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Abstract

Selenium (Se) is an essential element, and severe deficiency of Se is incompatible
with human life. Se is part of a restricted group of 25 proteins, the selenoproteins.
The selenoproteins have the rare amino acid selenocysteine (Sec), which is an
analog of cysteine (Cys). The -SeH (selenol) group of Sec is an active redox
center in selenoproteins, which are part of the endogenous antioxidant system, for
instance, the oxidoreductases glutathione peroxidase (GPX) and thioredoxin
reductase (TXNRD). The selenoproteins iodothyronine deiodinases (DIO1 and
DIO2) are involved in the metabolism of triiodothyronine (T3) and thyroxine
(T4) thyroid hormones; and methionine sulfoxide reductase B1 (MSRB1) reduces
the oxidized methionine sulfoxide to methionine. Selenoprotein P (SELENOP)
plays an important role in the body Se distribution and homeostasis. The brain is
particularly dependent on Se supply via SELENOP and is spared from Se
deficiency. Although Se deficiency can have neuropathological effects, the
chronic exposure to Se levels above the nutritional requirement can be associated
with neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS)
and Alzheimer’s disease (AD). Paradoxically to Se role as antioxidant in the -SeH
group of selenoproteins, the metabolites of Se in the body (particularly the
selenide intermediates and methylselenol) are highly reactive and can generate
cytotoxic prooxidant metabolites (e.g., methylselenyl radical). This chapter will
explore the role of Se (both excess and deficiency) as physiological
neuroprotective or neurotoxic agent potentially involved in chronic neurodegen-
erative pathologies, such as ALS, AD, and Parkinson’s disease (PD).

Keywords

Selenoproteins · Alzheimer’s disease · Amyotrophic lateral sclerosis ·
Parkinson’s disease · Organoselenium compounds

Abbreviations

30-UTR 30-untranslated region
AChE Acetylcholinesterase
AD Alzheimer’s disease
ALS Amyotrophic lateral sclerosis
AREs Antioxidant response elements
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CNS Central nervous system
CSF Cerebrospinal fluid
Cys Cysteine
DFT Density functional theory
Dha Dehydroalanine
DIO1 Iodothyronine deiodinase 1
DIO2 Iodothyronine deiodinase 2
DIO3 Iodothyronine deiodinase 3
DPDSe Diphenyl diselenide
EFSec Selenocysteine elongation factor
GPX Glutathione peroxidase
GPX1 Glutathione peroxidase 1
GPX2 Glutathione peroxidase 2
GPX3 Glutathione peroxidase 3
GPX4 Glutathione peroxidase 4
GPX6 Glutathione peroxidase 6
GSH Reduced glutathione
GSSG Oxidized GSH
H2O Water
H2O2 Hydrogen peroxide
H2SeO3 Selenious acid
HgSe Mercury selenide
HS� Sulfide
HSe� Selenide
IL-1β Interleukin-1β
KEAP1 Kelch-like ECH-associated protein 1
LMM-SH Low molecular mass thiol
MAO-A/B Monoamine oxidases A and B
MCI Mild cognitive impairment
mcm5U 5-methoxycarbonylmethyluridine
mcm5Um 5-5-methoxycarbonylmethyl-20-O-methyluridine
MeHg Methylmercury
MeSe• Methylselenyl
MeSec Methylselenocysteine
MeSeH Methylselenol
MSRB1 Methionine sulfoxide reductase B1
NAS National Academy of Sciences
NFE2L2 Nuclear factor, erythroid 2 like factor 2
NMD Nonsense-mediated decay
O Oxygen
PD Parkinson’s Disease
Po Polonium
PSTK Phosphoseryl-tRNA kinase
R0-SeH Selenol intermediates
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RDA Recommended dietary allowance
REM Rapid eye movement
RNI Reference nutrient intake
ROOH Organic peroxides
ROS Reactive oxygen species
R-SeO2H Seleninic acid
S Sulfur
SBP2 SECIS binding protein
Se Selenium
-Se¼O Selenoxide
Sec Selenocysteine
SECIS Selenocysteine insertion sequence
-SeH Selenol
SELENOF Selenoprotein F
SELENOH Selenoprotein H
SELENOI Selenoprotein I
SELENOK Selenoprotein K
SELENOM Selenoprotein M
SELENON Selenoprotein N
SELENOO Selenoprotein O
SELENOP Selenoprotein P
SELENOS Selenoprotein S
SELENOT Selenoprotein T
SELENOV Selenoprotein V
SELENOW Selenoprotein W
SeM Selenomethionine
SeO3

�2 Selenite
�SeO3H Selenonic acid
SeO4

�2 Selenate
-Se-OH Selenenic acid
SEPHS2 Selenophosphate synthase 2
SEPHS2 Selenophosphate synthetase 2
SEPSecS Phosphoseryl-tRNA selenium transferase
Ser Serine
SerS Seryl-tRNA synthetase
-Se-S- Selenosulfide
T3 Triiodothyronine
T4 Thyroxine
Te Tellurium
TNF-α Tumor necrosis factor- α
TXNRD Thioredoxin reductase
TXNRD1 Thioredoxin reductase 1
TXNRD2 Thioredoxin reductase 2
TXNRD3 Thioredoxin reductase 3
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UL Upper intake level
α-syn α-synuclein

1 Introduction

Selenium (Se) is a chemical element discovered by Jöns Jacob Berzelius in 1817 and
belongs to the chalcogen family and, along with oxygen (O), sulfur (S), tellurium (Te),
and polonium (Po), forms the group 16 of the periodic table (Barbosa et al. 2017). It is
an essential trace element and has fundamental importance for human health, and
nutritionally it has a narrow range between deficiency and toxicity (Fig. 1) (Nogueira
et al. 2021). In mammals, Se has critical functions in the central nervous system
(CNS), and the brain is one of the organs of the body that has the highest demand for
Se, particularly upon dietary deficiency (Kühbacher et al. 2009).

The main biochemical task of Se is dictated by the functional group selenol
(-SeH), which is found in 25 selenoproteins in humans. The well-established bio-
chemistry of selenoproteins is related to their catalytic role as antioxidant enzymes.
For instance, selenoenzymes such as glutathione peroxidases (GPXs), thioredoxin
reductases (TXNRDs), and methionine sulfoxide reductase (MSRB) are central in
the regulation of cellular redox state. In addition to these enzymes, mammalian cells
express a dozen other selenoproteins, which are not well characterized in terms of
their exact biochemical role in cell chemistry. For instance, iodothyronine deiodinase
1 (DIO1), iodothyronine deiodinase 2 (DIO2), thioredoxin reductase 3 (TXNRD3),
selenoprotein F (SELENOF), selenoprotein K (SELENOK), selenoprotein M
(SELENOM), selenoprotein N (SELENON), selenoprotein S (SELENOS), and
selenoprotein T (SELENOT) are found in the endoplasmic reticulum and modulate
several complexes process (Table 1).

Fig. 1 Inverted U relationship between blood Se levels and human pathologies. The ideal levels of
Se for adequate selenoprotein biosynthesis were arbitrarily based on the quantity of Se in blood that
was associated with maximal glutathione peroxidase activity in adult humans from New Zealand
(for original citations, see Nogueira et al. 2021). The adult normal range of Se is between 70 and
130 μg/L (or 0.9–1.6 μmol/L)
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The potential role of Se as a part of antioxidant enzymes (selenoproteins) in
Parkinson’s disease (PD) and Alzheimer’s disease (AD) has been suggested by
different authors (Adani et al. 2020; Cardoso et al. 2017). Adequate intake of Se
for brain homeostasis is not surprising, given the critical role of selenoproteins as
antioxidants. Furthermore, several selenoproteins participate in the modulation of
inflammatory responses (Hariharan and Dharmaraj 2020). Moreover, there are
studies indicating a decrease in Se levels in the plasma, blood, and several brain
regions in AD patients (Reddy et al. 2017). However, other studies have provided
conflicting results, and no association or even a negative correlation between Se
levels in the brain and AD was observed (Vinceti et al. 2017, 2019a). There are
several suggestions indicating that inflammation may cause a decrease in the body
burden of Se. For instance, a decrease in blood Se levels has been reported in sepsis
and severe SARS-CoV-2 infection (Nogueira et al. 2021). In short, it is still unclear if
the low levels of Se found in some studies were a consequence or the cause of
exaggerated inflammatory response associated with AD and other acute and chronic
pathologies. Another critical point regarding Se and AD is the role of its speciation
as a predicting factor of disease (Vinceti et al. 2017). In short, Se has essential roles
in brain biochemistry, but its intake and blood and body levels must be finely
adjusted to be within the ideal range needed to support the adequate selenoprotein
biosynthesis (Fig. 1 and Sect. 2.1).

It has also been posited that the overexposure to inorganic forms of Se is involved
in the etiology of amyotrophic lateral sclerosis (ALS) (Vinceti et al. 2013). The
neural toxicity of Se is played by its reactive metabolites (for instance,
methylselenol, methylselenyl radical, and HSe-) (Nogueira et al. 2021).

2 Sources of Se

Se can be found in diverse organic (selenomethionine, methylselenocysteine, and
selenocysteine – Sec) and inorganic chemical forms (selenate and selenite). The
comparison of bioavailability of organic (particularly, selenomethionine) and inor-
ganic Se compounds is not fully consistent, though the organic forms seem to be
more effectively absorbed in the gastrointestinal tract (Vendeland et al. 1992) and are
less prone to induce toxic effects (Kiełczykowska et al. 2018).

Se is found in soils and is taken up by plants. The bulk of Se in the food system
resides in the soil (0.1–2 mg Se/kg), primarily because of the weathering of
Se-containing rocks, as well as volcanic activity and dust (Hariharan and Dharmaraj
2020; Oliveira et al. 2017). Other factors that can influence the levels of Se in foods
are the ability of certain plants to accumulate it, cultivation and breeding methods,
climatic conditions, and methods of preparing food products (Kieliszek and Błazejak
2016). In water, Se is encountered in low quantities, especially as selenate and
selenite. The acceptable limit of Se in drinking water is 10 μg/L (Filippini et al.
2018).

Diet is the main source of Se to humans. The selenomethionine synthesized by
plants is incorporated non-specifically in proteins in the place of methionine and can
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be utilized by consumers at all levels of the food web. The main sources of Se in
European populations are cereals, meat, fish, and dairy products (Filippini et al.
2018). The content of Se in some typical food products is presented in Table 2.

Brazil nuts and mushrooms can exhibit high levels of organic Se, mainly
selenomethionine, and the Se concentration varies depending on the Se-soil content
(British Nutrition Foundation 2001). High concentrations of Se have also been found
in plants of the Brassica genus (broccoli, cabbage, cauliflower, and kohlrabi)
(Kieliszek and Błazejak 2016). Meat, egg yolk, and fish are also good sources of
Se, but the Se concentration will heavily depend on Se-soil and on the Se-feed
supplements content (British Nutrition Foundation 2001).

The effect of milling, wash, cooking, and general preparation of foods can change
the Se bioavailability. However, studies have suggested that loss of Se during usual
cooking procedures is likely to be insignificant for most foods (British Nutrition
Foundation 2001).

2.1 Dietary Recommendation of Se Intake

The Food and Nutrition Board at the Institute of Medicine of the National Acade-
mies, USA, established that the Se recommended dietary allowance (RDA) for
individuals higher than 14 years old is 55 μg Se/day (Institute of Medicine 2000)

Table 2 Content of Se in
human dietary products

Food product Se content (μg/g)
Brazil nuts 19.17

Mustard seed 2.08

Yellowfin tuna cooked 1.08

Mussels steamed 0.89

Sardines canned in oil 0.57

Egg yolk 0.52

Shiitake mushrooms dried 0.46

Pork baked 0.44

Shrimp scampi 0.42

Beef steak broiled 0.34

Oats, raw 0.29

Wheat 0.29

Chicken roasted 0.24

Macaroni enriched cooked 0.20

Cottage cheese low fat 0.15

Cashew nuts 0.12

Brown rice cooked 0.06

Baked beans 0.05

Milk 0.02

Broccoli 0.01

Adapted from Kieliszek and Błazejak (2016)
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(Table 3). It is important to stressed that the Se RDA to children is lower than the
RDA to adolescents and adult individuals (Table 3) once the acceptable levels of
blood Se in children is lower than adults (Table 4). Moreover, an ingestion of an
extra 15 μg Se/day is recommended during lactation period, based on the level of Se
in human milk of 10–20 ng/mL (British Nutrition Foundation 2001; Institute of
Medicine 2000).

According to the US National Academy of Sciences (NAS), the tolerable upper
intake level (UL) of Se, i.e., the threshold that should not be exceeded, is 400 μg
Se/day (Table 3). However, the toxic dose was established as greater than 700 μg
Se/day for adults (Kiełczykowska et al. 2018). However, a chronic intake above
100 μg Se/day may cause toxicity after long-term of exposure. Accordingly, the
Denmark PRECISE study has demonstrated that the intake of 300 μg/day of Se-
enriched-yeast (mainly, selenomethionine) for 5 years increased the mortality rate
10 years later (Rayman et al. 2018).

In the United Kingdom, the Se recommended reference nutrient intake (RNI) for
adults is 60 μg/day for adult women and 75 μg/day for lactating women and adult
men (British Nutrition Foundation 2001). The RNI is based on an intake where
blood Se levels are near to the concentration of 100 μg/L in the blood. At this
concentration, the blood activity of GPX reaches a plateau (Nogueira et al. 2021).

The blood Se levels are influenced by pathologies that are associated with
deficiency or excess of the element. For instance, inflammatory processes can be
associated with low levels of Se in the blood (Nogueira et al. 2021). The ideal level
of Se in the blood is in the range of 70–110 μg/L, but the acceptable limits vary
according to the developmental stage (Table 4) (Nogueira et al. 2021; Institute of
Medicine 2000). Of nutritional importance, body Se burden will vary depending on
the Se concentration in the ingested food and on the chemical Se form (British
Nutrition Foundation 2001; Filippini et al. 2018; Fox et al. 2004).

Table 3 Se recommended
dietary allowance (RDA)
and tolerable upper intake
level (UL) for humans

Life stage RDA (μg Se/day) UL (μg Se/day)

1–3 years 20 90

4–8 years 30 150

9–13 years 40 280

>14 years 55 400

Pregnancy 60 400

Lactation 70 400

Adapted from Institute of Medicine (2000)

Table 4 Acceptable levels
of Se in the human blood
depending on the
developmental stage

Age (years) μg Se/L of blood μmol Se/L of blood

0–2 16–71 0.2–0.9

2–4 40–103 0.5–1.3

4–16 56–135 0.7–1.7

>16 70–130 0.9–1.6

Source: Adapted Institute of Medicine (2000) and Nogueira et al.
(2021)
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3 Chemistry of Se: From the Diet to the Selenoproteins

After entering the body, the Se fate will depend on its chemical form. In rats, selenite
and selenate are readily taken up by the small intestine (particularly in the ileum) and
the absorption of selenate is much faster than that of selenite. The large intestine
(colon and cecum) can also absorb Se, but to much less extent than jejunum and
ileum (Vendeland et al. 1992). Selenomethionine is moved by the transporters
involved in methionine uptake, and the uptake of Se from selenomethionine is faster
than that of selenite or selenate (Vendeland et al. 1992). In adult humans (men and
women), the absorption of Se is high (near 90% from fish and selenate, but about
50% from yeast) (Fox et al. 2004).

The metabolism of eletrophilic Se forms (selenite and selenate) involves their
reduction to selenide anion (HSe�) either chemically or enzymatically (Tobe and
Mihara 2018). HSe� is central in the metabolism of Se once it is incorporated into
selenoproteins (Sect. 3.1). Indeed, both inorganic and organic forms of Se must be
metabolized to HSe� as an obligatory step for incorporation into Sec. Possibly
selenopersulfide (formed by a direct interaction of reduced glutathione (GSH) with
electrophilic Se forms) and some Se delivery proteins seem to play a role in the
regulation of HSe� in living cells (Tobe and Mihara 2018).

Selenite and selenate can be directly reduced by low molecular mass molecules
(e.g., GSH) or by NADPH-dependent thioredoxin reductase or glutathione reductase
(Tobe and Mihara 2018). The metabolism of organic forms of Se is more compli-
cated and depends on the type of compound. Selenomethionine, which is the most
common form of organic Se found in human diet, can be metabolized by different
enzymes to form either Sec (which is expected to be oxidized to selenocystine) or
methylselenol. The Sec is transformed to methylselenol that is then demethylated to
form HSe� (Tobe and Mihara 2018). The Sec derived from the catabolism of
selenoproteins can enter the same pathway described for that derived from
selenomethionine by the transelenation pathway (Tobe and Mihara 2018) and can
be re-incorporated in newly synthesized selenoproteins (Fig. 2).

Of particular importance for the toxicity of Se, methylselenol is highly reactive
and can originate the methylselenyl free radical (MeSe•), which can oxidize thiol
groups and other biomolecules. As depicted in Fig. 1, the toxic effects of overexpo-
sure to Se might be associated with several pathologies, which can be due to high
concentrations of HSe�, methylselenol, and MeSe•.

3.1 Sec Synthesis

All organisms that synthesize Sec for incorporation in selenoproteins do it in their
tRNA (tRNA[Ser]Sec) (Hatfield et al. 2006). For Sec synthesis, Se must be available in
the HSe� form, as noted above. Sec synthesis begins with the aminoacylation of
serine (Ser) in tRNA[Ser]Sec by seryl-tRNA synthetase (SerS) with the break of one
ATP molecule (Hatfield et al. 2006). Ser differs structurally from Sec only in the
lateral functional group (-OH group), and Ser is the source of the carbon backbone
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for Sec synthesis (Oliveira et al. 2017). Subsequently, phosphoseryl-tRNA kinase
(PSTK) phosphorylates the seryl moiety in a process that requires ATP consumption
(Hatfield et al. 2006; Oliveira et al. 2017). Concomitantly, monoselenophosphate is
synthesized by selenophosphate synthase 2 (SEPHS2) from HSe� and ATP as
substrate (Hatfield et al. 2006; Oliveira et al. 2017). There are two selenophosphate
synthase-coding genes in mammals SEPHS1 and SEPHS2, wherein SEPHS2 is a
selenoprotein that participates in autoregulation of its biosynthesis and the SEPHS1
seems to have another cellular function other than Sec or selenoprotein synthesis
(Turanov et al. 2011). The Se incorporation in the Ser is catalyzed by phosphoseryl-
tRNA selenium transferase (SEPSecS) and results in the synthesis of the Sec residue
and the release of pyrophosphate (Hatfield et al. 2006; Oliveira et al. 2017) (Fig. 3).

It is noteworthy that in rodents the presence of cysteine (Cys) in place of Sec in
proteins that normally contain Se in a state of Se deficiency has been reported
(Turanov et al. 2011). Cys and Sec differ in their molecular structure only in the
side chain chalcogen atom (S or Se, respectively). Cys is encoded by the UGU and
UGC codons (Fig. 4a), but in this specific case, it is inserted in the UGA codon (i.e.,
Sec codon) by an unknown mechanism. Turanov et al. (2011) speculated that
SEPHS2 could use sulfide anion (HS�) instead of HSe� as a sulfur donor for the
synthesis of Cys in the tRNA[Ser]Sec. Cys was found in TXNRD1 in a SECIS-
dependent manner in NIH 3 T3 cells and in TXNRD1 and TXNRD3 of mice liver

Fig. 2 Representation of the Se metabolic pathway. SeO4
�2 (selenate), SeO3

�2 (selenite), Sec
(selenocysteine), SeM (selenomethionine), MeSec (methylselenocysteine), and proteins can be
obtained from diets and metabolized to HSe�, which posteriorly will be directed to selenoprotein
synthesis via the co-translational incorporation in the tRNA[Ser][Sec] (Sec-tRNA). The selenoprotein
P (SELENOP) has 10 Sec residues and is involved in the transport of Se to several organs (for
instance, the brain). SELENOP provides Se for brain selenoprotein biosynthesis, which is critical
during Se deficiency states. The highly reactive toxic MeSe• is derived from methylselenol
(MeSeH)
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fed a Se-deficient diet (Turanov et al. 2011). In this sense, it is proposed that in a
situation of Se deficiency, Cys can be synthesized in mammalian tRNA[Ser]Sec.

3.2 tRNA[Ser]Sec

The tRNA[Ser]Sec is the longest tRNA in eukaryotes (90–93 nt) and has only five
modified nucleotides (two possible modifications at position 34 and one at positions
37, 55, and 58) (Hatfield et al. 2006) (Fig. 4b). Modification of uracil from position
34 generates 5-methoxycarbonylmethyluridine (mcm5U) and subsequent methylation,
forming 5-methoxycarbonylmethyl-20-O-methyluridine (mcm5Um). In fact, the syn-
thesis of mcm5Um is the last nucleotide modification that occurs in the tRNA[Ser]Sec

Fig. 3 Synthesis of Sec and its incorporation into the nascent polypeptide. Sec synthesis occurs in
its own tRNA[Ser]Sec. A Ser residue is aminoacylated in the tRNA[Ser]Sec by the enzyme SerS and is
subsequently phosphorylated by the PSTK enzyme. At the same time, HSe� is converted to
monoselenophosphate by SEPHS2. The synthesis of Sec itself is carried out by SEPSecS which
incorporates Se into the phosphorylated Ser and releases a pyrophosphate. Virtually, all stages of
Sec synthesis have ATP consumption. Once Sec is synthesized, it is incorporated into the nascent
polypeptide chain by the UGA codon, canonically a stop codon. For Sec to be inserted, cis-elements
are needed, such as selenocysteine insertion sequence (SECIS), and trans, highlighting SECIS
binding protein (SBP2) and selenocysteine elongation factor (EFSec). SBP2, EFSec, SECIS, and
the tRNA[Ser]Sec form a complex that interacts with the UGA codon allowing the insertion of Sec
and preventing the completion of the translation
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(Hatfield et al. 2006; Turanov et al. 2011). The methylation process is facultative and
allows the existence of two major isoforms mcm5U e mcm5Um that present distinct
secondary and tertiary structures (Hatfield et al. 2006). Se levels influence the meth-
ylation process in such a way that in the context of Se sufficiency, there is more
mcm5Um isoform than mcm5U and the opposite occurs in Se deficiency, particularly,
in the liver, kidney, heart, and muscles (Hatfield et al. 2006; Oliveira et al. 2017;
Turanov et al. 2011). The presence of mcm5Um is correlated with an increase in the
stress-related selenoprotein expression, and its absence (i.e., presence of mcm5U) is
associated with a predominant expression of housekeeping selenoproteins (Oliveira
et al. 2017). The methylation of mcm5U to mcm5Um is a key regulatory covalent
modification in the tRNA[Ser]Sec that canalizes the scarce Se to the synthesis of
hierarchically more important selenoproteins, for instance, GPX4 and TXNRDs.

3.3 Selenoproteins Translation

To recognize the UGA codon, a canonical stop codon, as Sec insertion, cis- and
trans-elements are needed during the synthesis of selenoproteins. In animals,
selenocysteine insertion sequence (SECIS) is a cis-element present in the
30-untranslated region (30-UTR) of selenoprotein mRNAs that forms a stem-loop-
stem-loop structure with approximately 100 nt (Bulteau and Chavatte 2015). The
SECIS of eukaryotes presents (I) two or three helixes separated by an internal loop;

Fig. 4 Genetic code with 21 proteinogenic amino acids. Initiation codon Met is indicated in
orange, two stop codons (UAA and UAG) are indicated in green, and the UGA Sec or the third
stop codon are in blue (a). Mammalian tRNA[Ser]Sec (b). The modified nucleotides are highlighted
in orange and pink. Pink is the uracil in position 34 (U34), which can be facultatively methylated
according to the Se status of the body. In a context of Se sufficiency, uracil is methylated, forming
5-5-methoxycarbonylmethyl-20-O-methyluridine (mcm5Um), and this tRNA[Ser]Sec is involved in
the stress-related selenoproteins expression. On the contrary, in a context of Se deficiency, uracil is
not methylated, remaining 5-methoxycarbonylmethyluridine (mcm5U), and this tRNA[Ser]Sec is
involved in the housekeeping selenoproteins expression
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(II) two GA-AG pairs at the base of the second helix (SECIS core or quartet),
responsible for a kink turn generating a peculiar SECIS 3D-conformation; and (III)
an apical loop with two or three unpaired adenines (AAA/G) that are important for
the recognition of SECIS binding protein (SBP2) (Fig. 5). The tandem GA-AG pairs
in the SECIS core and unpaired AAA/G are conserved sequences and are necessary
for the functioning of SECIS (Bulteau and Chavatte 2015). Eukaryotes have two
classes of SECIS structures, i.e., type 1 (present in the 30-UTR of DIO1, GPX1,
GPX2, and the second element of SELENOP mRNAs) and type 2 (present in the
30-UTR of DIO2, DIO3, GPX3, GPX4, the first element of SELENOP, SELENOW,
SELENOF, and SEPHS2mRNAs) which differ in the position of the adenines and in
the presence of an additional helix in the apical loop (Fig. 5) (Bulteau and Chavatte
2015). It is important to highlight that the selenoprotein mRNAs present only one
SECIS element, except for SELENOP which has two (Burk and Hill 2005).
SELENOP has ten Sec residues in its structure, one residue in the N-terminal region,
and nine residues in the C-terminal region (Table 1) (Burk and Hill 2005). It is
proposed that the second SECIS element interacts with the first UGA codon, and the
first SECIS element, more efficient, interacts with the other nine UGA codons to
insert Sec residues (Bulteau and Chavatte 2015). In addition to SELENOP, DIO2
and SELENON have more than one Sec, i.e., two residues of this amino acid.

Fig. 5 Consensus structure of SECIS type 1 and type 2 of eukaryotes (B). Tandem GA-AG pairs
and AAA/G conserved nucleotides were indicated in green. The nucleotide amount of the internal
and apical loops is variable, so they have not been indicated. • means non-conventional base pairs
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SELENON has two variants (accession numbers in NCBI NM_206926.2 and
NM_020451.3) derived from alternative splicing. Variant 2 has 590 amino acids
and two Sec residues (Table 1), and variant 1 presents 556 amino acids and a Sec
residue at position 428. Specifically, the exon removed by alternative splicing has the
UGA codon.

The SBP2 and the Sec elongation factor (EFSec) are the main trans-elements, but
there are other proteins involved in the Sec insertion, for instance, rpL30, termina-
tion factor eRF1, and the eRF1- and ribosome-dependent GTPase eRF3 (Hatfield
et al. 2006). Briefly, the C-terminal region of EFSec interacts with SBP2 forming a
complex which is stimulated by the presence of selenocysteinyl-tRNA[Ser]Sec. SBP2
binds to the SECIS core and to the 28S rRNA for the co-translational insertion of the
Sec into the nascent polypeptide chain in the UGA codon (Fig. 3) (Bulteau and
Chavatte 2015). The translation stop codon in selenoproteins is predicted to be UAG
or UAA. It is estimated that SECIS cannot be closer than 55–111 nt from the UGA
codon to support Sec insertion, probably due to the lack of space for SECIS to
interact with trans-elements and UGA (Bulteau and Chavatte 2015).

As briefly described in Sect. 3.2, the methylation of mcm5U in the tRNA[Ser]Sec to
mcm5Um in the abundance of Se is an important level of control for selenoprotein
biosynthesis. In addition, there are some additional levels of control of UGA
recoding efficiency. For instance, the affinity of SECIS binding proteins for specific
selenoprotein mRNA molecules can be higher for those of essential selenoproteins
(e.g., GPX4 and TXNRD1) than for non-essential ones. Furthermore, the levels of
specific mRNA molecules are also modulated by the Se availability (Sect. 3.4).
However, the mechanism behind this process is not well understood. There is
evidence that Sec insertion competes with normal translation termination and
nonsense-mediated decay (NMD) (Zupanic et al. 2016). NMD consists of the
degradation of mRNAs that have premature stop codons. Se deficiency is correlated
with increased susceptibility of selenoprotein mRNAs to NMD, and increasing Se
levels increases the stability of these mRNAs (Zupanic et al. 2016).

3.4 Hierarchy of Selenoprotein Expression

The bioavailability of Se from food or culture cell media influences the expression of
several selenoproteins, forming the bases for why a hierarchy of selenoprotein
expression concept was developed. In fact, in a Se deficiency state, the organism
does not support the synthesis of all selenoproteins; therefore, it is stipulated that
housekeeping selenoprotein expressions are maintained at the expense of stress-
related selenoproteins (Oliveira et al. 2017).

Selenoproteins affected by Se deficiency differ in various cell types (Zupanic
et al. 2016). Of particular importance for this chapter, the brain has special require-
ments of selenoproteins for its proper functioning (Sect. 3.5). Thus, even upon Se
deficiency, levels of Se in the brain do not differ considerably, unlike other organs,
such as the liver and kidneys (Kühbacher et al. 2009; Oliveira et al. 2017). The
supply of Se in the brain is maintained by SELENOP (Oliveira et al. 2017).
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The level of Se in different organs of rats varies considerably (the kidney has
about 6 mg Se/kg of tissue, the liver 3 mg Se/kg, and the brain 0.5 mg/kg), which at
first glance could give the impression that Se is not so important to the brain.
However, after imposing a Se deficiency for some generations by feeding rats a
diet poor in Se (maximum of 5 μg/kg of diet; the ideal levels of Se for rats are about
100–300 μg/kg), the kidney lost about 85% and the liver 99% of its total Se content.
In contrast, the brain lost only about 30% of its total Se (Kühbacher et al. 2009).
Thus, the hierarchy of selenoprotein synthesis seems to have different levels of
control, which is possibly influenced by the preferential distribution of Se to organs
such as the brain in detriment of others (for instance, the liver). Furthermore, inside
the brain, Se levels also varied depending on the region. For instance, cerebellum
had the highest levels (approximately 0.6 mg/kg of tissue), whereas the brain stem
had the lowest levels (near 0.35 mg/kg). Hippocampus, hindbrain, and forebrain had
about 0.5 mg of Se/kg of tissue (Kühbacher et al. 2009). In short, the preferential
distribution of Se to the brain under Se deficiency indicates the presence of physi-
ological mechanism(s) of selenoproteins control, which is(are) based on the tight
regulation of cerebral Se levels under Se deficiency.

3.5 Selenoproteins and the Brain

Several selenoproteins have a wide range of functions such as antioxidant, anti-
inflammatory, and thyroid hormones regulator, as well as uncharacterized functions
(Hatfield et al. 2006; Oliveira et al. 2017). In the brain, Se as -SeH group of Sec play
critical biochemical roles in GPXs (chiefly in GPX1 and GPX4) and TXNRDs
(TXNRD1 and TXNRD2).

The exact role played by each of the 25 selenoproteins encoded in human genome
in brain physiology is still elusive, but both antioxidant and anti-inflammatory roles
played by selenoproteins and selenoenzymes are essential for adequate brain devel-
opment and functioning. Zhang et al. (2007) demonstrated that the mouse brain
selenoprotein-enriched regions are cerebral cortex, olfactory areas, hippocampus,
and cerebellar cortex, as well as the highly expressed selenoproteins are GPX4,
SELENOF, SELENO K, SELENOM, SELENOP, and SELENOW (Table 5).

As commented in Sect. 3.4, the SELENOP is the major Se transporter to all the
brain regions (Oliveira et al. 2017) and with a minor contribution other
Se-containing molecules, for instance, selenite or selenomethionine (Valentine
et al. 2008) (Fig. 6). To demonstrate the importance of SELENOP to the brain
and, consequently, individual development, several studies have been carried out
with knockout of SELENOP in rodents (Byrns et al. 2014; Caito et al. 2011;
Valentine et al. 2008). The knockout animals developed severe neurological dys-
function and neurodegeneration (Byrns et al. 2014; Caito et al. 2011; Valentine et al.
2008).

Interestingly, few case reports have demonstrated that humans with mutations in
the Sec machinery synthesis have progressive pontocerebellar and optic nerve
atrophy and microcephaly (Pavlidou et al. 2016; Van Dijk et al. 2018).
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Table 5 Mouse brain highly expressed selenoproteins

Selenoprotein
Main sites of expression
in the brain Knockout mouse phenotype References

GPX4 Cerebellum,
hippocampus, choroid
plexus, and
hypothalamus

Embryonic lethal.
Development of seizures
and ataxia

Wirth et al. (2010)

SELENOF Cerebellum, choroid
plexus, and
hippocampus

Early-onset cataracts Kasaikina et al.
(2011)

SELENOK Cerebellum,
hypothalamus, and
hippocampus

Impaired immune
responsiveness

Verma et al.
(2011)

SELENOM Olfactory bulb, cochlea,
cerebellum, and
hypothalamus

Mild obesity with no
apparent cognitive or motor
deficits

Pitts et al. (2013)

SELENOP Cerebellum, choroid
plexus, cerebrospinal
fluid, olfactory bulb, and
hippocampus

Cognitive and motor
deficits. Seizures, ataxia, and
neurodegeneration develop
when fed with se-deficient
diet

Byrns et al.
(2014), Caito et al.
(2011), Valentine
et al. (2008)

SELENOW Hippocampus, cortex,
cerebellum, and
olfactory bulb

Reduced leukocyte count Raman et al.
(2013)

Fig. 6 Se from the diet to the brain. Briefly, the dietary Se is taken up by the liver and incorporated
into the SELENOP in the 8–10 residues of the amino acid selenocysteine. The hepatic SELENOP is
secreted to the bloodstream and distributed to the other organs. Regarding the brain, hepatic
SELENOP crosses the blood-brain barrier through the interaction with the ApoER2 receptor. In
cases of a Se deficiency diet, the cerebral SELENOP serves as a form of Se “storage” and can supply
the cerebral needs of Se to the synthesis of housekeeping selenoproteins (Oliveira et al. 2017).
Moreover, there is evidence that small inorganic and organic molecules from the diet, for instance,
selenite and selenomethionine, can cross the blood-brain barrier and supply the brain Se needs
(Valentine et al. 2008). The selenomethionine non-specifically incorporated in the place of methi-
onine in brain cell protein can also be used for Sec synthesis after selenomethionine-containing
protein degradation. Thus, the ingestion of selenomethionine can serve either as direct or indirect
source of selenide (HSe�)
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4 Neurodegenerative Diseases

Neurodegenerative diseases are a group of complex pathologies that affect the CNS.
The incidence of neurodegenerative diseases has increased in the last several
decades because population longevity has been increasing due to the success of
the prevention and treatment of other chronic degenerative diseases. Neurodegener-
ative diseases can be classified into two main forms: (I) familial forms (early-onset)
which are associated with a genetic mutation and (II) sporadic forms (late-onset)
which have unknown etiologies. Despite this distinction, there is also mounting
evidence that sporadic neurodegeneration is a combination of genetic predisposition
and environmental factors with overlapping disease mechanisms as seen in the
familial forms (Jellinger 2009).

Neurodegenerative diseases can therefore be considered as distinct entities;
however, there is increasing evidence of clinical, pathological, and genetic over-
lapping of the spectrum of etiologies culminating in final common pathway(s) of
neuronal death. The pathogenic mechanisms underlying neurodegeneration are
complex, but the universal clinical factors are aging, protein aggregation,
neuroinflammation, and mitochondrial dysfunction (Fig. 7) (Sheikh et al. 2013).
The combined feature of neurodegenerative diseases is progressive degenerations
and loss of neuronal cells. However, despite this commonality neurodegeneration
appears to be cell-specific, for instance, predominantly affecting entorhinal and
neocortical glutamatergic and nucleus basalis cholinergic neurons in AD,
nigrostriatal neurons in PD, and spinal motor neurons in ALS (Fig. 7) (Sheikh
et al. 2013).

Neurodegenerative diseases can be triggered by a combination of exogenous
and endogenous factors that will be associated with the death of specific and
predominant types of neurons in definite brain areas. Neuronal damage leads to the
loss of specific brain function and culminate in diseases such as PD, ALS, AD, and
others, such as Huntington’s disease or multisystemic atrophy. The relationship
between epigenetic variables and genetic susceptibility plays a critical role in
mediating the increase or decrease in risks of diseases development. Allied with
other risks, the aging is the most critical factor for the appearance of all neurode-
generative diseases, as discussed above. Next, the effects of Se as a risk factor or
as preventive agent will be discussed (Sect. 5). In fact, Se has a dual and opposing
role in neurodegenerative diseases (Fig. 1). At ideal levels, Se has antioxidant and
anti-inflammatory roles, which can delay the development of chronic
neurodegenerative diseases; however, at above nutritional and physiological ade-
quate levels, Se will be a pro-oxidant and may be a contributing factor for
neurodegeneration.

4.1 Alzheimer’s Disease (AD)

AD is the most prevalent cause of dementia, as well as the most common neurode-
generative disease, characterized by progressive loss of memory, presenting a
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gradual evolution with a progressive and sequential decline in cognitive, behavioral,
and motor functions, interfering with individual daily functionality and quality of life
(Scheltens et al. 2016).

In the early stages, AD-afflicted individuals may experience symptoms like
depression. In the advanced stages, the triad aphasia, apraxia, and agnosia are
observed, characterized by a significant loss of language and ability to perform
tasks and name people and objects (Scheltens et al. 2016). In addition, the psychi-
atric and behavioral changes, such as agitation, aggression, delusions, and halluci-
nations, are present in up to 75% of cases. Moreover, AD individuals have a decline
in motor function causing significant strain for caregivers and requiring specific
pharmacological interventions (Scheltens et al. 2016).

AD is increasingly prevalent with advancing age, with a prevalence of 10–30% in
those over 65 years old, and the incidence doubles every 10 years after 60 years old
(Eratne et al. 2018). The risks to develop the AD are related to lower education,
apolipoprotein E’s polymorphism, sex (mainly women), and age (particularly in
those over 80 years old). The lifestyle and other modifiable factors such as smoking,
hypertension, obesity, diabetes, physical and mental inactivity, depression, and diet
play a complex role in dementia. It has been proposed that approximately one-third
of AD worldwide might be due to potentially modifiable risk factors (Eratne et al.
2018).

Fig. 7 The brain regions’ representative where the most prevalent neurodegenerative diseases
start: Alzheimer’s disease (in the temporal lobe in cortical neurons), Parkinson’s disease
(in substantia nigra pars in dopaminergic neurons located in the basal ganglia), and amyotrophic
lateral sclerosis (in anterior spinal cord in motor neurons). Illustrative hypothesis of common final
mechanisms of neuronal death and loss in neurodegenerative diseases, including inflammation and
oxidative stress, mitochondrial dysfunction, defect in protein aggregation, degradation of defective
proteins, and a putative role for neurotoxic metals. Antioxidant selenoproteins block or modulate
negatively the inflammatory and oxidative stress, protect mitochondrial from redox unbalance, and
indirectly can decrease protein aggregation
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The diabetes as factor related with AD has a strongly relation with immuno-
logical mechanisms in the brain and triggers an innate immune response, char-
acterized by the release pro-inflammatory cytokines such as interleukin-1β
(IL-1β) and tumor necrosis factor- α (TNF-α). Additionally, reactive glia is a
common feature of the AD brain, with both microglia and astrocytes observed
surrounding Aβ plaques, and the dominant source of innate immune mediator
production in the brain (Heppner et al. 2015). Of particular importance, Se
supplementation (above the ideal nutritional levels; see Fig. 1) can increase the
risk of type 2 diabetes mellitus. Consequently, chronic and non-adequate over
supplementation with Se can facilitate the progression of AD (Nogueira et al.
2021).

There is evidence that insulin deficiency and resistance are mediators of AD
neurodegeneration. This is explained for the loss of insulin receptor-bearing neurons
which may precede or accompany initial stage of AD. This state is referred to as
“type 3 diabetes” and seems to progress with AD such that, in the terminal stages, it
worsens and becomes global. Oxidative stress, impaired glucose and energy metab-
olism, tau hyperphosphorylation, and APP-Aβ deposition have been linked to
perturbation in insulin signaling (Ahmed et al. 2015).

4.2 Parkinson’s Disease (PD)

PD is the second neurodegenerative disease more common after AD; its description
dates to 1817 when James Parkinson described the cardinal symptoms of this disease
later designated with his name (Poewe et al. 2017). PD clinical manifestations are
bradykinesia and either resting tremor or rigidity. In addition to the motor manifes-
tations, there is a long list of nonmotor symptoms, several of which occur before
motor signs and are considered early PD signs (Poewe et al. 2017). The nonmotor
symptoms are cognitive deterioration, depression, anxiety, psychosis, apathy,
fatigue, gastrointestinal complaints (dysphagia and constipation autonomic as reten-
tion or urgency urge), sexual dysfunction, sialorrhea, hyperhidrosis, hypotension
orthostatic, sensory manifestations (hyposmia and ache), visual manifestations
(changes in perception of the contrast, illusions, and visual hallucinations disorders),
sleep with vivid dreams and night hypermotor activity in the disturbance of rapid eye
movement (REM) sleep behavior, daytime hypersomnolence, and syndrome of rest-
less legs (Poewe et al. 2017).

PD generally arises between the 50 and 80 years old, with a peak in the seventh
decade of life, being more prevalent in men. The PD prevalence and incidence
increase exponentially with age and peak after 80 years old (Poewe et al. 2017).
Recently, Chohan et al. (2021) demonstrated a causal effect of type 2 diabetes
mellitus on PD risk and some evidence of an effect on motor deficit progression,
but not on cognitive deficit progression. As commented for AD, excess of Se intake
can increase the risk of type 2 diabetes mellitus and, indirectly, may increase the risk
of incidence of some symptoms of PD.
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4.3 Amyotrophic Lateral Sclerosis (ALS)

ALS typical form is sporadic; only 5–10% of ALS individuals have a familial form
of the disease with an autosomal dominant, but X-linked and recessive inheritance
patterns also occur. The mutations of the SOD1 gene have been shown to be
associated with ALS in some families (Hardiman et al. 2017).

ALS patients can present with symptoms of predominantly upper motor neuron
dysfunction (spasticity and weakness), with the involvement of lower motor neurons
only becoming evident at later stages of disease (Hardiman et al. 2017). Conversely,
patients can present symptoms of lower motor neuron dysfunction, which includes
fasciculations, cramps, and muscle wasting. Approximately one-third of patients
with ALS present with bulbar-onset disease, which is characterized by progressive
dysarthria, followed by dysphagia and often with associated emotional lability (Chiò
et al. 2013). Limb-onset disease accounts for 60% of cases, is usually asymmetrical
in presentation, and can first develop in the upper or lower limbs. Up to 5% of
patients present respiratory problems, and these patients are often observed in
cardiology and pulmonology clinics before they are referred to neurology clinics
(Chiò et al. 2013). ALS has an inflammatory component that contributes to progres-
sion of the disease and is associated with oxidative stress in specific regions of the
motor neurons. Consequently, in addition to selenoproteins role as oxidoreductase
antioxidant enzymes (e.g., GPX, TXNRD, and MSRB1), the regulation of inflam-
matory signaling by selenoproteins (for instance, TXNRD) is expected to delay the
progression of the disease. However, the Se intake cannot exceed the ideal levels of
the element because excess of Se can be associated with an increase in the incidence
of ALS (Vinceti et al. 2014; Sect. 5.1).

In Europe, the incidence ranges from 2 to 3 cases per 100,000 individuals (Chiò
et al. 2013). The incidence of ALS differs based on ancestral origin, for instance,
studies in populations of European origin have shown a crude incidence of >3 cases
per 100,000 individuals, but incidence is lower in East Asia (~0.8 cases per 100,000
individuals) and South Asia (~0.7 cases per 100,000 individuals) (Chiò et al. 2013).
The main limitation of global ALS epidemiology is that ~80% of studies have been
conducted in Europe and the United States and they comprise patient cohorts of
northern European ancestry. The age of onset peaks at 65 years (Hardiman et al. 2017).

5 Selenium and Neurodegenerative Diseases

Several studies have been carried out to address the role of Se in the neurodegenerative
diseases. Although the essentiality of Se to human life maintenance, and particularly
for the proper functioning of the brain, there is a tenuous agreement about where the Se
nutritional effects vanish and the Se harmful effects commence. To understand the
effects of Se, we need to take into consideration the neurodegenerative disease to be
studied, the Se chemical form, the amount of Se bioaccumulated into the body, as well
as the individual ability to metabolize particular Se compounds.
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5.1 Evidence that Overexposure to Se Can Trigger
Neurodegenerative Diseases

Epidemiologic studies have been demonstrating that the environmental overexpo-
sure to Se can be involved in the etiology of some neurodegenerative diseases
(Oliveira et al. 2017; Vinceti et al. 2013, 2017). Here, the most recent scientific
literature concerning Se as a potential environmental factor involved in the neuro-
degenerative diseases’ development will be highlighted and summarized.

The toxic effects of Se exposure were first observed in farm animals, mainly in
livestock. Animals chronically exposed to Se, usually from Se-accumulators’ plants,
had lack of vitality, anemia, stiffness of joints, deformed and sloughed hooves,
roughened hair coat, and lameness. Moreover, animals have a garlic-like breath
odor, which is characteristic of Se intoxication due to Se metabolization to
dimethylselenide. Interestingly, cases of neurotoxicity were not reported in animals
environmentally exposed to Se, despite the fact that experimental animals exposed to
Se presented several biochemical, behavioral, and physiological alterations in the
nervous system, as elegantly reviewed by Vinceti et al.(2014).

In recent years, evidence has demonstrated that individuals living in selenifer-
ous areas have hypertension (Vinceti et al. 2019b), nausea and vomiting, chest
pain, hair and nail abnormalities and loss, garlic odor, edema, and spontaneous
abortion (Chawla et al. 2020). Regarding neurodegenerative diseases, important
epidemiological studies have raised the hypothesis that the chronic overexposure
to Se, mainly the inorganic chemical form, can increase the risk of neurodegener-
ative diseases development, with a great emphasis on ALS (Vinceti et al. 2013,
2014).

The first evidence that the environmental overexposure to Se could be involved in
the etiology of ALS was published in 1977 (for historical details, see Vinceti et al.
2014). Subsequently, in an Italian population exposed to drinking water with high Se
content for approximately 15 years, Vinceti et al. (1996) observed an increase in
ALS incidence, and, approximately 15 years after the drinking water high Se
exposure was corrected and ended, the relative risk to ALS development in the
same population decreased (Vinceti et al. 2019c). Vinceti et al. (2013) observed, in
newly diagnosed ALS patients, an increase in the total content of Se, especially the
inorganic form, selenite, in the cerebrospinal fluid (CSF) when compared with health
patients.

Reinforcing the evidence that the CSF levels of Se seem to be a potential marker
to ALS and perhaps to other neurodegenerative diseases, a recent systematic reviews
and meta-analysis paper summarized that PD patients have the CSF Se levels
increased when compared to health individuals, while the blood Se levels were
unchanged (Adani et al. 2020). The study by Maass et al. (2020) was the first to
evaluate the Se speciation in the CSF of PD patients, and interestingly the authors
observed a slight increase in the levels of organic Se species. However, more studies
are necessary with large sample sizes and in different populations to determine if the
organic Se species are potential markers of PD.
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On the other hand, regarding AD there is no consensus in the literature data.
Cardoso et al. (2017) did not observe significant differences in the blood or CSF Se
levels among AD patients and age-matched controls. On the contrary, in a systematic
review and meta-analyses study, Reddy et al. (2017) observed a decrease of Se levels
in the blood and CSF of AD patients in comparison with healthy controls; but the
CSF meta-analyses included only two papers; thus the risk of bias is high, and meta-
analyses including greater number of studies are necessary.

Interestingly, Vinceti et al. (2017) in a cohort study observed that mild cognitive
impairment (MCI) patients with CSF inorganic Se (selenate) above the median levels
are more likely to develop AD (hazard ratio of 3.1), though, when the same research
group evaluate, in a case-control study, the CSF Se speciation in AD and MCI
patients, the risk of AD development was inversely correlated with inorganic Se
species (Vinceti et al. 2019a). Based on the contradictory results, the authors
suggested that case-control studies are not a good design to understand the Se effects
in the AD etiology.

5.2 Evidence that Se Can Protect from Neurodegenerative
Diseases Development

As commented in the previous section, in the first decades after Se discovery, it was
considered a toxic substance. However, after the studies of Schwarz and Foltz, where
it was demonstrated that Se could be one of the factors preventing liver degeneration
caused by a vitamin E-deficient diet (Nogueira et al. 2021), the interest in the
nutritional Se effects increased. The biochemical essentiality of Se was proved
almost two decades after the studies of Schwarz and Foltz, when Flohe and col-
leagues identified Se as component of an important antioxidant protein, GPX
(Nogueira et al. 2021), and since the classical study of Dr. Flohe’s group, more
24 selenoproteins were identified in the human genome (Sect. 3).

In relation to the potential neuroprotective role of Se, an extensive number of
studies have been carried out investigating the pharmacological effects of several
Se-containing molecules in animal models of neurodegenerative diseases.
The most used models of AD consist of genetically modified animals (Zhang
et al. 2020), but some chemical agents (e.g., aluminum) have also been considered
in some studies (Ji et al. 2020). The Se-containing molecules studied varied
considerably, and inorganic Se species (selenate), natural organic selenium
compounds (selenomethionine), and synthetic organoselenium compounds
(Ebselen, 7-chloro-4-(phenylselanyl) quinoline, among others) have been shown
to exhibit interesting pharmacological effects (Barbosa et al. 2017; Nogueira et al.
2021). The mechanisms of Se action seem to involve the modulation of the redox
balance either directly or indirectly (as source of Se for the selenoproteins
synthesis).

On the other hand, the studies with humans are inconclusive. The work of
Cardoso et al. (2016) explored the effects of Brazil nut (a Se-rich nut; Sect. 2)
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supplementation for 6 months on adults with MCI. The authors observed improve-
ments in verbal fluency and constructional praxis after the Brazil nut supplementa-
tion; but the long-term effects were not evaluated. Recently, Cardoso et al. (2019)
observed that supranutritional sodium selenate increased the CSF Se and
selenoprotein levels and caused a stabilization in the AD individual in the Mini-
Mental Status Examination. The idea of a supranutritional Se supplementation must
be carefully considered, once as discussed in the Sects. 2.1 and 5.1, an increase of
blood Se levels above 110 μg/L can be toxic and the overaccumulation of Se in the
CSF could be a trigger to some types of neurodegenerative disease. The critical point
here is to determine the Se status in individual terms before considering any
nutritional intervention with Se supplements.

Until now, no study has been conducted on Se supplementation in humans having
PD and ALS. In the meantime, the Se effects have been explored on PD-like animal
models, and Se have demonstrated promising results mainly related to increased
antioxidant defense and increased synthesis of selenoproteins (Nogueira et al. 2021).

6 Loss of Se from Selenoproteins and Its Influence
on Neurodegenerative Diseases

As previously mentioned, selenoproteins are essential to CNS due to their antioxi-
dant activity (GPX, TXNRD, and MSRB1) and Se transport (SELENOP), contrib-
uting to keep the intercellular reducing microenvironments (Oliveira et al. 2017). For
example, GPX, which presents the Sec residue in the active site, can reduce the
harmful hydrogen peroxide (H2O2) to water (H2O) very efficiently (Hatfield et al.
2006). In this sense, the -SeH moiety plays an essential role due to its reactivity and
sequential oxidation and reduction reactions, which is kinetically better when com-
pared with thio-GPX, which have the Cys residue in the Sec position (Barbosa et al.
2017). In general, the Se from Sec has a larger atom size, lower pKa, and lower redox
potential than the S from Cys, which makes –SeH more efficient than –SH group as
redox and antioxidant center in proteins (Oliveira et al. 2017). Computational
quantum-chemistry studies using the density functional theory (DFT) calculations
also demonstrated that the energetic profile of the catalytic cycle for a Sec-GPX is
lower than the Cys-GPX (Orian et al. 2015).

Of neurotoxicological significance, the inactivation of selenoproteins by environ-
mental relevant electrophiles may contribute to the development of neurodegenera-
tive diseases. For instance, it has been suggested that some toxic metals (e.g., Hg)
could be causative factors in brain disorders (e.g., neurodegenerative disorders)
(Oliveira et al. 2017; Nogara et al. 2019). Although it is still debatable whether
toxic metals and other relevant electrophiles have a role in the development of brain
diseases, the disruption of selenoproteins function are intuitively expected to disrupt
normal brain cell physiology. Here, the hypothesis that interaction of electrophiles
(mainly with methylmercury - MeHg) with selenoproteins facilitating Se loss as a
potential mechanism that triggers neurodegeneration will be discussed.
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According to the GPX catalytic cycle (Fig. 8a), the -SeH from Sec reacts with
H2O2 (or organic peroxides, ROOH) leading to the water or ROH and selenoxide
(-Se ¼ O), which is isomerized to the selenenic acid (-Se-OH) (or also the -SeH can
be oxidized directly to the -Se-OH) (Orian et al. 2015). The -Se-OH is reduced by
one GSH molecule, forming the selenosulfide (-Se-S-) intermediate, which reacts
with other GSH, leading the oxidized GSH (GSSG) and regenerating the -SeH group
(Barbosa et al. 2017). However, under oxidative stress conditions (where the oxi-
dants species levels are higher than the reductants and/or there is depletion of low
molecular mass thiols (LMM-SH), such as GSH), the overoxidation of Sec residues
could be irreversible (forming the selenonic acid (-SeO3H), analogous to sulfonic
acids R-SO3H from Cys) leading to the protein inactivation and consequently cell
damage. In fact, the oxidation of Sec and Cys residues could lead to the
dehydroalanine (Dha) formation and the loss of Se/S from the protein. The Dha
formation is a non-enzymatic process, which occurs via syn-β-elimination, where the
Se undergo facile elimination in biological conditions (Ma et al. 2003).

As demonstrated in Fig. 8b, the overoxidation of Se can lead to the -SeO3H and
β-elimination, this last, via intramolecular abstraction of the Hα, leading to the Dha
and selenious acid (H2SeO3, or selenite: SeO3

2� + 2H+). In addition, the conversion
of -SeH to other functional groups, such as alkyl derivatives, may contribute to the
Dha formation (Fig. 8c), as suggested for TXNRD, GPX, and SELENOP (Ma et al.
2003; Wang et al. 2011). The industrial pollutants acrolein, acrylonitrile, and
methylvinyl ketone can act as alkylating agents and could react with the Sec residue,

Fig. 8 Proposed mechanism of GPX catalytic activity (a), the overoxidation of Sec (b), the loss of
Se by the Dha formation (c), and formation of selenenamide 8-membered ring (d). The loss of Se
can occur by the overoxidation of Se atom (b) and by the selenoxide elimination from the alkyl/
MeHg-adducts from Sec (c). In addition, the β-elimination reaction of the Sec-HgMe adduct could
lead to mercury selenide (HgSe) (c), by an unknown mechanism. The mechanisms discussed for
GPX enzymes can also occur in all the other selenoproteins, and hypothetically the simultaneous
disruption of several selenoproteins may have catastrophic effects of cell redox balance
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consequently, inhibiting selenoenzymes (Fig. 9a) (Marie et al. 2020). These type
2 alkenes can cause nerve terminal damage by forming Michael-type adducts with
Cys/Sec residues and possibly mediate synaptotoxicity, which would increase the
risk of developing neurodegenerative diseases (LoPachin et al. 2008).

Metals may be associated with neurodegenerative diseases incidence, for exam-
ple, in vitro and in vivo studies reported that Pb, Hg, and Mn increase Aβ peptides,
phosphorylation of tau protein, aggregation of α-synuclein (α-syn), and oxidative
stress, causing neuronal death (Cicero et al. 2017). However, their effects on
selenoproteins have been little explored chemically. One possible mechanism can
involve the binding of metals to the Se atom from Sec, which blocks the catalytic
reaction via the adduct formation (-Se-M, M¼metal) (Fig. 9b) (Nogara et al. 2019).
The other hypothesis is that the Se could be removed from the proteins because after
the adduct formation, the Se moiety could be oxidized by H2O2. The formed
selenoxide bound to MeHg (alkyl metal-selenoxide complex-Se(O)-R, R ¼ MeHg),
can undergo the β-elimination reactions, as proposed in Fig. 8c. The products of the
reaction (Dha and the respective R-SeOH or seleninic acid – R-SeO2H) are sequen-
tially released.

Considering these observations, one possible chemical mechanism, that could be
associated with neurodegenerative diseases and Se, is that the overoxidation of the
Se atom from Sec residues (in its -SeH form or bonded to alkyl or metal groups)
could lead to the loss of Se and irreversible selenoprotein denaturation, via
β-elimination reaction (which could be prevented by the formation of an
8-membered ring between Sec and a vicinal residue; Fig. 8d) (Orian et al. 2015).
A similar mechanism could occur with other selenoproteins besides GPX, such as
TXNRD and SELENOP. However, more studies involving the β-cleavage reaction
are necessary to confirm this hypothesis.

Experimental support to the hypothesis that MeHg+ binding to Sec residues can
facilitate the release of Se increase Hg neurotoxicity has been provided in the
literature. Accordingly, insoluble nanoparticles of the inorganic mercury selenide

Fig. 9 Proposed mechanism for selenoenzymes inhibition by alkylating agents, such as acrolein
(a), and alkyl metals, such as MeHg+ (b). In both cases occurs the nucleophilic attack from Se on the
electrophilic site of the neurotoxicants
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(HgSe) have been found in human and long-living mammals brains. Therefore, the
Se protection against Hg has a significant cost and may be associated with brain Se
depletion (Nogara et al. 2019; Oliveira et al. 2017).

Furthermore, in addition to facilitate the loss of Se and inactivation of
selenoprotein function, MeHg+ can also downregulate the antioxidant selenoprotein
synthesis at transcriptional level, which can facilitate the overproduction of reactive
oxygen species (ROS) and disruption of seleno- and thiol-proteins function, notably
TXNRD and GPX (Nogara et al. 2019; Oliveira et al. 2017).

6.1 Synthetic Organoselenium Compounds: Small Molecules
with Weak Selenoprotein-Like Activity

Synthetic Se-organic compounds are characterized by the presence of a Se atom in
an organic molecule. The first organoselenium, the diethylselenide, was synthetized
by C. J. Löwig in 1836, and after that, many different organoselenium molecules
have been reported (Barbosa et al. 2017). More recently, studies have indicated the
neuroprotective effects of organoselenium compounds (Nogueira et al. 2021;
Oliveira et al. 2017).

In relation to the use of organoselenium compounds as neuroprotective therapeu-
tic agents, the Ebselen (2-phenyl-1,2-benzoselenazol-3-one) and diphenyl diselenide
(DPDSe) are the most studied molecules (Barbosa et al. 2017; Nogueira et al. 2021).
Ebselen is a benzoisoselenazole derivative, which presents a five-membered ring
selenenamide group, while DPDSe is the simplest diaryl diselenide (Fig. 10a).

In general, the pharmacology of organoselenium compounds is associated with
their antioxidant activity, due to the ability to mimic the GPX (GPX-like activity) and
to be a substrate of TXNRD. The conversion of organoselenium compounds to their
selenol intermediates (R0-SeH) is critical for their neuroprotective effects. The con-
version is performed indirectly by TXNRD or directly by GSH (Fig. 10b) (Barbosa
et al. 2017). The neuroprotective effects of Se compounds in animal models of PD and
AD are related to their antioxidant activities (Nogueira et al. 2021).

However, as reported by Barbosa et al. (2017), the organoselenium compounds can
be only weak mimics of selenoproteins, and their properties of modifying thiol groups
in proteins can be a more reasonable explanation to their pharmacological mechanisms
of action. The oxidation of thiol-containing transcription factor proteins can activate
antioxidant enzymes synthesis. Accordingly, organoselenium compounds have been
shown to activate the KEAP1/NFE2L2 signaling pathway via the oxidation of critical
cysteinyl residues in Kelch-like ECH-associated protein 1 (KEAP1) which is a
transcription factor inhibitor of NFE2L2. KEAP1 oxidation release the nuclear factor,
erythroid 2 like factor 2 (NFE2L2), a trans-regulatory factor, which bind to antioxidant
response elements (AREs), a cis-element, leading to transcription of antioxidant
enzymes and detoxification systems (Barbosa et al. 2017).

In addition, Ebselen, DPDSe, and its derivatives can inhibit critical enzymes
involved in pathologies, for instance, the acetylcholinesterase (AChE) in AD and
monoamine oxidases A and B (MAO-A/B) in PD (Barbosa et al. 2017; Nogueira
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et al. 2021). The inhibition of AChE increases the synaptic levels of the neurotrans-
mitter acetylcholine, which is depleted in AD (Eratne et al. 2018). In turn, PD is
characterized by the progressive dopamine depletion and degeneration of dopami-
nergic neurons, and MAO inhibitors (mainly MAO-B) are used to improve dopa-
mine levels (Poewe et al. 2017).

As briefly discussed above, intoxication with Hg and Pb may be associated with
neurodegenerative diseases. The neurotoxicity of Hg is caused via complex forma-
tion with critical thiol groups of thio(seleno)proteins and/or by their ability to
activate the process of free radical oxidation (Cicero et al. 2017; Oliveira et al.
2017). Ebselen and DPDSe can form complexes with neurotoxic metals and facil-
itate their excretion or neutralize their reactivity (Barbosa et al. 2017; Oliveira et al.
2017). In short, in addition to enhance the activation of AREs, organoselenium
compounds can protect selenoproteins from the neurotoxicant by forming stable
complexes with the electrophilic metals (particularly Hg).

7 Conclusion

In summary, despite their relatively low abundance and low diversity, selenoproteins
are essential to mammalian brain via modulation of cell redox balance.
Selenoproteins are involved in the regulation of complex processes such as mito-
chondrial dysfunction, endoplasmic reticulum stress, and inflammatory and immune

Fig. 10 (a) Organoselenium molecules and their (b) hypothetical mechanism of action on
neuroprotective disorders either as mimetic of selenoproteins or as activators of antioxidant
transcription factor
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response, which can explain the neuroprotective effects of Se against chronic
neurodegenerative diseases. However, it is still not known if the biochemical role
of some of the selenoproteins is indirect (via modulation of oxidative and reductive
stress) or direct via modulation of specific metabolic pathway. Despite this, the
extreme reactivity and cytotoxicity of metabolites of Se (particularly HSe�,
methylselenol, and methylselenyl radical) indicates that Se supplementation should
be considered only when the blood levels are below the minimum needed to support
proper selenoprotein synthesis. In short, overexposure to Se can be as neurotoxic as
its deficiency. Consequently, to perform its neuroprotective functions, Se must be
maintained within specific blood levels (Fig. 1).
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