65,66], regulate levels of Sec tRNASer(Sec) and control the ratio of the methylated and unmethylated Sec tRNA(Ser)Sec isoforms [67,68,69,70]. The methylated isoform is translationally active and Se-induced tRNA methylation is a mechanism of Sel synthesis regulation. The methylated isoform has been shown to govern the synthesis of selenoproteins involved in the oxidative stress response such as GPX1 and GPX3, whereas the unmethylated form controls synthesis of housekeeping selenoproteins, i.e., TXNRD1 and TXNRD3 [71].



Selenoproteins’ hierarchy expression plays important role in Se metabolism into birds’ central nervous system (CNS). Brain is the last affected tissue by nutritional Se deficiency. However, selenoprotein expression follows a hierarchy by altering Se content so that GPX2-4, selenoprotein K, selenoprotein N, selenoprotein O, selenoprotein T, selenoprotein U, selenoprotein W, selenoprotein P1-2 and selenoprotein 15 take more necessary function in the CNS of chicken [207]. In contrast, Se deficiency down regulates chicken selenoprotein U mRNA levels in heart, kidney, liver, lung, muscle and spleen. On the other hand, selenoprotein U mRNA levels in testes and brain are not affected [208]. However, in Turkeys, studies on the expression levels of selenoproteins showed that expression of GPX1 was high in kidney, expression of GPX3 was high in all tissues except kidney, expression of selenoprotein U was high in liver, and selenoprotein W1 expression was high in heart, gizzard and muscle [209].




8. Recent Findings and Main Characteristics of Major Selenoproteins


Glycoprotein selenoprotein N (SELENON) is localized within the endoplasmatic reticulum (ER). Multiminicore disease (in the classical form) and the rigid spine muscular dystrophy are straight linked with SELENON [210]. Regulation of redox-related Ca homeostasis and antioxidant activity in cell is one of the major functions of SELENON [211]. Regulation of Ca levels in ER occurs through Ca pump ATP2A2 (ATPase sarcoplasmic/endoplasmic reticulum Ca2+ transporting protein 2) protection against the oxidative damage caused by endoplasmic reticulum oxidoreductase 1 alpha (ERO1A). Activity of ERO1A increases H2O2 concentration in the ER and this causes attack on ATP2A2 luminal thiols that leads to cysteinyl sulfenic acid formation (–SOH), which is reduced to free thiol (–SH) by SELENON, and in this way brings back ATP2A2 action [212]. In addition, it acts as RyR activity modulator by RyR oxidation prevention due to elevated oxidative stress and RyR redox state direct control through regulation of the RyR-mediated Ca mobilization which is required for normal differentiation and muscle development [173,213,214,215]. Further, SELENON is essential part of satellite cell maintenance and muscle regeneration [216]. Moreover, it seems that SELENON is necessary for Se regulation in mice uterine smooth muscle contraction [217]. On the other hand, intracellular Ca concentration rise is caused by overexpression of selenoprotein T [218]. Selenoprotein T plays a role in Ca homeostasis regulation and via cAMP-stimulating trophic factor in the control of the neuroendocrine secretion response [218]. Selenoprotein T is a protein with oxidoreductase activity as thioredoxin reductase and it is important in dopaminergic neurons protection against oxidative stress and apoptosis [219]. It is involved in neuroendocrine secretion, ADCYAP1/PACAP-induced Ca mobilization and has a role in redox regulation and fibroblast anchorage. In addition, contraction processes of the gastric smooth muscle are modulated by SELENOT which controls the release of Ca and myosin light chain kinase (MYLK) activation. In pancreatic islets, it contributes to ADCYAP1/PACAP-induced prolonged insulin secretion and is implicated in the glucose homeostasis control [219]. Moreover, a selenide-sulfide bond is maybe located between Cys-46 and Sec-49 in SELENOT polypeptide chain, which is considered to serve as redox-active pair. Further, the protective role of SELENOT and other selenoproteins on dopaminergic neurons against oxidative stress and apoptosis has been revealed recently. Selenoprotein T participates in neuron protection against oxidative stress and in the prevention of onset and intensive movement impairment in Parkinson Disease animal models [219].



A role in apoptosis and control of chemopreventive implications of Se seems to be attributed to SELENOF or also named selenoprotein 15 [73], which may be involved in redox reactions associated with the formation of disulfide bonds and in the quality control of protein folding in the ER. It is located in the ER and is expressed in higher levels in prostate and thyroid gland [220,221]. Selenoprotein M is distantly related to SELENOF but, its exact function is still elusive. Its role in causality of cancer and in early initiation of Alzheimer’s disease is under investigation. It has an oxidoreductase thiol-disulfide function which is involved in formation of disulfide bonds. By similarity, it is localized within the ER, but also within Golgi apparatus and perinuclear region [222].



Not only ER selenoproteins repair proteins. Methionine sulfoxide reductase B1 (MSRB1) is a selenoenzyme with wide distribution, which catalyzes the reduction of methionine (R)-sulfixide to methionine. Methionine oxidation is often a random effect induced by oxidative stress but it can also be a modification at post-translational stages which occurs on specific residue. Another MSRB1 function via methionine (R)-sulfoxide reduction is actin assembly and thereby stimulation of filament repolymerization. Besides, it contributes in innate immunity by reducing oxidized actin allowing repolymerization in macrophages. In vivo, immune response is controlled by MSRB1. Further, it promotes inflammatory cytokine gene expression in macrophages [223]. By similarity, to reverse random oxidation of methionine residues, MSRB1 exploits Sec [224] and, interestingly, it reduces more readily unfolded polypeptides than their folded counterparts, maybe due to better approach to otherwise hidden residues [225]. Therefore, cell protection from oxidative stress by methionine sulfoxide reductase enzymes can be explained by the recovery of unfolded proteins and oxidatively damaged nascent polypeptides. It has been recently shown that by regulating the oxidation state of two crucial methionine residues in actin monomer, MSRB1 controls mammalian actin assembly dynamics in collaboration with flavin-dependent monooxygenases (MICALs) [226]. Methionine stereoselective oxidation via MICALs causes disassembly of filaments and, on the other hand, reduction back to methionine via MSRB1 enhances filament assembly. Consequently, reversible sulfoxidation of methionine may serve as a general redox mechanism for protein folding/function regulation.



Selenoprotein K is essential for Ca flux in immune cells and in proliferation of T-cells and migration of neutrophils [166,167,168,227]. It is further implicated in ER-associated degradation (ERAD) of misfolded, soluble glycosylated proteins and Sec92 in SELENOK serves to stabilize the palmitoyl-DHHC6 intermediate by reducing hydrolyzation of the thioester bond until transfer of the palmitoyl group to the Cys residue on the target protein can occur [120]. Moreover, SELENOK is indispensable for CD36 cell surface expression and palmitoylation and contributes in foam cell formation and in low density lipoprotein (LDL) uptake by macrophages. In addition, selenoprotein K has been shown to protect cells from apoptosis induced by ER stress [121] and it preserves cells from oxidative stress when overexpressed in cardiomyocytes [122]. Further, a recent a study shows that the proliferation, migration, and invasion of human choriocarcinoma cells is mediated by SELENOK through negative regulation of human chorionic gonadotropin expression via p38 MAPK, Akt signaling and ERK pathways. In addition, SELENOK may act as suppressor of tumor in human choriocarcinoma cells by negatively regulating expression of β-human chorionic gonadotropin (β-hCG) via p38 MAPK, Akt and ERK signaling pathways [228].



Selenoprotein S contributes in the transfer of misfolded proteins from ER to the cytosol, for destruction by the proteasome in a ubiquitin-dependent manner. In addition, SELENOS is an efficient disulfide reductase [229]. SELENOS influences the activity and conformation of the ATPase complex VCP (vasolin-containing protein) which is involved in ubiquitination and translocation of misfolded proteins and DERL1 (degradation in endoplasmatic reticulum protein 1) which acts as a retro translocator into the cytosol [229]. Deprivation of glucose, together with tunicamycin and thapsigargin (stress inducers of ER), was shown to elevate gene and protein expression of SELENOS several-fold concomitantly with glucose-regulated protein 78. Moreover, SELENOS overexpression decreased Min6 cell oxidative stress-induced toxicity. These results indicate that SELENOS may be a member of the glucose-regulated protein family and a regulator of cellular redox balance [230]. Furthermore, the underling mechanism of SENELOS preventive role in atherosclerotic cardiovascular diseases was investigated [19,230]. Additionally, it may be implicated in the control of inflammation response [231]. The selenocysteine residue of SELENOS is localized in an essentially disordered region of the cytoplasmic C-terminal domain which interacts with VCP and DERL1 and indicates the formation of a DERL1-SELENOS membrane complex acting as VCP receptor. Furthermore, interaction has been shown with DERL2 and DERL3 as also with SELENOK gene which in turn interacts with VCP. In vitro studies showed that this residue provides high thioredoxin-dependent reductase activity [207,208] and that SELENOS may also act as a signaling molecule linking the unfolded protein response to the ERAD machinery



Eight homologs of GPX are found in mammals [232], five of which are selenoproteins, including GPXl (also known as cGPx), GPX2 (also known as GI-GPx), GPX3 (also known as pGPx), GPX4 (also known as PHGPx) and GPX6. More precisely, GPX family has a potent antioxidant function in cell cytosol (GPX1), gastrointestinal tract (GPX2), extracellular space and plasma (GPX3) and in cell membrane and sperm (GPX4). Glutathione peroxidase 5 is called epididymal GPX due to its exclusive localization in the epididymis [32]. Glutathione peroxidase 6, GPX7 and GPX8 where initially discovered via large-scale sequencing programs in mammals. The GPX6 is located in olfactory epithelium and in embryonic tissues [233,234]. Moreover, a study on β-cells in rats showed that antioxidant capacity of ER was improved by GPX7 or GPX8 without compromising production of insulin and the oxidative protein folding machinery [117].



As mentioned above, in the antioxidant system section, major functions of peroxidases are to remove and detoxificate H2O2 and hydroperoxides of lipids. Additionally, another important function is to preserve redox state of the cell. Apart from these, differentiation, signal transduction and pro-inflammatory cytokine synthesis regulation are also major physiological events where GPXs actively participate. In addition, GPXs have important roles in the antioxidant defense in spermiogenesis, in the maturation of spermatozoa and during embryonic development [235]. Glutathione peroxidases are involved in signaling cascades, e.g., GPX1 is involved in the molecular pathway of insulin signaling; GPX2 is involved in carcinogenesis; the membrane associated GPX3 has possibly peroxidative function in spite of low plasma concentrations of GSH; and GPX4 and GPX5 have major roles in apoptosis regulation, for full viability of mice and male fertility [236]. Though, the actions of GPX6 remain elusive [237]. However, applying SLIC (Sequence-and Ligation—Independent Cloning, a method for sequence-and ligation-independent cloning) [233] in a study on Huntington’s disease, it has been identified that toxicity of huntingtin mutation is modulated via age-regulated GPX6 gene. Moreover, in a mouse model, molecular and behavioral phenotypes linked with Huntington’s disease were drastically reduced after overexpression of GPX6 [234]. On the other hand, elucidation is awaited for GPX7 and GPX8 suggested involvement in protein folding [238,239]. The phospholipids-hydroperoxide glutathione peroxidase (GPX7 or NPGPx) which does not contain Sec residue is expressed in cancerous breast cells [240] and the name GPX8 has been proposed for a novel member of the GPX family, the existence of which was revealed via phylogenetic analysis in amphibians and mammals [241].



Three protein types with a variety of specific roles in thyroid metabolism are included in the iodothyronine deiodinase family. These 3 deiodinases (DIO1–3) are found in all vertebrates and have notable roles in activating thyroxine (T4) and inactivating both T3 and T4. Their importance resides in the fact that T4 must be activated by deiodination to the short-lived biologically active T3 for thyroid hormone action initiation [242]. Bioactive 3,5,3′-tri-iodothyronine (T3) is converted to thyroxin (T4) by DIO1 and DIO2. Thioredoxin reductases, deiodinases and glutathione peroxidases are all present in the thyroid gland and contribute in biosynthesis of thyroid hormone, redox control of thyrocytes, antioxidant defense and in the metabolism of thyroid hormone [243].



Other selenoproteins that may not be part of a family include, but are not restricted to, the selenophosphate synthetase 2 (SEPHS2), SELENOI, SELENOH, SELENOO, SELENOP, SELENOW, and SELENOV. Moreover, in eukaryotes, the selenoprotein family includes the Fep15, SELENOJ, SELENOU1, the plasmodium selenoprotein, SELENO1–SELENO4 and the protein disulfide isomerase (PDI) which is narrowly distributed in eukaryotes. While the role of some of them is still largely unknown, the role of others is clearly understood. The greater attention has been received by the selenoproteins in humans. More specifically, SEPHS2 is involved in selenophosphate formation intended for selenoprotein synthesis [244] and forms selenophosphate from selenide and ATP. Furthermore, it is located in the cytosol and binds ATP, nucleotides and Se.



Expression level regulation in de novo GSH synthesis relative genes and response to redox status phase II detoxification is regulated by SELENOH [245]. Overexpression of SELENOH gene in hippocampal neuronal cells has neuroprotective effects against ultra violet B (UVB)-induced cell death. In addition, SELENOH overexpression is involved in mitochondrial biogenesis and mitochondrial functional performance [246].



Selenoprotein I in E. coli catalyzes biosynthesis of phosphatidylethanolamine from cytidine diphosphate (CDP)-ethanolamine and it has a main role in vesicular membranes formation and maintenance. Selenoprotein I seems to be involved in the formation of phosphatidylethanolamine via “Kennedy” pathway (catalytic activity) [247,248]. However, until now, the function of selenoprotein I is largely elusive.



Selenoprotein O is a protein with wide distribution that has homologs in yeast, bacteria, animals and plants, although its function is still undiscovered [249,250]. It has high priority for Se supply and this is deduced by the slight Se effect on selenoprotein O gene expression. It may be a redox-active mitochondrial selenoprotein which interacts with a redox target protein.



Selenoprotein P is a glycoprotein with a high Sec content, which is abundant in extracellular environment. Its functions include endothelium located antioxidant defense, Se transport among tissues and Se homeostasis [251]. Additionally, it is the main selenoprotein in plasma and contains at least 40% of the whole amount of Se in plasma [252]. Moreover, SELENOP plasma level is a finer indicator of nutritional Se compared to the previously used GPX3 [73] because a greater Se intake is required for SELENOP than GPX3 full expression [253].



Selenoprotein V is about 37 kDa and is mainly produced in chicken testes. This selenoprotein contains specific amino acid sequence motives that predict a role in redox-regulation, although its exact function is unexplained [22]. On the other hand, selenoprotein W seems to be implicated in antioxidant protection of cardiac and skeletal muscle, protecting chicken embryonic myoblast cells against H2O2 mediated apoptosis. Selenoprotein W regulates also inflammation-related cytokines during H2O2 chicken liver damage [254,255]. Finally, regarding selenoprotein D, a recent study has been conducted using the TargeTron gene knockout system to explore the role of selenoproteins in Clostridium difficile nosocomial pathogen [256]. TargeTron insertion into selenoprotein D resulted in a significant growth deficiency and global loss of Se incorporation. Stickland metabolism could be a potential target for antibiotic therapies in the future.




9. Conclusions


Selenoproteins need for their synthesis several cofactors and depend mainly on Se intake through the diet. The organism pays a high cost of energy for the production and preservation of these cofactors for selenoprotein synthesis which consequently suggests the significance of this family of proteins to cell function. Notwithstanding, the functions of selenoproteins are fairly heterogeneous. Selenoproteins play essential roles in numerous conditions and diseases including neurodegeneration and endocrine disorders, cardiovascular disorders and cancer. On account of the various functions of selenoproteins, strategies targeting function and/or expression of specific selenoproteins could be considered for prevention and therapeutic treatment of disorders. Different forms of dietary Se may selectively increase synthesis of specific selenoproteins. Pharmaceuticals could also target factors involved in selenoprotein synthesis or specific selenoproteins. Nevertheless, the functions of many selenoproteins are still elusive, which is why understanding the function of each member of the selenoprotein protein family will be ssignificant for defining the health benefits of Se.







Author Contributions


All authors contributed equally to the completion of this paper. E.Z. and G.P.D. conceived the idea and contributed to manuscript writing, analysis and review. I.S., N.K. collected sources of information and contributed to the manuscript writing.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mariotti, M.; Santesmasses, D.; Guigó, R. Evolution of Selenophosphate Synthetase; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Hatfield, D.L.; Marla, J.B.; Vadim, N.; Gladyshev, V.N. Selenium: Its Molecular Biology and Role in Human Health; Springer Science & Business Media: Berlin, Germany, 2011. [Google Scholar]

	



Mariotti, M. Selenocysteine Extinctions in Insects. In Short Views on Insect Genomics and Proteomics; Springer: New York, NY, USA, 2016. [Google Scholar]

	



Mariotti, M.; Lobanov, A.V.; Manta, B.; Santesmasses, D.; Bofill, A.; Guigó, R.; Gabaldón, T.; Gladyshev, V.N. Lokiarchaeota marks the transition between the archaeal and eukaryotic selenocysteine encoding systems. Mol. Biol. Evol. 2016, 33, 2441–2453. [Google Scholar] [CrossRef] [PubMed]

	



Sarangi, K.G.; White, L.; Castellano, S. Genetic Adaptation and Selenium Uptake in Vertebrates; Wiley: Chichester, UK, 2017. [Google Scholar]

	



Peng, T.; Lin, J.; Xu, Y.-Z.; Zhang, Y. Comparative genomics reveals new evolutionary and ecological patterns of selenium utilization in bacteria. ISME J. 2016, 10, 2048–2059. [Google Scholar] [CrossRef] [PubMed]

	



Santesmasses, D.; Mariotti, M.; Guigó, R. Computational identification of the selenocysteine tRNA (tRNASec) in genomes. PLoS Comput. Biol. 2017, 13. [Google Scholar] [CrossRef] [PubMed]

	



European Food Safety Authority. Scientific opinion on dietary reference values for selenium. EFSA J. 2014, 12. [Google Scholar] [CrossRef]

	



Rayman, M.P. Selenium and human health. Lancet 2012, 379, 1256–1268. [Google Scholar] [CrossRef]

	



Steinbrenner, H.; Speckmann, B.; Sies, H. Toward understanding success and failures in the use of selenium for cancer prevention. Antioxid. Redox Signal. 2013, 19, 181–191. [Google Scholar] [CrossRef] [PubMed]

	



Méplan, C. Association of single nucleotide polymorphisms in selenoprotein genes with cancer risk. In Selenoproteins; Humana Press: New York, NY, USA, 2018. [Google Scholar]

	



Bertz, M.; Kühn, K.; Koeberle, S.C.; Müller, M.F.; Hoelzer, D.; Thies, K.; Deubel, S.; Thierbach, R.; Kipp, A.P. Selenoprotein H controls cell cycle progression and proliferation of human colorectal cancer cells. Free Radic. Biol. Med. 2018, in press. [Google Scholar] [CrossRef] [PubMed]

	



Schomburg, L. Selenium, selenoproteins and the thyroid gland: Interactions in health and disease. Nat. Rev. Endocrinol. 2012, 8, 160–171. [Google Scholar] [CrossRef] [PubMed]

	



Handy, D.E.; Joseph, L. Selenoproteins in Cardiovascular Redox Pathology; Springer: Cham, Switzerland, 2016. [Google Scholar]

	



Pekar, J.; Skolarczyk, J.; Małecka-Massalska, T.; Skórzyńska-Dziduszko, K. Effect of selenium supplementation in thyroid gland diseases. J. Elementol. 2017, 22. [Google Scholar] [CrossRef]

	



Misu, H.; Takayama, H.; Saito, Y.; Mita, Y.; Kikuchi, A.; Ishii, K.-A.; Chikamoto, K.; Kanamori, T.; Tajima, N.; Lan, F. Deficiency of the hepatokine selenoprotein P increases responsiveness to exercise in mice through upregulation of reactive oxygen species and AMP-activated protein kinase in muscle. Nat. Med. 2017, 23, 508–516. [Google Scholar] [CrossRef] [PubMed]

	



Kikuchi, N.; Satoh, K.; Omura, J.; Satoh, T.; Kurosawa, R.; Nogi, M.; Otsuki, T.; Numano, K.; Kozu, K.; Suzuki, K. Selenoprotein P promotes vascular smooth muscle cell proliferation and pulmonary hypertension-a possible novel therapeutic target. Am. Heart Assoc. 2016, 36, A62. [Google Scholar]

	



Wright, C.R.; Allsopp, G.L.; Addinsall, A.B.; McRae, N.L.; Andrikopoulos, S.; Stupka, N. A Reduction in selenoprotein S amplifies the inflammatory profile of fast-twitch skeletal muscle in the mdx dystrophic mouse. Med. Inflamm. 2017, 2017. [Google Scholar] [CrossRef] [PubMed]

	



Ye, Y.; Fu, F.; Li, X.; Yang, J.; Liu, H. Selenoprotein s is highly expressed in the blood vessels and prevents vascular smooth muscle cells from apoptosis. J. Cell. Biochem. 2016, 117, 106–117. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.; Fan, R.; Zhao, X.; Zhao, W.; Liu, W.; Yang, J.; Sattar, H.; Zhao, J.; Zhang, Z.; Xu, S. Selenoprotein W redox-regulated Ca2+ channels correlate with selenium deficiency-induced muscles Ca2+ leak. Oncotarget 2016, 7, 57618–57632. [Google Scholar] [CrossRef] [PubMed]

	



Rocourt, C.R.; Cheng, W.-H. Selenium supranutrition: Are the potential benefits of chemoprevention outweighed by the promotion of diabetes and insulin resistance? Nutrients 2013, 5, 1349–1365. [Google Scholar] [CrossRef] [PubMed]

	



Kryukov, G.V.; Castellano, S.; Novoselov, S.V.; Lobanov, A.V.; Zehtab, O.; Guigó, R.; Gladyshev, V.N. Characterization of mammalian selenoproteomes. Science 2003, 300, 1439–1443. [Google Scholar] [CrossRef] [PubMed]

	



Gladyshev, V.N.; Arnér, E.S.; Berry, M.J.; Brigelius-Flohé, R.; Bruford, E.A.; Burk, R.F.; Carlson, B.A.; Castellano, S.; Chavatte, L.; Conrad, M. Selenoprotein gene nomenclature. J. Biol. Chem. 2016, 291, 24036–24040. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, B.S.; Priyadarsini, K. Selenium nutrition: How important is it? Biomed. Prev. Nutr. 2014, 4, 333–341. [Google Scholar] [CrossRef]

	



Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. Metallomics 2014, 6, 25–54. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zhou, H.; Wang, T.; Li, Q.; Li, D. Prevention of keshan disease by selenium supplementation: A systematic review and meta-analysis. Biol. Trace Elem. Res. 2018. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Yu, F.; Shao, W.; Ding, D.; Yu, Z.; Chen, F.; Geng, D.; Tan, X.; Lammi, M.J.; Guo, X. Associations between selenium content in hair and kashin-beck disease/keshan disease in children in northwestern china: A prospective cohort study. Biol. Trace Elem. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Loscalzo, J. Keshan disease, selenium deficiency, and the selenoproteome. N. Engl. J. Med. 2014, 370, 1756–1760. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, R. Polymorphism of antioxidant selenoprotein genes and kashin-beck disease susceptibility, a systematic review and meta-analysis. Osteoarthr. Cartil. 2017, 25, 213–214. [Google Scholar] [CrossRef]

	



Ventura, M.; Melo, M.; Carrilho, F. Selenium and thyroid disease: From pathophysiology to treatment. Int. J. Endocrinol. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Agarwal, A.; Majzoub, A. Role of antioxidants in male infertility. BJUI Knowl. 2016, 1–9. [Google Scholar]

	



Pappa, E.C.; Pappas, A.C.; Surai, P.F. Selenium content in selected foods from the greek market and estimation of the daily intake. Sci. Total Environ. 2006, 372, 100–108. [Google Scholar] [CrossRef] [PubMed]

	



Wasowicz, W.; Gromadzinska, J.; Rydzynski, K.; Tomczak, J. Selenium status of low-selenium area residents: Polish experience. Toxicol. Lett. 2003, 137, 95–101. [Google Scholar] [CrossRef]

	



Barclay, M.N.I.; MacPherson, A.; Dixon, J. Selenium content of a range of UK foods. J. Food Compos. Anal. 1995, 8, 307–318. [Google Scholar] [CrossRef]

	



Diaz-Alarcon, J.; Navarro-Alarcón, M.; de la Serrana, H.L.-G.; Lopez-Martinez, M. Determination of selenium in cereals, legumes and dry fruits from southeastern spain for calculation of daily dietary intake. Sci. Total Environ. 1996, 184, 183–189. [Google Scholar] [CrossRef]

	



Sigrist, M.; Brusa, L.; Campagnoli, D.; Beldoménico, H. Determination of selenium in selected food samples from argentina and estimation of their contribution to the Se dietary intake. Food Chem. 2012, 134, 1932–1937. [Google Scholar] [CrossRef] [PubMed]

	



Kipp, A.P.; Strohm, D.; Brigelius-Flohé, R.; Schomburg, L.; Bechthold, A.; Leschik-Bonnet, E.; Heseker, H. German Nutrition Society (DGE). Revised reference values for selenium intake. J. Trace Elem. Med. Biol. 2015, 32, 195–199. [Google Scholar] [CrossRef] [PubMed]

	



Fisinin, V.I.; Papazyan, T.T.; Surai, P.F. Producing selenium-enriched eggs and meat to improve the selenium status of the general population. Crit. Rev. Biotechnol. 2009, 29, 18–28. [Google Scholar] [CrossRef] [PubMed]

	



Combs, G.; Combs, S. The nutritional biochemistry of selenium. Annu. Rev. Nutr. 1984, 4, 257–280. [Google Scholar] [CrossRef] [PubMed]

	



Heras, I.L.; Palomo, M.; Madrid, Y. Selenoproteins: The key factor in selenium essentiality. State of the art analytical techniques for selenoprotein studies. Anal. Bioanal. Chem. 2011, 400, 1717–1727. [Google Scholar] [CrossRef] [PubMed]

	



Fajardo, D.; Schlautman, B.; Steffan, S.; Polashock, J.; Vorsa, N.; Zalapa, J. The american cranberry mitochondrial genome reveals the presence of selenocysteine (tRNA-Sec and SECIS) insertion machinery in land plants. Gene 2014, 536, 336–343. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P. The use of high-selenium yeast to raise selenium status: How does it measure up? Br. J. Nutr. 2004, 92, 557–573. [Google Scholar] [CrossRef] [PubMed]

	



Combs, G.F. Selenium in global food systems. Br. J. Nutr. 2001, 85, 517–547. [Google Scholar] [CrossRef] [PubMed]

	



Pesti, G.; Combs, G., Jr. Studies on the enteric absorption of selenium in the chick using localized coccidial infections. Poult. Sci. 1976, 55, 2265–2274. [Google Scholar] [CrossRef] [PubMed]

	



Wolffram, S. Absorption and metabolism of selenium: Difference between organic and inorganic sources. In Biotechnology in the Feed Industry; Nottingham University Press: Nottingham, UK, 1999; Volume 15, pp. 547–566. [Google Scholar]

	



Würmli, R.; Wolffram, S.; Stingelin, Y.; Scharrer, E. Stimulation of mucosal uptake of selenium from selenite by l-cysteine in sheep small intestine. Biol. Trace Elem. Res. 1989, 20, 75–85. [Google Scholar] [CrossRef] [PubMed]

	



Huang, K.; Lauridsen, E.; Clausen, J. The uptake of Na-selenite in rat brain. Biol. Trace Elem. Res. 1994, 46, 91–102. [Google Scholar] [CrossRef] [PubMed]

	



Vendeland, S.; Deagen, J.; Butler, J.; Whanger, P. Uptake of selenite, selenomethionine and selenate by brush border membrane vesicles isolated from rat small intestine. Biometals 1994, 7, 305–312. [Google Scholar] [CrossRef] [PubMed]

	



Mariotti, M.; Guigó, R. Selenoprofiles: Profile-based scanning of eukaryotic genome sequences for selenoprotein genes. Bioinformatics 2010, 26, 2656–2663. [Google Scholar] [CrossRef] [PubMed]

	



Lu, J.; Holmgren, A. Selenoproteins. J. Biol. Chem. 2009, 284, 723–727. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P. The importance of selenium to human health. Lancet 2000, 356, 233–241. [Google Scholar] [CrossRef][Green Version]

	



Carlson, B.A.; Lee, B.J.; Tsuji, P.A.; Copeland, P.R.; Schweizer, U.; Gladyshev, V.N.; Hatfield, D.L. Selenocysteine tRNA [Ser] Sec, the central component of selenoprotein biosynthesis: Isolation, identification, modification, and sequencing. In Selenoproteins; Humana Press: New York, NY, USA, 2018. [Google Scholar]

	



Böck, A. Biosynthesis of selenoproteins—An overview. Biofactors 2000, 11, 77–78. [Google Scholar] [CrossRef] [PubMed]

	



Lacourciere, G.M.; Stadtman, T.C. Utilization of selenocysteine as a source of selenium for selenophosphate biosynthesis. Biofactors 2001, 14, 69–74. [Google Scholar] [CrossRef] [PubMed]

	



Schoenmakers, E.; Carlson, B.; Agostini, M.; Moran, C.; Rajanayagam, O.; Bochukova, E.; Tobe, R.; Peat, R.; Gevers, E.; Muntoni, F. Mutation in human selenocysteine transfer RNA selectively disrupts selenoprotein synthesis. J. Clin. Investig. 2016, 126, 992–996. [Google Scholar] [CrossRef] [PubMed]

	



Gribling-Burrer, A.-S.; Leichter, M.; Wurth, L.; Huttin, A.; Schlotter, F.; Troffer-Charlier, N.; Cura, V.; Barkats, M.; Cavarelli, J.; Massenet, S. SECIS-binding protein 2 interacts with the SMN complex and the methylosome for selenoprotein mRNP assembly and translation. Nucleic Acids Res. 2017, 45, 5399–5413. [Google Scholar] [CrossRef] [PubMed]

	



Chambers, I.; Frampton, J.; Goldfarb, P.; Affara, N.; McBain, W.; Harrison, P.R. The structure of the mouse glutathione peroxidase gene: The selenocysteine in the active site is encoded by the ‘termination’ codon, TGA. EMBO J. 1986, 5, 1221–1227. [Google Scholar] [PubMed]

	



Copeland, P.R.; Driscoll, D.M. RNA binding proteins and selenocysteine. Biofactors 2001, 14, 11–16. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.-R.; Burnap, R.L.; Inoue, Y. An independent role of cytochrome c-550 in cyanobacterial photosystem II as revealed by double-deletion mutagenesis of the psbO and psbV genes in Synechocystis sp. PCC 6803. Biochemistry 1995, 34, 12661–12668. [Google Scholar] [CrossRef] [PubMed]

	



Low, S.C.; Berry, M.J. Knowing when not to stop: Selenocysteine incorporation in eukaryotes. Trends Biochem. Sci. 1996, 21, 203–208. [Google Scholar] [CrossRef]

	



Bellinger, F.P.; Raman, A.V.; Reeves, M.A.; Berry, M.J. Regulation and function of selenoproteins in human disease. Biochem. J. 2009, 422, 11–22. [Google Scholar] [CrossRef] [PubMed]

	



Copeland, P.R.; Fletcher, J.E.; Carlson, B.A.; Hatfield, D.L.; Driscoll, D.M. A novel RNA binding protein, SBP2, is required for the translation of mammalian selenoprotein mRNAs. EMBO J. 2000, 19, 306–314. [Google Scholar] [CrossRef] [PubMed]

	



Schomburg, L.; Schweizer, U.; Köhrle, J. Selenium and selenoproteins in mammals: Extraordinary, essential, enigmatic. Cell. Mol. Life Sci. 2004, 61, 1988–1995. [Google Scholar] [CrossRef] [PubMed]

	



Fujiwara, T.; Busch, K.; Gross, H.J.; Mizutani, T. A SECIS binding protein (SBP) is distinct from selenocysteyl-tRNA protecting factor (SePF). Biochimie 1999, 81, 213–218. [Google Scholar] [CrossRef]

	



Fletcher, J.E.; Copeland, P.R.; Driscoll, D.M. Polysome distribution of phospholipid hydroperoxide glutathione peroxidase mRNA: Evidence for a block in elongation at the UGA/selenocysteine codon. RNA 2000, 6, 1573–1584. [Google Scholar] [CrossRef] [PubMed]

	



Martin, G.W., III; Berry, M.J. Selenocysteine codons decrease polysome association on endogenous selenoprotein mRNAs. Genes Cells 2001, 6, 121–129. [Google Scholar] [CrossRef] [PubMed]

	



Hatfield, D.; Lee, B.J.; Hampton, L.; Diamond, A.M. Selenium induces changes in the selenocysteine tRNA [Ser] Sec population in mammalian cells. Nucleic Acids Res. 1991, 19, 939–943. [Google Scholar] [CrossRef] [PubMed]

	



Chittum, H.S.; Baek, H.J.; Diamond, A.M.; Fernandez-Salguero, P.; Gonzalez, F.; Ohama, T.; Hatfield, D.L.; Kuehn, M.; Lee, B.J. Selenocysteine tRNA [Ser] Sec levels and selenium-dependent glutathione peroxidase activity in mouse embryonic stem cells heterozygous for a targeted mutation in the tRNA [Ser] Sec gene. Biochemistry 1997, 36, 8634–8639. [Google Scholar] [CrossRef] [PubMed]

	



Jameson, R.R.; Carlson, B.A.; Butz, M.; Esser, K.; Hatfield, D.L.; Diamond, A.M. Selenium influences the turnover of selenocysteine tRNA [Ser] Sec in chinese hamster ovary cells. J. Nutr. 2002, 132, 1830–1835. [Google Scholar] [CrossRef] [PubMed]

	



Carlson, B.A.; Xu, X.-M.; Gladyshev, V.N.; Hatfield, D.L. Selective rescue of selenoprotein expression in mice lacking a highly specialized methyl group in selenocysteine tRNA. J. Biol. Chem. 2005, 280, 5542–5548. [Google Scholar] [CrossRef] [PubMed]

	



Jameson, R.R.; Diamond, A.M. A regulatory role for sec tRNA [Ser] Sec in selenoprotein synthesis. RNA 2004, 10, 1142–1152. [Google Scholar] [CrossRef] [PubMed]

	



Seeher, S.; Atassi, T.; Mahdi, Y.; Carlson, B.A.; Braun, D.; Wirth, E.K.; Klein, M.O.; Reix, N.; Miniard, A.C.; Schomburg, L. Secisbp2 is essential for embryonic development and enhances selenoprotein expression. Antioxid. Redox Signal. 2014, 21, 835–849. [Google Scholar] [CrossRef] [PubMed]

	



Papp, L.V.; Lu, J.; Holmgren, A.; Khanna, K.K. From selenium to selenoproteins: Synthesis, identity, and their role in human health. Antioxid. Redox Signal. 2007, 9, 775–806. [Google Scholar] [CrossRef] [PubMed]

	



Mills, G.C. The purification and properties of glutathione peroxidase of erythrocytes. J. Biol. Chem. 1959, 234, 502–506. [Google Scholar] [PubMed]

	



Schacter, L. Generation of superoxide anion and hydrogen peroxide by erythrocytes from individuals with sickle trait or normal haemoglobin. Eur. J. Clin. Investig. 1986, 16, 204–210. [Google Scholar] [CrossRef]

	



Persson, T.; Popescu, B.O.; Cedazo-Minguez, A. Oxidative stress in alzheimer’s disease: Why did antioxidant therapy fail? Oxid. Med. Cell. Longev. 2014. [Google Scholar] [CrossRef] [PubMed]

	



Ramoutar, R.R.; Brumaghim, J.L. Antioxidant and anticancer properties and mechanisms of inorganic selenium, oxo-sulfur, and oxo-selenium compounds. Cell Biochem. Biophys. 2010, 58, 1–23. [Google Scholar] [CrossRef] [PubMed]

	



Surai, P.F. Selenium in Nutrition and Health; Nottingham University Press: Nottingham, UK, 2006. [Google Scholar]

	



Ayala, A.; Muñoz, M.F.; Argüelles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014. [Google Scholar] [CrossRef] [PubMed]

	



Surai, P.F. Vitamin e in Avian Reproduction; FAO: Rome, Italy, 1999. [Google Scholar]

	



Ames, B.N.; Gold, L.S. The causes and prevention of cancer: Gaining perspective. Environ. Health Perspect. 1997, 105, 865–873. [Google Scholar] [CrossRef] [PubMed]

	



Helbock, H.J.; Beckman, K.B.; Shigenaga, M.K.; Walter, P.B.; Woodall, A.A.; Yeo, H.C.; Ames, B.N. DNA oxidation matters: The HPLC-electrochemical detection assay of 8-oxo-deoxyguanosine and 8-oxo-guanine. Proc. Natl. Acad. Sci. USA 1998, 95, 288–293. [Google Scholar] [CrossRef] [PubMed]

	



Ames, B.N. An enthusiasm for metabolism. J. Biol. Chem. 2003, 278, 4369–4380. [Google Scholar] [CrossRef] [PubMed]

	



Lobo, V.; Patil, A.; Phatak, A.; Chandra, N. Free radicals, antioxidants and functional foods: Impact on human health. Pharmacogn. Rev. 2010, 4, 118–126. [Google Scholar] [CrossRef] [PubMed]

	



Lagouge, M.; Larsson, N.G. The role of mitochondrial DNA mutations and free radicals in disease and ageing. J. Intern. Med. 2013, 273, 529–543. [Google Scholar] [CrossRef] [PubMed]

	



Diplock, A. Antioxidants and Disease Prevention Molecular Aspects of Medicine; Pergamon Press: Oxford, UK, 1994. [Google Scholar]

	



Halliwell, B. Free radicals and antioxidants: A personal view. Nutr. Rev. 1994, 52, 253–265. [Google Scholar] [CrossRef] [PubMed]

	



Davies, M.J. Protein oxidation and peroxidation. Biochem. J. 2016, 473, 805–825. [Google Scholar] [CrossRef] [PubMed]

	



Hawkins, C.L.; Morgan, P.E.; Davies, M.J. Quantification of protein modification by oxidants. Free Radic. Biol. Med. 2009, 46, 965–988. [Google Scholar] [CrossRef] [PubMed]

	



Berlett, B.S.; Stadtman, E.R. Protein oxidation in aging, disease, and oxidative stress. J. Biol. Chem. 1997, 272, 20313–20316. [Google Scholar] [CrossRef] [PubMed]

	



Tramutola, A.; Lanzillotta, C.; Perluigi, M.; Butterfield, D.A. Oxidative stress, protein modification and alzheimer disease. Brain Res. Bull. 2017, 133, 88–96. [Google Scholar] [CrossRef] [PubMed]

	



Stadtman, E.R. Protein oxidation and aging. Science 1992, 257, 1220–1224. [Google Scholar] [CrossRef] [PubMed]

	



Stadtman, E.R.; Levine, R.L. Protein oxidation. Ann. N. Y. Acad. Sci. 2000, 899, 191–208. [Google Scholar] [CrossRef] [PubMed]

	



Sultana, R.; Perluigi, M.; Butterfield, D.A. Protein oxidation and lipid peroxidation in brain of subjects with alzheimer’s disease: Insights into mechanism of neurodegeneration from redox proteomics. Antioxid. Redox Signal. 2006, 8, 2021–2037. [Google Scholar] [CrossRef] [PubMed]

	



Steinbrenner, H.; Speckmann, B.; Klotz, L.-O. Selenoproteins: Antioxidant selenoenzymes and beyond. Arch. Biochem. Biophys. 2016, 595, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Storkey, C.; Pattison, D.I.; Ignasiak, M.T.; Schiesser, C.H.; Davies, M.J. Kinetics of reaction of peroxynitrite with selenium-and sulfur-containing compounds: Absolute rate constants and assessment of biological significance. Free Radic. Biol. Med. 2015, 89, 1049–1056. [Google Scholar] [CrossRef] [PubMed]

	



Pappas, A.; Zoidis, E.; Surai, P.; Zervas, G. Selenoproteins and maternal nutrition. Comp. Biochem. Physiol. B 2008, 151, 361–372. [Google Scholar] [CrossRef] [PubMed]

	



Toppo, S.; Flohé, L.; Ursini, F.; Vanin, S.; Maiorino, M. Catalytic mechanisms and specificities of glutathione peroxidases: Variations of a basic scheme. BBA-Gen. Subj. 2009, 1790, 1486–1500. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.-A.; Kirnarsky, L.; Sherman, S.; Gladyshev, V.N. Selenoprotein oxidoreductase with specificity for thioredoxin and glutathione systems. Proc. Natl. Acad. Sci. USA 2001, 98, 3673–3678. [Google Scholar] [CrossRef] [PubMed]

	



Arnér, E.S. Selenoproteins—What unique properties can arise with selenocysteine in place of cysteine? Exp. Cell Res. 2010, 316, 1296–1303. [Google Scholar] [CrossRef] [PubMed]

	



Brzezińska-Ślebodzińska, E.; Ślebodziński, A.B.; Pietras, B.; Wieczorek, G. Antioxidant effect of vitamin E and glutathione on lipid peroxidation in boar semen plasma. Biol. Trace Elem. Res. 1995, 47, 69–74. [Google Scholar] [CrossRef]

	



Kagan, V.; Nohl, H.; Quinn, P.; Cadenas, E.; Packer, L. Handbook of Antioxidants; Marcel Dekker: New York, NY, USA, 1996. [Google Scholar]

	



Surai, P.F. Natural Antioxidants in Avian Nutrition and Reproduction; Nottingham University Press: Nottingham, UK, 2002. [Google Scholar]

	



Młochowski, J.; Brząszcz, M.; Giurg, M.; Palus, J.; Wójtowicz, H. Selenium-promoted oxidation of organic compounds: Reactions and mechanisms. Eur. J. Org. Chem. 2003, 2003, 4329–4339. [Google Scholar] [CrossRef]

	



Bowie, A.; O’Neill, L.A. Oxidative stress and nuclear factor-κb activation: A reassessment of the evidence in the light of recent discoveries. Biochem. Pharmacol. 2000, 59, 13–23. [Google Scholar] [CrossRef]

	



Thundathil, J.; de Lamirande, E.; Gagnon, C. Nitric oxide regulates the phosphorylation of the threonine-glutamine-tyrosine motif in proteins of human spermatozoa during capacitation. Biol. Reprod. 2003, 68, 1291–1298. [Google Scholar] [CrossRef] [PubMed]

	



Halliwell, B.; Gutteridge, J.M. Free Radicals in Biology and Medicine; Oxford University Press: Oxford, UK, 2015. [Google Scholar]

	



McCord, J.M. The evolution of free radicals and oxidative stress. Am. J. Med. 2000, 108, 652–659. [Google Scholar] [CrossRef]

	



Dröge, W. Free radicals in the physiological control of cell function. Physiol. Rev. 2002, 82, 47–95. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, S.-O.; Yun, C.-H.; Chung, A.-S. Dose effect of oxidative stress on signal transduction in aging. Mech. Ageing Dev. 2002, 123, 1597–1604. [Google Scholar] [CrossRef]

	



Seifried, H.E.; Anderson, D.E.; Fisher, E.I.; Milner, J.A. A review of the interaction among dietary antioxidants and reactive oxygen species. J. Nutr. Biochem. 2007, 18, 567–579. [Google Scholar] [CrossRef] [PubMed]

	



Steinbrenner, H.; Sies, H. Protection against reactive oxygen species by selenoproteins. Biochim. Biophys. Acta 2009, 1790, 1478–1485. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Limphong, P.; Pieper, J.; Liu, Q.; Rodesch, C.K.; Christians, E.; Benjamin, I.J. Glutathione-dependent reductive stress triggers mitochondrial oxidation and cytotoxicity. FASEB J. 2012, 26, 1442–1451. [Google Scholar] [CrossRef] [PubMed]

	



Meister, A. On the antioxidant effects of ascorbic acid and glutathione. Biochem. Pharmacol. 1992, 44, 1905–1915. [Google Scholar] [CrossRef]

	



Dannenmann, B.; Lehle, S.; Hildebrand, D.G.; Kübler, A.; Grondona, P.; Schmid, V.; Holzer, K.; Fröschl, M.; Essmann, F.; Rothfuss, O.; et al. High glutathione and glutathione peroxidase-2 levels mediate cell-type-specific DNA damage protection in human induced pluripotent stem cells. Stem Cell Rep. 2015, 4, 886–898. [Google Scholar]

	



Kanwal, R.; Pandey, M.; Bhaskaran, N.; MacLennan, G.T.; Fu, P.; Ponsky, L.E.; Gupta, S. Protection against oxidative DNA damage and stress in human prostate by glutathione S-transferase P1. Mol. Carcinog. 2014, 53, 8–18. [Google Scholar] [CrossRef] [PubMed]

	



Diaz-Vivancos, P.; de Simone, A.; Kiddle, G.; Foyer, C.H. Glutathione—Linking cell proliferation to oxidative stress. Free Radic. Biol. Med. 2015, 89, 1154–1164. [Google Scholar] [CrossRef] [PubMed]

	



Jin, L.; Li, D.; Alesi, G.N.; Fan, J.; Kang, H.-B.; Lu, Z.; Boggon, T.J.; Jin, P.; Yi, H.; Wright, E.R.; et al. Glutamate dehydrogenase 1 signals through antioxidant glutathione peroxidase 1 to regulate redox homeostasis and tumor growth. Cancer Cell 2015, 27, 257–270. [Google Scholar] [CrossRef] [PubMed]

	



Geltink, R.I.K.; O’Sullivan, D.; Pearce, E.L. Caught in the crossfire: GSH controls T cell metabolic reprogramming. Immunity 2017, 46, 525–527. [Google Scholar] [CrossRef] [PubMed]

	



Mak, T.W.; Grusdat, M.; Duncan, G.S.; Dostert, C.; Nonnenmacher, Y.; Cox, M.; Binsfeld, C.; Hao, Z.; Brüstle, A.; Itsumi, M. Glutathione primes T cell metabolism for inflammation. Immunity 2017, 46, 675–689. [Google Scholar] [CrossRef] [PubMed]

	



Sen, C.K.; Packer, L. Thiol homeostasis and supplements in physical exercise. Am. J. Clin. Nutr. 2000, 72, 653s–669s. [Google Scholar] [CrossRef] [PubMed]

	



Lenzi, A.; Gandini, L.; Picardo, M.; Tramer, F.; Sandri, G.; Panfili, E. Lipoperoxidation damage of spermatozoa polyunsaturated fatty acids (PUFA): Scavenger mechanisms and possible scavenger therapies. Front. Biosci. 2000, 5, 1–15. [Google Scholar]

	



Meister, A.; Anderson, M.E. Glutathione. Annu. Rev. Biochem. 1983, 52, 711–760. [Google Scholar] [CrossRef] [PubMed]

	



Bains, J.S.; Shaw, C.A. Neurodegenerative disorders in humans: The role of glutathione in oxidative stress-mediated neuronal death. Brain Res. Rev. 1997, 25, 335–358. [Google Scholar] [CrossRef]

	



Thompson, K.H.; Godin, D.V.; Lee, M. Tissue antioxidant status in streptozotocin-induced diabetes in rats. Biol. Trace Elem. Res. 1992, 35, 213–224. [Google Scholar] [CrossRef] [PubMed]

	



Palamanda, J.R.; Kehrer, J.P. Involvement of vitamin E and protein thiols in the inhibition of microsomal lipid peroxidation by glutathione. Lipids 1993, 28, 427–431. [Google Scholar] [CrossRef] [PubMed]

	



Elliott, S.J.; Koliwad, S.K. Redox control of ion channel activity in vascular endothelial cells by glutathione. Microcirculation 1997, 4, 341–347. [Google Scholar] [CrossRef] [PubMed]

	



Brigelius-Flohé, R.; Maiorino, M. Glutathione peroxidases. BBA-Gen. Subj. 2013, 1830, 3289–3303. [Google Scholar] [CrossRef] [PubMed]

	



Pedrero, Z.; Madrid, Y. Novel approaches for selenium speciation in foodstuffs and biological specimens: A review. Anal. Chim. Acta 2009, 634, 135–152. [Google Scholar] [CrossRef] [PubMed]

	



Winterbourn, C.C.; Hampton, M.B. Thiol chemistry and specificity in redox signaling. Free Radic. Biol. Med. 2008, 45, 549–561. [Google Scholar] [CrossRef] [PubMed]

	



Sies, H. Strategies of antioxidant defense. Eur. J. Biochem. 1993, 215, 213–219. [Google Scholar] [CrossRef] [PubMed]

	



Buttke, T.M.; Sandstrom, P.A. Oxidative stress as a mediator of apoptosis. Immunol. Today 1994, 15, 7–10. [Google Scholar] [CrossRef]

	



Huang, J.-Q.; Ren, F.-Z.; Jiang, Y.-Y.; Xiao, C.; Lei, X.G. Selenoproteins protect against avian nutritional muscular dystrophy by metabolizing peroxides and regulating redox/apoptotic signaling. Free Radic. Biol. Med. 2015, 83, 129–138. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Z.; Liu, C.; Liu, C.; Teng, X.; Li, S. Selenium deficiency mainly influences antioxidant selenoproteins expression in broiler immune organs. Biol. Trace Elem. Res. 2016, 172, 209–221. [Google Scholar] [CrossRef] [PubMed]

	



Xu, J.-X.; Zhang, C.; Cao, C.-Y.; Zhu, S.-Y.; Li, H.; Sun, Y.-C.; Li, J.-L. Dietary selenium status regulates the transcriptions of selenoproteome and activities of selenoenzymes in chicken kidney at low or super-nutritional levels. Biol. Trace Elem. Res. 2016, 170, 438–448. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Huang, X.; Wang, L.; Li, Q.; Xu, J.; Jia, G.; Liu, G.; Chen, X.; Shang, H.; Zhao, H. Supranutritional dietary selenium depressed expression of selenoprotein genes in three immune organs of broilers. Anim. Sci. J. 2017, 88, 331–338. [Google Scholar] [CrossRef] [PubMed]

	



Xiang, L.-R.; Li, W.; Wang, L.-L.; Cao, C.-Y.; Li, N.; Li, X.-N.; Jiang, X.-Q.; Li, J.-L. The supranutritional selenium status alters blood glucose and pancreatic redox homeostasis via a modulated selenotranscriptome in chickens (Gallus gallus). RSC Adv. 2017, 7, 24438–24445. [Google Scholar] [CrossRef]

	



Khan, A.Z.; Kumbhar, S.; Hamid, M.; Afzal, S.; Parveen, F.; Liu, Y.; Shu, H.; Mengistu, B.M.; Huang, K. Effects of selenium-enriched probiotics on heart lesions by influencing the mRNA expressions of selenoproteins and heat shock proteins in heat stressed broiler chickens. Pak. Vet. J. 2016, 36, 460–464. [Google Scholar]

	



Khan, A.Z.; Kumbhar, S.; Liu, Y.; Hamid, M.; Pan, C.; Nido, S.A.; Parveen, F.; Huang, K. Dietary supplementation of selenium-enriched probiotics enhances meat quality of broiler chickens (Gallus gallus domesticus) raised under high ambient temperature. Biol. Trace Elem. Res. 2018, 182, 328–338. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Zhang, Z.; Dong, H.; Jiang, X. Molecular cloning and sequence analysis of selenoprotein W gene and its mRNA expression patterns in response to metabolic status and cadmium exposure in goldfish, carassius auratus. Comp. Biochem. Physiol. B 2015, 184, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Gan, L.; Liu, Q.; Xu, H.-B.; Zhu, Y.-S.; Yang, X.-L. Effects of selenium overexposure on glutathione peroxidase and thioredoxin reductase gene expressions and activities. Biol. Trace Elem. Res. 2002, 89, 165–175. [Google Scholar] [CrossRef]

	



El-Sharaky, A.; Newairy, A.; Badreldeen, M.; Eweda, S.; Sheweita, S. Protective role of selenium against renal toxicity induced by cadmium in rats. Toxicology 2007, 235, 185–193. [Google Scholar] [CrossRef] [PubMed]

	



Jamba, L.; Nehru, B.; Bansal, M. Effect of selenium supplementation on the influence of cadmium on glutathione and glutathione peroxidase system in mouse liver. J. Trace Elem. Exp. Med. 2000, 13, 299–304. [Google Scholar] [CrossRef]

	



Al-Waeli, A.; Zoidis, E.; Pappas, A.; Demiris, N.; Zervas, G.; Fegeros, K. The role of organic selenium in cadmium toxicity: Effects on broiler performance and health status. Animal 2013, 7, 386–393. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.; Chen, P.; Wan, H.; Wang, Y.; Hao, P.; Liu, Y.; Liu, J. Selenium–chromium (VI) interaction regulates the contents and correlations of trace elements in chicken brain and serum. Biol. Trace Elem. Res. 2018, 181, 154–163. [Google Scholar] [CrossRef] [PubMed]

	



Gao, H.; Liu, C.; Song, S.; Fu, J. Effects of dietary selenium against lead toxicity on mRNA levels of 25 selenoprotein genes in the cartilage tissue of broiler chicken. Biol. Trace Elem. Res. 2016, 172, 234–241. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Wang, Y.; An, Y.; Tian, Y.; Li, S.; Teng, X. Selenium for the mitigation of toxicity induced by lead in chicken testes through regulating mRNA expressions of HSPs and selenoproteins. Environ. Sci. Pollut. Res. 2017, 24, 14312–14321. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Xing, M.; Chen, M.; Zhao, J.; Fan, R.; Zhao, X.; Cao, C.; Yang, J.; Zhang, Z.; Xu, S. Effects of selenium-lead interaction on the gene expression of inflammatory factors and selenoproteins in chicken neutrophils. Ecotoxicol. Environ. Saf. 2017, 139, 447–453. [Google Scholar] [CrossRef] [PubMed]

	



Cai, J.; Zhang, Y.; Yang, J.; Liu, Q.; Zhao, R.; Hamid, S.; Wang, H.; Xu, S.; Zhang, Z. Antagonistic effects of selenium against necroptosis injury via adiponectin-necrotic pathway induced by cadmium in heart of chicken. RSC Adv. 2017, 7, 44438–44446. [Google Scholar] [CrossRef]

	



Bao, R.; Wang, X.; Zheng, S.; Zhang, Q.; Lin, H.; Li, S. Selenium supplementation changes the ion profile in the pancreas of chickens treated with cadmium. Biol. Trace Elem. Res. 2018, 181, 133–141. [Google Scholar] [CrossRef] [PubMed]

	



Berggren, M.M.; Mangin, J.F.; Gasdaska, J.R.; Powis, G. Effect of selenium on rat thioredoxin reductase activity: Increase by supranutritional selenium and decrease by selenium deficiency. Biochem. Pharmacol. 1999, 57, 187–193. [Google Scholar] [CrossRef]

	



Rayman, M.P. Selenium in cancer prevention: A review of the evidence and mechanism of action. Proc. Nutr. Soc. 2005, 64, 527–542. [Google Scholar] [CrossRef] [PubMed]

	



Pappas, A.; Zoidis, E.; Papadomichelakis, G.; Fegeros, K. Supranutritional selenium level affects fatty acid composition and oxidative stability of chicken breast muscle tissue. J. Anim. Physiol. Anim. Nutr. 2012, 96, 385–394. [Google Scholar] [CrossRef] [PubMed]

	



Seo, Y.R.; Kelley, M.R.; Smith, M.L. Selenomethionine regulation of p53 by a ref1-dependent redox mechanism. Proc. Natl. Acad. Sci. USA 2002, 99, 14548–14553. [Google Scholar] [CrossRef] [PubMed]

	



Kibriya, M.G.; Jasmine, F.; Argos, M.; Verret, W.J.; Rakibuz-Zaman, M.; Ahmed, A.; Parvez, F.; Ahsan, H. Changes in gene expression profiles in response to selenium supplementation among individuals with arsenic-induced pre-malignant skin lesions. Toxicol. Lett. 2007, 169, 162–176. [Google Scholar] [CrossRef] [PubMed]

	



Whanger, P.D. Selenium and the brain: A review. Nutr. Neurosci. 2001, 4, 81–97. [Google Scholar] [CrossRef] [PubMed]

	



Birt, D.F.; Julius, A.D.; Runice, C.E.; White, L.T.; Lawson, T.; Pour, P.M. Enhancement of bop-induced pancreatic carcinogenesis in selenium-fed syrian golden hamsters under specific dietary conditions. Nutr. Cancer 1988, 11, 21–33. [Google Scholar] [CrossRef] [PubMed]

	



Seo, Y.R.; Sweeney, C.; Smith, M.L. Selenomethionine induction of DNA repair response in human fibroblasts. Oncogene 2002, 21, 3663–3669. [Google Scholar] [CrossRef] [PubMed]

	



Christmann, M.; Tomicic, M.T.; Roos, W.P.; Kaina, B. Mechanisms of human DNA repair: An update. Toxicology 2003, 193, 3–34. [Google Scholar] [CrossRef]

	



Kennedy, A.R.; Ware, J.H.; Guan, J.; Donahue, J.J.; Biaglow, J.E.; Zhou, Z.; Stewart, J.; Vazquez, M.; Wan, X.S. Selenomethionine protects against adverse biological effects induced by space radiation. Free Radic. Biol. Med. 2004, 36, 259–266. [Google Scholar] [CrossRef] [PubMed]

	



Turanov, A.A.; Xu, X.-M.; Carlson, B.A.; Yoo, M.-H.; Gladyshev, V.N.; Hatfield, D.L. Biosynthesis of selenocysteine, the 21st amino acid in the genetic code, and a novel pathway for cysteine biosynthesis. Adv. Nutr. 2011, 2, 122–128. [Google Scholar] [CrossRef] [PubMed]

	



Araiso, Y.; Palioura, S.; Ishitani, R.; Sherrer, R.L.; O’Donoghue, P.; Yuan, J.; Oshikane, H.; Domae, N.; DeFranco, J.; Söll, D. Structural insights into RNA-dependent eukaryal and archaeal selenocysteine formation. Nucl. Acids Res. 2007, 36, 1187–1199. [Google Scholar] [CrossRef] [PubMed]

	



Fairweather-Tait, S.J.; Collings, R.; Hurst, R. Selenium bioavailability: Current knowledge and future research requirements. Am. J. Clin. Nutr. 2010, 91, 1484S–1491S. [Google Scholar] [CrossRef] [PubMed]

	



Short, S.P.; Williams, C.S. Selenoproteins in tumorigenesis and cancer progression. In Advances in Cancer Research; Academic Press Inc.: Cambridge, MA, USA, 2017. [Google Scholar]

	



Schomburg, L. Dietary selenium and human health. Nutrients 2017, 9. [Google Scholar] [CrossRef] [PubMed]

	



Shchedrina, V.A.; Zhang, Y.; Labunskyy, V.M.; Hatfield, D.L.; Gladyshev, V.N. Structure–function relations, physiological roles, and evolution of mammalian er-resident selenoproteins. Antioxid. Redox Signal. 2010, 12, 839–849. [Google Scholar] [CrossRef] [PubMed]

	



Labunskyy, V.M.; Yoo, M.-H.; Hatfield, D.L.; Gladyshev, V.N. Sep15, a thioredoxin-like selenoprotein, is involved in the unfolded protein response and differentially regulated by adaptive and acute ER stresses. Biochemistry 2009, 48, 8458–8465. [Google Scholar] [CrossRef] [PubMed]

	



Ferguson, A.D.; Labunskyy, V.M.; Fomenko, D.E.; Araç, D.; Chelliah, Y.; Amezcua, C.A.; Rizo, J.; Gladyshev, V.N.; Deisenhofer, J. NMR structures of the selenoproteins Sep15 and SelM reveal redox activity of a new thioredoxin-like family. J. Biol. Chem. 2006, 281, 3536–3543. [Google Scholar] [CrossRef] [PubMed]

	



Metanis, N.; Hilvert, D. Natural and synthetic selenoproteins. Curr. Opin. Chem. Biol. 2014, 22, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Gromer, S.; Johansson, L.; Bauer, H.; Arscott, L.D.; Rauch, S.; Ballou, D.P.; Williams, C.H.; Schirmer, R.H.; Arnér, E.S. Active sites of thioredoxin reductases: Why selenoproteins? Proc. Natl. Acad. Sci. USA 2003, 100, 12618–12623. [Google Scholar] [CrossRef] [PubMed]

	



Ishizaki, A. Onitai-itai (ouch-ouch) disease. Asian Med. J. 1971, 14, 421–436. [Google Scholar]

	



Bianco, A.C.; Larsen, P.R. Cellular and structural biology of the deiodinases. Thyroid 2005, 15, 777–786. [Google Scholar] [CrossRef] [PubMed]

	



Jurynec, M.J.; Xia, R.; Mackrill, J.J.; Gunther, D.; Crawford, T.; Flanigan, K.M.; Abramson, J.J.; Howard, M.T.; Grunwald, D.J. Selenoprotein N is required for ryanodine receptor calcium release channel activity in human and zebrafish muscle. Proc. Natl. Acad. Sci. USA 2008, 105, 12485–12490. [Google Scholar] [CrossRef] [PubMed]

	



Cardoso, B.R.; Roberts, B.R.; Bush, A.I.; Hare, D.J. Selenium, selenoproteins and neurodegenerative diseases. Metallomics 2015, 7, 1213–1228. [Google Scholar] [CrossRef] [PubMed]

	



Habibian, M.; Sadeghi, G.; Ghazi, S.; Moeini, M.M. Selenium as a feed supplement for heat-stressed poultry: A review. Biol. Trace Elem. Res. 2015, 165, 183–193. [Google Scholar] [CrossRef] [PubMed]

	



Dalgaard, T.S.; Briens, M.; Engberg, R.M.; Lauridsen, C. The influence of selenium and selenoproteins on immune responses of poultry and pigs. Anim. Feed Sci. Technol. 2018, 238, 73–83. [Google Scholar] [CrossRef]

	



Zhu, S.-Y.; Li, X.-N.; Sun, X.-C.; Lin, J.; Li, W.; Zhang, C.; Li, J.-L. Biochemical characterization of the selenoproteome in gallus gallus via bioinformatics analysis: Structure–function relationships and interactions of binding molecules. Metallomics 2017, 9, 124–131. [Google Scholar] [CrossRef] [PubMed]

	



Reeg, S.; Grune, T. Protein oxidation in aging: Does it play a role in aging progression? Antioxid. Redox Signal. 2015, 23, 239–255. [Google Scholar] [CrossRef] [PubMed]

	



Khoso, P.A.; Yang, Z.; Liu, C.; Li, S. Selenoproteins and heat shock proteins play important roles in immunosuppression in the bursa of fabricius of chickens with selenium deficiency. Cell Stress Chaperones 2015, 20, 967–978. [Google Scholar] [CrossRef] [PubMed]

	



Du, Q.; Yao, H.; Yao, L.; Zhang, Z.; Lei, X.; Xu, S. Selenium deficiency influences the expression of selenoproteins and inflammatory cytokines in chicken aorta vessels. Biol. Trace Elem. Res. 2016, 173, 501–513. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Q.; Huang, J.; Zhang, H.; Lei, X.; Du, Z.; Xiao, C.; Chen, S.; Ren, F. Selenium deficiency-induced apoptosis of chick embryonic vascular smooth muscle cells and correlations with 25 selenoproteins. Biol. Trace Elem. Res. 2017, 176, 407–415. [Google Scholar] [CrossRef] [PubMed]

	



Gao, Y.; Zhang, J.; Huang, X.; Zhang, G. Glutathione peroxidase 1, selenoprotein K, and selenoprotein H may play important roles in chicken testes in response to selenium deficiency. Biol. Trace Elem. Res. 2017, 179, 1–6. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Sun, B.; Zhang, J.; Gao, Y.; Li, G.; Chang, Y. Selenium deficiency induced injury in chicken muscular stomach by downregulating selenoproteins. Biol. Trace Elem. Res. 2017, 179, 277–283. [Google Scholar] [CrossRef] [PubMed]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; An, Y.; Jiao, W.; Zhang, Z.; Han, H.; Gu, X.; Teng, X. Selenium protects against lead-induced apoptosis via endoplasmic reticulum stress in chicken kidneys. Biol. Trace Elem. Res. 2017, 182, 354–363. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.-Q.; Ren, F.-Z.; Jiang, Y.-Y.; Lei, X. Characterization of selenoprotein M and its response to selenium deficiency in chicken brain. Biol. Trace Elem. Res. 2016, 170, 449–458. [Google Scholar] [CrossRef] [PubMed]

	



Zoidis, E.; Pappas, A.; Georgiou, C.; Komaitis, E.; Feggeros, K. Selenium affects the expression of GPx4 and catalase in the liver of chicken. Comp. Biochem. Physiol. B 2010, 155, 294–300. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Z.-H.; Lin, H.-J.; Yao, H.-D.; Zhang, Z.-W.; Fu, J.; Xu, S.-W. Selw protects against H2O2-induced liver injury in chickens via inhibiting inflammation and apoptosis. RSC Adv. 2017, 7, 15158–15167. [Google Scholar] [CrossRef]

	



Fan, R.; Yao, H.; Zhao, X.; Cao, C.; Yang, T.; Luan, Y.; Zhang, Z.; Xu, S. Gene expression of selenoproteins can be regulated by selenoprotein k silencing in chicken myoblasts. BioMetals 2016, 29, 679–689. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.; Jiang, Y.; Guo, H.; Zhang, H.; Lei, X.; Ren, F. Association Analysis between Selenoprotein Genes (Selw and Seln) and Meat Quality Traits in Chicken. Available online: https://www.researchgate.net/publication/312119322_Association_analysis_between_selenoprotein_genes_Selw_and_Seln_and_meat_quality_traits_in_chicken (accessed on 23 March 2018).

	



Luan, Y.; Zhao, J.; Yao, H.; Zhao, X.; Fan, R.; Zhao, W.; Zhang, Z.; Xu, S. Selenium deficiency influences the mrna expression of selenoproteins and cytokines in chicken erythrocytes. Biol. Trace Elem. Res. 2016, 171, 427–436. [Google Scholar] [CrossRef] [PubMed]

	



Khoso, P.A.; Yang, Z.; Liu, C.; Li, S. Selenium deficiency downregulates selenoproteins and suppresses immune function in chicken thymus. Biol. Trace Elem. Res. 2015, 167, 48–55. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Zhang, H.; Wang, S.; Ruan, D.; Xie, X.; Yu, D.; Lin, Y. Estimation of dietary selenium requirement for chinese egg-laying ducks. Anim. Prod. Sci. 2015, 55, 1056–1063. [Google Scholar] [CrossRef]

	



Li, J.-L.; Sunde, R.A. Selenoprotein transcript level and enzyme activity as biomarkers for selenium status and selenium requirements of chickens (Gallus gallus). PLoS ONE 2016, 11. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, R.M.; Sunde, R.A. Selenoprotein transcript level and enzyme activity as biomarkers for selenium status and selenium requirements in the turkey (Meleagris gallopavo). PLoS ONE 2016, 11. [Google Scholar] [CrossRef] [PubMed]

	



Dalia, A.; Loh, T.; Sazili, A.; Jahromi, M.; Samsudin, A. The effect of dietary bacterial organic selenium on growth performance, antioxidant capacity, and selenoproteins gene expression in broiler chickens. BMC Vet. Res. 2017, 13. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, L.; Sun, L.-H.; Huang, J.-Q.; Briens, M.; Qi, D.-S.; Xu, S.-W.; Lei, X.G. A novel organic selenium compound exerts unique regulation of selenium speciation, selenogenome, and selenoproteins in broiler chicks. J. Nutr. 2017, 147, 789–797. [Google Scholar] [CrossRef] [PubMed]

	



Sunde, R.A.; Raines, A.M. Selenium regulation of the selenoprotein and nonselenoprotein transcriptomes in rodents. Adv. Nutr. 2011, 2, 138–150. [Google Scholar] [CrossRef] [PubMed]

	



Behne, D.; Kyriakopoulos, A. Mammalian selenium-containing proteins. Annu. Rev. Nutr. 2001, 21, 453–473. [Google Scholar] [CrossRef] [PubMed]

	



Hatfield, D.L.; Gladyshev, V.N. How selenium has altered our understanding of the genetic code. Mol. Cell. Biol. 2002, 22, 3565–3576. [Google Scholar] [CrossRef] [PubMed]

	



O’Driscoll, M.; Ruiz-Perez, V.L.; Woods, C.G.; Jeggo, P.A.; Goodship, J.A. A splicing mutation affecting expression of ataxia–telangiectasia and Rad3–related protein (ATR) results in Seckel syndrome. Nat. Genet. 2003, 33, 497–501. [Google Scholar] [CrossRef] [PubMed]

	



Schomburg, I.; Chang, A.; Ebeling, C.; Gremse, M.; Heldt, C.; Huhn, G.; Schomburg, D. Brenda, the enzyme database: Updates and major new developments. Nucl. Acids Res. 2004, 32, D431–D433. [Google Scholar] [CrossRef] [PubMed]

	



Brigelius-Flohe, R.; Traber, M.G. Vitamin e: Function and metabolism. FASEB J. 1999, 13, 1145–1155. [Google Scholar] [CrossRef] [PubMed]

	



Moriarty, P.M.; Reddy, C.C.; Maquat, L.E. Selenium deficiency reduces the abundance of mRNA for se-dependent glutathione peroxidase 1 by a UGA-dependent mechanism likely to be nonsense codon-mediated decay of cytoplasmic mRNA. Mol. Cell. Biol. 1998, 18, 2932–2939. [Google Scholar] [CrossRef] [PubMed]

	



Maquat, L.E. Evidence that selenium deficiency results in the cytoplasmic decay of GPx1 mRNA dependent on pre-mRNA splicing proteins bound to the mRNA exon-exon junction. Biofactors 2001, 14, 37–42. [Google Scholar] [CrossRef] [PubMed]

	



Sachdev, S.W.; Sunde, R.A. Selenium regulation of transcript abundance and translational efficiency of glutathione peroxidase-1 and -4 in rat liver. Biochem. J. 2001, 357, 851–858. [Google Scholar]

	



Jiang, X.-Q.; Cao, C.-Y.; Li, Z.-Y.; Li, W.; Zhang, C.; Lin, J.; Li, X.-N.; Li, J.-L. Delineating hierarchy of selenotranscriptome expression and their response to selenium status in chicken central nervous system. J. Inorg. Biochem. 2017, 169, 13–22. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, Y.-Y.; Huang, J.-Q.; Lin, G.-C.; Guo, H.-Y.; Ren, F.-Z.; Zhang, H. Characterization and expression of chicken selenoprotein U. Biol. Trace Elem. Res. 2015, 166, 216–224. [Google Scholar] [CrossRef] [PubMed]

	



Sunde, R.A.; Sunde, G.R.; Sunde, C.M.; Sunde, M.L.; Evenson, J.K. Cloning, sequencing, and expression of selenoprotein transcripts in the turkey (Meleagris gallopavo). PLoS ONE 2015, 10. [Google Scholar] [CrossRef] [PubMed]

	



Kumaraswamy, E.; Malykh, A.; Korotkov, K.V.; Kozyavkin, S.; Hu, Y.; Kwon, S.Y.; Moustafa, M.E.; Carlson, B.A.; Berry, M.J.; Lee, B.J. Structure-expression relationships of the 15-kDa selenoprotein gene possible role of the protein in cancer etiology. J. Biol. Chem. 2000, 275, 35540–35547. [Google Scholar] [CrossRef] [PubMed]

	



Yoboue, E.D.; Rimessi, A.; Anelli, T.; Pinton, P.; Sitia, R. Regulation of calcium fluxes by GPX8, a type-II transmembrane peroxidase enriched at the mitochondria-associated endoplasmic reticulum membrane. Antioxid. Redox Signal. 2017, 27, 583–595. [Google Scholar] [CrossRef] [PubMed]

	



Marino, M.; Stoilova, T.; Giorgi, C.; Bachi, A.; Cattaneo, A.; Auricchio, A.; Pinton, P.; Zito, E. SEPN1, an endoplasmic reticulum-localized selenoprotein linked to skeletal muscle pathology, counteracts hyperoxidation by means of redox-regulating SERCA2 pump activity. Hum. Mol. Genet. 2015, 24, 1843–1855. [Google Scholar] [CrossRef] [PubMed]

	



Arbogast, S.; Beuvin, M.; Fraysse, B.; Zhou, H.; Muntoni, F.; Ferreiro, A. Oxidative stress in SEPN1-related myopathy: From pathophysiology to treatment. Ann. Neurol. 2009, 65, 677–686. [Google Scholar] [CrossRef] [PubMed]

	



Zalk, R.; Marks, A.R. Ca2+ Release Channels Join the ‘Resolution Revolution’. Trends Biochem. Sci. 2017, 42, 543–555. [Google Scholar] [CrossRef] [PubMed]

	



Program, N.T.; Program, N.T. Report on carcinogens. In Public Health Service, National Toxicology Program; U.S. Department of Health and Human Services: Research Triangle Park, NC, USA, 2011. [Google Scholar]

	



Castets, P.; Bertrand, A.T.; Beuvin, M.; Ferry, A.; Le Grand, F.; Castets, M.; Chazot, G.; Rederstorff, M.; Krol, A.; Lescure, A.; et al. Satellite cell loss and impaired muscle regeneration in selenoprotein n deficiency. Hum. Mol. Genet. 2011, 20, 694–704. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Li, C.; Gu, G.; Wang, Q.; Guo, M. Selenoprotein n was required for the regulation of selenium on the uterine smooth muscle contraction in mice. Biol. Trace Elem. Res. 2017, 183, 138–146. [Google Scholar] [CrossRef] [PubMed]

	



Grumolato, L.; Ghzili, H.; Montero-Hadjadje, M.; Gasman, S.; Lesage, J.; Tanguy, Y.; Galas, L.; Ait-Ali, D.; Leprince, J.; Guérineau, N.C. Selenoprotein T is a PACAP-regulated gene involved in intracellular Ca2+ mobilization and neuroendocrine secretion. FASEB J. 2008, 22, 1756–1768. [Google Scholar] [CrossRef] [PubMed]

	



Boukhzar, L.; Hamieh, A.; Cartier, D.; Tanguy, Y.; Alsharif, I.; Castex, M.; Arabo, A.; El Hajji, S.; Bonnet, J.J.; Errami, M.; et al. Selenoprotein t exerts an essential oxidoreductase activity that protects dopaminergic neurons in mouse models of parkinson’s disease. Antioxid. Redox Signal. 2016, 24, 557–574. [Google Scholar] [CrossRef] [PubMed]

	



Gladyshev, V.N.; Factor, V.M.; Housseau, F.; Hatfield, D.L. Contrasting patterns of regulation of the antioxidant selenoproteins, thioredoxin reductase, and glutathione peroxidase, in cancer cells. Biochem. Biophys. Res. Commun. 1998, 251, 488–493. [Google Scholar] [CrossRef] [PubMed]

	



Korotkov, K.V.; Kumaraswamy, E.; Zhou, Y.; Hatfield, D.L.; Gladyshev, V.N. Association between the 15-kDa selenoprotein and UDP-glucose: Glycoprotein glucosyltransferase in the endoplasmic reticulum of mammalian cells. J. Biol. Chem. 2001, 276, 15330–15336. [Google Scholar] [CrossRef] [PubMed]

	



Guariniello, S.; Colonna, G.; Raucci, R.; Costantini, M.; Di Bernardo, G.; Bergantino, F.; Castello, G.; Costantini, S. Structure–function relationship and evolutionary history of the human selenoprotein M (SelM) found over-expressed in hepatocellular carcinoma. Biochim. Biophys. Acta Proteins Proteom. 2014, 1844, 447–456. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.C.; Lee, S.-G.; Choo, M.-K.; Kim, J.H.; Lee, H.M.; Kim, S.; Fomenko, D.E.; Kim, H.-Y.; Park, J.M.; Gladyshev, V.N. Selenoprotein MsrB1 promotes anti-inflammatory cytokine gene expression in macrophages and controls immune response in vivo. Sci. Rep. 2017, 7. [Google Scholar] [CrossRef] [PubMed]

	



Kim, H.-Y.; Gladyshev, V.N. Different catalytic mechanisms in mammalian selenocysteine-and cysteine-containing methionine-R-sulfoxide reductases. PLoS Biol. 2005, 3. [Google Scholar] [CrossRef] [PubMed]

	



Tarrago, L.; Kaya, A.; Weerapana, E.; Marino, S.M.; Gladyshev, V.N. Methionine sulfoxide reductases preferentially reduce unfolded oxidized proteins and protect cells from oxidative protein unfolding. J. Biol. Chem. 2012, 287, 24448–24459. [Google Scholar] [CrossRef] [PubMed]

	



Lee, B.C.; Péterfi, Z.; Hoffmann, F.W.; Moore, R.E.; Kaya, A.; Avanesov, A.; Tarrago, L.; Zhou, Y.; Weerapana, E.; Fomenko, D.E. MsrB1 and MICALs regulate actin assembly and macrophage function via reversible stereoselective methionine oxidation. Mol. Cell 2013, 51, 397–404. [Google Scholar] [CrossRef] [PubMed]

	



Mehmeti, I.; Lortz, S.; Avezov, E.; Jörns, A.; Lenzen, S. ER-resident antioxidative GPx7 and GPx8 enzyme isoforms protect insulin-secreting INS-1E β-cells against lipotoxicity by improving the ER antioxidative capacity. Free Radic. Biol. Med. 2017, 112, 121–130. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Cheng, W.; Nie, T.; Lai, H.; Hu, X.; Luo, J.; Li, F.; Li, H. Selenoprotein K mediates the proliferation, migration, and invasion of human choriocarcinoma cells by negatively regulating human chorionic gonadotropin expression via ERK, p38 MAPK, and Akt signaling pathway. Biol. Trace Elem. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Rozovsky, S.; Liu, J.; Zhang, Z. The intrinsically disordered membrane enzymes selenoprotein S and selenoprotein K. FASEB J. 2017, 31. [Google Scholar] [CrossRef]

	



Gao, Y.; Feng, H.C.; Walder, K.; Bolton, K.; Sunderland, T.; Bishara, N.; Quick, M.; Kantham, L.; Collier, G.R. Regulation of the selenoprotein SelS by glucose deprivation and endoplasmic reticulum stress—SelS is a novel glucose-regulated protein. FEBS Lett. 2004, 563, 185–190. [Google Scholar] [CrossRef]

	



Curran, J.E.; Jowett, J.B.; Elliott, K.S.; Gao, Y.; Gluschenko, K.; Wang, J.; Azim, D.M.A.; Cai, G.; Mahaney, M.C.; Comuzzie, A.G. Genetic variation in selenoprotein S influences inflammatory response. Nat. Genet. 2005, 37, 1234–1241. [Google Scholar] [CrossRef] [PubMed]

	



Chabory, E.; Damon, C.; Lenoir, A.; Henry-Berger, J.; Vernet, P.; Cadet, R.; Saez, F.; Drevet, J. Mammalian glutathione peroxidases control acquisition and maintenance of spermatozoa integrity. J. Anim. Sci. 2010, 88, 1321–1331. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.Z.; Elledge, S.J. Slic: A method for sequence-and ligation-independent cloning. Methods Mol. Biol. 2012, 852, 51–59. [Google Scholar] [PubMed]

	



Shema, R.; Kulicke, R.; Cowley, G.S.; Stein, R.; Root, D.E.; Heiman, M. Synthetic lethal screening in the mammalian central nervous system identifies Gpx6 as a modulator of huntington’s disease. Proc. Natl. Acad. Sci. USA 2015, 112, 268–272. [Google Scholar] [CrossRef] [PubMed]

	



Ursini, F. The world of glutathione peroxidases. J. Trace Elem. Med. Biol. 2000, 14, 116. [Google Scholar]

	



Ingold, I.; Berndt, C.; Schmitt, S.; Doll, S.; Poschmann, G.; Buday, K.; Roveri, A.; Peng, X.; Freitas, F.P.; Seibt, T. Selenium utilization by GPX4 is required to prevent hydroperoxide-induced ferroptosis. Cell 2017, 21, 409–422. [Google Scholar] [CrossRef] [PubMed]

	



Jiao, Y.; Wang, Y.; Guo, S.; Wang, G. Glutathione peroxidases as oncotargets. Oncotarget 2017, 8, 80093–80102. [Google Scholar] [CrossRef] [PubMed]

	



Delaunay-Moisan, A.; Ponsero, A.; Toledano, M.B. Reexamining the function of glutathione in oxidative protein folding and secretion. Antioxid. Redox Signal. 2017, 27, 1178–1199. [Google Scholar] [CrossRef] [PubMed]

	



Flohé, L.; Brigelius-Flohé, R. Basics and News on Glutathione Peroxidases. In Selenium; Springer Nature: New York, NY, USA, 2016; pp. 211–222. [Google Scholar]

	



Utomo, A.; Jiang, X.; Furuta, S.; Yun, J.; Levin, D.S.; Wang, Y.-C.J.; Desai, K.V.; Green, J.E.; Chen, P.-L.; Lee, W.-H. Identification of a novel putative non-selenocysteine containing phospholipid hydroperoxide glutathione peroxidase (NPGPx) essential for alleviating oxidative stress generated from polyunsaturated fatty acids in breast cancer cells. J. Biol. Chem. 2004, 279, 43522–43529. [Google Scholar] [CrossRef] [PubMed]

	



Toppo, S.; Vanin, S.; Bosello, V.; Tosatto, S.C. Evolutionary and structural insights into the multifaceted glutathione peroxidase (Gpx) superfamily. Antioxid. Redox Signal. 2008, 10, 1501–1514. [Google Scholar] [CrossRef] [PubMed]

	



Bianco, A.C.; Larsen, P.R. Selenium, Deiodinases and Endocrine Function. Available online: https://link.springer.com/chapter/10.1007/0-387-33827-6_19 (accessed on 23 March 2018).

	



Köhrle, J.; Gärtner, R. Selenium and thyroid. Best Pract. Res. Clin. Endocrinol. Metab. 2009, 23, 815–827. [Google Scholar] [CrossRef] [PubMed]

	



Beckett, G.J.; Arthur, J.R. Selenium and endocrine systems. J. Endocrinol. 2005, 184, 455–465. [Google Scholar] [CrossRef] [PubMed]

	



Panee, J.; Stoytcheva, Z.R.; Liu, W.; Berry, M.J. Selenoprotein h is a redox-sensing high mobility group family DNA-binding protein that up-regulates genes involved in glutathione synthesis and phase II detoxification. J. Biol. Chem. 2007, 282, 23759–23765. [Google Scholar] [CrossRef] [PubMed]

	



Mendelev, N.; Mehta, S.L.; Witherspoon, S.; He, Q.; Sexton, J.Z.; Li, P.A. Upregulation of human selenoprotein H in murine hippocampal neuronal cells promotes mitochondrial biogenesis and functional performance. Mitochondrion 2011, 11, 76–82. [Google Scholar] [CrossRef] [PubMed]

	



Ahmed, M.Y.; Al-Khayat, A.; Al-Murshedi, F.; Al-Futaisi, A.; Chioza, B.A.; Pedro Fernandez-Murray, J.; Self, J.E.; Salter, C.G.; Harlalka, G.V.; Rawlins, L.E. A mutation of EPT1 (SELENOI) underlies a new disorder of kennedy pathway phospholipid biosynthesis. Brain 2017, 140, 547–554. [Google Scholar] [PubMed]

	



Nogly, P.; Gushchin, I.; Remeeva, A.; Esteves, A.M.; Borges, N.; Ma, P.; Ishchenko, A.; Grudinin, S.; Round, E.; Moraes, I. X-ray structure of a CDP-alcohol phosphatidyltransferase membrane enzyme and insights into its catalytic mechanism. Nat. Commun. 2014, 5. [Google Scholar] [CrossRef] [PubMed]

	



Han, S.-J.; Lee, B.C.; Yim, S.H.; Gladyshev, V.N.; Lee, S.-R. Characterization of mammalian selenoprotein o: A redox-active mitochondrial protein. PLoS ONE 2014, 9. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gladyshev, M.I.; Sushchik, N.N.; Gubanenko, G.A.; Demirchieva, S.M.; Kalachova, G.S. Effect of way of cooking on content of essential polyunsaturated fatty acids in muscle tissue of humpback salmon (Oncorhynchus gorbuscha). Food Chem. 2006, 96, 446–451. [Google Scholar] [CrossRef]

	



Burk, R.F.; Hill, K.E. Selenoprotein P: An extracellular protein with unique physical characteristics and a role in selenium homeostasis. Annu. Rev. Nutr. 2005, 25, 215–235. [Google Scholar] [CrossRef] [PubMed]

	



Rayman, M.P. Selenoproteins and human health: Insights from epidemiological data. BBA-Gen. Subj. 2009, 1790, 1533–1540. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Xia, Y.; Hill, K.E.; Byrne, D.W.; Xu, J.; Burk, R.F. Effectiveness of selenium supplements in a low-selenium area of china. Am. J. Clin. Nutr. 2005, 81, 829–834. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.-D.; Wu, Q.; Zhang, Z.-W.; Li, S.; Wang, X.-L.; Lei, X.-G.; Xu, S.-W. Selenoprotein W serves as an antioxidant in chicken myoblasts. BBA-Gen. Subj. 2013, 1830, 3112–3120. [Google Scholar] [CrossRef] [PubMed]

	



Whanger, P. Selenoprotein W: A review. Cell. Mol. Life Sci. 2000, 57, 1846–1852. [Google Scholar] [CrossRef] [PubMed]

	



McAllister, K.N.; Bouillaut, L.; Kahn, J.N.; Self, W.T.; Sorg, J.A. Using CRISPR-Cas9-mediated genome editing to generate C. difficile mutants defective in selenoproteins synthesis. Sci. Rep. 2017, 7. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Reactive oxygen and nitrogen species.






Table 1. Reactive oxygen and nitrogen species.





	Radicals
	Non-Radicals





	RO•, Alkoxyl
	H2O2, Hydrogen peroxide



	HOO•, Hydroperoxyl
	HOCl, Hypochlorous acid



	HO•, Hydroxyl
	O3, Ozone



	ROO•, Peroxyl
	1O2, Singlet oxygen



	O2•¯, Superoxide
	ONOO¯, Peroxynitrite



	NO•, Nitric oxide
	NO¯, Nitroxyl anion



	NO2•, Nitrogen dioxide
	HNO2, Nitrous acid
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