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1. Abstract

Selenium (Se) is an essential trace element that is ubiquitously present in the environment in
small concentrations. Essential functions of Se in the human body are manifested through the
wide range of proteins, containing selenocysteine as their active center. Such proteins are called
selenoproteins which are found in multiple physiological processes like antioxidative defense and
the regulation of thyroid hormone functions. Therefore, Se deficiency is known to cause a broad
spectrum of physiological impairments, especially in endemic regions with low Se content.
Nevertheless, being an essential trace element, Se could exhibit toxic effects, if its intake exceeds
tolerable levels. Accordingly, this range between deficiency and overexposure represents
optimal Se supply. However, this range was found to be narrower than for any other essential
trace element. Together with significantly varying Se concentrations in soil and the presence of
specific bioaccumulation factors, this represents a noticeable difficulty in the assessment of Se
epidemiological status. While Se is acting in the body through multiple selenoproteins, its intake
occurs mainly in form of small organic or inorganic molecular mass species. Thus, Se exposure
not only depends on daily intake but also on the respective chemical form, in which it is present.

The essential functions of selenium have been known for a long time and its primary forms in
different food sources have been described. Nevertheless, analytical capabilities for a
comprehensive investigation of Se species and their derivatives have been introduced only in the
last decades. A new Se compound was identified in 2010 in the blood and tissues of bluefin tuna.
It was called selenoneine (SeN) since it is an isologue of naturally occurring antioxidant
ergothioneine (ET), where Se replaces sulfur. In the following years, SeN was identified in a
number of edible fish species and attracted attention as a new dietary Se source and potentially
strong antioxidant. Studies in populations whose diet largely relies on fish revealed that SeN
represents the main non-protein bound Se pool in their blood. First studies, conducted with
enriched fish extracts, already demonstrated the high antioxidative potential of SeN and its
possible function in the detoxification of methylmercury in fish. Cell culture studies
demonstrated, that SeN can utilize the same transporter as ergothioneine, and SeN metabolite
was found in human urine.

Until recently, studies on SeN properties were severely limited due to the lack of ways to obtain
the pure compound. As a predisposition to this work was firstly a successful approach to SeN
synthesis in the University of Graz, utilizing genetically modified yeasts. In the current study, by
use of HepG2 liver carcinoma cells, it was demonstrated, that SeN does not cause toxic effects
up to 100 uM concentration in hepatocytes. Uptake experiments showed that SeN is not
bioavailable to the used liver cells.

In the next part a blood-brain barrier (BBB) model, based on capillary endothelial cells from the
porcine brain, was used to describe the possible transfer of SeN into the central nervous system
(CNS). The assessment of toxicity markers in these endothelial cells and monitoring of barrier
conditions during transfer experiments demonstrated the absence of toxic effects from SeN on
the BBB endothelium up to 100 uM concentration. Transfer data for SeN showed slow but



substantial transfer. A statistically significant increase was observed after 48 hours following SeN
incubation from the blood-facing side of the barrier. However, an increase in Se content was
clearly visible already after 6 hours of incubation with 1 uM of SeN. While the transfer rate of
SeN after application of 0.1 uM dose was very close to that for 1 uM, incubation with 10 uM of
SeN resulted in a significantly decreased transfer rate. Double-sided application of SeN caused
no side-specific transfer of SeN, thus suggesting a passive diffusion mechanism of SeN across the
BBB. This data is in accordance with animal studies, where ET accumulation was observed in the
rat brain, even though rat BBB does not have the primary ET transporter — OCTN1. Investigation
of capillary endothelial cell monolayers after incubation with SeN and reference selenium
compounds showed no significant increase of intracellular selenium concentration. Species-
specific Se measurements in medium samples from apical and basolateral compartments, as
good as in cell lysates, showed no SeN metabolization. Therefore, it can be concluded that SeN
may reach the brain without significant transformation.

As the third part of this work, the assessment of SeN antioxidant properties was performed in
Caco-2 human colorectal adenocarcinoma cells. Previous studies demonstrated that the
intestinal epithelium is able to actively transport SeN from the intestinal lumen to the blood side
and accumulate SeN. Further investigation within current work showed a much higher
antioxidant potential of SeN compared to ET. The radical scavenging activity after incubation with
SeN was close to the one observed for selenite and selenomethionine. However, the SeN effect
on the viability of intestinal cells under oxidative conditions was close to the one caused by ET.
To answer the question if SeN is able to be used as a dietary Se source and induce the activity of
selenoproteins, the activity of glutathione peroxidase (GPx) and the secretion of selenoprotein P
(SelenoP) were measured in Caco-2 cells, additionally. As expected, reference selenium
compounds selenite and selenomethionine caused efficient induction of GPx activity. In contrast
to those SeN had no effect on GPx activity. To examine the possibility of SeN being embedded
into the selenoproteome, SelenoP was measured in a culture medium. Even though Caco-2 cells
effectively take up SeN in quantities much higher than selenite or selenomethionine, no secretion
of SelenoP was observed after SeN incubation.

Summarizing, we can conclude that SeN can hardly serve as a Se source for selenoprotein
synthesis. However, SeN exhibit strong antioxidative properties, which appear when sulfur in ET
is exchanged by Se. Therefore, SeN is of particular interest for research not as part of Se
metabolism, but important endemic dietary antioxidant.



2. Background

Among the essential trace elements, the metalloid selenium (Se) takes a very special place. Being
discovered in the year 1817 it was firstly solely recognized as a toxic substance. Only in 1957 Se
was found to be essential for mammals. From this moment on, investigations of Se’s biological
properties took a much larger scale. Already in 1973 Se was found to be a constituent of such an
important enzyme as glutathione peroxidase (GPx) and presented there in form of selenoamino
acid selenocysteine (Sec). Consequently, the biological functions of Se began to attract more and
more attention. Just in 8 years, Sec was discovered to be encoded by the UGA codon. Its insertion
into proteins occurs when the UGA codon, usually identified as a stop codon, is translated in the
presence of a specific RNA element, changing its functions for Sec insertion. The overall
complexity and high energy demand of such a process clearly indicated the exceptional
importance of selenoproteins for the body. Later studies demonstrated that Se distribution in
the human body follows a hierarchical structure. Under adequate Se intake, all organs receive Se
in form of selenoprotein P (SelenoP), which is synthesized in the liver. However, Se homeostasis
in the brain differs from other tissues. Although the brain has far not the highest Se content,
under Se deficiency the brain becomes a primary target for Se delivery. The importance of Se for
brain functions is also expressed in constant Se level, which is kept even when other tissues
demonstrate significant deficiency. Overall, selenoproteins were shown to take part in multiple
physiological processes like thyroid hormone metabolism, immune functions, antioxidant
defense, and much more.

However, being firstly identified as a toxic substance, Se can be a source of harmful effects. As
good as Se deficiency cause myodegenerative diseases, cardiovascular impairments, and
cognitive decline, overexposure to Se is equally problematic. Since nutrition is a primary source
of Se, it mostly depends on regional Se content in soil and nutritional habits. Therefore, it is very
hard to exclude Se overexposure in endemic regions with elevated environmental Se
background. For example, amyotrophic lateral sclerosis is known to correlate with elevated Se
consumption, as well as some other neurodegenerative diseases. The assessment of risks
associated with sub-chronic Se overexposure is also complicated by the presence of various Se
species, which have different metabolic and toxicological profiles. Such a two-faced nature of Se
leads to the very narrow optimal uptake range. Epidemiological studies are still providing
controversial information about correlations between Se intake and risk of diabetes, cancer, and
cardiovascular diseases. At the moment it is known that around 1 pg/kg bw/day of Se is necessary
for adults to maintain the selenoproteins activity at a stable level. And daily intake of 300 ug of
Se or more already leads to undesirable sub-toxic effects.

As it becomes clear, assessing the role of separate Se species present in food is a complex task.
This requires the investigation of their own toxicity, bioavailability, and effects on induction of
selenoproteins synthesis. Despite the close attention to Se for over 60 years, one of the Se-
containing amino acid derivatives common in fish was discovered recently. Selenoneine (SeN)
firstly identified in the blood and tissues of the bluefin tuna was found to be the Se isologue of a



naturally occurring compound with strong antioxidative properties — ergothioneine (ET). Further
studies demonstrated that SeN is presented in plenty of edible fish species and is actively
consumed by populations with a significant part of fish products in their diet. Moreover, these
populations exhibit high SeN content in their blood, indicating the bioavailability of SeN for
humans. The difficulty with the investigation of SeN properties was associated with the absence
of methods for its laboratory production. The successful development of synthetic and
biosynthetic approaches in the last years has made it possible to obtain pure SeN. Thus, as a Se
species widely present in food, SeN should be comprehensively described from the points of
toxicological safety and its relevance for human Se metabolism.



3. Introduction

3.1 Selenium

3.1.1 Chemical occurrence

Selenium (Se, atomic number 34), as a chemical element, is a metalloid and a member of the
chalcogen group. Correspondingly, Se is closely related in its chemical and physical properties to
sulfur and tellurium [1]. Selenium is a rare element with an average content in the Earth’s crust
around 0.3-0.5 pg/kg [2]. Due to the close chemical properties of sulfur, selenium is often
accompanying sulfur minerals in combination with heavy metals [2]. As a material for industrial
use, selenium is mostly utilized for pigments and glass production.

Despite its low content in the soil, selenium’s wide distribution leads to its accumulation in many
plant species [3]. Concentration in plants depends not only on the selenium content in soil but
also on its chemical form, in which selenium is presented. In some plants, growing on the Se-rich
soils, accumulation of selenium occurs in form of non-proteinogenic selenoamino acids, thus
ensuring detoxification processes [4].

3.1.2 Epidemiological status

Being a rare element in the Earth's crust and not essential for plants, selenium is a constituent of
multiple enzymes in animals and is of great importance for all living organisms [5]. Diet is a
primary route of Se intake for most individuals [6]. Due to the different levels of selenium in soil
and local nutritional habits, Se intake among humans differs from 30 to 200 pg/day [7]. In
extreme cases daily Se uptake can reach 5000 pg/day and lead to a strong chronic intoxication
[8]. Normally, the required amounts of Se are received with cereals and meat in form of
selenoamino acids [9].

Since Se has several essential functions in the body, the assessment of selenium exposure is
conducted through the assessment of dietary intake or the expression of certain biomarkers [10].
The importance of the epidemiological studies on selenium status in different populations is
associated with its bipolar effect on human health. On the one hand, Se is an essential trace
element and its deficiency leads to the detrimental effects on the body [9, 11]. On the other
hand, most of the selenium species exhibit significant toxicity to humans and are still being
discussed as potential carcinogens [12]. Recommended daily selenium intake is in the range
between 40 to 70 pg/day [13]. Intake of more than 400 pg/day can already lead to the
manifestation of adverse selenosis [14].

3.1.3 Importance for human health

Selenoproteins were found in eukaryotes, bacteria, and even archaea, indicating that the
formation of selenoproteins occurred before the separation of evolutionary lines. Genes



encoding the synthesis of selenoproteins are found in all mammals [15]. Despite the fact that
selenoproteins have also been found in prokaryotic cells, their selenoproteome does not coincide
with eukaryotic cells. While eukaryotic selenoproteins serve for antioxidant and anabolic
processes, in prokaryotes they promote various redox reactions [16]. Disruption of
selenoproteins encoding genes in eukaryotes lead to death at the embryonic state [17].

Se is known to take part in multiple vital physiological processes in all mammalians [18, 19]. The
most important among them are antioxidant defense, thyroid hormone metabolism, immune
response, and fertility [20-23]. Structural and enzymatic functions of Se in humans are
manifested mainly through 25 selenoproteins [24-26]. Lack of adequate Se consumption has
been recognized to induce severe pathophysiological conditions like cardiovascular system
diseases [27], infertility [28, 29], myodegenerative diseases [30], cognitive decline [31], and
anxiety [32]. The role of Se supplementations and selenoproteins in cancer [33], HIV [34], and
diabetes [22] progression is still being discussed and could make a positive contribution to
treatment development.

The biological functions of selenoproteins are connected with the presence of selenocysteine
(Sec), the 21t proteinogenic amino acid [35], which is cotranslationally incorporated into
proteins. When Sec is unspecifically replacing usual cysteine in proteins they are called selenium-
containing proteins. When Sec act as an active enzymatic center such proteins are called
selenoproteins. This distinguishes selenium from other essential elements, since, unlike most of
the active sites of metalloenzymes where the active metal center is only coordinated to proteins,
selenium is covalently bound to the protein structure. Even though sulfur and selenium have
quite similar chemical properties, a slight difference in redox abilities leads to significant shifts in
biochemical behavior. The selenol group of selenocysteine is a better electron donor than its
sulfur analog in cysteine and consequently is ionized much easier at physiological conditions [36,
37]. Due to the same difference in electronic structure, Se has a lower reduction potential than
sulfur in cysteine [38]. Thereby, compared to sulfur-containing cysteine, the presence of Sec in
selenoproteins drastically increases their activity by orders of magnitude [36, 39].

It has been shown, that Sec acts as an active center of selenoproteins and functions as a redox
center. For example, thioredoxin reductase (TrxR) is the only enzyme able to reduce thioredoxin
due to the presence of a redox-active disulfide bond, and hence it is a crucial component for the
proper function of the thioredoxin system [40]. Together with thioredoxin, quenching of active
peroxide radicals is one of the most abundant functions of selenoproteins and, thus, protecting
biomolecules such as lipids and cell membranes from oxidative damage [41]. This process is
promoted by a family of different glutathione peroxidases (GPx). In particular, GPx1 and GPx4
are indispensable for healthy development and their absence leads to cardiac dysfunction [42]
and disturbs the ferroptosis process [43]. Another example of the indispensability of selenium is
the family of iodothyronine deiodinases (DIO), which are responsible for the activation of
thyroxine (T4) to 3,5,3'-triiodothyronine (T3) [44]. Therefore, the whole thyroid hormone system
relies on the Se-dependent enzyme. As selenium enters the body with food, which is dependent
on plants and soil selenium content, human Se-deficiency diseases like Keshan disease [45],



Kashin-Beck disease [46], endemic arthritis [47], or cardiomyopathy [48] have been recognized
in different regions all over the world.

Not only acute selenium deficiency critically affects human health. Subchronic selenium
deficiency has impairing effects on the immune system [49]. In such cases, supplementation with
selenium leads to immunostimulation and enhanced lymphocytes and T-cell response [50].
Selenium is needful for the expression of interleukin-2 on the surface of activated lymphocytes
[50] and also necessary for the expansion of cytotoxic T-cells since they are characterized by
elevated selenophosphate synthetase activity [51]. Another manifestation of suboptimal
selenium intake is decreased spermatozoa activity [52], which positively correlates with selenium
content in seminal plasma. Most probably this occurs due to the crucial role of GPx4 in the
protection of developing sperm from oxidative damage [53]. The decline in GPx activity, even
when serum Se levels stay in the adequate range, is associated with intractable seizures [54] and
can be treated by selenium supplementation [55]. In more severe cases, selenium depletion
causes a higher rate of cardiovascular mortality [56]. Less obvious, yet not less important are
consequences of selenium deficiency like depression, anxiety, and more hostile behavior [57, 58].

The first identified selenoprotein was an enzyme belonging to the GPx family, namely GPx1 [59].
Strong interest in these enzymes comes from the variety of their functions and high importance
for human health [60-63]. The main function of all GPx is to neutralize endogenously generated
hydrogen peroxide and other RONS. If the activity of GPx is decreased due to a low selenium
status or due to diseases, more peroxides accumulate in cells leading to tissue damage and
inflammation [64, 65]. As GPx utilizes glutathione (GSH) as a reducing substrate, its functions
depend on the glutathione reductase (GR) activity, which provides constant GSH supply. GPx
family includes 4 enzymes, which differ in their localization [63, 66-68]. GPx1 is a cytosolic
enzyme, that was initially called cGPx [69] and ranked quite low in the selenoproteins hierarchy.
Mice with GPx1 knockout demonstrate normal development, thus indicating that the lack of
GPx1 activity can be substituted by other enzymes and maintain normal redox status [70, 71].
However, mice with GPx1 knockout phenotype were not able to survive paraquat-induced acute
oxidative stress irrespective of their selenium status, whereas wild-type animals were not
affected so severely [72]. GPx2, also called gastrointestinal GPx, has around 60% similarity in
amino acid and nucleotide sequence with GPx1 [73]. As in the GPx1 case, GPx2 knockout mice do
not develop any different phenotype [74] but seem to be susceptible to allergic inflammation
[75]. The absence of GPx2 significantly increases the number of apoptotic cells in mice colonic
crypts [76], which demonstrates a unique intestinal role of this GPx. The third member of this
family, GPx3, was firstly found in blood plasma and considered to be “leaked” GPx1 from the
liver. But later it was shown, that GPx3 does not react with GPx1 antibodies [77]. Although GPx3
was firstly identified in plasma and purified from it, the primary location of GPx3 in the human
body is the kidney proximal tubes epithelium [78]. Other organs, like lungs, gastrointestinal
epithelium, and thyroid gland also contribute to GPx3 production [79-81]. Interestingly, GPx3
requires lower GSH concentrations for its activity and it can utilize TrxR as the electron donor in
humans, suggesting its potential role in the regulation of thyroid function [82]. The last identified
GPx — GPx4 significantly differs from other family members. Unlike GPx1-3, having tetrameric



structures, GPx4 is a single protein [83]. It is also able to react with phospholipid hydroperoxides,
while other GPx not. At all, GPx4 has a wider range of possible substrates, as good as electron
donors, due to its monomeric structure [84, 85]. Many impairments caused by Se-deficiency are
associated with strong oxidative damage, thus being attributed to deficient GPx activity [86]. At
the moment new GPx5-8 are identified and it is proven, that the functions of GPx are not solely
limited to antioxidative protection [69].
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Figure 1. Basic transport concept of Se in human body [87].

All organs in the human body receive selenium in form of selenoprotein P (SelenoP) after
ingestion and its synthesis in the liver (Fig. 1). The most dependent organ on selenium status is
the brain. Homeostasis of selenium in the brain shows significant differences from other tissues



[88]. Although the brain has a relatively low selenium content under sufficient selenium supply,
it shows the highest priority in selenium uptake when a deficiency occurs. Studies in rats with
7>Se-labeled SelenoP demonstrate a much higher accumulation of Se in the brain of Se-depleted
animals compared to the Se-sufficient control [89]. At the same time, all other organs and tissues
were not different in 7>Se activity between deficient and control groups. The brain also shows
the most stable Se status in the body and tends to keep a nearly constant level of Se content
under low supply [90]. Such hierarchy and privileged position of the brain in it shows the extreme
importance of Se for maintenance of brain functions. Moreover, under restricted selenium
supply, different selenoproteins also demonstrate different expression priorities. As well as the
brain, the enzymes GPx2, GPx4, and DIO1-3 are substantially insensitive to Se restriction [91, 92].
Whereas some other enzymes like GPx1, SelenoP, and SelenoW are highly dependent on
selenium intake.

The role of selenium in the pathology of neurodegenerative diseases is extensively discussed [93-
95]. Such neurodegenerative impairments as Alzheimer’s disease (AD), Parkinson’s [96] disease
(PD), or amyotrophic lateral sclerosis (ALS) are always reported to be connected with elevated
oxidative stress [97], which cause significant secondary neuronal damage [98-100]. As a
significant part of selenoproteins serve for antioxidant defensive functions their role in such
diseases is undeniable, as the brain is highly exposed to RONS formation due to the great oxygen
consumption. Selenium deficiency showed a pernicious effect on the area of amyloid-p plaques
(AB) in Se-deficient transgenic mice [101], while selenium supplementation decreases cognitive
disturbance and morphological changes in the rat AD model [102]. Reliable investigation of
selenium’s role in neurodegenerative pathology is complicated since the direct sampling of
tissues is not possible and in vitro studies cannot provide unambiguous results. However, post-
mortem studies indicate co-localization of AB with SelenoP and direct interaction between
SelenoP and AD-specific molecules [103, 104]. PD pathology is known to affect dopaminergic
neurons in substantia nigra, which have the highest selenium concentrations among brain
tissues. A possible role of GPx in PD development was reported [96]. The same as in the AD
studies, experiments in animal models show increased damage to dopaminergic neurons under
selenium deficiency [105]. Co-localization of SelenoP with Lewy bodies in substantia nigra was
also reported in a post-mortem study [106]. In contrast to AD and PD, selenium seems to play a
negative role in ALS development, as an increased risk of ALS development was reported in
seleniferous areas [107, 108]. However, while elevated levels of selenium consumption are
associated with a higher risk of ALS, predominantly to the pro-oxidant action [109], higher
SelenoP content in CSF was found to lower the risk of ALS.

3.1.4 Human selenium metabolism

The commonly accepted concept of Se metabolism is centered around one process similar to all
dietary assimilated selenium species. Regardless of the type of consumed selenium form, all
these species are firstly reduced to hydrogenselenide (HSe™) which serves as a universal starting
point for further selenoproteins synthesis (Fig. 2) and also as intermediate between excretory
pathways and reductive transformation of Se conjugate with GSH. In the case of inorganic Se



compounds, like selenite, the most likely way of their conversion to HSe™ is GSH-mediated
reduction [110] with the formation of GSH-HSe™ conjugate. This conjugate is further reduced by
cleavage of HSe™ in a dependent from glutathione reductase (GR) activity and NADPH level [111]
manner. For selenoamino acids, another route is proposed, which is similar to the trans-
sulfuration pathway [112]. Similar to regular methionine (Met), selenomethionine (SeMet) firstly
gets conjugated with adenosine by methionine adenosyltransferase (MAT) [113]. Resulting Se-
adenosylselenomethioneine (AdoSeMet) then demethylated to Se-adenosylhomoselenocysteine
(AdoSeHCys) [114] by the set of three demethylases: histamine-, glycine- and nicotinamide-N-
methyltransferases (HNMT, GNMT, NNMT). After demethylation, this adenosyl conjugate is
hydrolyzed by adenosylhomocysteinase (AHCY) [115]. The obtained selenohomocysteine
(SeHCys) reacts with serine (Ser) and converts to selenocystathionine (SeCysta) under the action
of cystathionine beta-synthase (CBS). The final step is taking place under the action of
cystathionine gamma-lyase (CTH) which produces Sec from SeCysta. Despite the fact, that Sec is
the active center of selenoenzymes, obtained on this stage Sec or readily ingested still has to be
transformed.

For further biosynthesis of Se-dependent enzymes, hydrogenselenide should be converted to
selenophosphate by selenophosphate synthetase 2 (SEPHS2) (Fig. 2). Selenophosphate acts as an
activated form of hydrogenselenide and plays a central role in the formation of the active center
of future enzymes. This process starts from the unique transfer ribonucleic acid (tRNA) which
refers as tRNADeSec gnd acts as specific Sec tRNA. Firstly, serine (Ser) connected to tRNAeIsec py
serine-tRNA ligase (SerS) forming seryl-tRNA (Ser-tRNASe15ec) [116] which then is phosphorylated
by phosphoseryl-tRNAEe7ec kingse (PSTK) and turns into phosphoseryl-tRNA (PSer-tRNAerIsec)
[117]. From this point phosphorylated tRNA enters the crossroad and will be utilized not only for
de novo synthesis of cysteine (Cys) tRNA but also can be transformed to Sec-tRNA[Serlsec,
Formation of desired selenocysteine goes from the abovementioned selenophosphate on PSer-
tRNAFersec ynder the action selenocysteine synthase (SecS) [116]. After the described process,
Sec is ready for incorporation into selenoproteins as their active center. Thereby, Sec is
recognized as the 21 proteinogenic amino acid, because its synthesis is encoded in the ribosome
machinery.

Features of selenium metabolism and selenoprotein synthesis are not limited to the above-
described sequence of direct selenocysteine synthesis on its tRNA, which differs from usual for
other amino acids synthesis before aminoacetylation to the corresponding tRNA. It becomes
even more pronounced when taking a look at the process of Sec incorporation into
selenoproteins. Insertion of Sec into proteins encoded by the UGA codon, which normally works
as a “stop” codon in genetic code [118]. To make Sec incorporation possible, also special
selenocysteine-insertion sequence (SECIS) RNA element is required [119]. This is a key factor for
selenoproteins synthesis since SECIS signalizes the cells to translate “stop” UGA codon as Sec
insertion point. Other elements, required for this unconventional interpretation of a standard
piece of genetic code, are SECIS-binding protein 2 (SPB2) [120], elongation factor EFSec [121,
122], few other proteins like SEC43p [122, 123], L30 [124], and presumably more [118]. This is a
necessary set of elements to make Sec insertion into selenoproteins possible.



The process of selenoproteins synthesis consists not only in their generation in specific tissues,
but also plays a transport function. This function is carried out by SelenoP, which is further
delivered to the target organs. Uptake of SelenoP is accomplished by low-density lipoprotein
receptor-related proteins 2 and 8 (LRP2 and LRP8 accordingly). LRP2, also known as the megalin
receptor, mainly responsible for SelenoP uptake by kidneys (Fig. 1). Other tissues rely on the LRP8
receptor, which is highly expressed in the most Se-dependent organs like the brain and testis
[125, 126].

Returning to hydrogenselenide, its function is not limited only by the precursor role for
selenoproteins synthesis. Hydrogenselenide also acts as an intermediate for Se excretion through
the synthesis of selenosugars [127, 128]. This is the primary route for removing excessively
ingested selenium when it is consumed in the required or low-toxic range [127, 129]. In case of
a substantial excess of consumed selenium, it will be removed from the process of formation of
reactive selenium species and reduced to methylated forms. SeMet can be directly reduced by
B-lyase to methylselenide (MeSeH) [130]. In general, it was known for a long time, even before
the first comprehensive concept of selenium metabolism, that an acute excess of selenium in the
body is accompanied by the appearance of a strong garlic-like odor due to the excretion of
dimethylselenide through the lungs via exhalation and dermally via the skin [131].
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Figure 2. Possible routes of selenium metabolism and selenoprotein synthesis; modified from [87].



3.1.5 Selenium role in intestinal functions

The gastrointestinal tract is often exposed to radical inducing stimuli [132-134] and other adverse
factors [135-137]. At the same time, natural processes in the gastrointestinal tract are associated
with elevated RONS formation [138] and strong dependence on redox signaling [139]. Therefore,
intestinal epithelium integrity is highly dependent on fast and efficient processing and
elimination of RONS. Dysregulation of oxidative homeostasis is known to occur in almost all
gastrointestinal diseases [140-142].

The importance of selenium for gastrointestinal functions is now beyond reasonable doubt. The
condition of microbiota is known to take part in host selenium intake [143] and reversibly affects
selenoprotein production [144]. Chronic intestinal Chagas disease is associated with low
selenium status, even when patients living in Se-sufficient regions [145]. Studies in GPx3
knockout mice demonstrate that the absence of GPx3 leads to the increased inflammatory
colonic tumorigenesis [146]. Intracellular GPx4 is also responsible for RONS scavenging in
intestinal microvilli [147]. Besides the enzymes with primary antioxidative functions, SelenoP was
demonstrated to be inversely correlated with the development of irritated bowel disease and
colorectal cancer [148, 149]. Due to the absorptive functions of colonic epithelium, it is not clear,
if selenium deficiency occurs after disease development, or serves as a predisposition factor
[150]. However, the role of selenoproteins in the regulation of the RONS level and development
of inflammation is evident.

3.1.6 Toxicity of selenium species

While the daily selenium intake is essential for human health, consumption above the tolerable
level causes dose-dependent toxic effects. When given in excessive amounts, selenium
compounds are promptly distributed to most of the tissues. Selenium species are mainly
metabolized in the liver and excreted with urine as selenosugars [127, 129] and
trimethylselenonium (TMSe) [151-154] (detailed description in section 3.1.4). Biotransformation
to inactive forms seems to be a primary regulatory mechanism of selenium homeostasis under
exceeding selenium exposure. In the case of acute intoxication with high content selenium
supplements, followed by diarrhea, tremor, and abdominal pain, symptoms mostly disappear
after 24 hours, while urinary selenium excretion was extremely high [155], thus reaffirming a
highly effective detoxification mechanism for selenium. However, acute selenium poisoning can
also be fatal [156-160], especially at doses of 10 mg/kg of body weight or higher [155]. Mainly,
selenium intoxication is associated with ingestion of its inorganic forms: selenite, selenate, and
selenium dioxide. Data from animal studies indicate LDso for selenite around 2-5 mg/kg body
weight [161]. In vitro studies showed that selenite causes significant cytotoxic effects in the lower
micromolar range [162-165]. It is quite ironic, that selenite at high dosage promotes RONS
formation, lowers GSH level, and induces apoptotic cell death [166-169]. Possible genotoxic
effects of selenite are also discussed. Namely, studies on yeast demonstrate possible mutagenic
effects [170], chromosomal breakage, and chromatid exchange in human lymphocytes [171] and
fibroblasts [172], as well as single and double DNA strand breaks in mouse-derived cells [173].



However, no clear results about the possible genotoxic effects of selenite can be summarized.
Most probably, observed effects are the consequence of elevated RONS production. The exact
mechanism of selenite toxic action has not yet been established. Formation of the selenium
nanoparticles (NPs) after selenite exposure has been proposed as a primary cause of selenite-
induced cytotoxicity [174].

Compared to selenite, other abundant selenium compounds demonstrate lower toxicity.
Selenate is less toxic than selenite because it anyway needs to be converted to selenite by TrxR
at the slow rate [175]. Organic selenium compounds are also less toxic than selenite. The reason
for this lies in the lower oxidation state of selenium in organic compounds and stabilizing the C-
Se bond, which requires multistage metabolization of these species before they can manifest
toxic effects [176]. For example, no data on acute intoxication with SeMet was reported so far.
In the animal studies, it demonstrates four times higher LDso than selenite after intravenous
injection in mice [177]. Chronic exposure to the elevated SeMet levels also causes milder effects
in pigs than the same amounts of selenium given as selenite [178]. The reason behind the low
toxicity of SeMet is the unspecific incorporation of SeMet instead of Met into proteins [179-181],
thus reduced amounts of SeMet are available for metabolization into active species. While
excessive substitution of Met with SeMet also leads to protein aggregation and reduction of
translation rates in protein synthesis [182]. In HepG2, UROtsa, and CCF-STTG1 cell culture models
SeMet exhibits no or very little toxic effects at hundreds of micromolar [162, 183]. Such absence
of toxicity might be explained by a lack of methionase activity, therefore SeMet is not
metabolized to MeSeH and only minor amounts of ROS are generated [184]. Similar to SeMet,
methylselenocysteine (MeSeCys) demonstrates the absence of genotoxic effects and very
moderate toxicity in vivo [185], administering 11 mg/kg bw to mice.

While acute selenium intoxication is mainly associated with intended or unintended ingestion of
Se-containing substances or occupational episodes, chronic intoxication is mainly caused by
endemic reasons. Thus, in China exists regions with extremely high selenium content in the soil
which leads to high selenium consumption through local food [186]. In some cases, weathering
of coal with extremely high selenium content (> 300 pg/g) comes together with drought caused
a regional outbreak of selenosis [8], due to the failure of rice crops and dietary changes to higher
consumption of Se-accumulating vegetables. Chronic selenosis changed to the subacute phase
and lead to the 50% morbidity during the peak in the worst affected villages.

3.2 Selenoneine

The naturally occurring Se compound selenoneine (2-selenyl-Nq,No,No-trimethyl-L-histidine, SeN,
Fig. 3A) was firstly identified in blood and other tissues of the bluefin tuna (Thunnus thynnus)
[187]. Since its discovery in 2010 SeN was also found in a number of edible fish species [188-192].
From the moment of its discovery, SeN attracted significant attention due to multiple reasons.
First of all, it is related to the abovementioned reasons: being widespread in fish species, which
are included in ration of people around the world, there is very limited information available



about health-related properties of SeN. Until now, it is known, that SeN is actively consumed by
the people whose diet strongly relies on fish [188, 190, 193]. For such populations, SeN was found
to constitute the major part of the non-protein bound Se pool in the blood [188, 190, 194]. Most
of the SeN was identified in red blood cells (RBC) —around 54% of total Se content was measured
in RBC [188, 195]. Also, a possible metabolite of SeN — Se-methylselenoneine (MeSeN) was
identified in the RBC and showed a strong positive correlation with the SeN content. The same
species, MeSeN, was detected in human urine [193, 196].
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Figure 3. Chemical structures of selenoneine (A) and ergothioneine (B) [197].

The second reason for the high interest in SeN is the fact, that the basis of SeN chemical structure
is the amino acid histidine. As it was described in section 3.1.4, selenium-containing amino acids
can be used for the synthesis of selenoproteins or can be unspecifically incorporated into
proteins. Thus, SeN is of interest to be studied as a potential Se source for the human
selenoproteome.

The final reason for increasing attention to SeN is its similarity to the naturally occurring
compound ergothioneine (ET, Fig. 3B). More specifically, SeN has an ET structure where sulfur is
replaced by selenium. As ET is widely distributed in nature [198-200], it is synthesized by a
number of fungi [201] and bacteria [202, 203] and being accumulated in a higher organism at
significant level [204-207] utilizing organic cation transporter 1 (OCTN1) [208-210]. The biological
functions of SeN consequently attract the focus in the Se research field. Not so much is known
about SeN properties to the current moment, but available studies demonstrate similarity to ET
in some properties. As mentioned above, SeN is found predominantly in erythrocytes and the
same can be told about ET [206, 211]. Accordingly, it has been suggested that SeN can utilize the
same transporter, and was demonstrated in zebrafish embryos and human embryonic kidney
HEK239 cells, that SeN actually has a strong affinity to OCTN1 [191, 212]. Also, SeN was reported
to prevent iron in erythrocytes from auto-oxidation by binding to heme proteins [191] and the
same protective properties were found for ET [213, 214]. Besides, it was reported that SeN may
play a role in the methylmercury detoxification process [212, 215] by enhancing the
demethylation rate of MeHg.

However, sulfur to selenium substitution is known to endue amino acids with new or modified
properties as described in section 3.1.3. Respectively, the antioxidant properties of SeN differ
from ET. From the moment of SeN discovery it was already reported, that SeN exhibit higher in
vitro radical scavenging activity against 1-diphenyl-2-picrylhydrazyl (DPPH) [187]. Nevertheless,
these studies were conducted using not a pure SeN, but enriched extracts from fish tissues, which



makes interpretation of these results difficult. However, at the moment, biochemical [197] and
fully synthetic [216] approaches are available for SeN synthesis. Higher antioxidant activity of
SeN compared to ET was confirmed now using the pure compound [216]. Treatment of ET and
SeN with hydrogen peroxide showed different stabilities and oxidation rates. Under these
conditions, ET oxidized to the unstable sulfinic acid intermediate (Fig. A), which immediately
converted further to trimethylhistidine (TMH, Fig. B) with cleavage of C-S bond or ergothioneine
sulfonic acid (Fig. C). These compounds were earlier detected in biological samples [217],
representing oxidative degradation of ET. At the same time, SeN demonstrates completely
opposite behavior. Oxidation of SeN almost stops at the stage of seleninic acid formation (Fig. A).
Subsequent formation of selenonic acid (Fig. C) and deselenation to TMH occur with marginal
rate. Wherein stable SeN, seleninic acid intermediate is readily reduced in the presence of GSH
and converted back to the SeN. Thereby SeN not only demonstrates higher stability compared to
ET under oxidative conditions but also should exhibit stronger antioxidative activity in the cells,
due to the absence of irreversible oxidative degradation. This is most probably due to the strong
cyclic conjugation of the selenol group with a double bond and electronic pairs of nitrogen atoms
in the imidazole ring. Therefore, better nucleophilic potential of Se cause stronger mesomeric
effect, which stabilizes its oxidized seleninic acid intermediate.
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Figure 4. Chemical structures of sulfinic/seleninic acids (A), trimethylhistidine (B), and sulfonic/selenonic
acids (C), where X represent sulfur for ET and selenium for SeN [216].

This also differs SeN from conventional nutrition-relevant selenium compounds. Usually, Se is
presented in organic forms as a free or methylated selenol group, while SeN has tautomeric
equilibrium between selenol and selenoketone groups (Fig. 5 A), due to the above-mentioned
conjugation. Lower oxidation potential and stabilized electronic density also lead to the easier
oxidation of SeN at normal conditions, which leads to the oxidative dimerization of SeN in contact
with air (Fig. 5 B). Therefore, pure SeN under normal conditions is almost presented in the dimer
state.
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Figure 5. Tautomerization (A) and oxidative dimerization (B) of selenoneine [197].

3.3 Blood-brain barrier

The central nervous system (CNS) requires very fine regulation of nutrients uptake, microglia,
and surrounding microenvironment conditions to make precise neuronal signaling and
development of new neuronal cells possible [218]. There are three key components, that
separate CNS from blood: blood-brain barrier (BBB), blood-cerebrospinal fluid barrier (BCSFB),
and arachnoid barrier [219]. Brains of all mammals, including humans, are separated from
peripheral and cardiovascular systems by the BBB, which plays a crucial role in CNS development
[220]. BBB plays a major role in the separation of CNS from general circulation systems since it
includes most of the brain microvessel endothelium, thus representing the largest site of blood-
CNS contact [221]. The primary function of BBB is the maintenance of CNS homeostasis and
regulation of nutrient, hormone, and ion transport [222]. Hence, the BBB protects the brain from
toxic substances, including xenobiotics and endogenous toxins [223], regulates nutrients [224]
and metabolites [225] uptake, and separates the brain from neurotransmitter pools in the
peripheral nervous system. Also, the BBB maintains a privileged brain immune system [226],
which is dependent on microglia [227], rather than on the general immune system compartments
like the thymus [228] and bone marrow [229].

3.3.1 Structure and functions of blood-brain barrier

The main anatomic units of BBB are endothelial cells, which are mainly responsible for barrier
functions [221]. Endothelial cells in the BBB are connected with each other by so-called tight
junctions (TJ) [230]. These cellular junctions are formed by special proteins such as occludin,
claudins and associated with their proteins of zona occludens (ZO-1, ZO-2, and Z0-3) [231], which
are highly expressed in the BBB endothelium [232, 233] and plays the scaffolding role ensuring
structural basis for branching multiprotein intercellular complexes [234]. Another important



function of TJs is the prevention of lateral diffusion of membrane proteins [221] and the
formation of selective paracellular channels for small cations and anions [235] or water transport
[236].

Endothelial cells of the BBB do not act alone or only by TJ functions [237]. The close location of
neuronal axons, astrocytes, and other glial cells leads to the inevitable interactions between
them and influence on each other [238-240]. The combination of such interactions forms a well-
organized modular structure, ensuring the integration of endothelial cells with neuronal and
microglial cells surrounding. This modular complex gave rise to a concept of BBB subunit —
neurovascular unit (NVU) [241]. Astrocytes were shown to be related to endothelial cell
development [242] and TJs expression [243]. Other important components of NVU are pericytes,
which also affect the development of endothelial phenotype [244]. Pericytes cover the outer
surface of the vascular tube and adjoin to endothelial cells. Due to the presence of similar to
smooth muscles fibers and the expression of vasoactive mediators, they were hypothesized to
play only a vasoregulatory function [245], like in blood vessels in other parts of the body [244].
Later studies demonstrate that pericytes cover around 60% of capillary endothelium [246] and
are closely coupled with astrocytes endfeets [247]. The contact between pericytes and
endothelial cells formed as peg and socket arrangements together with gap junctions [248, 249]
proving their regulatory influence on barrier functions. Gap junctions allow pericytes to contact
with endothelial cells by the exchange of ions and small molecules [250]. Loss or decrease in
pericytes coverage is known to lead to a decrease of BBB barrier function [251], thus showing the
complex involvement of pericytes into the regulation of BBB permeability. From the neuronal
site, NVU can be regulated by growth factors, like the neuregulin protein family [252]. The BBB
also responds to neuronal activity and its permeability can be upregulated by neurotransmitter
release through glutamate-dependent NMDA receptors [253] or activate the transport of insulin-
like growth factor 1 [254]. Summarizing the contribution of astrocytes, pericytes, neurons, and
interactions between them on functions of BBB condition, the NVU concept represents the
integral nature of maintenance of CNS homeostasis.

The BBB has very limited capabilities for passive transport of not only toxic or harmful compounds
but also essential nutrients required by nervous tissues [255, 256]. While small lipophilic
molecules and oxygen can diffuse through endothelial lipid membranes [257], polar substances
and bulky uncharged molecules require special solute carriers called transporters. Therefore, the
BBB exhibit a broad spectrum of selective transport systems to ensure an optimal supply of CNS
with essential substances [258, 259]. While some transport proteins are inserted into both
luminal and abluminal membranes of BBB endothelium, others are presented only at the one
side of the barrier [260, 261]. Differences in transporter protein localization result in preferential
transport direction for specific substances [262]. For example, one of the most important
transporter superfamily — ATP-binding cassette (ABC) is functioning primarily as an active efflux
pump, ensuring the elimination of lipophilic compounds from NVU [263], therefore performing
neuroprotective function against endogenous neurotoxins or xenobiotics [264]. Although most
of the macromolecules are obviously restricted from entering the brain through the BBB [264],
some proteins and enzymes are required by CNS and are transported across BBB through



endocytosis, which is mainly directed from blood to the brain side [265-267]. These processes
occur by 2 principal mechanisms: receptor-mediated transcytosis (RMT) and adsorptive-
mediated transcytosis (AMT). In RMT molecules need to be recognized by a specific receptor
protein and form a ligand cluster with it, which then split off and enter into vesicle [268].
Molecule together with a receptor is then routed through the cytoplasm and exocytosed on the
opposite side of endothelium. The AMT mechanism is peculiar for molecules with strong positive
charges, which should be recognized by surface binding sites to induce endocytosis [269].
Compared to other endothelial cells in the human body, the BBB exhibit a very limited amount
of endocytotic vesicles [270], thus highlighting its outstanding selectivity and importance for CNS
homeostasis, because increased transcytosis rates were observed after traumas or inflammation
[271, 272].

3.3.2 In vitro models of blood-brain barrier

BBB, as good as other neuronal barriers, is a very complicated system and can be hardly studied
directly in living organisms. Consequently, to provide a possibility of BBB investigation multiple
model systems were designed to reproduce properties of the BBB in vitro. These artificial systems
significantly alleviate exploration of the processes occurring across BBB and NVU. The
development of BBB models goes in three main directions: static models, dynamic models, and
spheroid models [273]. The reliable model must reproduce certain processes occurring around
the BBB, thus having a predictive power to make possible extrapolation of obtained results to
living organisms. Therefore, some systems are more suitable for modeling certain processes than
others and have different limitations.

Static models are almost always presented by Transwell® systems (Fig. 7). These models are
consisting of primary or immortalized endothelial cells, growing on a matrix-coated membrane
insert [274]. A layer of endothelial cells on a membrane divides the volume of one well into two
parts. The upper part plays the role of the capillary lumen or blood-facing side, and the lower
part represents the parenchymal compartment or brain-facing side. Transwell® models give great
freedom both in terms of the cell line choice and the possibility of different co-cultures with
astrocytes, pericytes, and neurons, for better simulation of microvascular environment and
interactions within NVU [273, 275]. Among other model types, these have an advantage in the
simplicity of application, moderate costs, and ease of access to the cell layer, which makes
impedance measurements, sampling, and microscopical evaluation of cells rather easier. These
static systems demonstrate high effectiveness in the permeability screenings [276, 277].
However, the absence of blood flow and close neurochemical coupling between neuronal cells
and endothelial layer circumscribe the application of such models in a number of cases [278].

Dynamic models were developed for implication in studies, where blood flow generated shear
stress and neuron-endothelial contact are of great significance and static models cannot be used.
In order to closely mimic the natural BBB conformation, endothelial cells and astrocytes are
seeded on the inner and outer surface of permeable capillary [279]. Shear stress, close to that in
brain capillaries, is achieved by medium circulation through the capillary. Such systems can be



also equipped with gas-permeable tubing or membranes to maintain the physiological level of
the 0,/CO; ratio. As these models provide a superior advantage to control shear stress affecting
BBB conditions, they were successfully used in studies on antiepileptic drugs [280] and ischemia-
induced brain injury [281]. However, limitations associated with a geometric profile of dynamic
devices make it not possible to visualize endothelial cells and require higher cell density and
longer cultivation times to obtain a stable barrier [282, 283]. Further development of dynamic
BBB models led to the appearance of microfluidic devices [276, 284]. Shear stress in these devices
generated by medium movement in two perpendicularly crossing channels, divided by
perpendicularly oriented microfiber capillaries. Compare to conventional dynamic models
microfluidic devices allow easier TEER measurements (described in section 5.1.2) and cell
visualization [285]. Also, miniaturized devices require a fewer amount of cells, cultivation time,
and technical skills to achieve a stable endothelial monolayer. Although, a small chamber size
limits their application for shear stress studies and does not allow to reach TEER values higher
than 300 Q-cm?. Recent advantages in the development, however, demonstrate their potential
for a variety of research topics [286-288].

Spheroid or cell aggregate models are a completely different approach in BBB modeling
compared to static and dynamic systems. They are based on the ability of endothelial cells,
pericytes, and astrocytes to self-organize into 3-dimensional spheroids with astrocytic core and
outer endothelial layer, connected by pericytes [289]. Accordingly, the main property of this
system is the direct contact between NVU-forming cells [290], giving them a significant advantage
in certain applications compared to other model types. On the other side, there is no suitable
way to properly assess barrier integrity or permeability in cell aggregates [291]. Specifics of these
models make them more suitable for the investigation of processes in NVU and its constitutional
cells, rather than barrier functions.

A variety of requirements for BBB models and evolution CNS barrier concepts make the
implementation of artificial BBB systems somewhat complicated. However, a better
understanding of BBB nature and improvement of existing models allows them to become an
important research tool.

3.3.3 Selenium transport across blood-brain barrier

The essential role of selenium and selenoproteins for brain function is now beyond doubt [54,
94, 95]. At the same time, selenium species exhibit significant toxicity to the brain and their
uptake by neuronal cells is highly regulated by the BBB [90, 292]. The first study with 7°Se
radiotracer by Burk et al. [89] revealed important features of selenium transport to the brain.
Injection of °Se labeled selenite to Se-deficient and control mice resulted in accumulation of °Se
only after the appearance of SelenoP with assimilated 7°Se tracer in blood plasma. Moreover,
selenium-deficient animals demonstrated five times higher 7°Se accumulation in the brain
already after 2 hours compared to the control group, while the total rate of 7°Se-SelenoP
distribution from plasma was the same between groups. Thus, the brain differs significantly from
other tissues in terms of selenium supply priority [293].



Since the discovery of the SelenoP function as the sole transport protein for Sec delivery, our
understanding of selenium transport to the brain has changed drastically [119]. SelenoP
biosynthesis, involving high energy consuming incorporation of multiple Sec residues (see section
3.1.4), additionally depicts the importance of SelenoP for selenium metabolism [294]. Human
SelenoP contains ten Sec residues, one of them is always located at the C-terminal region and
nine others are separated by a histidine-rich sequence and located closer to the N-terminal end
[119]. Main quantities of SelenoP are synthesized in the liver [90, 295, 296], however, neurons
[297] and astrocytes [298, 299] are also able to produce it, probably for intra-brain selenium
redistribution and antioxidative defense. Being responsible for selenium delivery to the brain,
SelenoP greatly contributes to redox and neurochemical signaling pathways [93, 300].

As described in section 3.1.3, SelenoP is synthetized in the liver, delivered by the blood flow to
other organs, and is assimilated by endocytosis after binding to LRP8 or LRP2 (Fig. 1). The brain
is no exception here and relies on the LRP8 receptor (Fig. 6), these are presented on the luminal
side of the BBB endothelium [301, 302]. This mechanism was proven by studies conducted in
SelenoP”- knockout mice, which exhibit a significant reduction of SelenoP mRNA expression in
the brain compared to wild-type animals [90, 301, 303-305]. SelenoP or LRP8 knockout lead to
severe neurological impartments [306, 307], while liver selenium content was not affected [303]
or even elevated [304] after SelenoP deletion. However, feeding of SelenoP”" with a Se-sufficient
diet resulted in partial recovery of the Se status in the brain, indicating the presence of additional
mechanisms for selenium delivery to the brain in forms different from SelenoP.

SelenoP that reaches the BBB must be further utilized for the synthesis of other selenoproteins.
Intracellular Sec release from SelenoP can occur in lysosomes [294] of astrocytes in NVU under
the action of selenocysteine lyase (Scly) [308], as it was shown that adjacent astrocytes have
higher SelenoP expression [302]. Nevertheless, the exact mechanism of SelenoP metabolization
in NVU is still not fully clear. Alternative mechanisms of selenium transport to the brain may
contribute to the selenosugars [292] or low-molecular-mass species [309]. In this case,
selenosugars are the most probable candidates, since they do not exhibit toxic properties to the
brain and may share glucose transporters of the BBB [310]. SeMet and selenite also may serve as
substrates for the selenoproteome, as enhancement of selenite reduction and trans-selenation
pathways (section 3.1.4) was reported in case of SelenoP absence [311, 312]. Sec synthesized by
these routes can be utilized in the brain for the further internal synthesis of selenoproteins.
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4. Objectives

Selenium (Se) is an essential trace element, known to take part in different physiological
processes. Although the Se content in the Earth’s crust is relatively low, Se can be found in
significant amounts in all living organisms. Considering the presence of endemic areas with both
high and low Se contents in soil and water, as well as the presence of Se bioaccumulation chains,
Se exposure is varying greatly all over the world. Among other essential elements, Se stands out
in that it has a very narrow optimal uptake window between deficiency and overexposure. This,
together with the abovementioned highly uneven Se distribution in the environment, makes the
assessment of human exposure to Se species an important task and still leaves a lot of questions
regarding health-related effects of Se.

In various types of plant and animal-derived food, selenium is presented in the form of organic
and inorganic compounds with different nutritional and toxicological properties. Entering the
human body almost exclusively via food, selenium is used for the synthesis of selenoproteins —
specific peptides, which are having 21 essential amino acid selenocysteine in their active center.
These selenoproteins are responsible for the essentialness of Se.

Despite the close attention to Se for many years, one of the widespread Se species — selenoneine
(SeN) was discovered in 2010, only. It was identified in the blood and tissues of the bluefin tuna
and then found in a number of edible fish species. Thus, being a food-relevant compound and
intensively consumed in different regions, SeN was later found to present the main pool of non-
protein bound selenium in the blood of such populations. Moreover, SeN is a Se-analogue of a
naturally occurring compound with strong antioxidative properties — ergothioneine. In this way,
this compound with high antioxidative potential and involvement in human selenium metabolism
is of high interest for a comprehensive investigation.

The predisposition to this work was the first successful synthesis of SeN using genetically
modified fission yeasts in the University of Graz. Due to the small amount of substance that can
be obtained in such a synthetic approach, cell cultures are the most suitable model system for
investigation of its toxicological and potential beneficial characteristics. For this purpose, the
human hepatocellular carcinoma cell line (HepG2), primary porcine brain endothelial cells
(PBCEC), and the human colorectal adenocarcinoma cell line (Caco-2) were used.

Since almost always Se-compounds undergo a metabolic transformation in the liver, hepatic cells
were used to assess both potential hepatotoxic effects and possible transformation of SeN in
hepatocytes. Besides the transport of Se to the brain in the form of selenoprotein P, an auxiliary
transport mechanism was described for several Se-species, when they pass through the blood-
brain barrier in their unchanged form. Therefore, the assessment of SeN’s ability to pass the
blood-brain barrier is of high importance. For this purpose, a model system utilizing PBCECs
seeding on the membrane inserts, imitating brain microvascular endothelium was used. This
system also allows establishing possible toxic manifestation, occurring during the transfer of SeN
and its metabolization within this process. As follow from human data, demonstrating significant



accumulation of SeN in blood, it is bioavailable in the intestine, which was confirmed before in
our lab using the Caco-2 intestinal barrier model. In the current work, Caco-2 cells were used for
the investigation of SeN’s antioxidant potential and its influence on selenoproteins production
and activity. Thus, obtained data should give a general concept of SeN distribution in the body
and its interaction with the selenoproteome.



5. Experimental

5.1 Cell culture

All cell culture experiments were conducted in a sterile laminar-flow hood with sterilized
equipment, materials, and solutions. Cells were cultivated in the incubator at 37 °C, 100%
humidity and 5% (v/v) CO2 content. Solutions and buffers used in cell culture were prepared using
deionized (15 MQ x cm) water and sterile filtered. Plasticware and glassware were autoclaved
under standard conditions (pressurized steam, 121 °C, 15 minutes).

Cells were stored at -196 °C in the nitrogen tank. For cryopreservation, cells were resuspended
in a freezing medium, containing 90% of fetal calf serum (FCS) and 10% dimethyl sulfoxide
(DMSO) (v/v). Cryotubes with cell suspension were placed into a freezing container, ensuring
slow cooling at 1 °C/min rate, for the next 24 hours at -80 °C. Afterward tubes were transferred
into the nitrogen tank and stored at -196 °C.

5.1.1 Cultivation of HepG2 cells

HepG2 is an immortalized human liver cancer cell line. These cells were derived from the liver
tissue of the 15-year-old Caucasian male with hepatocellular carcinoma [313]. HepG2 is an
adherent cell line, growing in single layers. They are actively implemented for studies on liver
metabolism, xenobiotic toxicity, and genotoxic effects [314]. HepG2 does not exhibit tumorigenic
properties, has a high proliferation rate and epithelial morphology with an average chromosome
number of 55.

Cells used in this study were purchased from the European Collection of Authenticated Cell
Cultures (ECACC 85011430, Salisbury, UK). For cultivation, Eagle’s minimal essential medium with
10% (v/v) FCS, 100 U/mL penicillin, 100 pg/mL streptomycin and 1% (v/v) of non-essential amino
acids solution was used. Cryopreserved cells (10° cells/mL, 1.6 mL total) from the nitrogen tank
were thawed in the water bath and gently resuspended in 10 mL of a warm (37 °C) culture
medium. The suspension was subsequently centrifuged for 5 minutes (200xg RCF), pellet
carefully resuspended in 15 mL of warm culturing medium, and seeded into cell culture flask (25
cm? area) with filter screw caps (PTFE hydrophobic membrane, 0.22 um pore size). After the
formation of the confluent monolayer, cells were seeded into cell culture dishes (60 cm? area).
For repassaging, the medium was aspirated and cells were carefully rinsed with 2 mL of warm
trypsin solution (0.25 %) in PBS-EDTA. After rinsing, cells were incubated for 30 s with 2 mL of
trypsin solution, which was then aspirated. Within 2-3 minutes in the incubator at 37 °C cells
detached from the bottom of the culture dish. Detached cells were thoroughly washed from the
bottom of the dish and actively resuspended. In order to measure the amount of cells in obtained
suspension Casy-TTC® automatic cell counter was employed. Aliquot of cell suspension (50 uL)
was mixed with 5 mL of isotonic electrolyte solution (Casy-Ton®) in Casy-Cup® and measuring



capillary with an electrode was placed the into solution. Because HepG2 cells tend to form
aggregates, obtained results on cell concentration were corrected by aggregation factor. At least
two measurements were carried out for each sample and results differed by <10% were taken
for the mean calculation. Finally, a defined volume of cell suspension was mixed with fresh warm
medium and placed into dish (60 cm? — 1.5-108 cells in 10 mL medium; 22 cm? —5-10° cells in 3.7
mL medium) or plate (96 well plate, 0.36 cm? — 5000 cells in 0.06 mL; 12 well plate, 3.66 cm? —
61000 cells in 0.65 mL; 6 well plate, 9.03 cm? — 150000 cells in 1.5 mL). Passage of cells was
performed every 2-3 days when they reach around 80% confluence by the same procedure. Cells
were taken into experiments 48 h after seeding at the logarithmic growth phase. The initial
passage number of preserved cells was 106 and cells were used until passage 120.

5.1.2 Cultivation of porcine brain capillary endothelial cells and impedance
measurements

Primary porcine brain capillary endothelial cells (PBCEC) were isolated from brain tissues of
freshly slaughtered six-month-old pigs and carried out in accordance with previously published
protocols [315, 316]. Hemispheres of porcine brains were collected in 70% (v/v) ice-cold ethanol
and then placed into ice-cold PBS containing 200 U/mL penicillin and 200 pg/mL streptomycin
for transportation. Then, large blood vessels, meninges, and secretory parts were removed. The
remaining white and grey matter substance was mechanically homogenized and placed in a
preparation medium, containing 0.7 mM L-glutamine, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 100 pg/mL gentamycin in Earle’s 199 medium. The resulting suspension was
added with 1.6% (w/v) of dry unspecific protease/dispase Il mixture and stirred for additional 2
hours. Then, 100 mL of digested homogenate were added in 150 mL of 18% (w/v) dextran
solution (molecular weight 160 kDa) at 4 °C for separation of the capillary fraction. Isolated
capillaries were precipitated by centrifugation (6890xg RCF, 10 min, 4 °C). The obtained capillary
pellet was resuspended in 10 mL of proliferation medium, containing 10% FCS, 50 U/mL penicillin,
50 pg/mL streptomycin, 50 ug/mL gentamycin, and 0.7 mM L-glutamine in Earle’s 199 medium,
and actively mixed by releasing suspension from 10 mL pipette against the bottom of the beaker.
The suspension was filtered through 180 pum nylon mesh to remove larger capillaries. In order to
achieve disruption of capillaries into smaller fragments mixture of 0.1% (w/v)
dispase/collagenase Il was added to the suspension and incubated for 60 minutes in the flasks
with a magnetic stirrer at 37 °C. Hereupon, cells were precipitated by centrifugation (110xg RCF,
10 min, r.t.) and resuspended in the same volume of proliferation medium. Endothelial cells were
separated by discontinuous percoll gradient precipitation: 15 mL of 1.08 g/mL percoll solution
was placed first, carefully covered with 20 mL of 1.04 g/mL percoll solution, and 10 mL of
endothelial cells suspension were placed on the top. Tubes with gradient solution were placed
into a centrifuge with a swing-bucket rotor and centrifuged for 10 minutes (1250xg RCF, r.t.). The
red-stained interface layer in the lower half of the gradient was separated by aspiration and
diluted in the proliferation medium. Final centrifugation was carried out at 110xg RCF for 10
minutes. Obtained pellets were diluted in proliferation medium and seeded into 75 cm? culture
flasks precoated with rat tail collagen (RTC). On the next day, cultures were washed twice with



PBS solution, added with Ca/Mg solution and 250 nM of puromycin, to remove cell debris and
non-adherent cells. Further, cells were trypsinized and cryopreserved as described for HepG2
cells (section 5.1.1).

Cryopreserved PBCECs were used for toxicity and permeability studies in accordance with
published data [317]. Frozen cells were shortly (90 seconds) thawed in the water bath and
transferred into a 50 mL falcon tube. A warm proliferation medium was carefully added above
the thawed suspension and mixed by the slow rotation of the tube. Afterward, the suspension
was centrifuged (150xg, 10 min), supernatant discarded and pellet dissolved in a warm
proliferation medium. For cytotoxicity studies, 100 L of cell suspension was placed into RTC
precoated 96 well plate. For transfer studies, RTC coated Transwell® filter inserts with
polycarbonate membrane for 12 well plate (1.12 cm2, 0.4 um pore size) and CellZscope® device
were used. Before placing the Transwells® with cells into CellZscope®, wells of the device were
filled with 1 mL of warm proliferation medium (basolateral compartment) and the device was
placed into the incubator for 3 hours to ensure a constant temperature of 37 °C. Transwell®
inserts were then placed into CellZscope® device and 0.5 mL of cell suspension was carefully
added into each Transwell® from glass pipette. After 48 hours, the medium was changed to a
differentiation medium, containing 50 U/mL penicillin, 50 pg/mL streptomycin, 50 pg/mL
gentamycin, 4.1 mM L-glutamine, and 550 nM hydrocortisone in DMEM/Ham’s F12 medium.
Following the medium exchange, cells were cultured for additional 48 hours to achieve complete
differentiation. At the end of differentiation, the PBCEC monolayer represents barrier functions
of the brain capillary endothelium. Membrane with cell layer divides the volume of the
CellZscope® well into apical (upper) and basolateral (lower) compartments, corresponding to the
blood-facing side of the capillary lumen (apical) and brain parenchymal (basolateral) side (Fig. 7).

For incubation, 50 uL medium was removed from each well of a 96 well plate or 250 pL from the
apical compartment of each Transwell®. Medium, containing incubation substances, was added
in the same amounts. During transfer experiments, 20 L of medium from apical and 40 pL from
basolateral compartments, were taken for ICP-MS measurements of total selenium content. At
the end of the experiments, filters were washed twice with warm PBS and cut out from the insert
frame using a sterile scalpel. If cell samples were not analyzed on the same day, they were stored
in the 1.5 mL sealed microtubes under argon.
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Figure 7. Representation of the used blood-brain barrier model.



To control the integrity of the PBCEC barrier during transfer experiments the CellZscope® device
was used. Barrier parameters were monitored by transendothelial electrical resistance (TEER)
and capacitance measurements [318]. Measurements were taken every 1.5 hours during transfer
experiments. TEER and capacitance values were calculated from the impedance of the cell layer
and medium between the upper electrode on the lid of the device and the bottom electrode in
every well (Fig. 8). In order to measure the impedance of the cells, a small alternating current
voltage (Vac) is applied between the upper and bottom electrodes. During measurements Vac
frequency changed from 10 to 10° Hz, thus providing frequency-dependent impedance
magnitude. Device software is mathematically subtracting constant phase element (CPE)
resistance on the surface of electrodes contact and medium resistance in apical and basolateral
compartments (Rmedium A and Rmedium 8), thereby providing TEER and capacitance values expressed
from different parts of impedance spectra.
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Figure 8. Schematic representation of the equivalent measuring circuit in the CellZscope® device (adapted
from manufacturers technical manual).

TEER values are proportional to the constant resistance of the cell layer, hereby correlating with
the tightness of the barrier dependent on the tight junction (TJ) density [319]. Capacitance,
correspondingly, represents the electrical reactance that is determined by the capacitance of
upper and lower membrane layers, thus depicting cell viability.

As cutoff parameters for PBCEC barrier integrity, TEER values higher than 600 Q-cm? and
capacitance in the range between 0.45 — 0.60 uF/cm? were taken, ensuring the integrity of
confluent PBCEC monolayer. Only cell layers corresponding to these parameters at the start and
during experiments were taken into results.

5.1.3 Cultivation of Caco-2 cells

Caco-2 is an immortalized human epithelial cell line, originally derived from colorectal
adenocarcinoma. The most advantageous property of Caco-2 cells is their ability to
spontaneously differentiate into a monolayer, representing many properties of intestinal



enterocytes with microvilli similar to those found in the small intestine. In the process of layer
formation, Caco-2 cells start to polarize and acquire apical brush structure with microvilli. Caco-
2 is one of the most well-described and frequently used cell lines in laboratory studies [320]. This
model is often used for drug permeability screenings as well as metabolic studies [321], and
shows a good correlation with drug absorption in human jejunum [322], especially for passive
diffusion [323].

Caco-2 cells were obtained from the European Collection of Cell Cultures (ECACC 86010202,
Salisbury, UK). Cultivation medium for Caco-2 was identical to those for HepG2 cells (section
5.1.1): MEM with 10% (v/v) FCS, 100 U/mL penicillin, 100 pg/mL streptomycin and 1% (v/v) of
non-essential amino acids solution. Cryopreserved cells were thawed and seeded into the filter
screw cap flasks in the same way as HepG2 cells. For all experiments, cells were seeded at 5-10%
cells per cm? density. After defreezing at the initial passage number 53, cells were cultivated in
the flasks for four days and then subcultured three times every two days to achieve a stable
phenotype and a sufficient amount of cells. Prior to experiments, cells were cultivated for 11 days
until complete differentiation was reached and taken into experiments on DIV 11 with passage
number 56. The culture medium was changed every 2-3 days during proliferation and
differentiation stages.

5.2 Cytotoxicity testing

Prior to conducting any cell culture experiments, the toxicity of applied compounds was assessed
by at least two different endpoints.

5.2.1 Lysosomal integrity

Lysosomes are dynamic organelles in eukaryotic cells and act as a main catabolic center, where
macromolecules are degraded by phagocytosis or autophagy [324]. Therefore, lysosomes
perform energy supply functions and act as a cellular recycling center. They are also involved in
processes of maintenance of cellular homeostasis. Functions and stability of lysosomes rely on
specific ATPase, which pumps protons inside lysosomes at the expense of ATP energy. Loss of
lysosomal membrane integrity often occurs during cell death and expulsion of lysosomal content
into the cytoplasm is known to cause “lysosomal cell death” [325].

In the current work, lysosomal integrity was assessed by Neutral red staining. Neutral red is a
phenazine stain, which is used as a vital stain. It is able to penetrate cellular membranes and
accumulates in the lysosomes of viable cells. The ability of lysosomes to accumulate neutral red
is dependent on their pH gradient. At the physiological pH, neutral red is presented as a neutral
molecule and can be taken up by the cells. As soon as neutral red enters lysosomes it receives a
positive charge due to the lower pH in the lysosomes and stays retained inside [326]. Therefore,
only viable cells are able to maintain neutral red uptake, and the amount of dye, accumulated in
the cell layer, reflects their viability. Since selenium compounds are known to induce oxidative



stress, lysosomal integrity was chosen as a viability marker, because lysosomes are highly
sensitive to RONS exposure [327, 328].

For this assay, cells were seeded in 96 well plates. Neutral red stock solution (1 g/L) was prepared
in deionized water and filtered in sterile conditions through a 0.45 um filter in order to remove
residual dye crystals and ensure solution sterility. After incubation with studied compounds, the
medium was discarded and cells were washed once with a warm medium to remove leftovers of
incubated compounds. For the dye loading, the stock solution was diluted at 1:12.5 for HepG2
and Caco-2 cells, and 1:5 for PBCECs with a warm culture medium. Cells were incubated with dye
solution for 3 hours in the incubator. After stain uptake, cells were promptly washed with 100 pL
of 0.5% formaldehyde solution in PBS-UVC. The dye retained in the cell lysosomes was extracted
using 100 pL of acidified (1% v/v acetic acid) ethanol-PBS mixture (50/50 v/v), which was loaded
for 10 minutes and kept at 37 °C. After incubation, plates were gently shaken to equally distribute
the stain in solution, and absorbance was measured with a microplate reader at 540 nm
wavelength. Obtained absorbance values were related to control cells and expressed as a percent
of viable cells.

5.2.2 Dehydrogenase activity

Nicotine adenine nucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH)
are central units in metabolism, involved in redox reactions and electron transfer. They serve as
electron donors for intracellular dehydrogenases, which oxidize organic substrates.

Resazurin is a phenoxazine dye, which can be converted by mitochondrial diaphorase in the
presence of NADPH during aerobic cellular respiration [329]. Reduction of resazurin results in the
formation of pink-colored resorufin (Fig. 9), which exhibits strong fluorescence and indicates the
metabolic activity of cells. Due to the differences in absorbance spectra of resazurin and
resorufin, the only reduced form can be detected by its fluorescence.

At the end of incubation, HepG2 cells seeded in 96 well plates were washed with warm medium
and 100 pL of 1:100 diluted stock solution of resazurin (2.5 g/L) was applied. After three hours in
incubator fluorescence of resorufin was measured at 590 nm wavelength (excitation at 540 nm).
Obtained fluorescence values were related to control values and expressed as a percent of
viability.
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Figure 9. Reduction of resazurin to its analytical form resorufin (adapted from wikipedia.org).



To assess dehydrogenase activity in PBCECs, cell counting kit 8 (CCK-8) was used due to its higher
sensitivity in comparison with resazurin. CCK-8 kit contains WST-8 dye (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt), which is
a water-soluble dye from the MTT spectrum of formazan stains. Formazan dyes are reduced in
viable cells by NADH/NADPH-dependent dehydrogenases and converted to their violet form
(Fig. 10). Therefore, the amount of reduced colored dye dependent on the activity of cytosolic
and mitochondrial dehydrogenases and directly proportional to the number of living cells.
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Figure 10. Reduction of WST-8 to its analytical formazan form (adapted from manufacturer’s protocol).

The CCK-8 assay was carried out in accordance with the manufacturer’s protocol. After
incubation of PBCECs in 96 well plates with studied compounds, 10 uL of staining solution were
added to each well and incubated for 1 hour. Detection of violet formazan dye was performed
using a plate reader at 450 nm wavelength. For evaluation, individual measurements were
related to the average absorbance of control wells.

5.2.3 Hoechst staining

Hoechst stains are bis-benzimides compounds with fluorescent properties. Hoechst 33258 stain
is able to penetrate cell membranes and bind to the double-stranded DNA, thus correlating with
the amount of intact cells.

After incubation of Caco-2 cells with studied compounds and tert-butyl hydroperoxide (TBHP) in
96 well plates, the culture medium was removed and cells were fixated with 100 pL of 3.7% (v/v)
formaldehyde solution in PBS-UVC at 37 °C. After 10 minutes, a fixating solution was replaced by
100 pL of permeabilization buffer, containing 2.2% (v/v) of Triton X-100 in PBS-UVC, for 10
minutes. In the next step, permeabilization buffer was discarded and 100 pL of 6 uM Hoechst
33258 stain solution in PBS-UVC was added to each well for 30 minutes. At the end of incubation
with staining solution, cells were washed using 100 pL of PBS-UVC to remove dye leftovers.



Fluorescence was measured using a microplate reader (excitation — 355 nm, emission — 460 nm).
For calculations, fluorescence intensities of incubated wells were related to the untreated
controls.

5.3 Protein content determination

Protein content in the cell lysates was determined by the Bradford protein assay. It is based on
the spectral absorbance shift of the Coomassie Brilliant Blue R-250 dye when it binds to proteins.
For quantification, bovine serum albumin (BSA) standards with concentration range 0-200 pg/mL
were prepared freshly and analyzed together with samples at each plate. Samples were diluted
twenty times with respective buffer and 20 pL of the diluted sample were placed into the plate
in triplicates. Bradford reagent was diluted in water (two parts staining solution, seven parts
water) and 180 plL of diluted stain was added to the standards and samples. Plates were
incubated for 5 minutes in the darkness at room temperature. Detection of protein-bound stain
was performed at 595 nm.

5.4 Assessment of cellular RONS level

5(6)-Carboxy-2',7'-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA) is a fluorescent
probe, used to measure intracellular peroxides formation. After entering the cell, carboxy-
H2DCFDA is hydrolyzed by intracellular esterases to carboxy-dihydrodichlorofluorescein
(carboxy-H2DCF), which further undergoes oxidative cyclization with the formation of
fluorescent carboxy-dichlorofluorescein (carboxy-DCF) (Fig. 11). Therefore, the intensity of DCF
fluorescence is proportional to the amount of RONS presented in the cells [330, 331].
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Figure 11. Transformation of carboxy-H2DCFDA and formation of DCF; adapted from [332].



To establish a protocol for carboxy-H2DCFDA assay in Caco-2 cells, different parameters like stain
concentration, incubation time, TBHP concentration, and readout time were optimized. Assays
were performed three times with different cell passages. The stock solution of carboxy-H2DCFDA
was prepared in DMSO with 50 mM concentration. As carboxy-H2DCFDA exhibits cytotoxicity, its
concentration and staining time were optimized in the first order. For this purpose, Caco-2 cells
seeded in 96 well plates were washed twice with a warm culture medium and 60 pL of fresh
medium containing 15, 25, or 40 uM of carboxy-H2DCFDA were applied for 10, 20, or 30 minutes.
For RONS induction, pure TBHP was dissolved in deionized water to obtain a 10 mM
concentration and this stock solution was then added to the culture medium. After loading with
the dye, cells were washed twice and a medium containing 100 uM TBHP was applied for 3 hours
for RONS generation. Fluorescence was detected by a microplate reader (excitation — 485 nm,
emission — 535 nm). Obtained data demonstrate no significant increase of fluorescence after
incubation with 25 and 40 uM of dye compare to 15 UM concentration (Fig. 12). Due to the
toxicity of carboxy-H2DCFDA lowest concentration was chosen for assay. An increase in
incubation time resulted in the very low elevation of analytical signal and the lowest incubation
time (10 minutes) was selected to avoid toxic affection of the cells.
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Figure 12. Optimization of DCF concentration and incubation time. Shown are mean values + SD, expressed
as % of control, calculated from three independent experiments with six replicates each.

At the next step, TBHP exposure as RONS inducing stimulus was optimized. After incubation of
Caco-2 cells with 15 uM dye for 10 minutes, TBHP concentrations of 25, 50, 100, and 200 uM
were applied and fluorescence intensity was measured at the zero-time point and further at 0.5-
5 hours. The highest TBHP concentration induced the strongest fluorescence response (Fig. 13).
However, microscopic evaluation of cells after incubation with 200 uM TBHP showed the



appearance of shrunken cells already after 1 hour. Therefore, 100 UM concentration was selected
as optimal, which provides sufficient signal increase compared to control (200%), while not
affecting them. Incubation longer than 1 hour does not provide any additional signal
enhancement. Thereby, 100 uM concentration of TBHP was incubated for 1 hour in all further
experiments.
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Figure 13. Optimization of TBHP load and readout time. Shown are mean values + SD, expressed as % of
control, calculated from three independent experiments with six replicates each.

Summing up the optimized parameters, further assays were conducted with 15 uM carboxy-
H2DCFDA incubated for 10 minutes, followed by RONS induction with 100 uM TBHP applied for
1 hour. As different cell passages exhibit slight differences in fluorescence intensities, data from
conducted tests were normalized to positive control cells (incubated with TBHP only) and
expressed as a percent of positive control.

5.5 Assessment of GPx activity

Intracellular GPx activity in Caco-2 cells was measured according to the protocol of Weydert and
Cullen [333]. This assay is based on the indirect measurements of GPx activity, which is detected
by the speed of the NADPH consumption. GPx acts in conjugation with GSH, glutathione
reductase (GR), and hydrogen peroxide as a source of radicals (Fig. 14). When hydrogen peroxide
is added to the reaction mixture it induces action of GPx and oxidation of GSH to GSSG.



Subsequently, GSSG is reduced back to GSH by GR in the presence of NADPH. Therefore, the
speed of NADPH consumption is dependent on the speed of GSH oxidation, which correlates with
GPx activity in the mixture.

GPx
ROOH + 2GSH — ROH + GS5G + H,0

GR
GSSG + NADPH + H" ———— 2GSH + NADP"
Figure 14. GPx assay principle; adapted from [333].

Caco-2 cells were seeded in 6 well plates (9.026 cm?) for GPx measurements. After cell
differentiation and incubation with studied compounds, cells were washed twice with warm PBS
and covered with 0.5 mL of warm trypsin solution (0.25 %) in PBS-EDTA for 30 seconds.
Trypsinization was continued for 3 minutes in the incubator and cells were collected in 2 ml of
fresh medium. Obtained cell suspensions were centrifuged (250xg RCF, 3 min, 4 °C) and the
supernatant aspirated. Cell pellets were resuspended in 1 ml of ice-cold PBS and transferred to
1.5 mL screw-cap tubes for bead mill homogenizer. Cells were precipitated again and 250 pL of
freshly prepared homogenization buffer (100 mM Tris, 300 mM KCl, 0.1% (v/v) Triton X-100, 0.1%
(v/v) protease inhibitor cocktail set Ill) were added to the pellet together with 15 ceramic beads
(ZrOz, 0.5 mm diameter). To avoid overheating during homogenization, samples were shaken
twice for 20 seconds at 7 m/s speed. Between cycles, samples were cooled in ice for 2 minutes.
Homogenized samples were centrifuged (15000xg RCF, 10 min, 4 °C) and kept on ice. Supernatant
samples (20 pL) were taken for protein content analysis (section 5.3).

The assay was conducted in the 96 well plates. Plates and solutions were kept on ice during
preparation to avoid the reduction of GPx activity. Each sample was placed in at least six wells to
obtain a reliable mean value. For control samples, 17.5 uL of cell homogenate and 5 pL for treated
samples were placed in the wells. Homogenization buffer was added to the 5 pL of sample to
obtain 17.5 uL of total volume. Blank wells were filled with 17.5 uL of homogenization buffer
only. Directly prior to analysis, reaction mixture was prepared, containing 96 mM Tris, 4.8 mM
EDTA, 0.96 mM NaNs3, 0.1% (v/v) Triton X-100, 0.22 mM NADPH, 13 mM NaHCOs, 3.4 mM GSH,
1.1 nM HCI, 0.66 U/mL GR and 18 mM (NHa4)2S0a. The reaction mixture (222.5 plL) was added to
the cell homogenates and the plate was placed into the plate reader. Prior to the start of the
analysis, the plate was pre-warmed in the thermoregulated compartment of the reader for 10
minutes at 37 °C. After the plate reaches a temperature of 37 °C, 10 pL of 0.00375% (v/v) H20:
was added to each well by an automatic reagent injector system connected with the plate reader.
The addition of H,0; initiates GPx activity and reaction cycle showed in Figure 14. From this
moment, NADPH concentration was reducing and NADPH absorbance was measured at 340 nm
wavelength. Measurements were taken every 30 seconds to obtain enough points for reliable
linear regression.

Obtained data was firstly evaluated for each well. Outliers were excluded and linear regression
was made for the remaining points. If more than three outliers were found for the well or R? less



than 0.9 was obtained this well was excluded from evaluation. The absolute value of the
regression slope is presenting the NADPH consumption rate and was used as an analytical signal.
Slope values were averaged for blank wells and subtracted from control and treated samples. In
the cases when slope values of control samples were lower than blank values, they were also
excluded. Consistent slope values were then averaged and absolute activity of GPx in cell
homogenate calculated. Absolute GPx activity was normalized to the protein content in the
homogenate. Obtained values were further related to control samples and expressed as a
percent of GPx activity in untreated cells.

Formula 1 — Calculation of GPx activity in cell lysates.

Asample end — Asample start Aplank end — Ablank start
t t

EnappH X d X Cprotein

GPx activity = X F; X F,

A sample end : absorbance of the sample at the end of the measurement
A sample start : absorbance of the sample at the start of the measurement
A plankend : @absorbance of the blank at the end of the measurement

A plank start : absorbance of the blank at the start of the measurement

t: time corresponding to the linear regression range

F1 : dilution factor of the lysate

F, : dilution factor of the diluted (F1) lysate in the total reaction volume
enappH - Molar extinction coefficient of NADPH (6.22 mL/umolxcm)

d: the thickness of solution layer in the well

Cprotein : protein concentration in the cell lysate

5.6 Sample preparation for ICP-MS and HPLC-ICP-MS measurements

HepG2 and Caco-2 cells were seeded in 6 well plates. Medium samples were placed into 1.5 mL
microtubes and stored in the freezer (-20 °C). After incubation for 72 hours with studied
compounds, cells were washed two times with 2 mL of warm PBS (37 °C) and 0.5 mL of 0.25%
trypsin solution in PBS-EDTA were added for 30 seconds. Trypsin was then aspirated and plates
incubated for 3 minutes at 37 °C. Cells were detached with 2 mL of ice-cold PBS-UVC with 5%
(v/v) FCS. Cell suspensions were kept on ice during all following steps. In the case of HepG2, cells
50 uL of cell suspension were taken for determination of cell number and cell volume by Casy-
TTC® automatic cell counter (section 5.1.1). In the case of Caco-2 cells, 20 uL of cell suspension
were taken for protein content analysis, as described in section 5.3. The cell suspension was
centrifuged (280xg RCF, 5 min, 4 °C) and the supernatant was discarded. To remove non-
covalently bound selenium compounds from the cell surface, cell pellets were resuspended in 1
mL of ice-cold PBS, transferred into 1.5 mL microtubes, centrifuged (2200xg RCF, 5 min, 4 °C) and
the supernatant discarded. Obtained cell pellets were stored in the freezer (-20 °C). The
procedure of PBCEC sample collection is described in section 5.1.2.



For total selenium quantification, HepG2 and Caco-2 cell pellets were digested using a closed
vessel microwave digestion system. Cell pellets were resuspended in 500 uL of deionized water
and transferred quantitatively into 20 mL polyethylene digestion vessels. Storage tubes were
then washed with 425 uL of deionized water in order to collect all remaining cells and this water
was also transferred to the digestion vessel. At the next step, 500 uL of concentrated nitric acid,
as well as 75 pL of 100 pg/L solution of 7’Se isotope enriched selenite were added to the vessel.
Isotope spike was used both for isotope dilution measurements and as an internal standard to
control possible losses during sample preparation and ionization interferences. Loaded vessels
were closed using a dynamometric wrench and placed into MARS 6 microwave digestion system.
Samples were heated to 220 °C for 15 minutes at 650 W power and the temperature was hold
for 20 minutes. After cooling to a temperature lower than 50 °C vessels were taken out and the
inner cap and walls of the vessel were washed with two 463 pL portions of deionized water to
transfer all droplets to the solution. Digestates were transferred to the 15 mL falcon tubes and
stored at 4 °C until the day of analysis. Directly before measurements, 75 uL of isopropanol were
added to the digestates for carbon enhancement of ionization in plasma. The resulting volume
of the sample was 2.5 mL, thus giving a 3 pg/L concentration of 7’Se isotope spike, 20% (v/v)
content of nitric acid, and 3% (v/v) of isopropanol.

PBCEC cell layers on the filters were lysed in RIPA buffer, containing 10 mM Tris, 150 mM NacCl, 1
mM EDTA, 1% (v/v) Triton X-100, 1% (v/v) sodium deoxycholate and 0.1% (v/v) SDS. RIPA buffer
was prepared freshly each time and cooled down to 4 °C prior to use. Filters in 1.5 mL microtubes
were covered with 200 pL of RIPA buffer and thoroughly vortexed. Then tubes were centrifuged
shortly to shift all filters to the tube bottom and keep them fully covered with buffer. Samples
were incubated for 15 minutes at 4 °C and then centrifuged (10000xg RCF, 20 min, 4 °C).
Supernatant aliquots (10 pL) were taken for protein content analysis (section 5.3). The rest of the
supernatant was transferred to the new tube and stored at -20 °C. Prior to analysis, 180 pL of cell
lysate was diluted 1:5 by mixing with 648 L of deionized water, 18 uL concentrated nitric acid,
27 ulL of 100 pg/L solutions of 7’Se isotope spike, and 27 pL isopropanol. The resulting volume of
the sample was 900 uL and contained 3 pg/L of 7/Se, 2% (v/v) nitric acid, and 3% (v/v) isopropanol.

Medium samples from transfer experiments were diluted 35 times and contained 3 pg/L of 7’Se,
2% (v/v) nitric acid and 3% (v/v) isopropanol. Samples were diluted 35 times since apical medium
samples had only 20 pL volume and 700 pL is a minimal required volume for a single selenium
measurement.

PBCEC medium and cell lysate samples from transfer experiments were also sent to the
University of Graz on dry ice and stored at -80 °C before analysis. Samples were centrifuged
(21000xg RCF, 10 min, 4 °C) and diluted with deionized water or used undiluted.

Calibration standards with 0.1, 0.5, 1, 5, 10 and 20 pg/L were prepared from 10 mg/L Se stock
solution through serial dilutions. As in samples, 3 pg/L of 7’Se, 2% (v/v) nitric acid and 3% (v/v)
isopropanol were added to calibration standards. For reverse standardization of isotope dilution
set of standards including 5 pg/L of natural selenium ("¥'Se), 5 pg/L of 7’Se and 5 pug/L of 1:1 "Se
and ’’Se mixture were prepared in 2% (v/v) nitric acid with addition of 3% (v/v) isopropanol. Two



calibration approaches were used for measurement quality control. However, due to the higher
sensitivity of the isotope dilution approach, it was used for all total Se calculations.

Medium samples from Caco-2 cells for SelenoP speciation were frozen (-20 °C) and used
undiluted. Calibration of SelenoP measurements was performed by the set of SeMet standards
with concentrations 0.1, 1, 5, 10, and 50 pug Se/L.

5.7 Total selenium quantification by ICP-MS

For over twenty years, inductively coupled plasma mass spectrometry (ICP-MS) has been the
primary method for the determination of metals and metalloids, such as selenium, arsenic, or
antimony, in all types of biological matrices [334-336]. High sensitivity and selectivity of ICP-MS
based on the fundamental property of all atoms as a charge-to-mass ratio. This provides the
widest dynamic range (up to nine orders of magnitude), possibility of simultaneous multi-
element detection, and determination of different isotopes of the same element [337]. In ICP-
MS, samples are introduced to the plasma torch, working on three coaxial argon flows, where
the central channel is used for sample introduction and two others for maintenance of plasma
argon supply. Plasma is generated by a high-frequency magnetic field, provided by an inductor
coil placed around the torch, which accelerates electrons from ignition spark and ionizes argon
atoms. Samples must be introduced as gas or finely dispersed solid or liquid particles to ensure
full ionization in plasma. In the case of liquid samples, different nebulizers and spray chambers
are used for the generation of sample aerosol. When particles enter the plasma they evaporate,
molecules transferred by them break apart and constituent atoms ionized. lons further
transferred to the inner vacuumed space of the instrument through sampling and skimmer cones
by extraction lens. Transferred ions are then focused into an ion-beam by electromagnetic optics.
When ions forming this ion beam passing through electrostatic or magnetic sectors they are
deflected at different angles, depending on their charge-to-mass ratios. Detection of ions is
performed by Faraday cups or secondary electron multipliers. As different elements can have
overlapping isotope masses and argon plasma mostly consist of Ar* ions, a variety of spectral
interferences occur from isobaric isotopes or dimer ions, mostly formed by conjugation with Ar*
ions and having close masses. However, these interferences can be overcome by an increase of
mass-analyzer resolution (as in sector field instruments) or employment of reaction cells, where
undesirable dimeric ions can be destroyed and target analytes modified with atoms like oxygen
or nitrogen and detected as a dimer at the new mass free of interferences. This is of special
concern for selenium because the most abundant selenium isotopes 8Se and 72Se are heavily
affected by “°Ar%°Ar* and “°Ar38Ar* ions, which are formed in argon plasma to a greater extend.

Agilent 8800 triple quadrupole ICP-MS was utilized for selenium content determination. The
instrument was operated in reaction mode with 0.4 mL/min Oz and 1 mL/min H: flows. Hydrogen
was used to reduce the formation of different argon-element dimers. Oxygen was applied to
perform a mass shift of selenium from 78Se and 8°Se masses, affected by argon interference, to
785e160* and 80Se'®0* masses. Parameters for selenium detection are presented in Table 1.



Table 1 — ICP-MS operating parameters for selenium quantification.

Nebulizer MicroMist™, Meinhard type glass concentric
nebulizer

Spray chamber Scott type, quartz

Temperature of the spray chamber 2 °C, controlled by Peltier-element housing

Sampling and skimmer cones Nickel

RF generator power 1550 W

Reflected power <5W

Extraction lens voltage 50V

Plasma gas flow 15.0 L/min

Auxiliary gas flow 0.90 L/min

Nebulizer gas flow 1.05 L/min

0-, flow in reaction cell 0.40 L/min

H, flow in reaction cell 1.00 L/min

Detected masses m/z 8%Se* - %SeO*
m/z 78Se* > 94SeO*

m/z "7Se* > 3Se0*

m/z 80Se* > 80Se*

m/z 8Se* > 78Se*

m/z "7Se* > 77Se*
Integration time 0.100s

Pump speed 0.33 mL/min (6 rpm)

Data was exported from instrument software in form of intensities and calculations were
performed manually by isotope dilution approach. Concentration calculations by isotope dilution
were adapted from the work of Rodriguez-Gonzalez et al. [338]. The basic concept of the isotope
dilution method is based on the measurement of isotope ratios in the sample where the isotopic
composition was altered by the addition of isotope enriched spiking solution (Fig. 15). Thus,
measurements of isotopic distribution in the spiked sample and a known amount of added
isotopic spike allow calculating initial amount of target isotope in the sample before spiking. Since
this method requires only isotope ratios and known natural isotopic distributions, it does not



require external calibration. Due to this fact isotope dilution method is less affected by sample
matrix composition and exhibits higher sensitivity, compared to conventional calibration [339].
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Figure 15. Principle of isotope dilution-based ISP-MS measurements.

In the simplest case, when pure isotope can be added to the sample, calculations are very simple
and do not require prerequisite steps. However, usually isotope enriched mixtures do not consist
of a single isotope. Therefore, a double dilution procedure is utilized, where initial
standardization of spiking solution is required. The first step includes reverse isotope dilution
measurements, where the isotope composition of enriched mixture is determined from the set
of standards. They should include pure spiking solution, standard with natural isotopic
composition, and their mixture with known ratio. Calculations are performed by Formula 2 in
accordance with the work of Rodriguez-Gonzalez et al [338].

Formula 2 — Reverse calculation of //Se concentration in isotope spiking solution. Adapted from [338].
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80 77 80 77
I Senatural / I Senatural -1 5850/50 mix/I SeSO/SO mix

80 77 80 77
1 5650/50 mix /I SeSO/SOmix — 1 Sespike /1 Sespike

77 — 77
¢ Sespike = Senatural X

X

c ""Sespike : determined 7’Se concentration in isotope spiking solution

¢ 7’Senatural : cOncentration of 7’Se in the sample with natural isotope distribution

A 77Senatural : the abundance of 7’Se in the sample with natural isotope distribution

A 7"Segpike : abundance of 7’Se in isotope spiking solution

| 8Senatural : intensity of 8Se signal in solution with natural isotope distribution

| 77Senatural : intensity of 7’Se signal in solution with natural isotope distribution

| 89Seqpike : intensity of 8%Se signal in isotope spiking solution

| 77Sespike : intensity of 7’Se signal in isotope spiking solution

| 8Seso/s0 mix : intensity of 8Se signal in an equimolar mixture of natural selenium and isotope
spike



| 77Seso/so mix : intensity of 7/Se signal in an equimolar mixture of natural selenium and isotope
spike

When amounts of spiking isotope (’’Se) and residual isotopes (8°Se, 78Se) are determined, they
are used for direct calculations of 8Se in samples (Formula 3).

Formula 3 — Calculation of total selenium content in the sample by isotope dilution. The formula
presented for calculation is based on #Se intensities; the same applies for "8Se. Adapted from [338].

77
Vsample MS €natural A’'S esample

€ Serotal = € Sespix
o Spixe Vspike M Sespike A 8OSesample

80 77 80 77
I Sesample/l Sesample — 1 Sespike /1 Sespike

X
— 80 77 80 77
1 I Sesample / I Sesample X 1 Senatural /I Senatural

C Setotal : determined total selenium concentration in the sample

C Sespike : total selenium concentration in isotope spiking solution

Vsample : Volume of sample solution

Vspike : VOlume of isotope spiking solution

M Senatural : molar mass of natural selenium

M Sespike : molar mass of selenium in isotope spiking solution

A 77Sesample : abundance of 7’Se in the sample with isotope spike

A 8Seqmple : abundance of 8Se in the sample with isotope spike

| 89Sesample @ intensity of 8%Se signal in the sample with isotope spike

| 77Sesample : intensity of 7’Se signal in the sample with isotope spike

| 89Seqpike : intensity of 8%Se signal in isotope spiking solution

| 77Sespike : intensity of 7’Se signal in isotope spiking solution

| 8Senatural : intensity of 8Se signal in solution with natural isotope distribution
| 77Senatural : intensity of 7’Se signal in solution with natural isotope distribution

In the case of HepG2 cells, selenium concentration was normalized to the cell volume. For Caco-
2 cells and PBCECs, data was related to the protein concentration.

5.8 Speciation studies

5.8.1 SelenoP speciation in Caco-2 medium samples

High-performance liquid chromatography (HPLC) with ICP-MS detection was used for SelenoP
measurements in medium samples of Caco-2 cells. Element-specific detection was performed
with the same instrument settings as described in section 5.7. Speciation of SelenoP was



performed with 1 mL HiTrap Heparin HP column. Parameters of chromatographic separation are
provided in Table 2.

Table 2 — Chromatographic conditions for SelenoP speciation.

Column 1 mL HiTrap Heparin HP

Injection volume 100 pL

Flow rate 1.0 mL/min

Mobile phases A:0.17 M ammonium acetate, 10 pg/L Ge, 2% (v/v) ethanol, pH 7

B: 1.30 M ammonium acetate, 10 pg/L Ge, 2% (v/v) ethanol, pH 7

Elution program 0.0-1.0 min: 100% A
1.0 —4.5 min: 100% B

4.5-5.5 min: 100% A

Quantification of HPLC-ICP-MS measurements was performed by external calibration with SeMet
standards. Due to the low matrix content in the post-column eluent, measurements were not
performed by isotope dilution. Germanium was used in buffers as the internal standard for the
correction of ionization interferences.

5.8.2 Speciation of selenium compounds in PBCEC samples

Mass spectrometry with electrospray ionization (ESI) and Orbitrap mass-analyzer was used
together with HPLC separation at the University of Graz for detection of unknown selenium
species in PBCEC medium and cell lysate after incubation with SeN. Chromatographic conditions
are provided in Table 3. Obtained mass spectra were used to determine possible structures of
detected species.

Table 3 — Chromatographic conditions for detection of selenium species by HPLC-ESI-Orbitrap-MS.

Column Dionex lonPac™ AS14 (5 uM; 3 x 150 mm)
Column temperature 30°C

Injection volume 10 pL

Flow rate 0.5 mL/min

Mobile phase 5 mM ammonium malonate, pH 9.5

Elution mode Isocratic




Quantitative measurements of selenium species were performed at the University of Graz by
HPLC-ICP-MS with parameters provided in Table 4.

Table 4 — Chromatographic conditions for HPLC-ICP-MS measurements of PBCEC samples.

Column Atlantis® dC18 (5 uM; 4.6 x 150 mm)

Column temperature 30°C

Injection volume 10 pL

Flow rate 1.0 mL/min

Mobile phase 20 mM ammonium formate, 3% (v/v) methanol, pH 3.0

Elution mode Isocratic




6. Results and discussion

6.1 Toxicity and uptake studies in HepG2 cells

Investigation of the properties of SeN started with the assessment of its toxicity in the HepG2 cell
line. This immortalized cell line, derived from hepatocellular adenocarcinoma, is a valuable tool
for the assessment of toxic and metabolic properties of Se compounds [167, 340-342]. Studies in
hepatocytes are an important part of Se compounds’ investigation since the liver plays one of
the central roles in Se metabolism (see section 3.1.4) [343]. Neutral red staining was chosen as a
viability marker since it allows the assessment the lysosomal condition (detailed description in
section 5.2.1). Lysosomes are known to be affected during Se-induced toxicity [344, 345] and
serve as a sensitive endpoint for toxicological evaluation [346]. Resazurin staining was used as a
second viability test for confirmation of the neutral red results. This assay is based on the
conversion of resazurin into fluorescent resorufin by intracellular dehydrogenases (detailed
description in section 5.2.2). The resazurin assay was demonstrated to be an effective and
reliable method for cytotoxicity screening of Se species [347].

For comparison of SeN effects, the two reference Se compounds selenite and MeSeCys were
incubated in the same manner for 48 hours. Selenium compounds were incubated at the
following concentration ranges: selenite, 0.7 — 33 uM; MeSeCys, 50 — 400 uM; and SeN in dimer
form, 1 — 100 uM. Even though physiological total Se concentrations in plasma are only a few
micromoles, toxic concentrations are in the higher range and therefore, applied concentrations
should induce observable toxic effects. Results of neutral red and resazurin cytotoxicity tests are
presented in Figures 16 and 17, respectively. Effective concentrations of applied Se species are
listed in Table 5. The concentration at which the viability of the cells was reduced by 30%
compared to control is marked as EC30. The half-maximal inhibitory concentration (IC50) was
determined as the concentration point where the viability of treated cells represents 50% of
those of control.
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Figure 16. HepG2 cell viability after 48-hour incubation with Se species determined by neutral red uptake
assay. The inner graph corresponds to the full concentration range of MeSeCys incubation. Shown are mean
values £ SD of 3 independent experiments with six replicates each for selenite and MeSeCys, and three
replicates for SeN.

Obtained data for selenite show good accordance with earlier published data [348, 349], where
IC50 in HepG2 was found to be around 15 uM. While IC50 obtained in the neutral red assay was
20.2 uM, the resazurin assay showed a lower value of 15.9 (Table 5). However, since these assays
are based on different metabolic activities, such a difference was expected and a comparison of
neutral red and resazurin assay data shows that dehydrogenase activity in HepG2 cells is often
affected at lower concentrations [350, 351]. Similar curve shapes for selenite in Figures 16 and
17 also indicate that both assays show a similar dose-dependence. The lowest values of toxic
concentrations for selenite are in good accordance with the well-known fact that selenite is one
of the most toxic Se species [352]. It is noteworthy that selenite at doses of few micromolar on
the contrary slightly increased the number of cells, which could be seen in both assays (Fig. 16
and 17). This is a typical picture of a dose-response curve for essential micronutrients. In contrast
to selenite, incubation with MeSeCys decreased the viability of HepG2 cells at much higher
concentrations. The lower toxicity of MeSeCys and other organic Se compounds compared to the
inorganic forms is well documented [353, 354]. This is usually attributed to the higher stability of
oxidized intermediates, which are stabilized by the amino acid structure. Also, such organic Se
species are less potent in interactions with peptide thiol groups due to the lower redox potential
[355]. As the mechanism of MeSeCys toxicity, in particular, is not clear, another assumption is
based on the different speeds of metabolic transformations. MeSeCys shows a slower rate of



conversion to methylselenol than selenite. Therefore, excessive amounts of metabolic
intermediate, which can interact with thiol groups, are produced slower during incubation with
organic Se species [356]. Also, as amino acid species, MeSeCys may be unspecifically incorporated
into proteins, thus potentially affecting their structure, but being removed from the metabolically
active pool. MeSeCys toxicity usually does not appear at concentrations present in food, however
via supplementation may cause toxic effects. The LD50 of MeSeCys in mice is around 11 mg/kg
bw [185]. Opposite to selenite, MeSeCys demonstrates a faster dose-response in the neutral red
assay, and obtained EC30 and IC50 values differ significantly from resazurin data. This may be
attributed to a much “milder” manifestation of the MeSeCys effect, which is expressed in a linear
shape of dose-response. Also, compared to selenite, which should promote elevated RONS
formation in mitochondria, MeSeCys does not act as pro-oxidant [357] and thus exhibit lower
toxicity to mitochondrial dehydrogenases. In such a mode of toxicity, the effective
concentrations tend to differ significantly, since they depict slow inhibition of certain cell
functions without a sharply pronounced cell death event as in the case of selenite.
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Figure 17. HepG2 cell viability after 48-hour incubation with Se species determined by resazurin assay. The
inner graph corresponds to the full concentration range of MeSeCys incubation. Shown are mean values *
SD of 3 independent experiments with six replicates each for selenite and MeSeCys, and three replicates
for SeN.

Data for SeN show that it is not affecting cell viability in concentrations up to 100 uM. Higher
concentrations of SeN were not applied due to the tightly limited amount of SeN available for
experiments. The absence of toxicity in the physiological range can be assumed from



biomonitoring studies, indicating high SeN content in the blood of fish-eating populations
without the development of toxic manifestations [188, 190, 194]. Thus, the absence of
observable toxic effects of SeN goes in hand with human data.

Table 5 — Effective concentrations of Se species in HepG2 cells assessed by neutral red and resazurin
staining after 48-hour incubation.

Neutral red Resazurin
EC30 (uM) IC50 (uM) EC30 (uM) IC50 (uM)
Selenite 15.2 20.2 13.3 15.9
MeSeCys 137 258 282 > 400
Selenoneine >100 > 100 > 100 > 100

Uptake studies for SeN were performed in the same concentration range (up to 100 uM) where
it was found to be non-toxic for HepG2 cells. After 48-hour incubation, cells were collected and
digested as described in section 5.6. Total Se content in cells was normalized to the cell volume
and expressed in UM for easier comparison.
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Figure 18. Cellular Se content in HepG?2 cells after 48-hour incubation with SeN. Shown are the mean
values of 3 independent experiments with two replicates each + SD.



Data in Figure 18 represent total Se concentrations found in cells after incubation with SeN.
There is a significant linear increase with growing SeN concentration until 50 uM. Also, incubation
with 100 uM resulted in an only 3-fold increase of Se content compared to 10 uM. To express the
dynamics of this process, accumulation factors were calculated and are presented in Table 6.

Table 6 — Accumulation factors of HepG2 cells after 48-hour incubation given as the ratio of intracellular Se
concentration (UM) to incubated SeN concentration (UM). Shown are the mean values of 3 independent
experiments with two replicates each.

Incubated SeN Se concentration in the medium

Accumulation factor
concentration (uM)  at the end of incubation (uUM)

1 0.92 0.24
10 9.84 0.17
25 22.8 0.14
50 42.9 0.14
100 94.3 0.07

Accumulation factors were calculated as the ratio of cellular Se content to incubated
concentrations. As it can be seen, the increase of SeN content in the medium is inversely
correlated with accumulation factors. This indicates that SeN is not actively transported into the
cells. Also, typical accumulation factors for metabolically active Se compounds are usually higher
than 1 and do not decrease significantly in the lower uM range [358]. Se concentration in the
medium was also measured at the end of the incubation to ensure the stability of SeN. No
significant decrease of Se concentration indicates that extremely low Se uptake was not
associated with the unavailability of SeN. Thus, despite the observed increase of Se content in
the cell, it was most probably not associated with SeN uptake, but only with surface absorption.

6.2 In vitro blood-brain barrier model studies

The CNS is a subtle regulated system and requires precise maintenance of its homeostasis (for
details see section 3.3.1). The BBB performs both protective and transport functions, defending
the CNS from toxic agents and supplying it with essential nutrients. Therefore, the ability of
chemical compounds to be transferred across the BBB or affect the barrier condition is of high
importance. Regarding Se delivery to the brain, its transport through the BBB is commonly
accepted to occur via SelenoP. However, studies with SelenoP knockout mice demonstrated that
such Se species as selenosugars [292], selenite [311], and SeMet [312] may attribute to Se
delivery into the brain. Correspondingly, the ability of SeN to be transferred into the brain is of
high significance for the decryption of SeN properties.



6.2.1 Assessment of Se species toxicity in PBCECs

First of all, the toxicity of SeN and reference Se species (selenite, MeSeCys) was assessed in
PBCECs. Cells were seeded in 96 well plates and incubated for 72 hours. Afterward, neutral red
staining and CCK8 assay were performed as described in sections 5.2.1 and 5.2.2, respectively.
Selenite was incubated in concentration range 0.1 — 100 uM, MeSeCys 1 — 400 uM, and SeN 10 —
100 uM. As it was described for HepG2 cells, neutral red staining provides information about the
lysosomal condition, which can be affected by Se compounds. As a second endpoint,
mitochondrial activity was assessed using the CCK8 kit, which is based on a standard formazan
assay with WST-8 dye. Mitochondrial activity is known to be dependent on Se supply and affected
under Se overexposure [359, 360]. Therefore, mitochondrial activity represents a valuable
toxicological endpoint for the assessment of Se toxicity.
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Figure 19. PBCEC cell viability after 72-hour incubation with Se species determined by neutral red uptake
assay [361]. The inner graph corresponds to the full concentration range of MeSeCys incubation. Shown
are mean values + SD of 3 independent experiments with six replicates each for selenite and MeSeCys, and
three replicates for SeN.

Results of neutral red and CCK8 assays in PBCECs are presented in Figures and, correspondingly.
As well as for HepG2 cells, selenite was found to exert the most pronounced toxic effect.
Moderately higher EC30 and IC50 (Table 7) values, most probably associated with lower
metabolic activity in PBCECs, are comparable to liver cells with regard to the generation of highly
reactive Se intermediates [87]. Therefore, selenite toxicity in endothelial cells is most probably
attributed to its higher pro-oxidant activity, while hepatocytes may additionally suffer from the



excessive generation of species like methylselenol or hydrogenselenide. When comparing
effective concentrations obtained in lysosomal integrity and dehydrogenase activity assays,
PBCECs exhibit significant differences compared to liver cells. For endotheliocytes, 2-fold higher
toxic concentrations for selenite were observed, while values for hepatocytes were close to each
other. This can be explained by lower mitochondrial content in the brain capillaries, compared
to hepatic tissue. While liver cells have around 25% of mitochondria in their cytoplasm [362],
endothelial cells of the BBB contains 8-11% [363]. Therefore, the stronger metabolic activity of
hepatocytes ensured by prominent mitochondrial function, leads to the enhanced formation of
RONS under selenite pro-oxidant action. Also, obtained ratios of effective concentrations in
neutral red and CCK8 assays for PBCECs and HepG2 correlate with their mitochondrial content.
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Figure 20. PBCEC cell viability after 72-hour incubation with Se species determined by CCK8 assay [361].
The inner graph corresponds to the full concentration range of MeSeCys incubation. Shown are mean
values + SD of 3 independent experiments with six replicates each for selenite and MeSeCys, and three
replicates for SeN.

MeSeCys caused no decrease in PBCECs’ viability even at the extreme concentration of 400 uM.
Compared to HepG2 cells, the absence of MeSeCys toxicity in PBCECs is most probably associated
with the lack of active selenoprotein synthesis in the capillary endothelium and, therefore, the
absence of highly reactive intermediates.

The applied range of SeN concentrations partially overlaps with SeN content in human blood. In
accordance with other Se compounds, SeN content in human blood shows significant regional



variability. While people in Europe have less than 0.1 uM of SeN in blood [364], people consuming
fish as a main source of protein have up to 40 uM of SeN in blood [188]. Therefore, the observed
absence of SeN toxicity in both assays connects with the lack of endemic neurological
impairments in such populations.

Table 7 — Effective concentrations of Se species in PBCECs assessed by neutral red and CCK8 assay after 72-
hour incubation.

Neutral red Resazurin
EC30 (uM) IC50 (uM) EC30 (uM) IC50 (uM)
Selenite 20.7 24.0 42.0 59.9
MeSeCys > 400 > 400 > 400 > 400
Selenoneine > 100 > 100 > 100 > 100

6.2.2 Transfer studies

To explore the bioavailability of SeN to the CNS, time-dependent transfer experiments were
carried out using the in vitro BBB model. This model consists of a confluent monolayer of PBCECs
seeded on permeable Transwell® inserts (details in section 5.1.2). Compounds were applied from
the apical side, thus imitating the entry of Se species from blood to the brain. Transwell® inserts
with cells were placed into cellZscope® device for TEER and capacitance measurements during
transfer experiments. Control of impedance characteristics of PBCEC monolayers allows to
ensure barrier stability during transfer experiments and indicates if the barrier incurs damage
during transfer. All Se species were applied at concentrations of 1 and 10 uM. SeN was
additionally incubated at a concentration of 0.1 uM. As MeSeCys and SeN do not exhibit toxicity
in PBCECs at much higher concentrations and selenite was applied in concentrations below EC30,
no barrier disruption could be observed by TEER and capacitance values (Fig. A, B; Fig. A, B; Fig.
A, B).Transfer data, presented in Figure C, showed that upon incubation with 1 uM selenite 33 +
13.7% of applied Se were transferred to the basolateral compartment. However, this was not
statistically significant due to the high standard deviation. The permeability coefficient calculated
for 1 uM selenite was (6.3 + 3.3) x 10’ cm/s (Table 8). When a 10 uM selenite was applied, much
higher amounts of Se were found in the basolateral compartment — 63 + 4%. Correspondingly,
the permeability coefficient increased up to (10.7 + 1.5) x 10”7 cm/s. Interestingly, the mode of
selenite transfer occurred most active between 24 and 48 hours for both applied concentrations.
Possibly, selenite causes slight barrier permeabilization, since a concentration of 10 uM was quite
high with regard to obtained EC30 values for PBCECs (section 6.2.1, Table 7).
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Figure 21. Results of the transfer studies with 1 uM of Se species applied from the apical side for 72 hours.
A: TEER values of PBCEC barrier during transfer experiments, presented as percentage of starting value for
each sample. B: Capacitance values of PBCEC barrier during transfer experiments, presented as percentage
of starting value for each sample. C: Percentage of Se transferred into the basolateral compartment from
total Se amount in well. Shown are mean values, calculated from three independent experiments for
selenite and MeSeCys, and four experiments for SeN with two replicates each. Statistically significant
difference was calculated in relation to the starting value using one-way ANOVA followed by Dunnett’s test,
* P <0.05, *** P <0.001.

At a concentration of 1 uM, MeSeCys already showed most pronounced transfer, where 63 + 2%
of Se were carried to the basolateral compartment (Fig. C), corresponding to a permeability
coefficient of (10.8 + 1.3) x 107 cm/s (Table 8). Increase of the MeSeCys concentration did not
affect the mode of MeSeCys transfer, demonstrating the same transfer efficiency (64 + 2%, P =
(10.4 + 0.2) x 107 cm/s) and time dependence (Fig. C). Obtained permeability coefficients for
MeSeCys are very close for those reported for sucrose in the same PBCEC model [365], which are



corresponding to the in vivo data for sucrose as an important glucose supplier for the brain. The
concentration-independent character of MeSeCys transfer indicates its active mode of action.
Most probably this is attributed to the alanine, serine, cysteine, and threonine transporter 1
(ASCT1) and 2 (ASCT2) since they are responsible for cysteine delivery to the brain [366].
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Figure 22. Results of the transfer studies with 10 uM of Se species applied from the apical side for 72 hours.
A: TEER values of PBCEC barrier during transfer experiments, presented as percentage of starting value for
each sample. B: Capacitance values of PBCEC barrier during transfer experiments, presented as percentage
of starting value for each sample. C: Percentage of Se transferred into the basolateral compartment from
total Se amount in well. Shown are mean values, calculated from three independent experiments with two
replicates each. Statistically significant difference was calculated in relation to the starting value using one-
way ANOVA followed by Dunnett’s test, * P < 0.05, *** P <0.001.

SeN in these experiments was characterized by the lowest obtained permeability coefficients
(Table 8). Significant Se transfer was observed for SeN already within 24 hours for a concentration
of 10 uM. However, for 0.1 uM significant Se accumulation in the basolateral compartment was



observed only at the end of incubation time (Fig. C). Amounts of transferred Se were very similar
for concentrations of 0.1 and 1 uM: 24 + 6% and 22 + 7%, respectively, in accordance with
permeability coefficients (Table 8). However, incubation with 10 uM SeN resulted in much lower
Se transfer — only 9.0 + 1.5%. Also, double-sided incubation was performed once to control the
possible side-directed transfer of SeN [361] and no shift of equilibrium was observed under equal
SeN concentrations on both sides of the barrier. Altogether this indicates a passive diffusion
mechanism for SeN. If OCTN1, the main transporter for SeN, would be present in PBCECs, it
should provide fast and efficient SeN transport, like in HEK293 [212] or Caco-2 [163] cells.
Nevertheless, studies on the distribution of sulfur analog of SeN — ET in rats demonstrate
significant accumulation of ET in the rat brain [367], even though the rat BBB does not have
OCTN1 transporter [368]. Therefore, obtained data for SeN transfer in the PBCEC barrier model
does not contradict in vivo studies and indicate the presence of other possible mechanisms of
SeN transfer, besides the OCTN1 transporter.

A

i

B
g
-%' C
g 40+
2 —
5 504 Q
5 L O *
g 2w
F oy 30+
QS
O
[1] T T T T T 1 Q )
0 12 24 36 48 60 72 =5
Time [h] £
- 20-
B EE
—_ =T
E 2 E
L £ £
g T g 40
g Q Q
» w e
3 o
% 50+ o
0-
.“"_)
g 0 6 24 48 72
Q
v L T T T T 1 Time [h]

0 12 24 36 48 60 72
Time [h]

Figure 23. Results of the transfer studies with 0.1 uM of SeN applied from the apical side for 72 hours. A:
TEER values of PBCEC barrier during transfer experiments, presented as percentage of starting value for
each sample. B: Capacitance values of PBCEC barrier during transfer experiments, presented as percentage
of starting value for each sample. C: Percentage of Se transferred into the basolateral compartment from
total Se amount in well. Shown are mean values, calculated from three independent experiments with two
replicates each. Statistically significant difference was calculated in relation to the starting value using one-
way ANOVA followed by Dunnett’s test, * P < 0.05.

Table 8 — Permeability coefficients calculated from transfer experiments for selenite, MeSeCys, and SeN
after 72-hour incubation.



Compound Concentration (LM) P (cm/s) x 10’

0.1 40+1.0
SeN 1 3.7+1.3
10 1.57+0.3
1 6.3+3.3

Selenite
10 10.7+1.5
1 10.8+1.3

MeSeCys
10 11.3+0.9

The selenium content, measured in PBCEC cell lysates after transfer experiments, showed no
differences from control for all applied Se species. HPLC-ICP-MS together with HPLC-ESI-Orbitrap-
MS measurements were performed at the University of Graz. Metabolomic data demonstrated
that both in the medium samples and in the cell lysates, there are metabolites of applied Se
species. Concluding, SeN demonstrated slow but substantial transfer in the used BBB model and
was not metabolized by endotheliocytes.

6.3 Studies in Caco-2 intestinal cells

Previous studies in our group demonstrated that SeN is not toxic for Caco-2 cells [163]. Also,
these cells are able to effectively take up significant amounts of SeN [163]. This is an important
property of SeN from two points of view of its properties. First of all, SeN may act as a selenium
source for intestinal cells, which are requiring it for maintenance of their functions (section 3.1.5).
Secondly, the gastrointestinal tract is often influenced by elevated RONS levels, thus SeN may
enhance the intestinal antioxidative capacity. These two questions are addressed in the current
chapter.

6.3.1 Antioxidant activity in Caco-2 cells

For the detection of RONS in Caco-2 cells, a carboxy-H,DCFDA molecular probe was used
(detailed description in section 5.4). Cells were pre-incubated with different concentrations of
selenite, SeMet, SeN, and ET for different terms, loaded with carboxy-H;DCFDA, and then
oxidative stress was induced using 150 uM TBHP.

Firstly, all studied compounds were incubated for 72 hours in concentrations from 10 to 500 nM.
Data on cells’ response to RONS induction is presented in Figure . All selenium species caused a
statistically significant reduction of RONS level starting from a concentration of 100 nM. SeN
effect was already significant at 50 nM and very close to selenite. At the highest dose, reduction



of RONS level by SeN (66%) was very close to those for selenite and SeMet (60%). ET effect was
incomparably weak with regard to SeN. Only at a concentration of 500 nM, a significant decline
in RONS level was observed.
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Figure 24. Induction of RONS in Caco-2 cells by 150 uM TBHP after 72-hour pre-incubation with 10-500 nM
of Se species or ET. Untreated control is marked as “C-". Positive control cells treated with TBHP only are
marked as “C+”. Results are presented as % of fluorescence of positive control cells. Shown are mean values
+ SD of at least two independent experiments with six replicates each. Statistically significant difference
was calculated in relation to the positive control using one-way ANOVA followed by Dunnett’s test, * P <
0.05, *** P <0.001.

Since already at a concentration of 200 nM Se species cause a decrease in RONS activity close to
a plateau level, the 200 nM was chosen for a time-dependent incubation. The results on RONS
guenching at different time points are presented in Figure . Here, as for the concentration-
dependent incubation, SeN showed an effect similar to those for selenite and SeMet. Selenite
caused the fastest reduction of RONS — already after 3 hours. With a longer incubation time, all
Se compounds exhibited a consistent effect on the RONS level. Thus, being a Se analog of ET, SeN
is acting almost like selenite or SeMet, rather than ET. Much higher activity of RONS quenching
induced by 2,2-diphenyl-1-picrylhydrazyl has already been reported for SeN compared to ET in
experiments with SeN-enriched fish extracts [187]. Thus, the higher antioxidant activity of SeN is
now confirmed by the current experiments with the pure compound.
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Figure 25. Induction of RONS in Caco-2 cells by 150 uM TBHP after pre-incubation with 200 nM of Se species
or ET for 3-72 hours. Untreated control is marked as “C-”. Positive control cells treated with TBHP only are
marked as “C+”. Results are presented as % of fluorescence of positive control cells. Shown are mean values
+ SD of at least two independent experiments with six replicates each. Statistically significant difference
was calculated in relation to the positive control using one-way ANOVA followed by Dunnett’s test, * P <
0.05, *** P <0.001.

In order to assess the integral effect of SeN and other compounds on cell viability under oxidative
conditions, neutral red and Hoechst staining were performed. Caco-2 cells were pre-incubated
with 100 nM of Se species or ET for 72 hours and then subjected to different concentrations of
TBHP for 24 hours. Results for neutral red uptake are presented in Figure . The positive control

curve (C+) corresponds to the cells, which were not treated with Se species or ET before TBHP
incubation.
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Figure 26. Viability of the Caco-2 cells determined by neutral red uptake after 72-hour preincubation with
100 nM of Se species or ET and subsequent 24-hour treatment with indicated TBHP concentrations. Positive
control cells treated with TBHP only are marked as “C+”. Shown are mean values * SD, expressed as % of
the untreated control value, calculated from three independent experiments with six replicates each.

All applied compounds significantly increased the viability of Caco-2 cells, reflecting increased
resistance to induced oxidative damage (Table 9). Selenite caused the most significant shift in the
EC30 value, from 260 uM for positive control to 355 uM. SeMet was less effective, with an EC30
value of 315 uM. Both ET and SeN caused a similar effect, which was significant compared to the
positive control, but also less pronounced than for selenite and SeMet. Also, incubation with 200
nM of SeN and ET was performed in the same manner and obtained results were equal to those
for 100 nM concentration. Hoechst staining was less sensitive (Fig. ), however, it showed the
same pattern as in the neutral red assay and confirmed the observed statistically significant
increase in viability for all applied compounds.
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Figure 27. Viability of Caco-2 cells determined by Hoechst staining after 72-hour preincubation with 100
nM of Se species or ET and subsequent 24-hour treatment with indicated TBHP concentrations. Positive
control cells treated with TBHP only are marked as “C+”. Shown are mean values + SD, expressed as % of
the untreated control value, calculated from three independent experiments with six replicates each.

The higher antioxidant activity of SeN compared to ET can be explained by their redox stability.
Treatment of ET and SeN with hydrogen peroxide showed different rates of oxidized
intermediates’ formation [216]. Selenium is a better nucleophile than sulfur and this is reflected
in the higher stability of SeN intermediates after reaction with hydrogen peroxide. When ET being
oxidized to the first intermediate — sulfinic acid (Fig. A), it is rapidly converted to sulfonic acid
(Fig. C) or undergoes desulfuration with the formation of trimethylhistidine (Fig. B). Studies in
biological samples demonstrated the presence of these intermediates after ET administration
[217], thus showing low stability of the sulfinic acid form. In contrast to ET, oxidation of SeN slows
down at the stage of the seleninic acid intermediate, and further oxidation to selenonic acid or
deselenation to trimethylhistidine shows a much slower reaction rate. Moreover, in the presence
of GSH, the stable seleninic acid intermediate is reduced back to SeN at a high rate. Thus, SeN is
not only more resistant to oxidative degradation than ET but also can be restored by GSH.
Compared to other Se compounds, which in high concentrations promote the formation of RONS
including intensification of iron oxidation in the Fenton reaction, SeN conversely can reduce iron
oxidation in erythrocytes [191]. This effect of SeN may be attributed to its complexing ability,
thus lowering available amounts of iron for the reaction with peroxides.



Table 9 — Effects of selenite, SeMet, SeN, and ET on the effective TBHP concentrations and area under the
curve (AUC).

Neutral Red Hoechst
EC30 IC50 AUC EC30 IC50 AUC
Positive control 260 275 7607 + 226 280 332 13330+ 104

SeN 100 nM 297 312 11145 + 448 * 300 350 14425 + 117 *
ET 100 nM 303 320 11821 +434 * 300 358 14289 +178 *

Selenite 100
nM

355 368 16485 + 180 * @ 332 390 16339 + 215 * @

SeMet 100 nM 315 338 13429 + 247 * P 325 380 15578 + 184 */2b

Statistically significant difference was calculated in relation to the control value (*), SeN (a), and selenite
(b) using one-way ANOVA followed by Dunnett’s test, P < 0.001.

6.3.2 Involvement of SeN in selenium metabolism

Since SeN has an amino acid structure and is effectively assimilated by Caco-2 cells, it can be a
source of Se for selenoprotein synthesis. Since antioxidant enzymes play a crucial role in
intestinal functions (see section 3.1.5), the potential role of SeN in the modulation of these
functions is of considerable interest. Accordingly, the effect of SeN on two of the most important
selenoproteins, GPx and SelenoP, has been studied.

GPx activity was measured in Caco-2 cell lysates (procedure described in section 5.5) after 72-
hour incubation with Se species or ET (Fig. ). Selenite, as a reference compound, demonstrated
fast and efficient induction of GPx activity, which was significant already at a concentration of
10 nM. At 200 nM, the selenite effect reached its plateau, causing a 3-fold increase in GPx
activity. The impact of SeMet on GPx activity was comparable with selenite at the higher dosages.
In the lower concentration range, the effect of SeMet developed slower, because it is known,
that SeMet is also unspecifically incorporated into proteins instead of plain Met [369], and thus
lowering its availability for selenoprotein synthesis. A less pronounced but still significant effect
on GPx activity was observed for ET, which is in accordance with earlier studies [370]. Unlike both
Se species and ET, SeN had no effect on the GPx activity.
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Figure 28. Effect of selenite (A), SeMet (B), SeN (C), and ET (C) on the GPx activity in Caco-2 cells after 72-
hour incubation. Shown are mean values + SD, expressed as % of the control value, calculated from three
independent experiments with two replicates each. Statistically significant difference was calculated in
relation to the control value using one-way ANOVA followed by Dunnett’s test, ** P < 0.01, *** P < 0.001.

The SelenoP concentration was measured in the culture medium since it is excreted by intestinal
cells [371]. The amount of SelenoP secreted in the medium correlated with the bioavailability of
Se species since SelenoP serves as the main protein for Se transport (see section 3.1.4). Selenium
concentration in Caco-2 cells was also measured to ensure the bioavailability of the applied
species for Caco-2 cells. Compared to selenite and SeMet, SeN showed the most apparent uptake
(Fig. ), possibly due to the presence of OCTN1 in Caco-2 cells. Also, ratios of intracellular Se
content to applied concentrations were not decreasing for SeN (Table 10), as they do for selenite
and SeMet. This means that SeN can be taken up at the same ratio, even at higher concentrations.
However, SeN exhibited no effect on SelenoP production by Caco-2 cells (Fig. ), while selenite
and SeMet, known to be a Se source, increased SelenoP secretion significantly. While the
effectiveness of SelenoP synthesis by selenite is slowly decreasing (Table 10), the SeMet effect is
remaining on the same level, probably due to the abovementioned unspecific incorporation of
SeMet into proteins.
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Figure 29. Selenium concentration in Caco-2 cells after 72-hour incubation with selenite, SeMet, SeN and
ET. Shown are mean values + SD, calculated from four independent experiments. Statistically significant
difference was calculated in relation to the control value using one-way ANOVA followed by Dunnett’s test,
*P <0.05, ** P<0.01, ¥** P <0.001.
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Figure 30. SelenoP concentration in the culture medium of Caco-2 cells after 72-hour incubation with
selenite, SeMet, SeN, and ET. Shown are mean values + SD, calculated from four independent experiments.
Statistically significant difference was calculated in relation to the control value using one-way ANOVA
followed by Dunnett’s test, ** P <0.01, *** P < 0.001.

The absence of a SeN effect on GPx activity and SelenoP production, while it is effectively taken
up by the Caco-2 cells, clearly indicates its unavailability for the selenoproteome. The absence of
further SeN metabolites, other than MeSeN, in human samples, was already indicating this
indirectly [193, 196]. The unavailability of SeN for Se metabolism can be most likely explained
from the point of its chemical structure. While commonly in food present Se compounds like
selenite or selenoamino acids undergo reduction to hydrogen selenide (see section 3.1.4),
conversion of SeN seems not to be possible in the same way as easily. While organic Se species
have an amino acid structure with free or methylated selenol groups, SeN has a strong cyclic
conjugation between free electron pairs of the selenol group, double bonds, and nitrogen atoms
in the imidazole ring. This conjugation allows SeN to exhibit a significant degree of
tautomerization (Fig. 5), enhance its antioxidative properties compared to ET, and also provide it
with strong metal-complexing ability. However, from the point of Se metabolism, such
conjugated selenol groups cannot be easily removed via the trans-selenation pathway and used
as a substrate for Sec synthesis (Fig. 2). Accordingly, data from SeN studies in the nematode



Caenorhabditis elegans are proving the inability of SeN to modulate functions of selenoproteins
[372]. When SeN was incubated for 18 hours, it was efficiently taken up by the nematodes.
However, an increase in RONS scavenging ability was observed only 48 hours post-treatment and
when no SeN was left inside the nematode. This indicates that antioxidative action was not
caused by SeN by itself, but by other molecular mechanisms.

Table 10— Ratios of total Se content in Caco-2 cells and SelenoP concentration in culture medium to applied
concentrations of Se species + SD after 72-hour incubation.

Se contentin cell [ngg!  SelenoP concentration

Concentration
protein] / Applied [nM] / Applied

(nM] concentration [nM] concentration [nM]
100 4.77 +0.85 0.15+0.02
SeN 200 5.14+1.07 0.45 +0.03
500 4.50+1.05 0.70+0.07
100 3.05%+0.43 8.52+0.90
Selenite 200 3.08 £0.47 7.40+1.63
500 1.59+0.20 6.66 +£1.20
100 2.60+0.50 2.08 £0.37
SM 200 2.40+£0.50 2.08 £0.47
500 1.15+0.30 2.25+0.64




7. Conclusion

Being discovered only 10 years ago, SeN attracted significant attention due to its wide
distribution in edible fish species and outstanding antioxidant activity [373]. Until recently, SeN
properties were not properly studied due to the absence of synthetic approaches to obtain a
pure compound. However, its detection in human blood in different regions worldwide has raised
a reasonable interest in it as a participant of human selenium metabolism and safe nutritional
antioxidant.

In the current study, the properties of SeN were described from the points of its toxicity,
antioxidant properties, and involvement in selenium metabolism. SeN was shown to be non-toxic
in HepG2 liver cells, primary capillary endotheliocytes from the porcine brain, and intestinal Caco-
2 cells. Hepatocytes were found to be not able to take up SeN and, consequently, use it for
selenoproteins production. Transfer studies using an in vitro BBB model demonstrated that SeN
is able to passively cross the BBB endothelium and is not anyhow metabolized during this process.
Earlier supposed higher antioxidant activity of SeN compared to its sulfur isolog ET was now
confirmed in Caco-2 cells and found to be close to those for nutritional selenium compounds.
However, SeN hardly can be involved in selenium metabolism and being utilized for the
selenoprotein synthesis. Summing up, we can say that SeN is of great interest for investigation
of its antioxidative properties and endemic exposure, but not as a metabolically active selenium
compound. It can act as a dietary antioxidant and be used to prevent the effects of intestinal
diseases and other pathologies associated with increased RONS formation, which requires
further comprehensive investigation.



8. Appendix

8.1 Equipment

Analytical balances Atilon
Autoclave DX-65

Biological Safety Cabinet InCu saFe®
Biological Safety Cabinet Safe 2020, Class Il
CASY® cell counter and analyzer
CellZscope™

Centrifuge Mikro 200 R

Centrifuge Labofuge 400R

Fluid aspiration system BVC 21
Freezer

Fridges

HPLC column Atlantis® dC18* 5 um,
4.6 x 150 mm

HPLC column Dionex lonPac™ AS14* 5 um,

3.0x 150 mm

HPLC column Gemini C6-Phenyl* 3 um,
4,6 x 150 mm

HPLC system Infinity 1260
HPLC System Dionex 3000*
Incubator B-15

Incubator INCU-Line

Satorius (Gottingen)

Systec (Wettenberg)

Panasonic (Wiesbaden)

Thermo Scientific (Langenselbold)
Roche (Mannheim)

Nanoanalytics (Minster)

Hettich (Tuttlingen)
ThermoFisher Scientific (Hanau)
Vacuubrand (Wertheim)

Bosch (Stuttgart)

Privileg (Stuttgart), Siemens (Berlin)

Waters Corporation (Milford, USA)

ThermoFisher Scientific (Waltham, USA)

Phenomnex (Torrance, USA)

Agilent (Waldbronn)
ThermoFisher Scientific (Waltham, USA)
ThermoFisher Scientific (Dreieich)

VWR (Darmstadt)



Laboratory Gas Burner Fuego SCS basic

Magnetic stirrer

Microplate reader Infinite® 200 Pro

Microscope

Microwave digestion system MARS 6 with
30 mL TFA digestion liners

Multichannel pipette Xplorer 300

Nitrogen tank MVE Cryosystem 4000

pH-Meter Lab 850

Pipettes Reference and Reference 2

Pipettus

Preparative affinity chromatography column

HiTrap Heparin HP, 1 mL

Software MassHunter ICP-QQQ-MS,

Version 4.2

Triple quadrupole ICP-MS, 8800 Series

UHMR ESI-Quadrupole-Orbitrap™-MS

Q Exactive™ *

Ultrasonic homogenizer Labsonic® M

Vortex Genius 3

Water bath

Water purification system Milli-Q Elix 15

WLD-TEC GmbH (Gottingen)
Ika Labortechnik (Staufen)
Tecan Deutschland (Crailsheim)
Helmut Hund GmbH (Wetzlar)

CEM (Kamp-Lintfort)

Eppendorf (Hamburg)

Cryo Solutions (Hertogenbosch, Netherlands)
Schott (Mainz)

Eppendorf (Hamburg)

TPP (Trasadingen, Switzerland)

Satorius (Gottingen)

GE Healthcare (Freiburg)

Agilent (Waldbronn)

Agilent (Waldbronn)

ThermoFisher Scientific (Waltham, USA)

Satorius (Gottingen)
Ika Labortechnik (Staufen)
Haake (Karlsruhe)

Millipore GmbH (Schwalbach)



8.2 Chemicals

Acetic acid

Ammonia solution
Ammonium acetate
Ammonium formate
Ammonium malonate
Ammonium sulfate
Bicinchoninic acid
Bovine serum albumin
tert-Butyl hydroperoxide

5(6)-Carboxy-2',7'-dichlorodihydrofluorescein

diacetate

tris(2-Carboxyethyl)phosphine

Coomassie brilliant blue R-250 staining solution
Copper sulfate, anhydrous

Deoxycholic acid sodium salt

Dimethyl sulfoxide, > 99.9%

DMEM/Ham’s F12 medium

Earle’s 199 medium

Ergothioneine

Ethanol 96%, denatured

Ethanol, HPLC grade

Sigma-Aldrich (Steinheim)
Merck (Darmstadt)
Merck (Darmstadt)
Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim)
Roth (Karlsruhe)

Bio-Rad (Feldkirchen)
Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim)

ThermoFisher Scientific (Hennigsdorf)

Sigma-Aldrich (Steinheim)

Bio-Rad (Feldkirchen)
Sigma-Aldrich (Steinheim)

Roth (Karlsruhe)

Merck (Darmstadt)

Biochrom (Berlin)

Biochrom (Berlin)

Tetrahedron (Vincennes, France)
VWR (Fontenay-sous-Bois, France)

Roth (Karlsruhe)



Ethylenediaminetetraacetic acid disodium salt Sigma-Aldrich (Steinheim)

Fetal calf serum (FCS) PAA Laboratories (Pasching, Austria)
Gentamycin Biochrom (Berlin)
Germanium standard solution (1 g/L Ge, 2% Merck (Darmstadt)

HNO:s)

L-Glutamine, 0.7 mM Biochrom (Berlin)
L-Glutathione reduced Sigma-Aldrich (Steinheim)
Glutathione Reductase, from baker's yeast (S. Roche (Mannheim)
cerevisiae)

Hoechst solution (20 mM) Bio-Rad (Feldkirchen)
Hydrochloric acid Roth (Karlsruhe)
Hydrocortisone solution (50 uM) Sigma-Aldrich (Steinheim)
Hydrogen peroxide, 30% Merck (Darmstadt)
Isopropanol 2 99,999% Sigma-Aldrich (Steinheim)
Isotopically enriched (”’Se) metallic Se Eurisotop SAS (Saarbriicken)
MEM-Earle’s w L-Glutamin, w/o NaHCO3 Biochrom (Berlin)
Methanol, LC-MS grade VWR (Darmstadt)
Methylselenocysteine, > 98% Sigma-Aldrich (Steinheim)
NADPH tetrasodium salt Sigma-Aldrich (Steinheim)
Neutral Red Roth (Karlsruhe)

Nitric acid, 65% Suprapur Merck (Darmstadt)
Non-essential amino acids (NEA) Biochrom (Berlin)

Penicillin-Streptomycin (10,000 U/mL) Gibco (Dublin, Ireland)



Potassium chloride (KCl), > 99,5%
Potassium hydroxide (KOH), > 90%

Potassium dihydrogen phosphate (KH2POa4), 2
99%

di-Potassium hydrogen phosphate (K2HPO4), >
99%

Protease Inhibitor Cocktail Set Il

Resazurin

Selenium standard solution (1 g/L Se, 2% HNOs)
Selenomethionine, > 99%

Sodium azide

Sodium carbonate (Na;CO3), > 99,5%

Sodium chloride (NaCl), > 99,9%

Sodium dihydrogen phosphate (NaH2POa), > 99%
Sodium dodecyl sulfate

Sodium hydrogen carbonate (NaHCO3), > 99%

di-Sodium hydrogen phosphate (Na;HPO4), >
99,5%

Sodium hydroxide (NaOH), > 90%
Sodium selenite pentahydrate, > 99,0%
Tris

Triton X-100

Trypsin, 5 g/L

Roth (Karlsruhe)
Roth (Karlsruhe)

Roth (Karlsruhe)

Roth (Karlsruhe)

Millipore (Darmstadt)
Sigma-Aldrich (Steinheim)
Merck (Darmstadt)

Fluka (St. Gallen, Switzerland)
Sigma-Aldrich (Steinheim)
Roth (Karlsruhe)

Roth (Karlsruhe)

Roth (Karlsruhe)

VWR (Darmstadt)

Roth (Karlsruhe)

Roth (Karlsruhe)

Roth (Karlsruhe)

Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim)
Sigma-Aldrich (Steinheim)

Sigma-Aldrich (Steinheim)



Tuning solution (10 mg/L Ce, Co, Li, Tl, Y; 2%

HNO3)

8.3 Consumables

6 Well plate

12 Well plate

24 Well plate

96 Well plate
Butane CV360
Casy®Cups
Casy®Ton Solution
Casy®Clean Solution

Cell culture dishes, 6, 10, 15 cm

Cellulose acetate syringe filter, 0.2 and 0.45 pm

Cryotubes, 1.6 mL

Disposable syringes, 2, 5, 10 mL

Glass bottles, 50, 100, 250, 500, 1000 mL

Glass pipettes

Glass vials, 1.5 mL, 32 x 11.6 mm

Micro tubes, 1.5 and 5.0 mL

Micro tubes, 2.0 mL

Parafilm®

Agilent (Waldbronn)

TPP (Trasadingen, Switzerland)
TPP (Trasadingen, Switzerland)
TPP (Trasadingen, Switzerland)
TPP (Trasadingen, Switzerland)
CampinGAZ (Hattersheim)
Roche (Mannheim)

Roche (Mannheim)

Roche (Mannheim)

TPP (Trasadingen, Switzerland)
VWR (Darmstadt), Corning (Wiesbaden)
Sarstedt (NUmbrecht)

Braun (Melsungen)

Schott (Mainz)

VWR (Darmstadt)

VWR (Darmstadt)

Eppendorf (Hamburg)

VWR (Darmstadt)

Serva Feinbiochemica (Heidelberg)



Pipette tips, 10, 200, 1000 pL

Pipette tips, 5 mL

Plastic tubes, 15 and 50 mL

Screw neck cell culture flasks, 25 and 75 cm?
Transwell® filter inserts for 12-well plates

Vial screw caps, 9 mm, with 1 mm septum

8.4 Buffers, eluents and solutions

Affinity chromatography mobile phase A,
pH 7.0

Affinity chromatography mobile phase B
pH 7.0

Anion-exchange chromatography mobile

phase, pH 9.5

GPx homogenization buffer

GPx reaction solution

Brand (Westheim)

Eppendorf (Hamburg)
Corning (Wiesbaden)
Corning (Wiesbaden)
Corning (Wiesbaden)

VWR (Darmstadt)

0.17 M Ammonium acetate
10 pg/L Ge
2% (v/v) Ethanol

1.3 M Ammonium acetate
10 pg/L Ge
2% (v/v) Ethanol

5 mM Ammonium malonate

100 mM Tris

300 mM KClI

0.1% Triton X-100

0.1% Protease Inhibitor Cocktail Set IlI

96 mM Tris

4.8 mM EDTA

0.96 mM NaN3

0.1% (v/v) Triton X-100
0.22 mM NADPH

13 mM NaHCOs3

3.4 mM GSH

1.1 nM HCl

0.66 U/mL GR

18 mM (NH4)2S04



GPx substrate 0.00375% H»0; in deionized water

GR buffer, pH 6.0 3.2 M (NHa)2S04 in deionized water
HepG2/Caco-2 medium, pH 6.8 MEM
10% FCS

100 U/mL Penicillin
100 pg/mL Streptomycin
1% (v/v) NEA

PBCEC proliferation medium Earle’s 199 Medium
10% FCS
50 U/mL Penicillin
50 pg/mL Streptomycin
50 pg/mL Gentamycin
0.7 mM L-Glutamine

PBCEC differentiation medium DMEM/Ham’s F12 Medium
50 U/mL Penicillin
50 pg/mL Streptomycin
50 pg/mL Gentamycin
4.1 mM L-Glutamine
550 nM Hydrocortisone

PBS,pH 7.4 100 mM NacCl
7 mM Na;HPO4
4.5 mM KCl
3 mM KH2PO4

PBS-EDTA, pH 7.4 100 mM NaCl
7 mM Naz;HPOq4
4.5 mM KCI
3 mM KHzPO4
0.5 mM EDTA

PBS-UVC, pH 7.4 136.8 mM NacCl
8.45 mM NazHPO4
2.15 mM KCl
1.18 mM KH2PO4

Reversed-phase chromatography mobile 20 mM Ammonium formate
phase, pH 3.0 3% Methanol



RIPA buffer, pH 7.6

Trypsin solution

150 mM Nacl
10 mM Tris
1 mM EDTA

1% (v/v) Triton X-100
24 mM DOC
3.5 mM SDS

PBS-EDTA
0.25% (v/v) Trypsin
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Fundings

1.
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Supervisor: Prof. Dr. Bernhard Michalke, Research Unit Analytical BioGeoChemistry
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Helmholtz Zentrum Miinchen, Neuherberg, Germany

Conference abstracts

1.

“Direct Detection of Arsenic in Human Urine by High-Resolution ICP-MS”
Ivanenko N., lvanenko A., Solovyev N., Navolotskii D., Drobyshev E.
Annual conference of the Institute of Chemistry “Mendeleev-2013"

Saint Petersburg, Russia, April 2013
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32th Annual Conference of the German Society for Minerals and Trace Minerals (GMS)
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Berlin, Germany, October 2016

“New experimental model of beryllium toxicity.”

Drobyshev E., Solovyev N., Gaikova O., Ivanenko N., lvanov M., Kashuro V., Kybarskaya
L., Dagaev S.

16th International Symposium on Trace Elements in Man and Animals (TEMA-16)

Saint Petersburg, Russia, June 2017



4.

“Molybdenum protein binding in human serum and cerebrospinal fluid.”
Drobyshev E., Solovyev N., Michalke B.

33th Joint Annual Meeting of the German Society for Minerals and Trace Elements
(GMS) with Zinc-UK and Zinc-Net COST Training School

Aachen, Germany, September 2017

“Characterizing selenoneine by the use of in vitro models.”

Drobyshev E., Ebert F., Miiller S.M., Bornhorst J., Kuehnelt D., Schwerdtle T.

7th International Symposium of the Federation of European Societies on Trace Elements
and Minerals (FESTEM) together with the 35th Annual GMS Meeting

Potsdam, Germany, April 2019
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1. “Selenoneine Antioxidant Action in Caco-2 Cells? in Comparison with Ergothioneine and
other Small Selenium Species.”
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2. “Capabilities of Selenoneine to Cross the In Vitro Blood-Brain Barrier Model.”
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Archives of Toxicology, 2019, 93, p. 859-869

3. “Selenium-rich mushrooms cultivation on a wheat straw substrate from seleniferous
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Journal of Trace Elements in Medicine and Biology, 2018, 50, p. 362-366
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