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Featured Application: The paper underlines the link between soil, food and human health, with a
particular emphasis on thyroid cancer in case of Se deficiency, in order to provide a scientific basis
to Public Health Recommendations.

Abstract: Selenium (Se) is an essential micronutrient present in human diet, entering in the composition
of selenoproteins as selenocysteine (Se-Cys) amino acid. At the thyroid level, these proteins play an
important role as antioxidant and in hormone metabolism. Selenoproteins are essential for the balance
of redox homeostasis and antioxidant defense of mammalian organisms, while the corresponding
imbalance is now recognized as the cause of many diseases including cancer. The food chain is the
main source of Se in human body. Dietary intake is strongly correlated with Se content in soil and
varies according to several factors such as geology and atmospheric input. Both Se deficiency and
toxicity have been associated with adverse health effects. This review synthesizes recent data on the
transfer of Se from soil to humans, Se U-shaped deficiency and toxicity uptake effects and particularly
the impact of Se deficiency on thyroid cancer.
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1. Introduction

Selenium is one of the most intriguing trace elements of the periodic table. After its discovery in
1818 by the Swedish Berzelius in a sulfuric acid plant, it was used for its electric and photoelectric
properties [1]. Its first medical application dates back to 1911, when an unidentified Se compound
had caused necrosis and the disappearance of Ehrlich’s carcinoma and sarcoma in mice [1]. A year
later, a publication by Delbet in 1912 reported the death of patients who received high doses of sodium
selenite [2]. However, all therapeutic applications of Se ceased when, in 1943, Nelson et al. had
declared the element itself carcinogenic [3]. It was not until 1957 that scientists collected evidence
for the other face of the moon (Selen in Greek), that is, for the essentiality of the trace element Se for
humans and animals [1,4].

Despite the importance of selenium in human health, the major impact of supply, speciation and
restricted uptake of this micronutrient, is currently not well understood [5]. Much research is still
needed to improve our understanding of optimized requirements, taking into account the very narrow
range between the beneficial and toxic effects of the mineral [5].

Selenium is essential for many cellular functions including redox homeostasis and antioxidant
defense [6]. In the body, Se is ingested from food, absorbed in the gastrointestinal tract (GIT),
transported to the liver and kidney for metabolism and distribution to the body tissues [7].
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In humans, Se is integrated into 25 selenoproteins in the form of the amino acid Se-Cys. Some of
them such as glutathione peroxidases (GPx), iodothyronine deiodinases (DIO) and thioredoxine
reductases (TRx) play an important role in the metabolism of the thyroid gland [8]. Se is present
at higher concentrations in the thyroid than in other organs and is an essential element for the
biosynthesis of thyroid hormones [9]. Another important role of selenoproteins in the thyroid is the
detoxification by GPx of hydrogen peroxide (H,O,) massively synthetized in order to oxidize iodide
(I") and introduce it into thyroglobulin, a precursor of L-3,5,3,5'-tetraiodothyronine (thyroxine; T4)
and L-3,5,3’-triiodothyronine (T3) [10]. Therefore, Se is considered to be the second most important
element in thyroid metabolism after iodine [11].

The results of initial epidemiological studies have suggested a significant association between
low Se status and cancer, suggesting that Se may have anticarcinogenic effect [12]. Surprisingly,
recent studies have shown an increased risk of some cancers such as prostate cancer with high Se
levels [13] and the chemotherapeutic effect of Se have not been proven at safe and tolerated doses
(<90 pg/day) [14].

However, in the case of thyroid cancer, serum Se deficiency may be considered a risk factor but
the results are inconclusive [15,16].

This review synthesizes the speciation-controlled transport of Se from soil to humans via food
and its absorption in human gastrointestinal tract. We then focus on the use of Se by thyroid gland and
on the relationship between Se and thyroid cancer, according to the latest knowledge produced on
this pathology.

2. Selenium from Soil to Food Bowl

2.1. Selenium in Soil and Surface Waters

Selenium is a common element found in nature, in the Earth’s atmosphere, lithosphere, biosphere
and hydrosphere [17]. Se is present in the soil in inorganic forms, such as selenide (Se?~), elemental
selenium (Se), selenate (SeO,42~) and selenite (SeO3%7) and in organic forms (selenocysteine “Se-Cys”
and selenomethionine “Se-Met”) [18]. The availability of selenium for plant absorption is highly
dependent on the chemical and physical conditions of the soil. The concentration of Se in the soil
is very different from one country to another and even from one region to another within the same
country [19]. Together with atmospheric input, bedrocks are the main source of Se in soil, with varying
levels depending on their nature, sedimentary rocks (e.g., shale, limestone and sandstone) being the
richest in Se [20]. Thus, the concentration of Se in soils is strongly dependent on the concentrations of
the bedrock [21].

In water, Se is present in trace amounts, mainly in the form of selenate and selenite, where Se is
present in +VI and +IV oxidation state, respectively [22]. Se is more abundant in groundwater than in
seawater, due to the elution of Se from source rocks and over-fertilization of soils with mixtures rich in
Se compounds [21,23].

Another source of Se in the soil is due to natural and anthropogenic input from the atmosphere [24].
The combustion of coal, crude oil and the use of agro-technical processes mainly in fertilization
contribute enormously to the content of Se in the soil [25]. It has been reported that Se levels
are important in people living near processing plants, for example, sulfuric acid production or
coking [26,27]. Volcanic gases are also a major source of Se to the atmosphere, together with Se
methylation and volatilization by ocean algal bloom [24]. Biomethylation of Se by microorganisms and
the decomposition of Se-rich organic matter are additional factors that contribute to the enrichment of
the atmosphere with Se [28]. In these cases, volatile selenium compounds such as dimethylselenium
(DMeSe), hydrogen selenide (H,Se) and selenium oxide (SeO;) are produced [29].
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2.2. Transfer and Absorption of Se from Soil to Plant

Each plant variety has the ability to accumulate Se at the root and shoot level, depending on the
concentration of Se in the soil and the ability of the plant species to absorb, accumulate and metabolize
Se [30]. There are several types of plants, so-called hyper-accumulators that grow only in soils very rich
in Se “seleniferous” and accumulate between 1000 and 15,000 mg kg~!, including species of the genera
Astragalus, Stanleya, Morinda, Neptunia, Oonopsis and Xylorhiza. Secondary accumulators such as
cereals, some plants of the cruciferous family (rape, broccoli) and Allium species such as garlic and
onion grow in soils with variable Se content and can accumulate 30 to 1000 mg kg~!. Non-accumulating
plants generally grown on “selenium-poor” soils and cannot accumulate high concentrations of Se in
their tissues and contain less than 30 mg kg~!. This is the case for most plants used for food and feed
(forage, vegetables, fruits, etc.) [30].

Absorption of organic selenium by plants is more efficient than of inorganic forms such as Se (IV)
or Se (VI) [31]. Less than 5% of the Se present in the soil is used by plants [32]. Other forms of Se such
as selenide and elemental Se are not absorbed by plants since they are insoluble in water [31] (Figure 1).
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Figure 1. Selenium speciation from soil to plant metabolism (Adapted from Winkel et al. [29] and
Lazar et al. [33]). Se©) = elemental selenium, SeZ~ = selenide, SeO,42~ = selenate, SeO32~ = selenite,
H;Se = hydrogen selenide, Se-Cys = selenocysteine, Se-Met = selenomethionine.

The accumulation of Se from soil to plants requires several processes and depends on the speciation
of Se in the soil. Sulfate (S) and phosphate (P), present in the soil could affect the absorption of Se by
plants. As selenate is structurally and chemically similar to sulfate, both ions follow the same metabolic
pathways during the translocation process in plants [34]. The high-affinity H+/sulfate symporters,
homologous to sulfate transporter, AtSULTR1;1 and AtSULTR1,2, catalyze the influx of selenate into
root cells from the rhizosphere [35,36]. The preference for selenate uptake over sulfate varies from
plant to plant and is influenced by various factors for example, soil salinity and pH [37], the two
parameters affecting Se(IV) and Se(VI) adsorption on soil particles [31]. In other non-accumulating
plants, other transporters behave similarly. In hyperaccumulative plants, the genes of AtSULTR1;1 and
AtSULTR1;2 have a high expression [36].

Selenite is absorbed by roots as HSeO3~ by members of the phosphate transporter family [38]
or as HySeO3 by aquaporins [39]. After being absorbed, selenate moves from the root symplast
to the stele and is then transferred to the shoot, while selenite is converted into organoselenated
compounds [34,39,40]. In the xylem, selenate is the dominant form of Se, however minor amounts of
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Se-Met and selenomethionine Se-oxide (SeOMet) have been reported. After being delivered to the
shoot by the xylem, selenate enters leaf cells by SULTR transporters [35,40,41].

2.3. Metabolism and Se Speciation in Plants

Selenate reduction to selenite then to selenide is coupled to an oxidation of glutathione [35,37].
The Selenide is converted to Se-Cys in a manner analogous to sulfur metabolism. Se-Cys is converted
by reverse trans-sulfuration to Se-Met and the two amino acids can be incorporated nonspecifically
into proteins in the place of methionine and cysteine [33].

Selenomethionine can be further metabolized to Adenosyl-Se-Met (SeAM), DMeSe and then
converted to MeSeCys and y—glutamine-Se-MethylselenoCysteine (y-glu-SeMeSeCys) [34,42]. Athigh
levels of Se, MeSeCys becomes the main Se compound, although other compounds are present but at
low content [43].

Figure 1 also shows the process of biogenic volatilization of Se from soil and plants, which is
in fact a detoxification process [33]. It is used to decontaminate soils rich in Se, such as oil refinery
effluent fields [33]. Since some plants can absorb large amounts of Se from the soil, it is therefore very
important that plants exhale various volatile Se compounds. The main product of plant volatilization is
DMeSe [33]. Heat-treated food products can lose up to 10% of total Se due to the formation of volatile
Se compounds (DMeSe) [23].

Different factors can influence the ability of plants to volatilize Se. First, the concentration of Se in
the roots, the Se species as well as the concentration of sulfate compared to selenate (they can compete
for particular enzymes for the process of volatilization) [33].

2.4. Selenium in Food and Dietary Intake

Food is the principal source of Se. In many populations, plant foods are the main dietary source of
Se (mostly as Se-Met), followed by meat and seafood [44,45]. The concentration of Se in food depends
on the type of soil, the geographical area and the capacity of plants to accumulate it [23]. In addition,
other factors can influence the Se content in the diet, such as consumption of local food or imported
food products [19] for example, USA Se-rich cereals [23,46].

The bioavailability of Se in the diet depends on factors such as proteins, fats and heavy metals.
Thus, food rich in protein and in the presence of vitamins A, C, E contain higher levels of Se but heavy
metals and sulfur reduce Se [47,48].

Cereals provide 50% of daily Se intake. While meat, poultry and fish group provide about
35%. Fresh water and beverages contribute to the daily intake with only 5-25% [23]. Fresh and
non-heat-treated fruits and vegetables contain small amounts of Se about 11% in a balanced diet; this is
due to their low protein content and high water content [23].

Another selenium-rich source is found in sea salt, offal, yeast (selenium-containing yeast), garlic,
asparagus, kohlrabi (enriched with Se) [6,47,49]. High concentrations of Se have, exceptionally,
also been found in Brassica genus (broccoli, cabbage, cauliflower) and onions [23]. Brazil nuts and
mushrooms have extremely high concentrations of this element [6,50].

The reference values for dietary Se intake were estimated on the basis of the intake necessary
for saturation of the selenoproteins; GPx in plasma or erythrocyte or selenoprotein P (SePP) in
plasma [51,52]. The Recommended Dietary Allowances (RDA) of Se in the United States, based on
the activity maximization of GPx are around 55 ug/day in adults [53]. Based on the dietary Se intake
required for saturation of plasma SePP, the nutrition societies of Germany, Austria and Switzerland
(D-A-CH) have recommended a Se intake reference value of 70 ng/day and 60 pg/day for men and
women, respectively, for normal body weight, at a rate of approximately 1 pg of Se per kg of body
weight [54]. The World Health Organization recommends that the intake of Se should not exceed
70 pg/day [55]. A dietary intake above 700 pg/day can be toxic to adults [6]. Se intake in the European
population varies from 30 pg/day and 50 pg/day [55].
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Furthermore, the biological activities of the several selenium species have not been fully
characterized in order to assess their specific toxicity in nutrition, hence defining dietary windows for
each of them [14,56-58].

3. Selenium Human Uptake and Distribution

3.1. Gastrointestinal Uptake

Selenium is present in diet in the forms of selenomethionine, selenocysteine, selenite and selenate
(Figure 2).
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Figure 2. Main selenium species in various human organs and in blood (adapted from
Gammelgaard et al. [59]). Se032~ = selenite, SeO42~ = selenate, Se-Met = selenomethionine,
Se-Cys = selenocysteine, SePP = selenoprotein P, GPx = glutathione peroxydase, DIO = iodothyronine
deiodinase, TRx = thioredoxine reductase, SeAlb = serum albumin, TriMethylSe = trimethylselenonium,
SeGalNac = selenosugar.

Selenomethionine represents the main chemical form of Se in the human diet. Once ingested,
Se-Met is absorbed in the same sodium transport system as methionine [60]. It is transported to liver
where it is metabolized following the same pathway as methionine and can be transformed into Se-Cys
following the trans-sulfuration pathway [60]. The concentration of Se-Cys is lower in plant proteins
than Se-Met, while its abundant in diets containing products of animal origin [59]. Se-Cys can also be
absorbed in the same way and in completion with its analogue cysteine [61].

The human genome codes for 25 selenoproteins in which the stop codon UGA specifically insert
the selenocysteine. This amino acid is not charged as such on its dedicated tRNA but is instead
synthesized onto a specific Se-Cys-tRNAISerISe-Cys from the serine [62].

Selenocysteine is catalyzed by the enzyme Se-Cys 3-lyase to elemental Se [63]. The latter is further
reduced to H,Se. The addition of phosphate to Selenide by the selenophosphate 2 synthetase produce
a selenophosphate (H,SePO3~) [64], which can be used as a precursor for selenocysteine synthesis [62].

In the case of excess Se, HySe is methylated to DMeSe and trimethylselenonium (TriMethylSe) or
converted to selenosugar (SeGalNac) and exhaled or excreted [59,60].
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Inorganic selenium such as Selenate passes through the membrane at the edge of the intestinal
brush, where absorption is via the sodium-facilitated and energy-dependent system utilized by
sulfate, due to their structural analogies and reduced to selenite by the sulfate reduction pathway [33].
Selenite is absorbed by non-mediated passive diffusion. Absorption of selenite ranges from 50 to 90%,
being affected by dietary constituents on which it is strongly adsorbed, while selenate absorption is
almost complete [65,66].

Despite the use of inorganic forms in Se supplementation their absorption is not as high as that of
Se-Met [66]. A supplementation of Se-Met at 37 pg/day increases the activity of GPx in human plasma
up to its saturation level of 150 U/L, whereas for sodium selenite, 66 pg/day are necessary to reach the
same level [67,68].

3.2. Blood Transfer and Distribution of Se to Tissues via Selenoproteins P

The supply of Se to tissues depends on the plasma Se transporter, SePP or serum albumin
(SeAlb) [59] (Figure 2). SePP is synthesized mainly in the liver, which is the key organ for the
homeostasis of Se in the body. SePP is a secreted glycoprotein with a C-terminal domain composed
of nine Se-Cys residues in mice and humans. It also has another Se-Cys residue in the N-terminal
region in a redox active motif [69,70]. In rats, studies have identified four types of SePP isoforms.
However, in humans plasma, only two isoforms were identified; a complete 60 kDa form and a smaller
50 kDa form [71]. The 60 kDa isoform serves as a transporter of Se to body tissues and the 50 kDa
isoform is involved in redox and signaling reactions [72]. The SePP knockout mice show a loss of
motor coordination and reduced viability. Their survival time is about 15 days after weaning [73].

In the body, there is a hierarchy of Se distribution in different tissues or organs for example,
Se level is highly conserved in the brain, thyroid and testes. This hierarchy give priority to the synthesis
of the most important selenoproteins for the organ [7,74,75].

In humans, a recent study has shown that SePP gene variations affect levels of selenium biomarkers
after intake of food with a high content of selenium. Indeed, in middle-aged Danes, CC homozygotes of
the SePP/rs3877899 polymorphism have higher levels of selenoprotein P and whole blood Se compared
to T-allele, after consumption of selenium-rich foods [76]. These results emphasize the importance of a
more personalized approach to Se requirements [76].

4. Selenium in Thyroid Gland

Selenium is required at all stages of embryological development of the thyroid gland [77,78].
Deficiency of Se can aggravate the abnormalities induced by iodine deficiency [79]. Hence, the influence
of Se on thyroid function is closely related to the state of iodine.

During biosynthesis of thyroid hormones, high concentrations of H,O, are generated in order to
oxidize iodide (I"). The iodination of tyrosyl residues on thyroglobulin give rise to the iodine-containing
thyroid hormones; T4 and T3 [10]. The DIO selenoprotein family plays an important role in activation
or inactivation of thyroid hormones [80]. Excess hydrogen peroxide could be a major source of free
radicals and reactive oxygen species (ROS). These molecules can significantly damage the cell and
DNA. Indeed, a greater amount of DNA modified by oxidation was observed in follicular cells of the
thyroid compared to the spleen, lung and liver [81]. Thus, Se via selenoproteins plays an important
role in the detoxification of H,O, as well as ROS and provides antioxidant protection to thyroid gland,
against oxidative stress [81].

4.1. Role of Selenoproteins in Thyroid Gland

The DIO family consists of 3 types of DIO (DIO1, DIO2 and DIO3), that are integral membrane
dimeric selenoproteins, each having different catalytic properties in specific tissue and developmental
expressions [80] (Table 1). DIO convert pro-hormone T4 to active T3 and reverse T3 (rT3) as well as
to diiodothyronine (T2) [80]. They contain a thyroredoxin fold that catalyzes the stereospecific and
sequential elimination of iodine atoms from tyrosine residues. Their reactions are complementary and
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essential to the metabolism and activities of Thyroid hormones [82]. Table 1 summarizes the main

functions of selenoproteins in thyroid.

Table 1. Main selenoproteins in thyroid and their functions.

7 of 16

Selenoproteines Localization Functions References
Deiodinases (DIO) [80]
DIO1 Liver, kidney, thyroid gland, lung, eyes, ~ Conversion of T4 into T3and rT3
pituitary, CNS and T3 into rT3 or T2
Thyroid gland, pituitary gl.and, ske} e, Conversion of T4 into T3 and of
DIO2 heart muscles, brain, fat tissue, spinal .
rT3 into T2
cord, placenta
DIO3 Gravid uterus, placenta, fetus liver, fetal Conversion of T4 into T3 and of
and neonatal brain, skin rT3 into T2
Gluthatione peroxidases (GPx) [82,83]
GPx1 Cytoplasm, ubiquitous Cytosol Antioxidant
GPx3 Plasma and thyroid follicle Plasma an.d e.xtracellular
antioxidant
GPx4 Mitochondrial membrane Membrane antioxidant
Thioredoxin reductase (TRx) [82,84]
TRx1 Principally cytosolic, ubiquitous Inhibition of apoptosis, redox state
pally ¢y B! of transcription factors
TRx2 Mitochondrial, ubiquitous Reduce basal oxidative stress,
TRx3 Principally mitochondrial, ubiquitous Regul'ahor\' of apoptosis and
signaling pathway
Selenoprotein P (SePP) Blood and thyroid Transportation of selenium and [85]

storage, endothelial antioxidant

DIO = iodot hyronine deiodinase, T2 = diiodothyronine, T3 = triiodothyronine, rT3 = reverse T3, T4 = thyroxine,
GPX = glutathione peroxydase, TRx = Thioredoxin reductase, SePP = selenoprotein P.

Both DIO1 and DIO2 are hosted in the thyrocytes and provide T3 obtained by deiodination of
T4. T3 is the main mediator of the effects of thyroid hormones. Extra-thyroid DIO1 is involved in the
conversion in the liver of T4 to T3. DIO2 controls the intracellular activation of T4 into T3 in target
tissues and into endocrine cells [86]. Sensitive cells are protected from biologically active T3 thyrotoxic
concentrations, so DIOs control the regulation of the thyroid axis [87].

The thyroid physiological role of DIO1 and DIO2 expression is not fully understood. The hierarchy
that controls the expression of selenoproteins gives priority to the distribution of Se to essential
selenoenzymes and to the most physiologically important tissues preserving their metabolism under
Se deficiency conditions [80]. In cultured cells and rodent tissues, the activities of DIO are protected
against Se deficiency at the expense of other selenoproteins. Similar compensation pathways also
function in humans, as there is no report of an association between limited Se intake and general
defects in the central nervous system and in vision or hearing development under otherwise normal
conditions [80].

Glutathione peroxidase is the best characterized selenoprotein family in human. Among the
selenoproteins, the GPx family constitutes the main components of human antioxidant defense with five
isozymes (GPx1-GPx4, GPx6) [83]. The role of the GPx is to reduce H,O, and organic hydroperoxides
to protect cells from the effects of reactive oxygen species (ROS) [82].

This group of selenoproteins is largely involved in thyroid gland function [87]. GPx3 is the most
actively expressed isoform in thyroid gland and kidneys [87]. Probably its role in thyroid colloid
is to degrade the large amount of HyO, produced during the iodination of thyroid hormones [88].
GPx4 isoform is present in mitochondria of thyrocyte, its role is the protection of membrane lipids by
reducing phospholipid hydroperoxides while, GPx1 is a cytosolic enzyme [87]. Among the thyroid
selenoproteins, GPx1 and GPx3 are the most sensitive to the Se level [89].
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The family of TRx play an important role in thyroid metabolism, mainly its members; TRx1 and
TRx2 [84]. TRx1 is an intracellular enzyme while TRx2 is mitochondrial ensuring the reduction of
oxidative stress in mitochondria [82].

Others selenoproteins are involved in the function of thyroid gland including SePP, Selenoprotein
S and K provide quality control in endoplasmic reticulum [82].

The relationship between Se and thyroid diseases is complex. The hierarchy in the distribution of
Se protects the thyroid from small fluctuations in Se intake [90]. Two isoforms of Se-Cys-tRNAlSerlSe-Cys
have been described. One of them is involved in the biosynthesis of the most important selenoproteins
(TRx1, TRx2 and GPx4). The second ensures the synthesis of less essential proteins (GPx1, GPx3,
selenoprotein S) [91]. Several studies have shown that Se supplementation has given positive results in
certain autoimmune thyroid diseases such as Hashimoto’s thyroiditis and Graves’ disease [90].

4.2. Selenium and Thyroid Cancer

Thyroid cancer is the most common endocrine tumor, responsible for more than half a million
new cases per year, ranking 9th place in cancers prevalence worldwide [92,93]. It remains rare in
children and adolescent, the median age of diagnostic is 45 to 50 years old [94], it is diagnosed three
times more often in women than in men [95]. Thyroid cancer includes three main types of tumors:
medullary thyroid carcinoma, anaplastic thyroid carcinoma and differentiated thyroid carcinoma [96].
Differentiated carcinoma alone accounts for about 90% of thyroid cancers. It is derived from the
follicular cells of the thyroid, which are responsible for the production of thyroid hormones [95].

The relationship between Se status and cancer has been debated for a long time. Observational
studies and randomized controlled trials have shown conflicting results. In a meta-analysis and
meta-regression conducted by Cai et al. [97], the results were in favor of a significant association
between Se and cancer. High Se exposure may reduce risk of cancer, especially those of: lung, breast,
esophagus, stomach and prostate [97]. On the other hand, Vinceti et al. [57] and Jablonska and
Vinceti [98] published a review that reports the results of various trials suggesting dramatic effects of
Se on cancer development.

The Selenium and Vitamin E Cancer Prevention Trial (SELECT) is one of the largest intervention
studies, launched in 2001 and involving more than 32,000 American males. The trial investigated the
effect of vitamin E and/or L-selenomethionine supplementations, primarily against the development of
prostate cancer and other type of cancers, that is, colorectal cancer, lung cancer and bladder cancer [14].
The results of SELECT showed an increase in prostate cancer risk for patients supplemented with the
highest Se levels [13]. However, the results of this study should be interpreted taking into account
certain limitations. The possibility that the supplements given to men exceeded the adequate doses to
prevent prostate cancer and on the other hand, men selected were characterized by a relatively high
baseline selenium status, which suggests that selenium only reduces the risk of prostate cancer in
selenium-deficient men and not in the general population [14].This may explain why certain clinical
trials have not shown any side effects in cancer patients after intravenous administration of sodium
selenite [99].

In a review of Murdolo et al., different information was collected to explain the divergence
concerning the role of Se in the pathophysiology of cancer [100]. First: the effects of Se may be more
effective against the progression of cancer, at advanced stages of the disease rather than at early stages.
Its role could therefore be more important in preventing cancer progression than in its development.
Second: the effects of Se are observed at concentrations lower or higher than the required concentrations
to optimize selenoprotein activities especially GPx and SePP. The effects of selenium status on cancer
show a U-shape curve. Third: genetic variability could also be of importance. Several single nucleotide
polymorphisms (SNP) of certain selenoprotein genes have been linked to different types of cancer.

A change in the status of Se has been demonstrated in the pathogenesis of thyroid cancer [101,102].
Significantly lower levels of Se in thyroid cancer patients were found compared to the control group in
several studies [10,101-104].
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In contrast, other studies do not provide evidence of a significant association between Se
deficiency and thyroid cancer [105,106]. Table 2 presents some studies and results conducted on Se
and/or selenoproteins in serum, tissue, fingernail and urine of thyroid cancer subjects.

Table 2. Recent clinical studies conducted on the link between Se and thyroid cancer.

Analysis Sample Outcome References
Serum Se and 2 patients W#h pTC No significant differences in Se and
. 13 patients with FTC . [107]
GPx3 concentration. GPx3 concentrations among groups.
20 Control
Pre-surgery evaluation of serum 35 patients with PTC No sienificant differences
Se and vit D3 at different stages 12 patients with FTC &N [105]
. . . . among groups.
of disease. 17 patients with goiter
215 patients diagnosed with N.O s1gmf{cant association behveen
. . . ? fingernail Se levels in patients vs
Fingernail Se level various thyroid cancer . . [106]
controls, at different thyroid cancer
331 controls
stage
. Meta-analysis on 1291 subjects ~ Significantly lower levels of Se and Mn
Serum concentrations of Se, . X ) R R X
Cu. Mn performed in Norwegian, and higher level of Cu, in patients with [108]
’ Austrian and Polish populations thyroid carcinoma
Serum Zn and Se concentration Lower serum Se and Zn concentrations
before and after surgery or two 50 women and men with before and after surgery but higher [103]
weeks later, as well as in thyroid cancer concentrations in thyroid tissue in the N
thyroid tissues. 2 groups
Pre-surgery Se, Cd, Zn serum Se, Cd, Zn concentrations were
concentration and correlation to 92 Korean women, of PTC significantly higher in cancer stages III [109]
cancer stage and IV
Se concentrations significantly lower
Serum and urine concentration 262 patients with PTC in PTC.
. . . . . [110]
in eleven metals and in Se 262 controls Urinary Se concentration negatively
associated to PTC risk
GPx1 and TRx1 in thyroid cancer tissue
GPx1 and TRx1 expression and 20 samples of thyroid tumor are lower in patients vs. controls
analysis of free radicals tumor 20 samples of healthy Significant increase in production of [111]
vs. healthy tissues thyroid tissue free radicals in all thyroid tumor tissue
samples vs. healthy tissue
Patients with various thyroid L
Se, GPx3, SePP, Cu, Zn pathologies including thyroid S1gm.f1cant.ly lower serum Se anq Zn
K levels in patients vs. controls (particular [10]
serum concentration cancer (n = 323)

200 Controls the patients with thyroid malignancy).

PTC: papillary thyroid carcinoma; FTC follicular thyroid carcinoma; GPx: glutathione peroxydase; Vit = vitamin,
TRx = thioredoxine reductase; SePP = selenoprotein P.

In Table 2, we highlight that most studies indicate low Se levels in the patients with thyroid cancer.
Se deficiency in various diseases, including cancer, could be related to a high level of free radicals
caused by oxidative stress [95]. Significant increase in production of ROS is observed in thyroid tumor
tissue samples vs. healthy tissue [81,103]. Se is present in high concentrations in the thyroid and
plays an important role in the elimination of ROS. Therefore, a fluctuation in its level could affect the
expression of antioxidant selenoproteins, sensitive to the intake of Se in the thyroid (GPx1 and GPx3).
In the review by Olivera et al., studies corroborate the reduction in the activity of selenoproteins in
thyroid cancer, in case of Se deficiency [95].

In primary papillary thyroid carcinoma (PTC) samples, reduced or even absent expression of GPx3
has been found in patients and it has been correlated with lymph node metastasis and increased tumor
size [112]. In thyroid cancer cell lines TPC-1 and FTC133, GPx3 could inhibit Wnt/3-catenin signaling
and thereby suppress metastasis of thyroid cancer [112]. The anticarcinogenic effect of Se during
the initiation phase of tumor development is the increased expression of antioxidant selenoproteins.
Numerous cohort studies have shown that individuals with plasma selenium levels below 100-120 pg/L
might benefit by increasing their selenium intake. This concentration is the amount needed to reach a
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plateau in SePP level and beyond, an increase of selenium concentrations no longer provides protective
effects on the development of cancer [92].

In cancer cells, abnormal redox regulation is observed at different stage of tumor progression [99].
Tumor cells require antioxidant molecules such as selenoproteins to maintain the redox balance [92].
The expression of antioxidant proteins increases in many types of cancer and decreases in others [99].
Indeed, tumor cells present major differences in their selenoprotein expression pattern such as the GPx
gene [92]. In colorectal cancer, 15 selenoprotein genes were analyzed in two cohorts. Both selenoproteins
TRx3 and GPx2 were upregulated in adenoma and carcinoma, while SePP and selenoprotein S were
down regulated [113]. The increased gene expression of GPx2 and TRx3 can be explained by the fact that
both are target genes for Wnt signaling. This signaling pathway is activated in most colorectal cancer
tissues [114]. However, there are not many studies regarding the overall changes in selenoprotein
genes in thyroid cancer. Selenoproteins GPx1 and TRx1 in thyroid cancer tissue are lower in patients
versus controls, while DIO3 mRNA levels and activity were increased in PTC [111,115]. This increase
in DIO3 mRNA levels was correlated with distant metastasis or lymph nodes. Thus, it appears that
some selenoproteins fight the growth of tumor cells, while others support it, which underlines the fact
that the carcinogenesis mechanisms linked to the Se status are far from being elucidated [115].

Experiments have suggested that selenoproteins can act to modulate the susceptibility of the
malignancy by acting on tumor suppressor gene pathways. It has been observed in breast and
prostate cancer that selenoproteins carry on, for example, control in the checkpoint kinase-2 (CHEK2)
gene, a suppressor tumor gene which is involved in the signal transduction in cellular response to
DNA damage who is associated with thyroid malignancy [116]. Different mutations in the tumor
suppressor gene CHEK?2, such as 1100delC, IVS2 1 1G > A, del5395 and 11577, are associated with
multi-organ cancers including breast and papillary thyroid cancer [117]. In addition, Se could act as an
anti-mutagenic agent with toxicity against cancer cells [118]. Se acts by inducing cell death by production
of superoxide radicals thus triggering the mitochondrial pathway of apoptosis, while sparing healthy
cells [118]. It is clear that Se has anticarcinogenic properties, linked to its valence states. Selenite has
the capacity to intervene in redox reactions, while selenate is completely devoid of this ability [119].
It is reported in a review by Kieliszek et al. that only selenite ions react with the -SH groups of proteins
and prevent the formation of protein polymers rich in disulfides [119]. Indeed, a barrier made up of
blood proteins with fibrin properties, protects the membranes of cancer cells from recognition by the
immune system. Sodium selenite inhibits the protein disulfide exchange on the surface of cancer cell
membranes and thus makes the tumor sensitive to the destructive activity of phagocytic cells [119].

Selenium supplementation has positive results in autoimmune thyroid disease and may improve
thyroid cancer outcome, however the results are not conclusive in the majority of cases [95]. The question
that remains is whether a deficiency in this micronutrient is a consequence of thyroid cancer or a risk
factor. The example of hypoxia, which can influence selenoproteins biosynthesis, the expression of
SePP is reduced noting a decrease in the distribution of Se by hepatocytes causing a general decline in
selenoproteins expression [120-122].

To conclude, several studies have highlighted a Se deficiency in thyroid cancer patients. However,
in the lack of evidence to this relationship, many studies are needed to confirm and to explain
this hypothesis.

5. Conclusions

More than two centuries after the discovery of the trace element selenium, the roles of this mineral
in human health and disease have not been fully elucidated. The relationship between Se status and
cancer has been debated for a long time and the results of epidemiological studies are contradictory.
In thyroid cancer, most studies indicate a significant association between Se deficiency and the risk
of this cancer. However, recent studies have shown that certain selenoproteins fight the growth of
tumor cells, while others support it, which underlines the fact that the carcinogenesis mechanisms
linked to Se status are not completely understood in thyroid cancer. Different approaches are still
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needed to clarify the link between Se status and thyroid cancer; genetic association studies, large-scale
population-based studies and other omics-based analysis.

6. Future Perspectives

At present, the mechanisms that influence the development of thyroid cancer and the anticancer
effects of Se have not been fully elucidated. Therefore, analytical and experimental studies on the role
of selenoproteins must be conducted using thyroid cancer stem cells. It is also important to have a
better knowledge of selenoproteins polymorphisms and their regulation involved in thyroid cancer.

Further research should focus on studies using data on dietary behavior as well as epidemiological
data to better understand the effects of selenium deficiency on thyroid cancer.
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