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1 Introduction 

1.1 It´s essential! The history of selenium    

In 1817 the Swedish chemist Jöns Jacob Freiherr von Berzelius (1779 – 1848) discovered the 

element selenium (Se) in a factory that produced sulfuric acid. With the techniques he had, 

Berzelius characterized the novel element and found that it exhibits similarities to both, sulfur 

and tellurium1. It took almost one and half centuries until Se became recognized as an element 

performing biological functions. In 1954 Pinsent et al. reported that trace amounts of Se are 

required for full activity of formic dehydrogenases in coliform organisms2. Only three years 

later two research groups independently found that Se plays also biological roles in 

mammals3,4. The observation that rats deficient in Se and Vitamin E died from necrotic liver 

degeneration provided the first evidence of Se essentiality5. Furthermore, the authors 

concluded that Se is involved in oxidation-reduction reactions5. Together, these findings 

promoted the discovery of Se-dependent, species-specific diseases, and injuries of organs, 

including exudative diathesis in poultry3,4, mulberry heart disease in pigs6, white muscle 

disease in calves and lambs7,8, and male infertility in various mammalian species9,10. In 

humans, Se deficiency has been associated with Keshan disease, a cardiomyopathy, and 

Kashin-Beck disease, a chronic osteochondropathy, both found in areas of China where the Se 

content in soil is rather poor11,12. In 1973, the discovery that the cellular glutathione 

peroxidase 1 (GPX1) depends on Se provided a plausible explanation for Se-mediated 

protective impact on the above-mentioned diseases13,14. Since then, the family of 

selenoproteins increased significantly. Until today, 25 genes encoding for selenoproteins 

could be identified15. Some of the discovered selenoproteins were extensively investigated 

and functional classified, whereas others are still with unknown functions (see chapter 1.3.3 

and Table 1). 

Of all the benefits attributed to Se one received massive attention: Its potential anti-cancer 

properties. Epidemiological studies in the 1960s revealed higher human cancer death rates in 

Se-deficient regions of the United States16. Similarly, in 1985 Clark et al. reported 

geographical data on the Se content of food crops by U.S. counties showing an inverse 

correlation of forage plant Se levels with overall cancer motility17. These findings were 

supported by the first randomized controlled trial analyzing the effects of Se supplementation 

in patients suffering from skin carcinomas. Here, supplemental Se reduced the incidence of 

and mortality from carcinomas of several sites18. This study set off an extensive interest in 

researching the fascinating element Se and its impact on human health (Figure 1). 
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Figure 1: Selenium – from toxicity to essentiality. 

While at the beginning of the 20th century Se was primarily considered as a toxin, the picture changed through 

the discovery of its essential character. Finally, its potential anti-carcinogenic properties led to a huge interest in 

researching Se (Source of Berzelius image: Wikipedia)  

 

Until now the debate on Se and its association with cancer is ongoing. Meanwhile, 

observational studies and randomized controlled trials suggest conflicting/controversial 

results in humans19. Furthermore, studies showing negative effects of a high Se status, in 

particular, the enhanced risk to develop metabolic disorders20, cannot be ignored. Besides a 

large number of studies focusing on the connection between Se and human health/diseases, 

the knowledge of the underlying mechanisms are scarce and still need to be clarified.   

 

1.2 The metabolism of selenium – different forms, different ways 

Se exists in different forms each with special properties. Both, organic and inorganic Se 

compounds play roles in human nutrition. The structures of Se compounds that were of 

particular interest for this thesis are represented in (Figure 2).  

 

 

Figure 2: Chemical structures of Se compounds used in this thesis. 
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The organic derivatives selenocysteine (Sec), selenomethionine (SeMet) and 

methylselenocysteine (MSC) are found in food products of animal and plant origins, whereas 

sodium selenate and sodium selenite are inorganic and often used in supplements. Apart from 

these natural occurring Se compounds, a number of synthetics exist; such as methylseleninic 

acid (MSA) amongst others. 

Intestinal absorption of Se and thus its bioavailability, as well as the intermediary metabolism 

of Se, are very distinct from one another and highly dependent on the respective Se compound 

(Figure 3). This is important to note as the biological activities of Se are mediated by 

intermediary formed metabolites21. Hydrogen selenide (H2Se; HSe- at physiological pH) is the 

metabolite formed by all Se compounds. HSe- is directly generated from selenite via thiol-

dependent reduction processes but could also be released from Sec or formed through 

demethylation of methylselenol. Furthermore, HSe- is the key metabolite necessary for 

selenoprotein biosynthesis (see chapter: 1.3.1).  

 

 

Figure 3: The metabolic pathways of distinct Se compounds. 

Hydrogen selenide (HSe-), the precursor for selenoprotein synthesis can be generated by all Se compounds but to 

different extents. The metabolite methylselenol (CH3Se-) is suggested to be the key metabolite mediating anti-

cancer properties of Se. In the presence of oxygen, hydrogen selenide (HSe-) and methylselenol (CH3Se-) 

generate superoxide anion radicals (O2
• -). Se can be excreted via kidneys and lungs. See text for more details.  

Figure adapted and modified according to Fernandes et al.22 

Cys, Cysteine; DMSe, Dimethylselenide; GSH, Glutathione; GR, Glutathione reductase; GLRX, Glutaredoxin; 

MSA, Methylseleninic acid; MSeOH, Methylselenenic acid; TXNRD, Sec, Selenocysteine; SeMet, 

Selenomethionine; Thioredoxin reductase; TXN, Thioredoxin; TMSe+, Trimethylselenonium ion. 
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In the presence of oxygen extensive amounts of HSe- can be harmful to cells by generation of 

superoxide anion radicals (O2
•-) and elemental Se (Se0)23. For excretion of Se, two distinct 

pathways are available: (i) the selenosugar, and (ii) the methylation pathway. The biological 

significance of the first one is relatively uncertain, whereas the methylation pathway is 

considered as the main pathway to detoxify Se24–26. The resulting compounds methylselenol 

(CH3Se-, MeSe-) and dimethylselenide (DMSe) are excreted via exhalation, whereas 

trimethylselenonium ions (TMSe+) are the major Se metabolites found in urine27–29. The 

respective methylation reactions are enzyme-dependent and utilize methyl-groups provided by 

S-adenosylmethionine (SAM)30. Thus, a high consumption of SAM because of high Se intake 

could be a possible mechanism responsible for Se toxicity.   

Insufficient Se intake results in rapid loss of selenoproteins with e.g. oxidoreductase 

properties. In contrast, Se oversupply might disrupt the cellular redox homeostasis via 

generation of superoxide anion radicals or the formation of thiol-reactive Se compounds31. 

These pro-oxidant effects differ depending on the Se compound used. Selenite and 

methylseleninic acid (MSA) are known to modulate the cellular redox state, whereas similar 

effects have not been attributed to e.g. SeMet. 

 

1.2.1 The metabolism of selenate and selenite 

The most intensively studied inorganic Se compounds include sodium selenite (oxidation state 

of Se: +IV) and sodium selenate (oxidation state of Se: +VI). Dietary selenate is absorbed 

within the gastrointestinal tract (GIT) by sharing a sodium-dependent transport system with 

sulfates, whereas selenite is primarily absorbed through passive diffusion32–35. Furthermore, 

selenate reaches peripheral tissues in an unmodified state36. In contrast, the highly reactive 

selenite reacts with thiols of proteins and peptides within the GIT leading to the formation of 

selenotrisulfides (RSSeSG) and selenodiglutathione (GSSeSG)37. Unlikely to oxidized 

glutathione (GSSG), GSSSeSG is an excellent substrate for the mammalian thioredoxin 

reductase (TXNRD)38. Thus, further reduction of GSSeSG via the TXNRD-Thioredoxin 

system and/or free thiols yields HSe- (Figure 3). Selenate can be directly taken up into liver 

tissues, whereas selenite is rapidly absorbed by erythrocytes, reduced to HSe- and transported 

bound to albumin to the liver39. 

 

1.2.2 The metabolism of selenomethionine 

Selenomethionine (SeMet), the main Se compound in foods, is more readily absorbed within 

the small intestine when compared to selenate and selenite40,41. Intermediary, SeMet is 
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transformed to Sec via trans-selenation analogous to the pathway responsible for the 

formation of cysteine (Cys) from methionine (Met) (trans-sulfuration)42,43. The obtained Sec 

undergoes lysis catalyzed by the selenocysteine Se-conjugate -lyase (-lyase), resulting in 

HSe- release44,45. Further, SeMet can be cleaved by the enzyme methionine--lyase (-lyase) 

leading to the formation of methylselenol. However, to which extent this occurs in 

mammalian tissues needs to be clarified as at least in supernatants obtained from rat liver 

tissues - but not -lyase activities could be detected46. Moreover, SeMet can be non-

specifically incorporated into proteins substituting for its sulfur analog Met and thus stored 

until the respective proteins are degraded47 (Figure 3). Herein, the extent of SeMet 

incorporation into proteins depends on its dietary dosage. Food supplements used in clinical 

trials contain about 90 % of Se in form of SeMet41. Met has been proposed to have beneficial 

effects on health since it serves as a Cys precursor. Cys, in turn, is essential for GSH synthesis 

and acts as a redox buffer under conditions of oxidative stress48,49. Recently it could be shown 

that SeMet exhibits peroxidase activities contributing to the rapid and efficient removal of 

cellular hydrogen peroxides (H2O2)
50.  

Protein-bound Met can be easily oxidized by H2O2 to methionine-sulfoxides that are 

subsequently reduced by methionine-sulfoxide reductases (MSRB)51. Thus, Met functions as 

an H2O2 scavenger thereby protecting critical amino acid residues of the respective proteins 

against oxidation. Similarly, SeMet can be oxidized to the corresponding selenoxide but at a 

rate 10 to 1000-fold higher compared to the oxidation rate for Met52. Moreover, the reduction 

of oxidized SeMet proceeds non-enzymatically under consumption of GSH as the reductive 

equivalent53,54. Therefore, into proteins incorporated SeMet might be superior over its sulfur 

analog Met in scavenging biological radicals. 

 

1.2.3 The metabolism of methylseleninic acid (MSA) 

The synthetic Se compound MSA, initially generated to study the in vitro effects of Se, is a 

precursor of methylselenol (MeSe-, CH3Se-) (Figure 3). MeSe- is considered as the metabolite 

mediating the anti-carcinogenic effects of Se55,56. Direct comparison of several Se compounds 

revealed that those directly entering the mono-methylated Se pool are more potent in reducing 

the tumor growth in mice compared to those that mainly yield HSe-57. MSA is converted to 

MeSe- via non-enzymatic processes using reducing equivalents in form of cellular thiols, e.g. 

GSH. In addition, MSA can be processed catalyzed by enzymes58,59. In comparison to MSC 

that can be converted to MeSe- only in the presence of -lyase, the bioavailability of MSA is 

far less efficient. Moreover, in vivo studies that compared the stability of MSC and MSA 
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revealed that in contrast to MSC MSA does not reach organs in an intact state. Thus, MSA is 

excellent for studying Se effects in vitro as not all cell lines exert -lyase activities, whereas 

MSC is the best methylselenol source in most organs/tissues58.  

 

1.3 Selenium and selenoproteins 

At the recommended level of ~70 µg per day, Se exhibits anti-oxidant, anti-inflammatory, and 

chemopreventive potentials. The physiological functions of Se are mediated by so-called 

functional selenoproteins that contain the 21st proteinogenic amino acid Sec within their 

primary protein structure60. The co-translational insertion of Sec during protein biosynthesis is 

far more complicated and complex as it is for the other 20 proteinogenic amino acids, e.g Cys.   

 

1.3.1 Biosynthesis of selenoproteins 

Proteins containing Sec are present in all three lines of evolution: eubacteria, archaea, and 

eukarya. Sec insertion into proteins is unique and has some unusual features compared to 

“normal” protein biosynthesis (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Schematic representation of selenoprotein biosynthesis.  
First, tRNA[Ser]Sec is loaded with serine to form Ser-tRNA[Ser]Sec which is further transformed to O-

phosphoseryl-tRNA[Ser]Sec. Next synthesis of Sec-tRNA[Ser]Sec is synthesized using selenophosphate which 

was formed under ATP consumption from selenide. To recode the UGA base triplet for Sec, cis-acting factors 

(SECIS), as well as trans-acting factors (SBP2, eEFSec), are essential. The complex composed of SBP2, eEFSec 

and Sec-tRNA[Ser]Sec is recruited to the ribosome. 

Figure adapted and modified according to Brigelius-Flohé et al.60 

SBP2, Selenium-binding protein 2; Sec, Selenocysteine; SECIS, Sec insertion element; Ser, Serine; eEFSec, 

Eukaryotic elongation factor, selenocysteine-tRNA-specific 
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Sec is encoded by the base triplet UGA that normally functions as a signal to terminate 

protein biosynthesis61. To recode the UGA to a sense codon numerous accessory proteins, as 

well as specific sequences in the 3´UTR region of genes encoding for selenoproteins, are 

necessary62. The so-called Sec Insertion Element (SECIS) is a hairpin structure essential for 

recruiting factors that enable recoding and insertion of Sec into the growing polypeptide 

chain63. In contrast to other amino acids, Sec is directly synthesized at its own tRNA 

(tRNA[Ser]Sec). Initially, serine (Ser) is attached to this tRNA, phosphorylated and converted to 

Sec. The used Se source is selenophosphate (H2SePO3
-) generated from HSe- under 

consumption of ATP. Thus, Sec taken up by foods cannot be directly used but needs to be 

reduced to HSe- prior to selenoprotein biosynthesis (Figure 3). The synthesis of 

selenoproteins is substantially driven by the availability of tRNA[Ser]Sec and therefore, not 

surprisingly, dependent on the cellular Se status. This means that the mRNA levels of 

different selenoproteins only imperfectly reflect the actual protein abundance. In addition, the 

biosynthesis of selenoproteins is hierarchically organized. Thus, upon Se shortage, some 

selenoproteins are synthesized at normal rates, whereas the synthesis of others is clearly 

diminished. For instance, GPX1 ranking low in the hierarchy of selenoproteins is only 

scarcely synthesized during insufficient Se availability, whereas the synthesis of others, e.g. 

GPX2, GPX4, TRXNDs, and DIOs, is only influenced by long-term Se depletion suggesting a 

more pronounced importance of these enzymes64,65.  

 

1.3.2 Why selenocysteine instead of cysteine? 

As early as 1817 Berzelius stated that the novel element Se is “midway between sulfur and 

tellurium and has almost more characters of sulfur than of tellurium”. In fact, sulfur and Se 

share similar physical and chemical characteristics66. Thus, if comparing general properties of 

both elements, functional advantages of Se over sulfur might not become immediately 

obvious. Both elements have similar outer valence-shell electronic configurations and atomic 

sizes. In addition, their ionization potentials, bond energies, and electron affinities are 

practically identical66. Se and sulfur share the same oxidation states. Furthermore, their 

structures and functional groups are so similar that analogous compounds often co-

crystallize66,67. Given the similarities between cysteine (Cys) and Sec, the specific metabolic 

requirements necessary for selenoprotein synthesis, and the high expenses of ATP during Sec 

insertion into a protein (Figure 4), the question arises: What are the benefits of Se over 

sulfur? In biological systems, the biochemistry of Se and sulfur differs in at least two aspects. 

Sulfur-compounds are metabolized to more oxidized states, whereas Se compounds are 
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converted to more reduced states68. In addition, the weaker bond to hydrogen results in higher 

acidity of the selenolate (R-SeH, R-Se-) versus the thiolate (R-SH, RS-). Thus, at 

physiological pH, the sulfur atom of Cys is predominantly protonated, whereas the Se atom of 

Sec is mainly found in the selenolate status. This results in a higher nucleophilicity of Sec 

compared to Cys67,68. These distinctions between Se and sulfur might explain the observation 

that Se compounds are more active against tumors compared to their corresponding sulfur 

analogs69. Furthermore, replacing the Sec residues of various selenoproteins by Cys 

significantly reduced the catalytic activity of the respective proteins. Vice versa, replacement 

of Cys by Sec in Cys-containing enzymes strongly enhanced their enzymatic activities70,71. 

However, this is not the case for TXNRD. Here, Sec was not necessary for the functional 

activity as insertion of Cys instead of Sec did not result in altered enzymatic activities72. This 

observation led to the conclusion that besides the gain of catalytic activity the redox 

properties of Se by itself are related to Se advantages72. Several selenoproteins exhibit 

peroxidase activity and as Se is both, a good nucleophile and electrophile, it easily redox-

cycles between reduced and oxidized states avoiding the risk of irreversible over-oxidation67. 

Thus, the inclusion of Sec instead of Cys in enzymes with peroxidase functions might be a 

mechanism to protect the respective enzymes from irreversible inactivation. This hypothesis 

is strengthened by the notion that Cys-mutants of GPX1 exhibits less enzymatic activity 

compared to the Sec-containing wild type-enzyme, but in addition, it is also readily 

inactivated in the presence of its substrate H2O2
67. 

 

1.3.3 Sec-containing proteins and their physiological roles 

To date, approximately 100 different selenoprotein families have been discovered. 

Aureococcus anophagefferens, a unicellular brown alga, exhibits with 59 selenoproteins the 

largest and most diverse selenoproteome73. Analysis of the human genome revealed the 

presence of 25 genes encoding for selenoproteins15. In vivo labeling of rats with 75Se 

uncovered the existence of more than 25 selenium-containing proteins or protein subunits74. 

Most of the selenoenzymes exhibit peroxidase and/or oxidoreductase properties and are 

therefore necessary for maintaining the cellular redox homeostasis. Selenoproteins are directly 

or indirectly involved in the detoxification of H2O2, they provide assistance in repairing 

oxidized metabolites, are part of the protein folding machinery within the endoplasmic 

reticulum (ER), and are involved in degradation processes of misfolded proteins. Until now 

the best-characterized selenoproteins belong to the family of the glutathione peroxidases 
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(GPX), thioredoxin reductases (TXNRD) and deiodinases (DIO). An overview of 

selenoproteins and their functions is given in Table 1. 

 

Table 1: Overview of mammalian selenoproteins and their functions. 
 

Selenoprotein 

(Symbol/ synonyms) 
Enzymatic activity Function Expression/ localization 

Glutathione (GPX) peroxidase family 

Glutathione peroxidase 1 
(GPX1/ Cytosol GPX, 

GSHPX1) 

Glutathione:hydrogen-

peroxide 

oxidoreductase75 

Reduction of hydrogen peroxides, 

anti-oxidant75 

Ubiquitous; cytosol75 

Glutathione peroxidase 2 
(GPX2/ Gastrointestinal GPX, 
GSHPX-GI) 

Glutathione:hydrogen-

peroxide 

oxidoreductase76 

Reduction of hydrogen peroxides; 

anti-oxidant; mucosal 

homeostasis76,77 

Gastrointestinal tract, cytosol78 

Glutathione peroxidase 3 
(GPX3/ Plasma GPX) 

Glutathione:hydrogen-

peroxide 

oxidoreductase79 

Reduction of hydrogen peroxides; 

anti-oxidant79,80 

Extracellular, plasma81 

Glutathione peroxidase 4 
(GPX4/ Phospholipid 

hydroperoxide GPX, PHGPX) 

Glutathione:hydrogen-

peroxide 

oxidoreductase, also 

accepts lipid hydrogen 

peroxides82 

Reduction of lipid hydrogen 

peroxides; spermatogenesis; 

cerebral embryogenesis82,83 

Ubiquitous, cytosol, 

mitochondria, nucleus83 

Glutathione peroxidase 6 

(GPX6) 

Unknown  Unknown Embryos, Olfactory 

epithelium15     

Thioredoxin reductase (TXNRD) family 

Thioredoxin reductase 1 
(TXNRD1/ TR1, TRXR1) 

Thioredoxin disulfide 

reductase; NADPH: 

disulfide 

oxidoreductase84,85 

Reduction of oxidized 

thioredoxin, selenite, 

selenodiglutathione, hydro-

peroxides; DNA synthesis; 

regulation of signaling pathways, 

e.g. ASK1, TXNIP, PTEN80,86–88 

Ubiquitous, cytosol, nucleus84,85 

Thioredoxin reductase 2 
(TXNRD2/ TR3, TRXR2) 

Thioredoxin disulfide 

reductase89 

Reduction of oxidized 

thioredoxin89 

Mitochondria90 

Thioredoxin-glutathione 

reductase  
(TXNRD3/ TR2, TRXR3, TGR) 

Thioredoxin 

glutathione disulfide 

reductase91 

Reduction of thioredoxin and 

glutathione; sperm maturation91,92 

Cytosol, endoplasmic reticulum, 

mitochondria, nucleus91,92 

    

Deiodinase family 

Iodothyronine deiodinase 1 
(DIO1/ D1) 

5´-deiodination of T4 

and rT393,94 

Systemic thyroid hormone 

biosynthesis (conversion of T4 to 

bioactive T3; inactivation of 

T3)93 

Liver, kidney, thyroid; plasma 

membrane, active center 

cytosolic95 

Iodothyronine deiodinase 2 
(DIO2/ D2) 

5´-deiodination of 

T493,94 

Local thyroid hormone 

biosynthesis (conversion of T4 to 

bioactive T3)95 

CNS, brain, thyroid, bone, 

adipose tissue, skeletal muscle, 

heart; endoplasmic reticulum, 

active center cytosol95 

Iodothyronine deiodinase 3 
(DIO3/ D3) 

Deiodination of the 

inner tyrosyl-ring of 

T493–95 

Inactivation of T4 and T3 

(formation of rT3)95 

CNS, brain, placenta, uterus, 

skin; plasma membrane, cell 

surface95     

Putative oxidoreductases 

Selenoprotein H 
(SELENOH/ SELH) 

Unknown Mitochondrial biogenesis; tumor 

suppressor functions; regulation 

of redox homeostasis; induction 

of phase II enzymes96,97 

Ubiquitous; nucleus 

Selenoprotein M 
(SELENOM/ SELM, SEPM) 

Unknown Interaction partner of Galectin-1; 

cytosol calcium regulation;  

neuroprotection98,99 

Brain; endoplasmic reticulum, 

golgi apparatus100 

Selenoprotein O 
(SELENOO/ SELO) 

Unknown  Mitochondrial redox regulation101 Ubiquitous; mitochondria101 

    



   Introduction  

10 
 

Selenoprotein 

(Symbol/ synonyms) 
Enzymatic activity Function Expression/ localization 

Selenoprotein T 
(SELENOT/ SELT) 

Unknown Intracellular calcium regulation; 

control of glucose homeostasis, 

insulin secretion, 

neuroprotection102–104 

Highly induced in nervous, 

endocrine and metabolic tissues; 

endoplasmic reticulum 

membrane104,105 

Selenoprotein V 
(SELENOV/ SELV) 

Unknown Interacts with OGT; 

spermatogenesis106 

Testis106 

Selenoprotein W 
(SELENOW/ SELW) 

Unknown Glutathione-dependent 

antioxidant; involved in muscle 

growth and differentiation; 

involved in cell immunity107–109 

Ubiquitous, highly expressed in 

muscle, heart, spleen, and brain; 

cytosol109 

    

Others 

Selenoprotein I 
(SELENOI/ SELI) 

Ethanolaminphospho-

transferase110 

Biosynthesis of phospholipid 

phosphatidylethanolamine, 

formation and maintenance of 

vesicular membranes110 

Ubiquitously, highly expressed 

in the cerebellum; endoplasmic 

reticulum110 

Selenoprotein K 
(SELENOK/ SELK) 

Palmitoylation of 

CD36 and the 

Calcium channel 

protein IP3R111,112 

Regulation of calcium-mediated 

activation of immune cells; ER 

stress-induced apoptosis 

protection; Association to the 

ERAD complex112–115 

Ubiquitous, high expression in 

immune cells; endoplasmic 

reticulum114 

Selenoprotein N 
(SELENON / SELN) 

Unknown Redox regulation; regulation of 

ATP2A2 activity; regulation of 

intracellular calcium homeostasis, 

embryonic muscle 

development116–118 

Ubiquitous; endoplasmic 

reticulum116,119 

Selenoprotein S 
(SELENOS/ SELS, SEPS1) 

Unknown Involved in ERAD mediated 

degradation of C99; cooperation 

partner of SELNOK; peroxidase 

activity120–122 

Endoplasmic reticulum122 

Selenoprotein F 
(SELENOF/ selenoprotein 15, 
SEP15) 

Thiol-disulfide 

oxidoreductase123 

Quality control of protein folding 

in ER124,125 

Endoplasmic reticulum125 

Selenoprotein P 
(SELENOP/ SeP, SELP, SEPP) 

Oxidoreductase126 Selenium transport in plasma; 

anti-oxidant activity126,127 

Extracellular126 

Methionine sulfoxide 

reductase B1 
(MSRB1/ SELR, SELX, SEPX1) 

Peptide methionine-R-

sulfoxide reductase  

Reduction of methionine (R)-

sulfoxide back to methionine; 

regulation of protein activity by 

PTMs; role in innate immunity by 

reducing oxidized actin128–130 

Cytoskeleton, Cytoplasm, 

Nucleus129,131 

Selenophosphate synthetase  
(SEPHS2 / SPS2) 

Synthesis of 

selenophosphate from 

selenide and ATP132 

Biosynthesis of selenocysteine 

necessary for selenoprotein 

synthesis132 

Cytosol132 

 

1.3.3.1 The glutathione peroxidase family 

In mammals, eight different glutathione peroxidases (GPX1 – 8) exist, whereas only five are 

selenium-dependent (GPX1, GPX2, GPX3, GPX4, GPX6; Table 1). The remaining three 

contain a conserved Cys instead of Sec. With the exception of GPX4, that is a monomeric 

enzyme, all others are homotetrameric133–135.  

The Sec residues of Se-containing GPXs are located N-terminal within a conserved catalytic 

triad, Sec-Gln-Trp136. GPXs exhibit a wide range of functions and depending on the 

respective isoform they are involved in detoxification of hydrogen peroxides, lipid peroxides 

or other organic peroxides. Thereby, the Sec residue is oxidized to a seleneninic acid 

intermediate (-Se-OH), that is reduced back at the expense of one molecule GSH. The formed 
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glutathionylated selenol (-Se-SG) is further reduced using a second GSH molecule, thereby 

restoring the enzyme´s Sec under production of GSSG. GSSG is reduced by the NADPH 

dependent enzyme glutathione reductase (GR)137 (Figure 5). In case of GPX3, glutaredoxin 

(GLRX) or thioredoxin (TXN) can also be used as reducing equivalents. In addition, GPX4 

oxidizes protein thiols during its catalytic cycle138,139. 

 
 

 

 

 

 

 

 

 

 

Figure 5: Reduction of H2O2 mediated by the GPX/GSH pathway. 

In a first step, the selenol of Sec is oxidized to seleninic acid by H2O2 that is reduced back under consumption of 

2 GSH molecules. The formed GSSG is recovered to 2 GSH by the NAD(P)H-Glutathione-GR-system. 

Figure adapted and modified according to Bindoli et al.137 

GPX, Glutathione peroxidase; GR, Glutathione reductase; GSH, Glutathione; GSSG, Glutathione disulfide.  

 

Besides taking a role in the defense against oxidative damage and maintaining the cellular 

redox status, GPXs are indirectly involved in cellular redox signaling processes. H2O2 is 

considered to oxidize and thereby modulate the activity of several proteins, e.g. protein 

tyrosine phosphatase 1B (PTP1B) or the dual specific phosphatase PTEN, involved in the 

regulation of cellular metabolic pathways. Thus it is conceivable that high or low GPX 

expression, respectively, influences the activity of these enzymes by altering cellular H2O2 

levels140. 

Taken together, GPXs play decisive roles in preventing the organism against oxidative 

damage, maintaining the cellular redox homeostasis, and regulation of redox signaling 

processes.  

 

1.3.3.2 Glutathione peroxidase 2 

Due to its high rank within the family of glutathione peroxidases (see chapter: 1.3.1), GPX2 is 

thought to fulfill important functions besides detoxification of H2O2. One major part of the 

current work was specifically focused on this selenoprotein and is therefore described in more 

detail.  

GPX2 is a selenoprotein highly enriched within the gastrointestinal tract (GIT) suggesting a 

critical role in preventing the GIT from damage mediated by reactive oxygen species 

(ROS)141. The expression of GPX2 is influenced by Se bioavailability. Furthermore, GPX2 is 

regulated by several transcription factors, e.g. the anti-oxidant response transcription factor 
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Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)142, supporting the role of GPX2 in 

maintaining the cellular redox homeostasis. Indeed, GPX1 and GPX2 double KO mice are 

highly susceptible to bacteria associated inflammation and cancer. This indicates an important 

role of oxidative stress in promoting colonic pathology and inflammation that can lead to the 

development of cancerous diseases143. Low expression of GPX2 is associated with advanced 

tumor status and an unfavorable clinical outcome of patients suffering from urothelial 

carcinomas144. In addition, GPX2 deficiency predisposed mice to UV-induced cutaneous 

squamous cell carcinomas (CSCC), indicating a role of this selenoprotein in cancer 

prevention145. Contradictory to studies showing a role of GPX2 in the prevention of cancer 

development, several studies indicate a pro-carcinogenic role of this selenoprotein. GPX2 was 

found to be highly expressed in different types of epithelium-derived tumors, including 

colorectal adenomas, colorectal cancers (CRCs), and mammary carcinomas142. Furthermore, 

clinical analyses have shown that GPX2 levels positively correlate with the differentiation and 

proliferation status in human colon tumor cohorts146,147. Moreover, high GPX2 expression 

levels were associated with early colorectal carcinoma recurrence146 and were contributed to 

the poor prognosis of patients with hepatocellular carcinomas148 as well as gastric cancers147. 

In addition, a significant association between GPX2 expression levels, lymph node (LN) 

metastasis, and vascular invasion was observed. Therefore, it could be speculated that GPX2 

protects metastasizing tumors from oxidative damage by lowering intracellular H2O2 levels. 

In concert, GPX2 depleted tumor cells exhibited significantly higher ROS levels and were 

more sensitive to H2O2 induced cell death146. Moreover, GPX2 knockdown in rats and human 

cancer lines, respectively, resulted in growth inhibition149 and induction of apoptosis150. 

Together, GPX2 plays a pivotal role regarding cancer development. Whether GPX2 has a 

protective and/or promoting role in tumor development remains an open question142,151.  

Within the GIT epithelium, GPX2 is mainly expressed in the crypt bases, where also stem 

cells are located, and gradually declines to the top of the crypts or villi77. Stem cells of the 

GIT continuously differentiate into two distinct cell lineages, the absorptive and the secretory 

one. Whereas enterocytes are adapted for metabolic and digestive functions, goblet cells and 

Paneth cells are specialized for maintaining barrier functions and supporting innate immunity 

of the epithelium. Enteroendocrine cells are hormone-secreting cells and represent a link 

between the neuroendocrine and digestive system152. The Wnt signaling pathway controls 

genes that are necessary for proliferation and differentiation processes of stem cells153. 

Interestingly, GPX2 is regulated via Wnt signals pointing out a role for GPX2 in continuous 

self-renewal of the intestinal epithelium154. Given that the Wnt pathway is constitutively 



   Introduction  

13 
 

active in several colon cancer cells, the support of proliferation in these cells by GPX2 cannot 

be rated as anti-carcinogenic77. In addition, GPX2 contains binding sites for the transcription 

factor Np63150, a negative regulator of p53155. This supports the hypothesis that GPX2 might 

play pro-carcinogenic roles.  

So far, the roles of GPX2 in self-renewal of the intestinal epithelium and therefore in 

maintaining mucosal homeostasis have not been sufficiently investigated. Recently in vitro 

analyses showed that GPX2 depleted tumor cells exhibited a stem cell-like phenotype146. In 

contrast, tumor cells displaying GPX2-mediated stress resistance exhibited similar 

characteristics to those of cancer stem cells, including vigorous proliferation, aggressiveness, 

and naïve differentiation147.   

 

1.4 Selenium and non-selenium proteins 

Several studies demonstrated that the expression of several non-selenium proteins can be 

influenced by Se availability. The proteins upregulated under marginal Se levels include a 

large number of anti-oxidant and phase II enzymes (PIIE) coming along with a so-called 

Antioxidant Response Element (ARE) in their promoter regions156,157. The transcription factor 

Nrf2 has been recognized to transduce gene activation of PIIE as well as enzymes with 

antioxidant functions158,159 by binding to the ARE in the promoter region of the respective 

genes160,161. Under basal conditions, Nrf2 is associated with the redox-sensitive Kelch-like 

ECH-Associated Protein 1 (Keap1). This complex inhibits Nrf2 action and leads to its 

ubiquitination and proteasomal degradation. ARE activation signals, e.g. oxidants, disrupt the 

Keap1-Nrf2-complex via the modulation/oxidation of redox-sensitive Cys residues of Keap1, 

thus leading to conformational changes of Keap1 and subsequent release of Nrf2 out of the 

inhibitory boundary. Further, active Nrf2 translocates into the nucleus and induces the 

transcription of ARE-containing enzymes162 (Figure 6). Thus, manipulating the cellular 

redox-state through modulating Se availability significantly influences the adaptive response 

of Nrf2-regulated genes163. Besides two selenoproteins, GPX2 and TXNRD1, several other 

proteins are affected by Nrf2 activity, including glutathione S-transferases (GSTs) and 

NAD(P)H dehydrogenase [quinone] 1 (NQO1). Furthermore, proteins carrying foreign 

substances and their metabolites, as well as key enzymes of GSH biosynthesis (e.g. GCL, 

GR), are regulated via the Nrf2/ARE pathway164. GSH functions as the co-substrate for GPXs 

and is therefore indispensable for GPXs activity (Figure 5). Furthermore, GSH influences 

together with glutaredoxins (GLRX) the functions/activities of proteins by altering their 
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cysteine-redox state via reversible S-glutathionylation. Thus, GSH plays a role in redox-

signaling processes165. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The Nrf2 pathway. 

Under basal conditions, Nrf2 is bound to Keap1 and marked for proteasomal degradation via ubiquitination (Ub). 

In the presence of high H2O2 levels or electrophiles, Keap1 is redox-modified at redox-sensitive cysteine residues 

leading to changes in its conformation. Thus, Nrf2 is released from its inhibitory boundary to Keap1, translocates 

into the nucleus and induces the transcription of genes containing an ARE within their promoter regions. Figure 

adapted and modified according to Lennicke et al.162.   

ARE, Anti-oxidant response element; CUL3, Cullin 3; GCL, Glutamate cysteine ligase; GPX, Glutathione 

peroxidase; GSH, glutathione; GST, Glutathione S-transferase; Keap1, Kelch-like ECH-associated protein 1; 

Nrf2, Nuclear factor erythroid 2-related factor 2; SOD, Superoxide dismutase; TXNRD, Thioredoxin reductase; 

Ub, Ubiquitin.  

 

As increased Nrf2 activity enhances the expression of components of the pentose phosphate 

pathway (PPP) that generates NAD(P)H equivalents necessary for the GSH-based anti-

oxidant system, the energy metabolism is interconnected with the redox homeostasis166. This 

is in accordance with the observation that combined inhibition of glycolysis, the PPP, and 

thioredoxin increases oxidative stress and cytotoxicity in tumor cell lines167. Furthermore, 

Nrf2 knockdown suppressed tumor growth, inhibited cell proliferation and promoted 

apoptosis168,169. In contrast, Nrf2 played a critical role in protecting against 

colitis/inflammation-associated neoplastic transformation. Herein, Nrf2 knockout mice had 

significantly greater incidence, and colorectal tumor sizes compared to their WT 

counterparts170. High levels of ROS have been identified as a possible mechanism in the 

influence of inflammation on cancer development. In line with this, Nrf2-deficient mice were 

more susceptible to DSS-induced colitis171. These data indicate that Nrf2 may play a role in 

the regulation of inflammation as Nrf2 mediates the induction of anti-oxidant response 

enzymes. Thus, Nrf2 might be critical in the prevention of inflammation-triggered 

development of cancers, whereas established tumors might benefit from high Nrf2 levels. 

Given that several cancers exhibit high Nrf2 levels associated with enhanced tumor 
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progression and chemotherapy resistance, whereas the lack of Nrf2 has opposite effects, Nrf2 

represents a promising target for cancer therapies172. 

 

1.5 Selenium, selenoproteins and human health 

Adequate Se supply is necessary for proper function of selenoproteins, the normal function of 

the immune system as well as the thyroid metabolism and is therefore indispensable for 

human health. In humans, a Se undersupply is associated with loss of immune competence, 

male infertility, an increased susceptibility to viral infections, as well as an increased risk to 

develop cancerous diseases173–175. Good Se sources include seafood, meat, cereals, and Brazil 

nuts. However, Se concentrations in plants, and therefore meat, are highly dependent on the 

Se content in the soil. Consequently, Se intake of humans varies widely depending on the area 

and furthermore on the bioavailability of different Se compounds176 (see chapter: 1.2). 

According to the D-A-CH (D, Germany; A, Austria; CH, Switzerland) society, reference 

values for adequate Se supply were calculated from persons living in regions of China that are 

poor in Se. There, approximately 1 µg Se per kg body weight each day was necessary to 

maximize the plasma levels of selenoprotein P (SELENOP). Using the calculated reference 

body weights of European humans (women 60 kg, men 70 kg), the resulting estimated 

reference values for the daily Se intake are 60 µg for women and 70 µg for men177. On 

average, the actual Se intake in Europe is around 40 µg per day and thus only suboptimal, 

whereas with 93 to 134 µg Se per day the Se status is higher in the U.S.A.174. Even severe Se 

deficiency is rare in humans, the intake of Se-containing supplements (10 to 200 µg Se/day) is 

popular in European countries and the U.S. due to its potential health benefits178. However, 

the dose range for Se that is health beneficial is narrow and follows a U-shaped curve. Thus, 

Se intake above the recommended level might exert adverse side-effects even below the 

“tolerable upper intake level” of 300 to 450 µg Se per day178,179. Together, Se is a trace 

element with a tight therapeutic window resulting in a balancing act between essentiality and 

toxicity (Figure 7).   

 

Figure 7: Dose-dependent health effects of Se. 

For details see text. Figure adapted and modified 

according to Fernandes et al.22. 
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1.5.1 The bad side – The selenium and diabetes story 

Type II Diabetes (T2D) is the most common form of Diabetes and caused by a dysfunctional 

insulin secretion and peripheral insulin resistance resulting in hyperglycemia180. Oxidative 

stress is highly associated with complications and the pathogenesis of T2D181,182. As part of 

anti-oxidant selenoproteins, Se counteracts oxidative stress. Therefore, Se might be protective 

against the development of T2D but the relationship between Se and T2D is highly complex 

and the existing literature contradictory. On the one hand, over-expression of GPX1 in 

pancreatic islets protects -cells, stimulates pancreatic -cell gene expression and improves 

insulin secretion183,184. On the other hand, high Se doses might counteract peripheral insulin 

signaling, which is critical for proper regulation of glucose homeostasis140,185. Thus, several 

studies were conducted to analyze the effects of Se levels on T2D but the results are 

conflicting: A few case-control-studies proposed an inverse relationship between the Se status 

and the prevalence of diabetes186–189. For instance, a longitudinal study conducted in the 

U.S.A. reported higher Se levels in toenails to be associated with a lower risk for T2D186. In 

contrast, various animal and human studies provided evidence that a long-term Se oversupply 

might increase the risk to develop metabolic disorders190–193. Two cross-sectional studies, 

National Health and Nutrition Examination Survey (NHANES) III192 and NHANES 2003-

2004194 reported a positive correlation between high Se intake and T2D. Furthermore, a 

secondary analysis of the NPC study, a placebo-controlled randomized trial designed to 

investigate the effects of Se oversupply (200 µg in form of Se yeast per day) in preventing 

skin cancer, revealed an increased T2D risk by high Se intake191. Furthermore, a positive but 

non-significant association between Se supplementation (200 µg SeMet per day) and T2D 

was found in the Selenium and Vitamin E Cancer Prevention Trial (SELECT)193,195. However, 

no correlations were reported by other epidemiological studies and clinical trials182,196–199. 

Although a recently published Cochrane Review reflected the inconsistency of trial results200. 

In addition to the effects of Se supply on T2D, the above mentioned NHANES III and 

NHANES 2003-2004 studies analyzed the relationship between Se and hyperlipidemia and 

reported that subjects with highest Se levels in plasma also exhibited highest plasmatic levels 

of triglycerides (TG). Moreover, total cholesterol levels, as well as levels of High-Density 

Lipoprotein (HDL) cholesterol and Low-Density Lipoprotein (LDL) cholesterol correlated 

positively with serum Se levels192,194. Similar to T2D data, the available studies regarding Se 

and hyperlipidemia are rather inconsistent. Whereas two investigations found no effect of Se 

supplementation201,202, others could show that intake of 100 µg and 200 µg Se per day, 
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respectively, in form of Se-yeast decreases total as well as non-HDL cholesterol levels in 

plasma203.  

In this context, the indiscriminate use of Se supplements in individuals and populations with 

adequate-to-high Se intake cannot be justified. Although there seems to be a link between 

selenoproteins and glucose metabolism, the observed relationship between Se and T2D based 

on clinical trials is more complex and needs more mechanistic studies. 

 

1.5.2 Selenium and cancer – a long-lasting discussion 

Since 1969 the discussion about the role of Se in cancer prevention and or therapy is ongoing. 

Several prospective studies indicate a positive correlation between Se intake and Se status, 

respectively, on the risk of several types of cancer, including lung, bladder, colorectal, liver, 

esophageal, thyroid and prostate174. The Nutritional Prevention of Cancer (NPC) trial revealed 

that an intake of 200 µg Se in form of SeMet had no effect on the primary endpoint non-

melanoma skin cancer but resulted in a significant reduction of the mortality and incidence of 

prostate (52 %), lung (26 %), and colorectal (54 %) cancers204. However, the correlation 

between Se and cancer risk is rather inconsistent between different clinical trials205. In 

addition, the Selenium and Vitamin E Cancer Prevention Trial (SELECT) was early 

terminated as it failed to detect an effect of Se supplementation on the onset of prostate 

cancer195. There exist several hypotheses about the anti-carcinogenic effects of Se, including 

the anti-oxidant functions of selenoproteins, the involvement of regulation of protein folding 

in the endoplasmic reticulum, Se effects on DNA stability, regulation of cell cycle, as well as 

the stimulation of apoptosis and necrosis206–209. Most of the effects are related to functions of 

selenoproteins. However, increasing the activity of selenoproteins appears to be only one of 

many ways by which Se contribute to normal cell growth and function. Besides the role of Se 

and selenoproteins in maintaining the cellular redox homeostasis, further pathways could be 

identified that are affected by Se supply. These include amongst others the Wnt pathway, 

Nrf2, and nuclear factor NF-kappa B (NF-kB) signaling, as well as protein kinase B (AKT) 

and forkhead protein (FOXO) activities163,208,210,211. Together, the mechanisms by which Se 

might exhibit its anti-carcinogenic effects are not well understood. In addition, epidemical 

data and interventional trials have shown a clear role of Se compounds in the prevention as 

well as therapy of certain kinds of cancers, whereas others failed to detect a beneficial effect 

of Se supplementation. Different malignant cells have their specific biological characteristics 

and eventually different properties to utilize Se. Thus, Se might have effects on some types of 

cancers whereas not on others. Moreover, the inconclusive variability in chemoprevention/ 
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chemotherapeutic efficacy which does not correlate with Se levels alone, reveals that the 

effects mediated by Se differ between distinct Se compounds212. In conclusion, the effects of 

Se on cancer depend on the chemical form, the given dose, and finally on the type of cancer.  

So far, regarding Se and cancer, the research has been mainly focused on chemoprevention. 

The primary idea is based on the indirect anti-oxidant properties of Se that protect cells 

against oxidative damage. In contrast, the rationale for chemotherapeutic effects of Se differs 

and assumes that Se-compounds at higher concentrations might turn into pro-oxidant agents. 

Tumor cells, due to accelerated glycolysis, are characterized by increased levels of reactive 

oxygen species (ROS) making them more vulnerable to oxidative stress when compared to 

non-malignant cells213. Consequently, Se-compounds with pro-oxidant properties have great 

potential as anti-cancer agents as highlighted in recent studies showing that selenite induces 

apoptosis in sarcomatoid malignant mesothelioma cells or non-small lung cancer cell by 

formation of ROS213,214.  

Several studies suggested that methylselenol is the key metabolite mediating the anti-cancer 

effects of Se. Thus, the cytotoxic efficacy of MSA was reported for human lung, prostate, and 

breast tumor models 212,215–218. Furthermore, MSA significantly reduced tumor growth in 

prostate and colon cancer xenograft models without affecting the general behavior of the 

mice, inducing genotoxic side effects, or leading to signs of systemic toxicity57,219–221. More 

recently it could be shown that MSA inhibited mammary tumorigenesis as well as the 

formation of pulmonary metastasis in mice222,223. In combination therapies, MSA enhanced 

the sensitivity of triple-negative breast cancer to paclitaxel, reversed resistance to cisplatin in 

ovarian cancer cells and exhibited synergistic induction of apoptosis with cisplatin224–226. In 

addition, comparing the impact of different Se-compounds on tumor growth revealed a 

superior tumor growth inhibitory effect of MSA over SeMet and selenite in vivo57. Thus, it 

was concluded that methylselenol might mediate the anti-cancer effects of selenium57. 

However, the underlying mechanisms of these observations are not yet well understood.    

 

1.5.3 Selenium and anti-cancer immunity 

Much attention has been focused on the anti-proliferative effects of Se on various normal and 

neoplastic cell types. However, dietary Se supplementation can also enhance the expression of 

various humoral and cellular immune responses, which play roles in anti-cancer immunity. 

The first reference to selenium´s possible role in immune functions was given in 1959, only 

two years after the finding that Se is an essential trace element. McConnell at al. injected 75Se 

into dogs and recognized that the isotope was incorporated into leucocytes227. In fact, immune 
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cells express several selenoproteins. The most abundant selenoproteins in T cells are GPX1, 

GPX4, SELENOP, SELENOK, and SELENOF228,229, which are involved in redox-regulation, 

quality control in the ER and regulation of cellular Ca2+ homeostasis. Therefore it is hardly 

surprising that the Se status affects immune responses230–235.  

Experimental animal studies have demonstrated that an insufficient Se status results in a 

decreased capacity of T cells to respond to stimulation with antigens (Ag) or mitogens, and to 

differentiate into cytotoxic lymphocytes (CTLs)236–238. Furthermore, the authors showed that 

lymphocytes from animals maintained on a Se-supplemented diet had a greater ability to 

destroy tumor cells than lymphocytes from animals maintained on the normal diet236. Besides 

the effects of Se on immune cells involved in eliminating cancer cells, just a few studies exist 

regarding Se and anti-tumor immunity. For proper anti-cancer immune responses, 

transformed cells need to be recognized as “foreign” by effector cells of the innate and 

adaptive immune system. However, tumor cells developed several strategies to escape from 

this immune surveillance239. For instance, the abundance of NKG2D ligands on the cell 

surface of neoplastic cells is frequently downregulated240–242. NKG2D ligands, which are non-

classical MHC class I like molecules243, can be recognized by different subtypes of immune 

cells, including NK cells, CD8+ T cells, and some activated CD4+ T cells via NKG2D receptor 

interactions244,245. Thus, downregulation of NKG2D ligands renders the cells invisible to 

NKG2D receptor positive effector cells. This phenomenon is associated with poor prognosis 

and impaired immuno-therapeutic benefits in many human cancers246. Regarding Se, it could 

be shown that the methylselenol-generating Se compound MSA enhances the expression of 

the NKG2D ligands MIC/A and B on tumor cells and thereby might enhance their recognition 

by NKG2D receptor-expressing immune effector cells247,248. Interestingly this effect is 

restricted to methylselenol-generating Se compounds as similar effects were not observed 

when cells were treated with selenite or selenomethionine248. These data clearly highlight 

differences in the action of distinct Se compounds. As methylselenol-generating Se 

compounds are known to exhibit superior effects over anti-oxidant Se compounds regarding 

inhibition of tumor growth, one could speculate that shaping anti-tumor immunity and 

“boosting” the immune system might play an important role in anti-tumor properties of Se. 
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2 Objectives 

 

As described in the chapter “introduction” it is well established that the essential trace 

element Se possess a significant impact on the cellular redox status via (i) functional anti-

oxidant selenoproteins, (ii) the generation of reactive oxygen species (ROS) by Se 

oversupply, and (iii) the modulation of the activity of non-selenoproteins involved in the 

antioxidant response. Thus, Se bioavailability might not only affect the functional activity of 

selenoproteins but also signaling processes that are sensitive to changes in the cellular ROS 

levels. For instance, cancer cells exhibit due to their high metabolic rate permanently high 

levels of H2O2 resulting in persistent upregulation of redox-sensitive signaling pathways that 

are involved in differentiation and proliferation processes. Thus, manipulating the cellular 

redox status by either enhancing or decreasing intra-cellular H2O2 levels, interrupt e.g. anti-

apoptotic pathways in cancers. Further, several redox-sensitive pathways have been described 

that, when altered, might lead to the development of metabolic disorders, e.g. T2D. Thus, 

modulation of the cellular redox status via the bioavailability of Se impacts signaling cascades 

that are involved in disorder development. However, distinct Se compounds exhibit 

significant differences in their intestinal absorption rate, their bioavailability, as well as their 

intermediary metabolism. Thus, depending on the Se doses and the Se compound given, 

different impacts on the cells might occur. Since the discussion started that Se 

supplementation might have several health benefits, the Se supplement market boomed 

remarkably. Se is consumed by many individuals as a promising health promoting agent 

without controlling total intake or discriminating between distinct Se compounds. Based on 

this background and the reported conflicting results regarding beneficial or even harmful 

effects of Se oversupply, the overall aim of the current project was to characterize the cellular 

activities of different Se derivatives thereby addressing the following questions: 

 

(i) Do distinct Se compounds differentially affect the cellular redox status in murine 

organs? 

(ii) Do distinct Se compounds differentially influence the murine energy metabolism and 

if so are these metabolic alterations related to changes in the cellular redox status? 

(iii) Which role plays the selenoprotein GPX2 in maintaining mucosal homeostasis related 

to the overall energy metabolism? 

(iv) What are the underlying mechanisms, which contribute to the observed anti-cancer 

properties of pro-oxidant Se compounds?    
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3 Summary of the articles 

3.1  Article I - Individual effects of different selenocompounds on the hepatic proteome 

and energy metabolism of mice. 

Claudia Lennicke, Jette Rahn, Anna P. Kipp, Bilijana P. Dojčinović, Andreas S. Müller, Ludger A. 

Wessjohann, Rudolf Lichtenfels, and Barbara Seliger 

 

Selenium exerts its physiological role mainly via the activity of Se-containing enzymes. 

Selenoproteins fulfill different functions including maintenance of the cellular redox status. 

For the optimal activity of selenoproteins a daily intake of ~ 70 µg Se is recommended. 

However, several studies point out beneficial effects of Se oversupply regarding cancer 

prevention. In contrast, a high Se status has also been associated with the development of 

metabolic disorders. In general, the results of distinct studies are inconsistent and 

controversial. Importantly, the metabolic pathways of distinct Se compounds differ 

significantly resulting in downstream metabolites differing in their biological activity. Thus, 

in this manuscript, we addressed the question if the inconsistencies of the published studies 

might be a result of distinct effects mediated by distinct Se compounds. Therefore, we directly 

compared the effects of not only different Se concentrations (deficient, < 20 µg Se/kg diet; 

adequate, 150 µg Se/kg diet; high, 750 µg Se/kg diet) but also different Se compounds 

(sodium selenite, sodium selenate, selenomethionine) on parameters of the energy metabolism 

in mice. Furthermore, parameters of the cellular redox capacity were analyzed and correlated 

to metabolic alterations. We show that indeed not only Se doses but also the used Se 

compounds differentially affect biological processes. Most strikingly, SeMet oversupply 

resulted in a unique response pattern that might be contributed to its non-specific 

incorporation into body proteins. The findings of this study become practically relevant when 

considering Se as a supplement.   

 

 

 

 

 

 

 

 

 

 

 
The detailed information regarding material, methods, results, and discussion is found in article I: 

C. Lennicke, J. Rahn, A.P. Kipp, B.P. Dojčinović, A.S. Müller, L.A. Wessjohann, R. Lichtenfels, B. Seliger, Individual 

effects of different selenocompounds on the hepatic proteome and energy metabolism of mice, Biochim. Biophys. Acta - 

Gen. Subj. 1861 (2017) 3323–3334. doi:10.1016/j.bbagen.2016.08.015.  
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3.2 Article II - Altered protein expression pattern in colon tissue of mice upon 

supplementation with distinct selenium compounds 

Jette Rahn, Claudia Lennicke, Andreas S. Müller, Ludger A. Wessjohann, Rudolf Lichtenfels, and  

Barbara Seliger 

 

Several studies suggest preventive roles of Se in colon cancer development. Given that the 

intestine is the first line internal organ confronted with Se after food intake and that the 

intestine expresses high levels of the selenoprotein GPX2, the aim of the study was to analyze 

the impact of different Se concentrations as well as distinct Se compounds on (i) the anti-

oxidant capacity and (ii) proteomic changes of colon tissues of mice. The colon tissues 

analyzed in this experiment originate from the same mice described in article I. In this 

manuscript, we show that the antioxidant capacity in colonic tissues is only marginally 

affected by different Se compounds. This contrasts with results obtained from liver tissues 

(article I) where Se compounds and Se doses, respectively, exerted differential effects. For 

instance, targets of the transcription factor Nrf2 were markedly upregulated in response to Se 

deficiency in liver tissues, whereas similar effects were not observed in colon tissues. This 

indicates (i) differences in the general redox capacity within both organs that might be due to 

a general higher baseline oxidative microenvironment of colon tissues compared to livers, and 

(ii) tissue-specific actions of Se. Furthermore, the protein expression patterns of colon tissues 

were markedly altered dependent on either the doses of Se supplementation or the type of the 

given Se compound. Herein, the protein abundance of calcium-activated chloride channel 

regulator 1 (CLCA1) was markedly enhanced in response to selenite supply compared to the 

other Se derivatives. Given that CLCA1 is a protein secreted by goblet cells within the 

gastrointestinal tract (GIT), these results indicate an altered mucosal homeostasis mediated by 

specific Se compounds and/ or the activity of Se-dependent proteins. Together, these data led 

to a better understanding of bioactive roles of Se in colon tissues. 

 

 

 

 

 

 

 

 
 

 

 

 
The detailed information regarding material, methods, results, and discussion is found in article II 

J. Rahn, C. Lennicke, A.P. Kipp, A.S. Müller, L.A. Wessjohann, R. Lichtenfels, B. Seliger, Altered protein expression 

pattern in colon tissue of mice upon supplementation with distinct selenium compounds, Proteomics. 17 (2017). 

doi:10.1002/pmic.201600486.  
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3.3 Article III - Loss of epithelium-specific GPx2 results in aberrant cell fate decisions 

during intestinal differentiation 

Claudia Lennicke, Jette Rahn, Claudia Wickenhauser, Rudolf Lichtenfels, Andreas S. Müller, Ludger A. 

Wessjohann, Anna P. Kipp, and Barbara Seliger 

 

The selenoprotein GPX2 is predominantly found in the crypt base of the gastrointestinal tract 

(GIT) but is also expressed in several types of cancers. The co-occurrence of GPX2 with 

components of signaling pathways, such as e.g. Wnt, and the regulation of GPX2 by several 

transcription factors involved in cell differentiation and proliferation processes reveals a role 

of GPX2 in the prevention and/or development of diseases including cancer. Furthermore, 

data obtained from article II revealed a specific role of selenite treatment in colon tissues. 

Therefore, the aim of the present study was to analyze and identify roles of GPX2 within the 

colons of mice using GPX2 KO models and the respective WT mice.  

In the study, a diminished CLCA1 expression pattern in GPX2 KO mice was found. TCGA 

data analysis revealed high CLCA1 mRNA expression levels in normal colon tissues but 

reduced ones in colon tumor sections. Furthermore, we found that the transcript levels for 

markers of several cell types (e.g. enteroendocrine cells, stem cells) were reduced in GPX2 

KO mice compared to the WT counterparts. This was associated with decreased mRNA levels 

of intestinal hormones. Together, we found that GPX2 might be important for the modulation 

of cell fate decisions in murine intestinal epithelium and thus plays a role in mucosal 

homeostasis (Figure 8). These data gave novel insights about the association of the cellular 

redox status, the activity status of GPX2 and mucosal homeostasis. 

 

 

 

 

 

 

 

 

Figure 8: GPX2 is involved in cell fate decisions within the GIT. 

Within the GIT, GPX2 is mainly localized at crypt bases, where also stem cells are located. The data of the 

current study indicate that GPX2 modulates the expression of several proteins involved in differentiation and 

proliferation processes, leading to an altered distribution pattern of secretory and absorptive cell types in colon 

tissues..EEC, Enteroendocrine cell. 

 
The detailed information regarding material, methods, results, and discussion is found in article III: 

C. Lennicke, J. Rahn, C. Wickenhauser, R. Lichtenfels, A.S. Müller, L.A. Wessjohann, A.P. Kipp, B. Seliger, Loss of 

epithelium-specific GPx2 results in aberrant cell fate decisions during intestinal differentiation, Oncotarget. (2018).  
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3.4 Article IV - Modulation of MHC class I surface expression in B16F10 melanoma 

cells by methylseleninic acid 

 
Claudia Lennicke, Jette Rahn, Jürgen Bukur, Falko Hochgräfe, Ludger A. Wessjohann, Rudolf 

Lichtenfels, and Barbara Seliger 

 

Mono-methylated Se compounds might play a role in cancer therapeutic applications. 

Methylselenol-generating Se compounds can kill tumor cells through distinct mechanisms 

including the generation of superoxide radical anions and induction of apoptosis. 

Furthermore, methylselenol has been shown to affect the innate immune response by 

modulating the expression of NKG2D and HLA-E ligands, indicating that Se might improve 

immunotherapeutic strategies. Interestingly, methylselenol-generating Se compounds are 

superior over other Se compounds, e.g. SeMet, in inhibiting cancer growth. However, the 

underlying mechanisms are rather insufficiently understood. Therefore, this study aimed to 

explore the anti-tumor effects of MSA, a direct precursor of methylselenol, using B16F10 

melanoma cells as model. Non-toxic doses of MSA altered the proteome profile of the 

melanoma cells. Interestingly, ER-resident proteins involved in the MHC class I assembly 

were upregulated. Furthermore, redox proteomic analysis revealed that MSA activated 

proteins playing a role in the oxidative folding of MHC class I molecules. In line, MHC class 

I abundance on the cell surfaces of the tumor cells was enhanced in response to MSA and 

DMDSe, but not altered by SeMet and selenite. Furthermore, MSA treatment of B16F10 cells 

enhanced the expression of major components of the antigen processing machinery (APM) 

(Figure 9), of the IFN signaling pathway, and of the anti-oxidant response system. Together, 

these data suggest that MSA might affect the malignant phenotype of melanoma cells and 

enhances the expression of MHC class I APM components by partially mimicking IFN 

signaling. This provides a novel mechanism for the chemotherapeutic potential of 

methylselenol-generating Se compounds. 

Figure 9: MSA enhances the expression of 

components involved in MHC class I 

assembly. 

The presentation of intracellular antigenic 

peptides by MHC class I molecules is the 

result of a series of reactions. First, 

endogenous proteins are degraded by the 

proteasome. The resulting peptides are 

translocated via the heterodimeric transporter associated with antigen presentation (TAP1, TAP2) into the 

endoplasmic reticulum (ER) lumen and loaded onto MHC class I molecules. The trimeric peptide–MHC class I 

complexes are then released from the ER and transported via the Golgi to the cell surface for antigen 

presentation to CD8+ T cells. ER, Endplasmic reticulum; e.c., extra-cellular; i.c.; intra-cellular. 
 

The detailed information regarding material, methods, results, and discussion is found in article IV: C. Lennicke, J. Rahn, J. 

Bukur, F. Hochgräfe, L.A. Wessjohann, R. Lichtenfels, B. Seliger, Modulation of MHC class I surface expression in B16F10 

melanoma cells by methylseleninic acid., Oncoimmunology. 6 (2017) e1259049. doi:10.1080/2162402X.2016.1259049. 
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4 Published articles 

4.1 Article I - Individual effects of different selenocompounds on the hepatic proteome 

and energy metabolism of mice. 
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supplementation with distinct selenium compounds 
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during intestinal differentiation 
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5 Discussion 

 

Based on the anti-oxidant functions of selenoproteins, Se is discussed to play roles in the 

prevention of diseases, such as cancer and diabetes249. Furthermore, evidence exists that Se 

compounds exhibit anti-tumor properties and thus might be used in the therapy of cancerous 

diseases, but the current data situation is controversial. Se is biologically active in a wide 

range of natural and synthetic derivatives that significantly differ in their intermediary 

metabolism, resulting in metabolites with distinct characteristics. Analyzing the current 

literature regarding Se and its association with disease prevention and/or promotion revealed 

that causes of inconsistencies might be a result of the distinct sources and doses of Se used in 

the different studies. For instance, increased risk to develop type 2 diabetes (T2D) was found 

as a secondary outcome of the Nutritional Prevention of Cancer (NPC) Trial, in which healthy 

probands were daily supplemented with 200 µg Se in form of Se yeast191. In contrast, the 

Selenium and Vitamin E Cancer Prevention Trial (SELECT), conducted to assess the efficacy 

of SeMet (200 µg/day) on the incidence of prostate cancer, was prematurely terminated as Se 

supplementation did not show beneficial effects, but as a secondary outcome, a statistically 

non-significant effect of Se on T2D risk (RR 1.07; 99 % CI 0.94 to 1.22; P = 0.16) was 

reported193,195. In addition, other epidemiological studies failed to find a positive correlation 

between Se intake and T2D182 or reported lower baseline Se levels to be associated with a 

higher incidence of diabetes186,189. Regarding the latter, insulin-like properties were also found 

in animal studies, in which Se displayed anti-diabetic effects250–252. It is noteworthy that in 

these studies doses of selenate were used that would be toxic to humans. 

Insulin and insulin receptor interaction initiates the insulin signaling cascade accompanied by 

the generation of H2O2 that deactivates key phosphatases and thereby potentiates kinase 

activities253. Interestingly, transgenic mice over-expressing the selenoprotein GPX1 develop 

obesity, hyperglycemia, hyperinsulinemia, and furthermore insulin resistance 254. Vice versa, 

lack of GPX1 activity improved insulin sensitivity and diminished the development of high-

fat-diet-induced obesity255. Thus, it is conceivable that Se mediated alterations of the cellular 

redox status might contribute to either development or improvement of metabolic disorders. 

Next to islets of the pancreas, the gastrointestinal tract (GIT) plays a crucial role in the control 

of energy homeostasis by fulfilling tasks in digestion, absorption of nutrients and their 

assimilation256. Moreover, enteroendocrine cells are involved in the control of energy intake 

and glucose homeostasis256. Since GPX2 is highly enriched in the GIT, it could be speculated 

that this enzyme fulfills decisive functions next to the detoxification of H2O2. This hypothesis 
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is further supported by the observation that within the GIT GPX2 is located in the crypt bases 

that is not the primary location for absorption processes, but hosts stem cells that are able to 

produce daughter cells that rapidly differentiate into distinct cell lineages257. The perception 

that next to Se availability GPX2 expression is regulated via transcription factors, e.g. -

catenin and STAT1, known to be involved in the control of proliferation and differentiation 

processes indicates a role of GPX2 in maintaining mucosal homeostasis154,258. Together, the 

cellular redox state might influence (i) the insulin target tissues thereby altering their insulin 

sensitivity and (ii) the GIT, where next to digestion and absorption the production of 

hormones regulating the energy intake and glucose homeostasis takes place. Furthermore, as 

mentioned above, different Se compounds might exhibit distinct effects on the cellular redox 

status. The conflicting results reported by several studies regarding harmful and/or beneficial 

effects of Se supplementation on the development of metabolic disorders provided the basis 

for this dissertation and led to the direct comparison of Se compounds most frequently used as 

supplements.  

 

5.1 Impacts of distinct Se compounds on the cellular redox status  

Reactive oxygen species (ROS) are produced in cells in a variety of organelles, including the 

endoplasmic reticulum (ER), peroxisomes, and lysosomes, whereas mitochondria are thought 

to be the major producers of ROS259. Excessive amounts of ROS can damage 

macromolecules, e.g. DNA, proteins, and lipids, whereas moderate ROS levels, in particular 

H2O2, exhibit second messenger-like functions and are involved in cellular signaling 

processes162. Therefore, maintaining the cellular redox homeostasis achieved by balancing 

ROS production and ROS detoxification is essential for normal cell function162. Se, as part of 

anti-oxidant selenoproteins, is involved in maintaining the cellular redox homeostasis. 

Furthermore, Se influences the activity of Nrf2 resulting in altered activities of enzymes 

involved in the antioxidant response.  

In the articles I, II, and III, the influence of distinct Se compounds that commonly used in 

supplements for humans on the expression and activity levels of different anti-oxidant 

selenoproteins and non-selenoproteins were determined in selected tissues of mice.  

Furthermore, the respective Se oversupply doses were chosen to mimic Se doses used in 

human trials (article I and II), while also Se doses at the recommended level (article I, II 

and III), as well as Se deficient conditions, were applied (article I, II and III). More recent 

literature revealed that Se compounds interrupting the cellular redox-homeostasis by the 

generation of methylselenol are more potent in reducing tumor growth compared to those 
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mainly yielding hydrogen selenide. Based on these results, the influence of MSA, a 

methylselenol precursor, on the cellular redox status was analyzed in an in vitro model 

(article IV).  

In line with previous reports, severe Se deficiency led to a marked decrease of GPX activities 

in liver and colon tissues of mice (articles I – III). However, the activities of selenoproteins 

did not differ within the groups supplemented with Se. Moreover, Se oversupply only slightly 

increased GPX activities compared to the recommended level. This indicates that already 

under uptake of adequate Se doses GPXs are fully active, an observation that is in concert 

with previous reports140,157. Furthermore, all Se compounds used in the current study were 

able to generate sufficient levels of hydrogen selenide that is necessary for selenoprotein 

synthesis. Recently, an in vitro experiment was conducted to compare different Se compounds 

with respect to nutritional value vs. toxicity in murine and human liver cells260. Herein, the 

authors found that selenite was superior over selenate and SeMet to induce GPX1 activity. 

Notably, loss of GPX2 (article III) resulted in a compensatory up-regulation of total GPX 

activity in colon tissues, an effect that might be attributed to an enhanced activity of GPX1261. 

Similar effects have not been observed in other tissues than those belonging to the GIT.  

While hepatic Se levels were already saturated in liver tissues under recommended intake of 

selenite and selenate, high SeMet intake resulted in an accumulation of Se (article I). In 

contrast to the inorganic Se-compounds selenite and selenate, SeMet exerts special properties 

as it can substitute for methionine (Met) leading to its non-specific incorporation into body 

proteins. Thus, SeMet is stored in the organism until the respective proteins are degraded21,262. 

Interestingly, SeMet can be oxidized to selenoxides by peroxides, but can be unlike to 

sulfoxides easily and non-enzymatically reduced under consumption of organic thiols such as 

GSH263. Hence, SeMet acts as a peroxidase mimic to achieve rapid removal of peroxides that 

are formed on most amino acids after exposure to ROS264,265. Thus it is conceivable that 

protein-bound SeMet confers to enhanced protection of neighboring amino acids against over-

oxidation21, but this, however, has not been shown in vivo. Hence, a previous study failed to 

detect a protective effect of SeMet residues against tyrosine nitration266. Notably, in the 

current study (article I) high intake of SeMet not only resulted in Se accumulation in liver 

tissues, but also enhanced the presence of free (non-oxidized) thiols. Moreover, high SeMet 

supply resulted in comparable low levels of GSH in hepatic tissues as observed in the Se-

deficient group. This phenomenon is hard to explain by an enhanced excretion rate of 

oxidized GSH (GSSG) into the plasma as assumed to take place under Se-deficient conditions 

(article I). Thus, it could be speculated that SeMet directly removed peroxides leading to a 
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reduced H2O2 status and further a decreased GSH biosynthesis. Notably, a trend of decreased 

mRNA expression levels of enzymes involved in GSH biosynthesis were observed in the 

group fed with high doses of SeMet (article I). Furthermore, Met is necessary for the 

synthesis of GSH. Whether high SeMet levels interfere with GSH biosynthesis in mammals 

needs to be clarified. In general, it is thought that Met utilizing enzymes are not able to 

discriminate between Met and SeMet267. Together it is conceivable that decreased hepatic 

GSH levels are contributed to an altered GSH biosynthesis. To clarify this point more 

comprehensive analysis including specifying the ratio of reduced vs. oxidized GSH need be 

performed. Furthermore, the formation of GSeH, the Se containing GSH analog, in response 

to high doses of SeMet needs to be investigated. In addition, it is questionable whether non-

specifically incorporated SeMet into proteins alters the specific functions and/or activities of 

the respective proteins. It could be shown that substitution of Met with SeMet in amyloid 

proteins modulated their aggregation and neurotoxicity268. The authors concluded that 

modulation of fibrillogenesis by SeMet incorporation affects the amyloid diseases. However, 

whether fibrillinogenesis is decreased, increased or unchanged was dependent on the location 

where Met was replaced by SeMet268. According to the trans-sulfuration pathway, SeMet can 

be transformed to Sec21,43. Very recently, it has been reported that exposure to SeMet not only 

affects non-specific Met substitution, but also Sec-misincorporation into proteins leading to 

protein aggregation269. In line, Lazard et al. reported that SeMet toxicity is mediated by the 

trans-sulfuration pathway amino acids seleno-homocysteine and/or selenocysteine267. In 

general, the substitution of Met by SeMet or Cys by Sec occurs randomly, which in turn 

means that these effects are hard to control.  

It is well known that the cellular redox status affects the activity of enzymes that are targets of 

Nrf2162. Several studies revealed that the expression of these non-selenoproteins can be 

manipulated by Se availability163,270. Already in the 1970s, it could be shown that Se 

deficiency leads to an upregulation of the Nrf2 target gene heme oxygenase 1 (Hmox1)271. 

Further investigations revealed enhanced activities of glutathione S-transferases (GSTs) that 

exhibit peroxidase-like functions when selenium-dependent GPXs are lacking272. In an 

experiment using mice fed with Se deficient diets, it could be shown that this resulted in an 

enhanced activity of NQO1, GSTs, and Hmox1211. This is in accordance with data presented 

in the article I showing in liver tissues of mice maintained on Se deficient diets upregulated 

mRNA expression levels of NQO1 and several other Nrf2 targets resulting in enhanced 

activity of the respective enzymes.  
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However, the up-regulation of Nrf2 targets were solemnly observed in hepatic tissues and not 

in the lysates obtained from colons, where the mRNA expression patterns as well as activity 

levels of Nrf2 targets were not altered under Se deficiency (article II). This is in contrast to 

the results of a study conducted by Müller et al.163. Herein, marginal Se levels (86 µg Se per 

kg diet) did not affect the expression pattern of Nrf2 target genes in hepatic tissues of rats. 

The conflicting results might be explained either by species-specific differences or by 

different Se doses chosen in the studies. Whereas 86 µg Se per kg diet results in slight Se 

deficiency163, < 20 µg Se per diet (article I and II) induces severe Se deficiency. Given that 

50 µg Se per kg diet resulted in a strong upregulation of GPX activity273, a different oxidative 

status could be responsible for the conflicting results. Besides the induction of Nrf2 target 

genes under Se deficient conditions also high doses of Se might stimulate the activity of GSTs 

and NQO1 as previously shown using selenocysteine Se-conjugates or 

dimethyldiselenides274,275. In the current study, oversupply of distinct Se compounds did not 

result in changes in the activity levels of the enzyme NQO1, neither in hepatic nor in colonic 

tissues of mice. As the induction of Nrf2 activity is mediated by the cellular levels of H2O2 the 

given doses within the animal experiments might be too low to induce sufficient levels of 

ROS. For instance, daily treatment of mice with 2 mg Se in form of selenite induced the 

activity of Nrf2276, whereas in the current study only 0.75 mg Se per kg diet were given. 

However, treatment of murine melanoma cells with the methylselenol precursor 

methylseleninic acid (MSA) induced intracellular accumulation of ROS accompanied by Nrf2 

translocation into the nucleus and induction of Nrf2 target genes (article IV). MSA might 

interrupt the cellular redox status in different ways: (i) Depletion of cellular GSH levels, 

which are necessary for its intermediary reduction to methylselenol217,277, (ii) superoxide 

anion radical formation in the presence of oxygen 278, and (iii) oxidative modification of 

redox-sensitive Cys residues resulting in the formation of selenotrisulfides (S-Se-S), 

selenosulfides (Se-S), protein disulfides (S-S), and diselenides (Se-Se) 31. It is obvious that the 

observed upregulation of GSTP1 under Se deficiency (article I) and in response to MSA 

treatment (article IV, data not shown) is mediated by Nrf2 activation as under both conditions 

also the prototype of Nrf2 targets, NQO1, was strongly induced. In contrast, high SeMet 

treatment resulted in enhanced hepatic mRNA expression as well as activity levels of this 

GST isoform even without affecting other Nrf2 targets (article I). Thus, it is questionable if 

an altered Nrf2 activity contributes to induction of GSTP1 mediated by high doses of SeMet. 

A previous study has shown an increased GST activity in response to high doses of 

selenocysteine Se conjugates, which was specifically mediated by the isoforms GSTA2 and 
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GSTP1, whereas other GST isoforms were unaffected274. Again it is noteworthy that SeMet 

can function as a selenocysteine source21,43. GST enzymes catalyze the conjunction of GSH 

with a wide range of electrophilic xenobiotics and thereby facilitate their excretion279. In 

comparison to other GST isoforms, the p-class is more effective in eliminating -

unsaturated carbonyl compounds which are derived from the metabolism of natural cellular 

constituents and foreign compounds as well as from the environment279. The GST-mediated 

detoxification of electrophilic groups is important for the survival of cells, as most of them are 

geno- and/or cytotoxic279. Interestingly, it could be shown that GSTP1 gene expression is up-

regulated in response to protein malnutrition an effect that could be diminished by 

replenishing the diets with Met and Cys280. Furthermore, the same authors later showed that 

limiting the amount of Met and Cys in rat hepatocytes upregulates GSTP1, whereas similar 

effects were not observed by depletion of other amino acids. Thus, the authors concluded that 

a sulfur amino acid specific mechanism is responsible for the upregulation of GSTP1281. This 

hypothesis is in line with a study in which GSH biosynthesis was inhibited with buthionine 

sulphoximine (BSO). Herein, GSTP1 induction mediated by Met restriction was similar to 

that resulting from BSO treatment282. Next to Nrf2, several other factors are responsible for 

the induction of GSTP1 expression and activity, generally attributed to the existence of a 

strong enhancer, named GSTP enhancer I (GPE1), which has two 12-O-tetradecanoylphorbol-

13-acetate response elements (TRE)282. A number of factors activate activator protein-1 (AP-

1), that in turn binds to TRE and induces the upregulation of GSTP1283. GSTP1 upregulation 

by Met restriction was found to be due to decreased GSH levels and induced activity of the 

AP-1 signaling pathway 282. Notably, in vitro experiments showed an activation of AP-1 as a 

consequence of SeMet treatment284. Thus, the observed enhanced GST activity in response to 

high SeMet treatment might be a result of the low GSH levels within this group and an 

enhanced activity of AP-1. However, this needs to be clarified in future.  

 

Taken together, the cellular redox status is differentially affected by distinct Se compounds. 

Most strikingly, SeMet treatment resulted in effects also observed under Met restriction. In 

general, Met metabolizing enzymes cannot distinguish between Met and its Se analog SeMet. 

This results in non-specific incorporation of SeMet into body proteins instead of Met. As Met 

is necessary for GSH biosynthesis, it cannot be excluded that the alteration in total GSH 

levels within liver tissues are mediated by an interference of SeMet with Met metabolism.   
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5.2 Impact of distinct Se compounds on metabolic characteristics in mice 

Both, long-term Se supplementation and a permanently high activity of the selenoprotein 

GPX1 have been positively correlated with the early development of insulin resistance (IR) 

and T2D285–287. In the current study oversupply of different Se derivatives resulted in distinct 

patterns of metabolic parameters (article I). Whereas selenite treatment did not result in any 

changes, high doses of selenate enhanced fasting plasma insulin levels and the HOMA-IR 

score but plasma glucose levels were not affected. Together, these data suggest an impaired 

sensitivity to insulin in the high selenate-treated group. Due to the elevated plasma insulin 

levels by high doses of selenate the abundance of phosphorylated AKT, a kinase mediating 

insulin signals was increased. A key action of insulin is to stimulate glucose uptake into cells 

via translocation of GLUT4 to the cell membrane, an AKT dependent mechanism288. 

Furthermore, activated AKT phosphorylates and thereby inactivates glycogen synthase kinase 

3 (GSK3), a pathway that promotes glucose storage in form of glycogen. Moreover, insulin 

inhibits the de novo synthesis of glucose by blocking key enzymes involved in 

gluconeogenesis and glycogenolysis289. The forkhead box (FOXO) proteins play important 

roles in integrating insulin signaling to the glucose and lipid metabolism290,291. FOXO 

proteins undergo AKT-mediated phosphorylation, resulting in exclusion of these proteins 

from the nucleus and decreased expression of FOXO target genes290. Thus, insulin-induced 

AKT activation counteracts FOXO activity leading to reduced glucose production during the 

state of feeding292. Using transgenic mice where AKT phosphorylation sites of FOXO1 were 

replaced by alanine, Zhang et al. demonstrated that constitutive active FOXO1 does not 

impair TG levels but suppresses several proteins required for lipid synthesis, including sterol 

regulatory element-binding protein 1 (SREBP1c), Acetyl-CoA carboxylase (ACC), and fatty 

acid synthase (FAS)293. Mice treated with high doses of selenate displayed elevated mRNA 

expression levels of ACC and FAS indicating a decreased FOXO1 activity that might be 

mediated by the high activity status of AKT in this group (article I). Vice versa, mice fed 

with high doses of SeMet exhibited low AKT activities but decreased expression levels of 

ACC and FAS (article I). Thus, an altered activity of AKT known to regulate the activity of 

FOXO proteins might contribute to the different metabolic phenotypes developed with 

distinct Se compounds. It is noteworthy that translocation of FOXO proteins in response to 

treatment with distinct Se compounds needs to be analyzed in the future. 

In GPX1 overexpressing mice, an altered AKT phosphorylation status indicated the insulin 

resistance of the animals285. In contrast, selective overexpression (OE) of GPX1 in the 

pancreas of db/db mice resulted in a significantly enhanced -cell mass, a ~40 % increased 
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insulin synthesis, and reversion of diabetes254,294. Thus, these data indicate that general OE of 

GPX1 exhibits distinct effects from selective OE in the pancreas.   

An enzyme playing a role in the development of early insulin resistance is mediated by the 

insulin antagonistic protein-tyrosine phosphatase 1B (PTP1B). This enzyme functions as a 

negative regulator of the insulin signaling pathway via the dephosphorylation of insulin-

signaling components295. PTP1B KO mice are characterized by decreased levels of circulating 

insulin accompanied by increased phosphorylation of the insulin receptor in liver and muscle 

tissues. Further, these mice are more sensitive to endogenous or injected insulin when 

compared to their WT counterparts296–298. Additionally, PTP1B is involved in regulating 

hepatic lipid metabolism299,300. PTP1B contains a redox-sensitive Cys residue within its 

catalytic domain301,302 that can be oxidized in the presence of H2O2 ultimately leading to 

diminished enzymatic activity 303,304. Thus, PTP1B is an example of a protein that connects 

the cellular redox status with the metabolic homeostasis. Se is involved in modulating the 

cellular H2O2 content via the activity of H2O2-detoxifying selenoproteins, the regulation of 

Nrf2 targets involved in the anti-oxidant response, and by superoxide anion radical formation. 

As presented in article I the hepatic activity of PTPs differs remarkably depending on the 

given Se compound. In contrast to a previous report305, Se deficiency did not result in 

enhanced inactivation of PTP even though the activities of anti-oxidant selenoproteins (GPX, 

GPX4, TXNRD) were markedly decreased. It is noteworthy that in the very same group the 

overall thiol-redox-status was not affected. Thus, compensatory effects might play a role in 

this setting, for instance, enhanced activity of GSTs that also exhibit peroxidase properties306. 

Therefore, the low body weights, as well as the low TG contents in plasma observed under Se 

deficient conditions could rather be explained by the diminished food intake, a phenomenon 

that had also been reported previously307. In contrast to the 20 weeks feeding period of mice 

described in article I and II, in article III mice were maintained under Se deficiency for only 

8 weeks. Herein, no significant differences in final body weight gains were observed within 

Se-fed and Se-deficient mice. Further, it was obvious that mice lacking GPX2 activity 

exhibited decreased growth properties (article III). Interestingly, GPX2 KO mice, 

independent of the Se status, displayed an altered expression pattern of several intestinal 

hormones that fulfill functions in the regulation of food intake, energy expenditure and lipid 

metabolism308,309 (article III). For instance, Grehlin, produced by X/A-like cells, that 

stimulates appetite and enhances food intake, was found to be markedly decreased in mice 

lacking GPX2 enzyme activity. In the current study the decreased mRNA levels of several 

intestinal hormones was found in the groups lacking GPX2 activity. However, as these 
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hormones are released into the blood, ELISA assays should be carried out to test if the levels 

of the respective hormones are decreased also in the serum of the respective mice.  

The importance of intestinal enteroendocrine cells/hormones for the regulation of energy 

homeostasis was recently demonstrated by Mellitze et al.310. In mice, the lack of all intestinal 

enteroendocrine cells led to an altered intestinal architecture, impaired lipid absorption and 

glucose homeostasis, as well as growth retardation310. At this point, it cannot be excluded that 

long-term Se deficiency (20 weeks, article I and II) might lead to similar interruption of 

mucosal homeostasis. For instance, the protein abundance of CLCA1 was not altered after 

eight weeks of Se deficiency (article III), whereas long-term Se deficiency decreased its 

protein abundance (article II). Further, colonic GPX activity was with 140 mU/mg protein ~ 

1.7-fold higher after 20 weeks of Se feeding compared to the eight weeks experiment. In 

addition, mice of the eight weeks experiment had slightly higher total GPX activities under Se 

deficient conditions. Thus, the growth retardation observed in the Se deficient group 

described in article I might be a result of diminished food intake mediated by interrupted 

mucosal homeostasis, but further analyses are required to investigate this issue.  

Surprisingly, long-term supplementation with high doses of SeMet significantly reduced body 

weight gains in mice (article I). Total body weights adjusted to food intake shows that these 

mice were hyperphagic, and therefore, the high SeMet mediated reduction in body weights is 

not a response to decreased caloric intake as observed in the group maintained under Se 

deficiency. Furthermore, comparing high versus adequate Se levels it is conspicuous, that PTP 

activity increased with SeMet supply, a possible explanation for the decreased abundance of 

hepatic phosphorylated AKT in these mice (article I). This effect might be a result of the 

H2O2 detoxifying properties of SeMet resulting in less inactivation of PTPs. In contrast to 

previous reports 300, in the current study enhanced activity of PTP did not result in increased 

lipid synthesis, but rather was accompanied by decreased TG levels in plasma of mice. 

Remarkably, within this group also expression levels of enzymes involved in lipid synthesis 

were decreased. Thus, the altered activity status of AKT, influencing the activity of FOXOs, 

rather contributes to decreased TG levels (article I). Contradictory, a recently published study 

showed that SeMet supply enhances TG levels in plasma of mice. This is in line with our 

report showing increased TG levels from –Se to 150 µg/kg diet. However, the authors 

observed a further increase in TG levels under diets of 600 µg/kg diet whereas in our 

experiment 750 µg /kg diet markedly decreased TG levels311.  

As described above, high SeMet treatment resulted in marked changes of the cellular redox 

status when compared to the other treatment regimes. In particular, the free thiol content was 
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enhanced, GSH levels decreased and GSTP activity upregulated; characteristics, also 

observed in mice maintained under Met restriction282,312. Besides participating in S-

glutathionylation reactions, GSTP regulates several signaling pathways, including cellular 

metabolism, and has been described to exhibit diverse catalytic and non-catalytic functions 

related to metabolic diseases313,314. As early as 1989, Thomas et al. reported decreased hepatic 

GST activities in diabetic rats315. Insulin and glucagon regulate GSTs expression, e.g. in 

primary hepatocytes GSTP expression was completely inhibited by administration of 

glucagon indicating that GSTP might play a role in the development of diabetes 316. Within 

the GSTP promoter, an insulin response element (IRE) could be detected that is essential for 

insulin-mediated suppression of GSTP expression317. An enzyme regulated by GSTP that is 

involved in potentiating insulin resistance is the c-Jun N-terminal kinase (JNK), also known 

as a stress-activated protein kinase. JNK reduces glucose metabolism and antagonizes insulin 

signaling via serine phosphorylation of the insulin receptor substrates as well as of AKT318. 

Opposed to tyrosine phosphorylation, serine phosphorylation of molecules involved in insulin 

signaling contributes to their inactivation318. Thus, enhanced JNK activity would inhibit AKT 

activity resulting in FOXO activation and its nuclear translocation. Under physiological 

conditions, a portion of GSTP is bound to JNK. Depending on the cellular redox status GSTP 

dissociates from the complex and releases JNK. Furthermore, upregulation of GSTP would 

result in an increase in inactive JNK, which has been recently shown in tumors319. Thus, the 

observed upregulated GSTP expression and GST activity under SeMet supplementation might 

exhibit dual roles regarding the development of insulin resistance on the one hand and 

proliferation of cancer cells on the other hand.  

Besides the importance of the AKT pathway for proper insulin signaling, high AKT activity is 

also associated with the high proliferation rates of tumor cells. In article IV it is shown that 

treatment of melanoma cells with the pro-oxidant Se compound MSA diminished AKT 

phosphorylation that was accompanied by decreased proliferation as well as migration rates of 

these cells. Furthermore, MSA treatment impaired glucose uptake into these cells. Thus, it is 

conceivable that interference of the AKT pathway via Se supplementation contributes to a 

decreased tumor growth, while it mediates the development of insulin resistance.  

 

Taken together, metabolic parameters of mice fed with distinct Se compounds differed 

markedly each from another, a phenomenon that might be attributed to the specific nature 

exhibited by the different Se compounds. In this regard mice treated with high doses of SeMet 

exhibited a unique response pattern that might be attributed to the marked changes of the 
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cellular redox status observed within this group. Most of the alterations induced by high 

SeMet supply are also described in mice fed with a Met restricted diet. Thus, the data of the 

current study might indicate an interference of SeMet with Met metabolism. This needs to be 

considered when thinking about supplementing Se to prevent diseases such as cancer. 

Furthermore, an indiscriminate usage of Se supplements cannot be justified, and Se 

supplementation for disease prevention is only indicated in subjects with low Se status to 

reach optimal Se levels. 

 

5.3 Impact of Se on anti-tumor immunity 

Se compounds that generate high levels of methylselenol are described to be more potent in 

reducing the tumor growth than those predominantly generating hydrogen selenide. 

Methylseleninic acid (MSA) originates from the organic decomposition of 

methylselenocysteine (MSC)21 and was tested in several xenograft tumor models, including 

prostate and colon cancer. In all these studies MSA showed promising effects as it reduced 

tumor growth without affecting the general behavior of the animals57,219–221. The underlying 

mechanisms of these findings are only insufficiently understood but include caspase 3 

activation and modulation of proinflammatory cytokines221. Furthermore, MSA inhibits the 

activity of AKT, an enzyme often highly active in tumor cells and necessary for cell 

proliferation. MSA impacts the proteome (article IV) as well as the redox-proteome (data not 

shown) in B16F10 cells. Most strikingly, proteins involved in antigen presentation were 

affected by exposure to MSA leading to an enhanced abundance of MHC class I molecules on 

the cell surface of these cells, an effect also observed in other types of tumor cells (article 

IV). In contrast, the Se compound selenite mediated only a slight, whereas SeMet rather 

decreased the MHC class I abundance on the cell surface (Figure 10). This observation might 

be an explanation for results obtained from in vivo studies showing that MSA exhibits 

superior effects regarding the inhibition of tumor growth over selenite and SeMet57. 

For proper anti-tumor effects, a functional immune system is necessary as specific 

lymphocytes can recognize and eliminate transformed cells. MHC class I molecules 

predominantly present endogenous generated peptides on the cell surface to CD8+ T cells. 

Taken into account that tumor cells frequently downregulate MHC class I molecules on their 

cell surface to escape from immune surveillance320,321, substances that upregulate MHC class I 

molecules and shape tumor cells towards an immunogenic phenotype might be useful as 

additives to T cell-based immunotherapeutic approaches322. 
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Figure 10: Regulation of MHC class I molecules by different Se compounds. 

The metabolism of different Se compounds is complex and closely regulated, with two key metabolites: Selenide 

(H2Se) and methylselenol (CH3SeH). MHC class I molecules are only upregulated by CH3SeH-generating 

compounds. 

B16F10 cells were treated with different Se compounds for 24 hrs and the abundance of MHC class molecules 

was analyzed via Flow cytometry (** p < 0.01, *** p < 0.001, student´s t-test) 

DMDSe, Dimethyldiselenide; MSA, Methylseleninic acid; SeMet, Selenommethionine. 

 

Several studies investigated the effects of Se supplementation on the activity status of specific 

lymphocytes. For instance, Hoffmann et al. intended to study how different levels of dietary 

Se affect the development of T helper (Th)2-driven immune responses and found that Se 

intake was not related to the development of allergic airway inflammation in a simple dose-

response manner323. Low doses of dietary Se (0.08 ppm) resulted in lowest levels of allergic 

responses, whereas diets containing adequate Se levels (0.25 ppm) led to the highest 

susceptibility to induced airway inflammation. In contrast, Se doses above the 

recommendations (2.7 ppm) did not lead to significant differences compared to the other two 

groups, suggesting that Se oversupply might differentially affect Th1 and Th2 responses323. 

Furthermore, ex vivo stimulation of CD4+ T cells obtained from mice fed with different 

concentrations of Se (moderate – adequate – high) resulted in a dose-dependent increase of 

their proliferation capacity 324. Interestingly, high Se intake enhanced the strength during 

activation of T cell receptor (TCR) signaling, increased Ca2+ mobilization, oxidative burst, 

and translocation of nuclear factor of activated T cells (NFAT), and finally to increased 

transcription of IFN324. In contrast, the expression of IL-4 in TCR-stimulated CD4+ T cells 

isolated from mice maintained under Se deficient conditions was highest, whereas no 

differences regarding this cytokine could be observed comparing adequate and high Se levels. 

Taken together, these data suggest that high Se intake shifts the differentiation of CD4+ T 

cells towards Th1 cells324, a phenotype beneficial for anti-tumor responses.  
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Several studies suggested a role of the cellular redox status in modulating the activation of T 

cells into T effector cells. Interestingly, TCR stimulation leads to the generation of superoxide 

and hydrogen peroxide that induces T cell apoptosis or enhances T cell proliferation325–328. 

Therefore, it can be speculated that the Se intake affects T cell differentiation processes 

through selenoproteins that regulate the cellular redox status. In line with this hypothesis is a 

study showing that CD4+ T cells isolated from mice maintained on diets with high Se intake 

exhibited an enhanced overall abundance of free cellular thiols 324. Moreover, the differences 

regarding TCR induced Ca2+ flux and proliferative capacity of CD4+ T cells fed with different 

Se doses were negated when cells were treated with N-acetylcysteine (NAC), an exogenous 

source of free thiols324. Furthermore, Shrimali et al. reported that T cells lacking all 

selenoproteins exhibited increased levels of ROS, a decreased proliferative capacity, reduced 

T cell receptor signaling and were functional defective. Also in this study, it was shown that 

the observed effects mediated by loss of all selenoproteins could be reversed by adding 

NAC229,230. In contrast, a study investigating the role of GPX1 in T cells revealed that the 

ablation of GPX1 in Th cells promoted their differentiation into Th1 cells rather than into Th2 

cell329. This was associated with an increased oxidative burst during TCR induced activation 

of these GPX1 KO CD4+ T cells. The authors assumed that TCR induced generation of ROS 

is essential for IFN and IL-2 production and that this increase in intracellular ROS levels is 

limited by GPX1 in CD4+  T cells329. Furthermore in this model NAC treatment inhibited IL-2 

production by the Th cells of both WT and KO mice, and consequently decreased their 

proliferative capacity329. In contrast to results obtained from mice maintained under Se 

deficiency or exhibiting a total lack of selenoproteins, the results of the latter study suggest 

that an enhanced oxidative tone favors the development of Th1 cells. These data might 

indicate that GPX1 plays a role different from other selenoproteins regarding T cell 

differentiation. A few studies have shown that GPX1 might also play a role as a potential pro-

oxidant. For instance, overexpression of GPX1 sensitized mice to acetaminophen-induced 

hepatotoxicity by increasing cellular protein nitration330. In contrast, primary hepatocytes 

isolated from GPX1 knockout mice were more resistant to peroxynitrite-induced toxicity331. 

The underlying mechanisms are thought to be mediated by depleting or enhancing cellular 

GSH levels, which serves as a scavenger of peroxynitrite332. Given that GPX1 utilizes GSH 

during the catalytic cycle and that GSH modulates the Th1 versus Th2 development as well as 

the proliferative capacity of Th cells333, higher GSH levels might be an explanation for the 

observed effects in mice lacking specifically this one selenoprotein.  
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Together, these results suggest that changes in the content of intracellular ROS levels and free 

thiols, respectively, are the key mechanism by which selenoproteins influence the 

differentiation and activation processes of T cells. Depending on the concentration, site of 

generation, and the source, ROS might lead to inhibition and/or activation of T cells325–328. 

 

Taken together, the data of the current study (article IV) show for the first time the reversion 

of a tumor escape mechanism mediated by the pro-oxidant Se compound MSA. Together with 

the described impacts of Se on immune functions, in particular, the activation and 

proliferation of lymphocytes with anti-tumor properties, Se is proposed as an additive useful 

in immunotherapeutic approaches as it (i) might reverse the escape of tumor cells from 

immune surveillance and (ii) might boost the immune system towards anti-tumor immunity 

(Figure 11).  

 

 

Figure 11: Proposed benefits of pro-oxidant Se compounds in enhancing anti-tumor immunity  

Specific lymphocytes of the immune system, e.g. CD8+ T cells or CD4+ Th1 cell, are excellent in identifying and 

eliminating transformed cells. However, tumor cells developed several mechanisms to escape from this so-called 

immune surveillance. Besides the up-regulation of co-inhibitory molecules, such as PD-L1, the downregulation 

of MHC class I molecules is an established tumor immune escape mechanism. In article IV it could be shown 

that the pro-oxidant Se compound MSA leads to the up-regulation of MHC class I molecules on the cell surfaces 

of different tumor cells. Together, with data published by other authors showing an enhances proliferation and 

activity status of lymphocytes necessary for proper anti-tumor responses, it is hypothesized that therapeutic 

doses of pro-oxidant Se compounds might enhance anti-tumor immune responses leading to the destruction of 

tumor cells. TCR, T cell receptor; B2M, Beta 2 microglobulin; TME, Tumor microenvironment 
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6 Concluding remarks and perspectives 

 

Regarding the relationship between Se and the development of metabolic disorders, e.g. 

insulin resistance and T2D, the results obtained from clinical trials as well as from animal 

experiments are rather heterogeneous. Herein, the choice of the Se form might be a reason for 

inconsistencies. As shown in the current study, depending on their specific nature distinct Se 

compounds affect the cellular redox status to a varying extent. Meanwhile, it is well accepted 

that specific types of ROS, in particular H2O2, function as second messengers and therefore 

can impact cell signaling processes. Thus, supplementing Se not only reduces ROS levels that 

can be harmful to cells but also have an impact on the regulation of redox signaling processes.  

Furthermore, it is important to consider that the generation of bioactive Se metabolites is in 

some cases dependent on the enzymatic set up of the cells, e.g. lyases. Se compounds are 

attractive substances in cancer therapeutic approaches. Most studies regarding tumor 

inhibition by Se were conducted with selenite. However, methylated Se compounds become 

more and more attractive. Methylated Se compounds inhibit AKT activity and therefore 

reduced proliferation processes. The molecular mechanisms behind these observations are still 

not well understood but include the modulation of calcium metabolism for instance. In 

contrast, proper AKT signaling is necessary for mediating insulin signaling cascades and 

therefore to prevent the development of insulin resistance. Thus, while the very same pathway 

affected by Se might lead to diminished tumor growth it also bears the risk to develop 

metabolic disorders. Given that tumor cells are more susceptible to Se toxicity compared to 

non-transformed cells, it is conceivable to use specific Se compounds as anti-cancer agents. 

Furthermore, specific Se compounds have been shown to shift the immunogenic phenotype of 

tumor cells that might lead to a reversal of immune escape mechanisms. As demonstrated in 

this thesis, the presence of MHC class I molecules on the cell surface of tumor cells can be 

modified only by specific Se compounds. Given that MHC class I molecules are essential for 

proper T cell-based tumor cell elimination, this observation indicates that Se in combination 

with immunotherapy might enhance the therapeutic outcome. However, this needs to be 

proven in proper in vivo models in future. Very recently, it was published that combination of 

SeMet and the co-stimulatory molecule anti-Ox40 reduces the tumor growth in mice. Herein, 

the authors developed a system combining a fusion protein composed of a tumor-targeting 

protein and a mutated variant of cystathionine gamma-lyase that can convert SeMet to 

methylselenol. Thus, the combination of methylselenol and anti-Ox40 antibodies not only 

reduced tumor growth, but also led to a significant increase in cytotoxic CD8+ T cell in lymph 



   Concluding remarks and perspectives  

96 
 

nodes of mice inoculated with metastatic ovarian cancer. Furthermore, the authors found that 

addition of immunostimulation with the prodrug system increased the ratio of cytotoxic to 

immunosuppressive regulatory T cells (Tregs)334. As the frequency of Tregs infiltrated into 

tumors correlates with poor patient´s prognosis335, it would be interesting to explore if similar 

results can also be observed in the TME.  

So far, most of the studies showing anti-carcinogenic effects in response to Se treatment 

indicate that methylselenol might be the key metabolite. However, for defining novel anti-

tumor strategies in combination with specific Se compounds it is essential to investigate the 

Se metabolites that are generated during the metabolism of Se in more detail. Thus, an 

indiscriminate usage of Se compounds is not justified. In addition, the therapeutic window of 

the Se is rather narrow. Herein, the levels applicable to humans need to be investigated as 

high doses of Se are known to be toxic and therefore side effects in humans cannot yet be 

excluded. 
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